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DESIGN OF A 20 MJ SUPERCONDUCTING OHMIC-HEATING COIL*

S. K. Singh, J. H. Murphy, M. A.Janocko, H. E. Haller, D. C. Litz and P. W. Eckels
Westinghouse Electric Corporation, Pittsburgh, PA. 15235

J. D. Rogers and P. Thullen,
Los Alamos Scientific Laboratory, Los Alamos, N.M. 87544

Summary:

Conceptual designs of 20-MJ superconducting coils
which were developed to demorstrate the feasibility of
an ohmic-heating system are cdiscussed. The supercon-
ductor materials were MbTi and Nb3Sn for the pool bofl
and forced-flow cooling, respectively. The coils were
designed to be cryostable for bipolar operation from
+7 to -7 tesla maximum field within one second. The
structural design addresses the distribution of struc-
ture and structural materials used in the pulsed field
environment. The cyclic stresses anticipated and the
fatigue 1imits of che structural materials were exam-
ined in view of the operating life cf the coil. The
coils were designed to generate the flux swings while
simultaneously meeting the 1limitations imposed by
cooling, insulation, current density and the stresses
in the materials. Both the po~l and forced cooled
conductors have the same criterion for cryostability,
i.e., the conductor must return to the superconducting
state from an initial temperature of 20K while the
full transporv current is flowing through the
conductor.

A full-scale Tokamak reactor will require considerable
development of various components before they can he
viable. Among the components to be developed are
those for the poloidal field systems. Studies of the
Tokamak poloidal field systems requirements have been
in prearess at LASL (Los Alamos Scientific Laboratory)
for several years. The principal functicns of the
poloidal field coil system in a Tokamak are to hold
the plasma in proper position and to supply the ini-
tial plasma heating. The conditions which will be
imposed upon the ohmiz-heating coils will be very
demanding, particularly the central soienoid. These
coils must be operated in the bipolar mode, undergoing
a complete field and current reversal, and are in the
maximum field to be experienced by a winding. The
current swing requirement is made somewhat difficult
by the eddy current loss due to the changing magnetic
field.

This paper presents the results of a study(l) per-
formed by the Westinghouse Electric Corporation in
1978 for LASL to demonstrate the feasibilities of a
superconducting ohmic-heating coil. Since the comple-
tion of the study the Westinghouse Electric Corpor-
ation has been involved with the detail design and
analysis of a 20-MJ superconducting ohmic-heating coil
for LASL under a separate contract. The results of
the detailed design phase of the program will be
reported later.
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Design Reguirements

The specified magnet performance requirf?ents and
operating environment are summarized be1ow( .

o Energy storage of 20 MJ
e Both immersion cooled and force flow cooled coils
o IbTi or Nb3Sn superconductors

¢ Bipolar operation from +7 tesla to -7 tesla maximum
fields

e Bipolar, half cycle sinusoidal operation from full
positive field to full negative field within 1
second

o Discharge into a resistive load for a 0.5 second e-
folding time

e Hold time between field reversal to range from 10
seconds to 100 seconds at full field

¢ Cryostable coil, coil is not to go normal during
operation simuiating above conditions

o 50 kA conductor current

o Current source and transfer power supplies will be
a 12-phase, 62 kA solid state power supply; and a
20 MZ, 2 kv, 62 kA 0.5 second discharge homopolar
machine,

The development of the conceptual designs have been an
iterative process of design, evaluation and modifica-
tion, resulting in concepts that meets all the operat-
ing requirements. The stored energy requirement,
operating current density and the desire for a fully
ventilated coil resulted in a multilayer helically
wound coil design. The selection of this design ~on-
cept was influenced by the unique success of the
Westinghouse 300 kJ coil(Z) tested at LASL when sub-
jected to an ohmic-heating rvcle 3,

Four conductors were designed for potentia) applica-
tion in a pool-cooled ohmic-heating (OH) coil. Two
superconducting materials were considered: NbTi and
Nb3Sn. For eacn material a cabled conductor with 504
strands such as the one iz1ystrated in Figur2 1 and &
lattice braided conducior(® with 503 strands suchl as
the one shuwn in Ficure 2 were considered. A1l con-
ductors were designed to be cryostable, i.e., the heat
generation rate when all of the current is in the sta-
bilization material is less than the heat removal
rate. The heat removal rate, or recovery heat flux,



Figure 1 504 Scrand Cabled Conductor
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Figure 2 503 Strand Lattice Braid Conductor

Q¢ which the pgol-cooled conductors were designed to
meet is 0.2 W/cm®. The copper to non-copper ratio and
the strand diameter were selected to give an operat-
ing-current-density to critical-current-density ratio,
J/3c, approximately equal to 0.5 and an overall con-
ductor current, I, equal to 50,000 A,

The strand diameter, d, and the copper to non-copper

ratio, are determined by simultaneous solution of
. 2 5.\ ] B
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where n 1is the number of strands and (:f-) is

the fraction of total surface area available for heat
transfer. For an uncompacted cabled conductor
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Table 1 illustrates the results of this analysis for
the four pool-cooled conductors. You will note that
the j/j. varies from 0.41 to 0.53. This 1s prinzi-
pally due to the fact that the ccnductor diameter, d,
is designed to the nearest 0.001 inch, The thickness
of insulation on each conductor was selected based
upon the maximum tolerable temperature rise which can
be permitted at the operating-current density. Since
at a given fiz2ld the NbySn conductors are very similar
in opera“ing characteristics to NbTi conductors but
may cost considerably more to manufacture, conductors
J and 4 are reqarded economica’'y infeasible.

Table 1
50 kA Pool Cooled Conductor Specifications
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The technical and economically viable poul-cooted con-
ductors which remain are conductors 1 and Z. The
cabled conductors can be manufactured using cabling
techniques already available to the superconductor
industry; however, the lattice braided conducturs
require the deveiopment of a braiding machine.
Because the lattice braided conductors are vastly
superior to cabled conductors in current density and
porosity characteristics, we have selected the lattice
braided conductors for the reference designs.

The goal in the study of forcec-coolen corductor
designs for ohmic-heating coils, has been to develop
conductor concepts which have recovery heat fluxes of
0.2 Weml or greater, limited only by the manufactur-
ing limitation of 0.001 inch radial build of condu-tor
insulation.  Accordingly, six 50-kA, forced-cooled
conductors were evolved based upon Equations 1 and 2.
Table 2 summarizes these results.

The two types of forced-cooled conduciors are similar
to those iilustrated in Figures 1 and 2. The tattice
braid ts as shown in Figure 2. whereas, the catled
conductor 15 similar to the cable 1!lustrated in
Figure 1 but the elliptical mandrel has been removed.
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Table 2
50 kA Forced Cooled Conductor Specifications
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Both conductors are sandwiched in a marner to allow
forced-cov.ing of the strands.

In general, the forced-conled conductors have compar-
tble or higher conductor operating-current densities
than the pool-cooled conductors listed ir Table 1.
This is due to the higher recovery heat flux for which
forced-cooled conductors can in principle be designed.
However, one pays for this higher operating-current
density through the pumping power required to circu-
late the helium. Thus, there is an economic trade-off
of refrigeration cost versus conductor cost when com-
paring the forced-cooled and pool-cooled conductors.

Two reference conductors were selected from ten candi-
date conductors and are characterized in Table 3.
These conductors were selected based upon operating-
current dencity, manufacturing limitations and rela-
tive cost compar.<ons.

AC Loss Calculations

The ac losses in the ohmic-heating coil conductors
have been calculated assuming a nonoptimized supercon-
ductor zonfiguration. For the purpose of this analy-
sis, the following assumptions were made about the
conductor configuration:

e In the NbTi conductors, the superconducting fila-
ments were assumed to be 10 microns in diameter
which is typical of the present state-of-the-art,

o In the Nb3Sn conductors, the superconducting fila-
ments are assumed to be annular with an outside
diameter of 3.5 microns and an inside diameter of
1.5 microns, which is again, typical of the present
state-of-the-art,

o The filament bundle in the NbTi conductors is
assumed to have a copper-to-NbTi ratio of one to
one,

e The filament bundle in the Nb3Sn conductors is
assymed to contain a tantalum weh, a matrix of con-
per and 3 wtX Sn in addition tc the Nbysn and Nb
filaments. The ratio of nonsuperconductor-to-
superconductor in this regicn i3 assumed to be
three to one.

o The copper stabilizer intrinsic residual resistiv-
ity ratio (RRR) is assumed to be 1096 therefore, in
zero magnetic field o, = 1.7 x 1074Y q-m.

o The Cu5n bronze in the Nb3Sn conductor is assumed
to be 10 times more resistive than Cu wich an RRR =
100 and independent of magnetic field, therefore,
bcusn = 1.7 x 1077 a-m,

o The filament twist is assumed to be ten times the
strand diameter in all cases.

Based upon these assumptions, the ac losses were cal-
culated for the two reference ccnductors. Table 3
summarizes these calculations and the reference con-
ductor characteristics. In all cases, the predominant
ac loss is eddy current loss in the copper stabilizer.
This loss can be lowered by using CuNi webbed conduc-
to-. However, since the surface heat flux during the
field pulses is hetween two and fourteen times smaller
than the surface heat flux required for cryostability,
this loss reduction has been ignored at this time. In
the case of tne pool-builing conductor concepts, this
loss is significant to the operation of magnet since
it determines the amount of pubbles present during
operation and the couling requirement. Whereas, in
the forced-cooled conductor concept, this loss is most
preaabily insignificant with respect to pumping power
requirements 1ic circulate the helium and provide
cryostability,

Table 3

Reference 50 kA Conductor Characteristics and Coil
Parameters

Structural Design

The structural
factors:

design must consider the following
¢ Restraint of electromagnetic forces
o Conductor motion

e Conductor cooling

-3 -



The structura) design for both coils is based on the
300 kJ cci1{2) that has been successfully tested at
LASL when subjected to an ohmic-heating cycle 3), The
pulsed operating cycle requires minimization of elec-
trically conducting structures to minimize eddy cur-
rent losses during the operating cycle. For this rea-
son fiber reinforced composites were used wherever
possible in the coil structure.

The structure design was developed using the following
design codes:

e The maximum strain in the WbT§ superconductor
should be limited to 0.2%.

o The maximum strain in the Mb3Sn superconductor
should oe limited to 0.1%.

e The primary stress intensity in the structure
should be less than two-thirds material yield
stress or 40% of ultimate strecs whichever is less.

e The maximum stress theory will be used for compos-
ite structures.

The design concept for the coil is shown in Figure 3.
The design, using forced convection cooling, differs
from the pool-boil design in that the bubble migration
and cooling channels are eliminatad and the helium
coolant is forced through the conductor itseif. Both
concerts use teeth to support axial forces and stain-
less steel bands for radial support. The axial and
radial forces vary within the coil cross section. The
structural design considers three areas: the tooth
thickness, t;, the banding thickness, g and the
former thickness tg.

G 0 TAPE

G0 AKiAL
STRUCTURE

Z G YOSPACERS
CONDUCTOR HEVLAR COIL
FORMER

SICTION A A
CONDUCTOR

G0 1AM
S8 BAND
r-—A

LAt S =0
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G 0 ANIAL STAUCTURE

KEVLARCON FORMEF
PTESLA

Figure 3 20 MJ Conceptual Design

Tooth Thickness

The tooth thickness was calculated based on a canti-
lever beam with uniform loading, w, in the axial
direction. The axial spacers or tape can provide sup-
port ai the tooth tip; however, it was assurmed this
could not be reliably achieved in manufacture. The
tooth thickness, ty, is given by

_ S5M
R (3)
2
. oW
where M = 5
S = design stross
M = moment

The tooth width can be decreased from its maximum
value at the coil ends toward the center as the axial
force decreases. This structural grading can be
accomplished continuously or in discreet steps.
Either method would require a change in winding pitch
as the teeth thicknesses were decreased. Although
this is possible from a manufacturing standpoint, it
would be expersive. For this reason the tooth width
was held constant at the maximum thickness required to
support the maximum axial force.

Banding Thickness

The banding thickness, tg, can also be varied due to
the variation of radial forces. The concept uses an
overwind of metal banding on the conductor outside
syrface. The thickness will be varied to limit the
strain in the conductor to prevent degradation of its
current carrying capacity. The band wili be fastered
at each end of each layer. This will en: e tension
to be developed within the band without p- viding cir-
cumferential electrical conductivity which would
result in significant electrical Tosses during pulsed

operation. The membrane stress in the band is given
by S = %& (4)
B
- R
or tB =z

The former thickness, tg, is sized to achieve the
require pre-stress during cooldown to minimize conduc-
tor motion. When the coil i< energized, the compres-
sion is relieved as the magn-tic force in the conduc-
tor increases. This results in a relatively constant
tension in the banding until the magnetic forces
exceed the pre-load forces. This concept was used

successfully in the 300 kJ coil using the following
technigue.

Since both the initial and final (derormec) positions
will be coincident, the total radial deflection (due
to thermal contraction and stress) will be equal for
the cousuctor ard the coil former:

{6\

o
R=RuAT+-——E— =R(uAT*—t-

cond >former

where

R = radius common to conducto~ and former (in.)
a = thermal contraction coefficient (in/in °F)
t = temperature change (negative, OF)

hoop tensile stress (psi)
elastic modulus (psi)

m
]



Also, it can be shown from a force-balance,
tensile force in the conductor {A x ©

that the
t)cond must be

equal and opposite to that in the coil former, for
equilibrium, so that (using subscripts "1" for the
conductor and “2" for the former):

tl = -Az /A (6)
Equations 5 and 6 may be combined to show:

0 (“2 - al) aT (7

t, - TIE VA TTRETY

oY AT
N (8)

t,  T7E + R 7TAE T

As seen, the pre-stress in both the band and former
are dependent upon the physical and mechanical proper-
ties of the two sub-assemblies. The technique assumes
an infinitely rigi1 conductor as was the case in the
300 kJ analysis. .he analysis technique can be modi-
fied to include the conductor flexibility when avail-
able. The corcept also assumed that each layer acts
independentiy. The former thickness, tg, can be
structurally graded for each layer; however, for this
conceptual study, a ccnstant thickness was chosen for
every layer to achieve a uniform current distribution
in the coil cross section.

Using the design criterion specified above, the tooth
thickness, ty, was calculated at 0.71 inches. The
maximum bending stress was 5600 psi (40% of 14,000)
assuming an axial alignment of fibers. This calcula-
tion does not include the reinforcement at the tooth
root provided by the conductor shape. The shear
stress was calculated as 912 psi, which is ~ of che
allowable interlaminar shear strength. The tooth
thickness, t,, can be reduced further if a radial
fiber orientation could be achieved in the tooth.
However, the larger tooth was used in the interest of
conservative design.

Tre radial strain for the design was limited to 0.2%
resulting in @ hoop stress in the stainless steel band
of 28,400 psi. The variation of banding thickness
with radius to achieve this strain is shown in Figure
4. Using this tanding thickness and a fcrmer thick-
ness of 0,42, the banding pre-stress due to cooldown
was calculated and the results are shown in Figure 4.
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Figure 4 Variation of Band Thickness and Banding
Stress with Radius
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Calculation of the pre-stress using this variation of
banding width indicated that the proper pre-stress to
prevent conductor motion could not be achieved. The
pre-stress induced during cooldown was less than that
achieved upon coil energization raising the possibil-
ity of gaps developing between the conductor and for-
mer or between the conductor and banding. To elimi-
nate this possibility the banding thickness was
changed to the corrected curve also shown on Figure 4.

The banding stress due to magnetic forces and cooldown
pre-stress are shown in Figure 4 as a function of
radius. A good match between the two values was
achieved over the entire radius thus providing a coil
with minimal Tayer-to-layer motion while preventing
the formation of undesirable gaps in the conductor
support.

The axial structures are bonded to the formers using
polyurethane adhesion because polyurethane adhesives
are %hﬁ moit appropriate for use at cryrgenic tempera-
ture This is so because they share the least
embrittiement at very low temperatures rompared to
other classes of adhesives. They can be cured at room
temperatures and do not reed much pressure during
cure.

Cooldown Stresses

An analysis was performed to estimate the stresses
that are developed during cooldown, The analysis was
based on the assumption that the coil will be cooled
to near 77K using liguid nitrogen. The potential for
high stress exists due to differentially cooling
portions of the winding. The cooldown stresses have
been evaluated for three major assemblies:

e The coil tie studs
¢ The coil formers and banding
¢ The composite support tube

The stresses in the tie studs were calculated based on
the assumption that the coil was at 300K and the studs
at 77K. Tne tensile stress induced in the studs is
6200 psi which is well below the allowable stress of
22,000 psi (40% of 55,000 psi) for this material,

The stress induced in the banding and former was cal-
culated based on the thermal shrink fit analvsis., It
was assumed that the banding was cooled tn 77K with
the former maintained at 300K.

The maximum stresces for the design were 75,400 psi
for the banding and -33,700 psi fcr the former. Using
this very conservative assumption, all stresses are
below tre material yield stress thus preventing any
relaxation in the coil structure that could produce
gaps during operation.

The stress in the 3 in. thick composite suppor® tube
were ca1cu1Ft9d using the technique developed fcr the
300 kJ coil'?

Across an inner cylinder maximum thickness of 3.0 in.,
the temperature difference would be 84K (3¢9F). For a
linear temperature profile, the maximum thermal stress
at the surface is o= € 1T/2. Using material pro-
perties in the plane of the filaments tre computed
thermal stress is much less than the design strength
of the composite material.



Cyclic Stresses

The pulse cycle of 10 to 100 sec. requires 3.14 x 10°
to 3.14 x 10° cycles per year of continuous operation.
For a 20 year life-time this would reguire a fatigue
life of 6.28 x 10° to 6.28 x 10’ total cycles. The
ccoldown and warmup cycles, it is anticipated, would
be in the range of 1000 cycles, based on one cycle per
week for twenty years.

In considering the cyclic stresses three areas must be
evaluated.

e Stainless steel banding
e Coil formers
o Axial structure

The stairless steel banding and coil formers, are sub-
jected to similar cyclic loads. During cooldown, the
band stress increases from near zero to itc maximum
tensite value. The coil former stress increases from
near zero to its maximum compressive stress. The
stresses in banding are fairly uniform during pulsed
operation because of the pre-stressed design concept
was used., The stress in the coil former will decrease
as the pre-load 1is dissipated by the magnetic
forces. A Goodman diagram for cold rolled 304
stainless stee]l bar is shown on Figure 5 based on
material properties of Reference 7. The mean stress
intercept is taken as the material's ultimate
strength. The maximum ri%se stress, at zero mean
stress was taken at 0.5 Se . For the coil, during
cooldown, the mean and range stress are identical at
30 ksi. This is Point A on Figure 5 well within
acceptable range for 1000 cycles. During pulsed
operation, the maximum mean stress in the banding will
be of the order of 60 ksi, The a'lowable range stress
for a fatigue life of 107 cycies is shown as Point 8
on Figure 5, 40 ksi or a maximum hand tensile stress
of 100 ksi. The 60 ksi pre-load stress due to
cooldown will not be exceeded, there.ore the banding
will withstand 107 cycles of pulse operation.
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Figure 5 Goodman Diagram for SST Fanding

The fatigue properties of the KEVLAR omposite are not
known at 1liquid helium temperature.; however, most
composite material properties remain the same or
improve as the temperature is lowered. The max’mum
stress in the KEVLAR former is 17.7 ksi developed dur-
ing cooldown. As the coil is energized, this value
will decrease to near zero due to the action of the
magnetic forces. The tensile fatigue properties cof
KEVLAR are excellent. In tensile-tensile fatique
tests, a fatigue life ?f 107 cycles can be achieved at
704 of ultimate stress 7). This factor was applied to
the compressive ultimate stress at room temperature to
establish an endurance Jimit.

The maximum cyclic stress in the coil former for the
two designs were plotted on a Goodman diacram to
determine the factor of safety. The results are shown
in Figure 6. For the coil the factor of safety on the
room temperature endurance limit is 2.5 based on 70%
of the materjal ultimate strength. The total safety
factor based on published data is 3.57. The maximum
stresses in the coil former are withis the design cri-
terion of 40% of ultimate strength based on room tem-
perature properties. This maximum stress is hiyher
than the design objective for the structural design
assuiing room temperature proporties.
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Figure 6 Goodman Diagram for KEVLAR Formers

Some cata are available indicating that }hf compres-
sive strength of KEVLAR is higher at 4.2K 6). There-
fore the m«terial properties should be tested at 4.2K
prior to commitment of a final design.

The stresses on the axial structure occur only during
pulsing. The bending stresses were limited to 40% of
the transverse strenath. This criterion was used on
the 300 kJ coil. This assumes that the bending andg
shear stress is supported by the composite matrix.
This represents a conservative .pproach since radigl
fiber orientation would <ignificantly increase the
bending strengty of the teeth, The lengitudinal
fatigue strength of epoxy fiverglass n?mgosites range
from 23 to 45 ksi at 107 cycles at 4.2k'8' . The tran-
sverse fatigue properties of composites i+ not known
at 4.2K. Prior tu commitment of a final desiqn, the
transverse fatigue strergth of “he compositc shuuld be
establishked. If the fa igue strength is insufficient,
the axial structure should be modified for radial
fiber oriertation.



Conclusions

The design demonstrates the fea,ibility of the Hhmic-
heating coil. The structural analysis showec that
enough structure is provided to withstand tne Lorenz
force and the design concept minimizes the conductor
motion during coil energization. The overall coil
design meets or exceeds all the perfcrmance require-
ments. The reliability and manufacturability of the
coil has been demonstrated on the Westinghnuse 300 kJ
coil. At the present time the Westinghouse E£lectric
Corporation is involved with the detailed design i~d
analysis of <‘he 20 MJ superconducting ohmic-heati-3
coil, incorporating a different set cf design specifi-
cations. The results of the detailed design phase of
this progran will be reported later.
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