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" HIGH CURRENT SUPERCONDUCTORS FOR TOKAMAK TOROIDAL FIELD COILS*

W. A, Fieez!

ABSTRACT

Conducto’s rated at 10,000 A for 8 T and 4.2 K
are being purchased for the first large coil segment
tests at ORNL. Reguirements for these conductors, in
addicion to the high current rating, are low pulse
losses, cryostatic stability, and acceptable mechanical
properties, The conductors are required to have losses
less than 0.4 W/m under pulsed fields of 0.5 T with a
rise time of 1 sec in an ambient 8-T field. Methods of
calculating these losses and technigues for verifying
the performance by direct measurement are discussed,
Conductors stabilized by two different cooling methods,
pool boiling and forced helium flow, have been pro--
posed. Analysis of these ductors is pr ted and
a proposed definition and test of stability is dis-
cussed. Mechanical property requirements, tensile and
compressive, are defined and test methods are dis-
cussed.

INTRODUCTION

Although the designs proposed for supercon-
ducting tokamak machines differ widely on many techuni-
cal points, there is general agreement on one item: the
operating current in the field coils will be higher
than in any of the presently operating superconducting
devices for the magnetic fields involved. Experimental
devices for the near future are expected to operate at
10,000 to 20,000 A in peak fields of 8 T, while more
anbitious projects farther down the road may require
conductors rated up to 80,000 A, possibly at even
higher magnetic fields.

Nevertheless, operating current is only one of the
requirements of the tokamgk field coil conductor. A
study of the proposed operation of the machines leads
to the selection of five basic conductor specification
areas., These are operating current, pulsed field loss,
stability, mechanical properties, and insulation. The
conductor must meet the requirements of cach category
and still be of a design that can be readily and
economically fabricated.

The first step toward the development of these
conductors at ORNL will be taken by the large coil
segment tests. Conductors for these tests have been
specified and requests for quotntions have beén issued.. .
These specifications are briefly -siarized in Table 'E
along with future projections. These bases for these
specifications are reviewed and four potential con-
ductors are analyzed in the balance of this paper.

THE SPECIFICATIONS

Operating Current

In the toroidal field coils, the desire for high
currents is based on the ne=d to limit voltages during
charging and discharging the coil, on the fact that a
larger, more robust conductor will usually result in a
stiffer winding, and on a need to reduce the labor of
coil windiag. In the resulting trade-off against
higher losses in the current leads, a current of a
few tens of thousands of amperes has usually been
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selected for tokamak designs. In order that the large
coil segment tests properly simulate tokamsk conductor
designs, an operating current of 10,000 A at 8 T and
4.2 K was selected. This choice appears to be the
smullest value which will provide a significant in-
crease over present practice and still be in the
operating range of tokamak machines.

Pulsed Field Losses

Although the tokansk field coils themselves pro-
duce a steady state magnetic field, the plasms is
operated intermittently. This operation results in a
pulsed magnetic field at the field ¢oil conductor.
Reference designs for the Oak Ridge Experimental Power
Reactor (EPR) predict that pulsed magnetic fields of
about 0.5 T with a rise time on the order of one
second will be present at the toroidal field windings
with a duty cycle of about 1Z, These pulsed fields
will have one component parallel to the conductor and
one perpendicular to the conductor in a direction out-
ward from the minor axis of the toroid. The orienta-
tion of these components is shown in Fig. 1. Losses
in the conductor as a result of these fields arise
from aeveral sources: eddy currents in the normal
conductora, hysteresis losses in the superconductor,
and coupling lossea between filaments in the composite.
Control of these losses requires proper sizing of the
normal metal components, an optimum filamsent diameter,
and the proper twist pitch of the individual conductor
strand.

Based on refrigeration requiremeats, a design
value for the totgl average pulse loss from these
sources of 12 W/m® of conductor at 4.2 K has been
chosen. With the 12 duty cycle, this allows a dis-
sipation of 1200 Wim3 during the pulse. This choice
places a limit on the maximum conductor dimension per-
pendicular to the pulsed field of about 1 mm for a
high conductivity matrix superconductor in order to
limit normal eddy current losses. In the conductor
designs which follow pulse loss consideration is one of
the factors that most strongly affect conductor design.

Losses in co-posite superconductors have been
studied extensivelylt and may be ulculated from the
relationships shown in Table II.

For the purpose of. elt:luting total loss in a com-
plex conductor each ca“ﬂent 13 éslculated separately.
The sum of these contributions is taken as the total
loss ignoring interaction effects. In elements of the
conductor which contain no superconducting filaments
only normal eddy currents are usuned to contribute to
the losses.

Minimizing the total lon with regpect to the
parameter X, ﬁives the relationship (8Br J/AJ. ) =
Yoll = Q + x2)=1/2], which defines the optimua value
of Xo. This vnlue is found to be about 0.35 for the
conductors and parameters considered here, correspond-
ing to a twist length of about ten diameters.

Conductor Stability

The stability requiremenc for the tokamaks toroid-
al field coils can be simply stated as, "The super-
conducting coils must not quench under any conceiv-
able operating condition that would not otherwise
disable the machine."” Methods of achieving a suitable
level of confidence in the superconducting coils are
not, however, uniquely defined. Stekley,’ Laverick,
and WhetstonelO set fortk the basic ideas of cryo-
static atability in boiling liquid helium. They
stated that if all the current flows in normal metal,
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the surface heat transfer must be high encugh to allow
the conductor to return automatically to a supercon-
ducting state.

This condition for cryostatic stability can be
met by providing enough stabilizing normal metal and
conductor surface area with direct cooling by boiling
liquid helium. The resulting device has a rather low
overall curreat density, usually avound 1000-2000
Alcmé, and may be too conservatively designed for
tokamak use. Higher current density can be obtained
by designing for. operation below the mirimm propagat-
ing current.5:7 pevices designed to these specifi-
cations can be operated at an overall current density
of 2000-5000 A/cm2. The main differences between the
two criteria for stability are that in the minimum
propagating current approach heat transfer along the
conductor is taken into account, as are the effects of
superconducting properties.

Sources of uncertainty in applying the stability
criteria to real devices arise mostly in the heat
transfer properties. A detailed analysis of the
geometry of the entire device is required to ascertain
the surface heat transfer at every point. Since
reliable calculations verified by experiment on com~
plex machines are not presently available, consider-
able uncertainty exists in applying stability criteria
to real devices.

The uncertainties of heat transfer can be largely
avoided in principle by using supercritical single-~
phase helium cooling. The most effective method of
using the properties of supercritical heifum, as
proposed by Hoenig and Montgvmery,s is to place the
conductor inside a conduit and force the fiuid
through at a rate of several grams per second. Over-
all current densities of 5000 A/cmZ have been demon-
strated in systems that can recover from a completely
normal condition in the conductor.

To specify stability under pool boiling condi-
tions for the conductors presently being purchased,
the minimum propagating current calculated by the
method of Maddock et al.® is used, along with the

. heat transfer curve of Lyons.? Stability for forced
flow conductors is evaluated using the method of
Dresner. The question of what sort of heat input
the conductor should be expected to rerover from has
not yet been resolved. We have arbitrarily chosen a
pulse which gives a momentary temperature rise of 20 K
in the entire conductor.

Hechanical Properties

The conductor must be capable of withstanding

hanical str of three types without adverse
effects on device performance. The first of these
stresges occurs during the winding and handling of the
conductor, presumably at room temperature. The con~
ductor is subjected to bending, twisting, tensile, and
compressive forces between the time of its manufacture
and the completion of winding of the device. Analysis
of these stresses will enable the specification of
conductor properties and handling instructions to
ensure that the conductor is not damaged. For NbT1
conductors the handling will probably not present a
problem, but these specifications will be indispens-
able for the application of Nb3Sn conductors.

A second crucial stress perfod for the comductor
may occur during cooldown of the device. Analysis of
the structure will be necessary to avoid overstressing
any of the conductor by differential thermal contrac-
tion within the device. Thermal gradients within che
winding will be limited by proper instrumentation s:u
controlled cooling of the device. Requirements for
cooldown will be prepared prinr to ordering conductor
for large devices to susesa the effects on conductor
design.
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Pinally, the conductor must be designed to with-
stand the stresses of operating the energized device
under any conceivable conditions, including quench.
Although the stabilized conductor makes the possibility
of quench remote, an event such as loss of coolant
might result in a quench which the conductor must with-
stand without damage.

Mechanfcal specifications for the conductor sust
therefore be very carefully considered. They will
obviously depend on the overall desiga of the machine
and the anticipated operation. For the first conduc~
tors operating under simulated tokamak conditions,
three mechanical specifications have been selected:
longitudinal tensile stress of 18,000 psi, a lateral
compressive stress capability of 4000 psi, and a bend-
ing diameter of 0.75 wm. Each test is to be performed
repeatedly (ar least 3 times} on the insulated con-
ductor without resulting in any physicel damage or
performance degradation.

Insulation

Insulation of tokamak conductors is an area re-
quiring a considerable amount of further study and
experiment. The insulation will probably be the com-
p t most ptible to damage by radiation. In
addition, the insulation must be abrasion resistant
and firmly adherent to the conductor, and its appli-
cation must be compatible with the conductor component
(e.g., curing temperature).

Because of the lack of suitable criteria, the
only specification for ingulation for the large coil
segment tests is a dielectric strength of 250 V be-
tween adjacent turns under operating conditions.
Probably the insulation acheme used in the large coil
segment tests will be a compromise system such as an
open helix of epoxy-impregnated fiberglass or other
saterial.

CONDUCTOR DESIGNS

Conductor Types

Although many different classifications of con-
ductors are possible, for this evaluation they are
grouped according to the method of cooling (pool
boiling or forced-flow) and according to comstruction
(multristrand or monclithic). Within each of these
categories further subdivisiors may be made according
to whether the basic elements ars transposed, accord-
ing to construction of basic elements, ¢tc. Four of
these variations are presented in come detail in the
following sections. These are pool boiling laminated
multistrand, described in Fig. 2 and Table III; pool
boiling laminated monolithic, described in Fig. 3 and
Table IV; pool boiling transpozed multistrand, de-
scribed in Fig. 4 and Table V; and forced-flow cabled
multistrand, described in Fig. 5 and Table VI.

CONCLUSION

None of the four conductor types analyzed here
appears to present any insurmountsble difficulties in
meeting the specifications for a tokaxak toroidal
field coil. The selection of a particular deaign will
probably depend on manufacturing cost unless some
other conductor feature not coverwd by these specifi-
cations shwuld prove objectionable. For example, cur-
rent distributfon in the laminated conductors might
be one such problem. If resistance between slements
is moderately ow, the conductor would behave like an
untwisted filamentary superconducsc: ois a gross scale.
Insulating the elements and possibly forcing equal
current aharing may be uvne solution.

Since the pulsed field losses play such & large
part in determining the conductor configuration, it
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"would be worthwhile to re-exwmine the conductors undar
wmore relaxed pulsed field conutraints. By s combina-
tion of superconductive and normal matal shields it
say be possible to attenuate the pulsed ficld by an
order to magnitude. If the resulting conductor can
bs produced significantly more cheaply, such a schems
may be worth considering.

Reviev and revision of the conductor specifica-
tions and test mecthods are important parts of the
supsrconducting magnet development program at ORNL. It
is hoped that as more experience is obtained the con-
ductor requirements can be stated more concisely with-
out ambiguicty and that a ser of specific teat procedwres
for evaluating the final product will be prepared.
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Fig. 1. Pulsed and steady magnatic
2 tokamsk fusion reactor.

field components in

rig. 2.

Poul boiling laninated multistrand conductor.

Tig. 3.

Pool bolling lavinated sonslithic conductor.

Fig. &.

rig. 5.

Paol boiling transpesed welcistrand ceaductor.

Yorced flov cabled multisirand conducior.
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