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RESEARCH AND DEVELOPMENT ACTIVITY IN SUPPORT OF LCP*

M. S. Lubell
Oak Ridge National Laboratory

Oak Ridge, T.N 37830

The research and development activity (RDAC)
established in support of the Large Coil Program (LCP)
at Oak Ridge National Laboratory (ORNL) is described.
Some experimental results are presented and the
importance of the RDAC to the magnet community is
discussed.

Introduction

The coils being constructed under the Large Coil
Program exceed'the state of the art by a significant
amount. Most of the existing NbTi magnets that have
maximum fields of 8 T or greater at the windings are
small coils with stored energies in the tens or
hundreds of kilojoules. There are only two fully
operational magnets with bores greater than 24 cm that
have fields of 8 T on the windings, and both of these
are approximately 40 cm in bore. Their stored magnetic
energies are a few megajoules. The contrast between
the existing experience and the LCP specifications of
8-T coils with bores of 3.S x 2.5 m and stored energies
of approximately 100 MJ is very great. To support the
ambitious program, a research and development activity
(RDAC) has been established. This pap«r summarizes
the RDAC which has been carried out in support of LCP.

Overview

The role of the RDAC is to provide all the technical
expertise required to make the LCP a success. The LCP
engineering support, which is separate from the Magnetics
and Superconductivity Section of the Fusion Energy
Division of Oak Ridge National Laboratory (ORNL), has
a similar role, but its activities are less experimental
and more analytical. The RDAC work encompasses three
activities: perform the research and development
(R5D) and verification tests in support of the LCP
subcontractors; conduct critical review of the sub-
contractors' work; and provide technical input for the
design of the Large Coil Test Facility (LCTF). The
value of these activities for the magnet community is
enhanced enormously by our continual efforts to
disseminate the information anti to create new ideas
and concepts which will lead to improvements in future
projects. This latter point is important because, as
in all focused projects, the LCP must freeze in on
existing technology and "i-un with it" at some early
stage in the project. Only through a supporting RSD
program can the new improvements which develop naturally
be nurtured and eventually introduced in some future
project for which LCP is the foundation.

The RDAC includes contributions in five main
categories: (1) conductor experiments, including ac
losses, (2) instrumentation and diagnostics, including
data acquiiition and protection, (3) theoretical
contributions, (4) coil fabrication technology, and
(S) design and fabrication of testing facilities with
application and usefulness beyond specific verification
tssts. Because of space limitations, the RDAC role is
illustrated through full descriptions of items (1) and
(4) and brief reviews of the other topics. Adequate
coverage of all these topics can be found in papers

published in recent conferences.
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The theoretical contributions and supporting
calculations are needed not only to provide an under-
standing of the new experimental results, but also to
provide scaling relations and operating margins that
can be expected in LCTF experiments. It is hoped
that after the LCP results are obtained and compared
with the many small laboratory experiments, a way
will be found to predict large-scale magnet performance
on the basis of relatively small-scale experiments.
The areas supported by the theoretical work are the
conductor experiments, especially the stability
aspects and losses due to superimposed pulse fields;
protection, including predirtions of temperature and
pressure rise in the event of a quench and current
rise in the nearest toroidal neighbor; and the structural
analysis of both stresses and deflections in each
coil as veil as in all the anticipated experimental
cases for the LCTF.

Instrumentation and diagnostics are being
developed to monitor the coil performance and to
provide data for analysis and protection of both the
coils and the facility (a partial tabulation is given
in Table 1). A sophisticated data acquisition and
computer facility is being developed for the experimental
facility.

Table 1. Instrumentation and diagnostics

Voltage tap signal conditioning to provide high
voltage isolation and cancel inductive pickup for
quench detection.

Strain gages and signal conditioning for operation

at 4.2 K, 8 T, and B.

Developed MCDT and ECDT for accurate displacement
measurements.

I.ow-cost instrumentation developed for protection
circuits.

Heater development for pool-boiling and force-cooled
conductors.

Conductor Experiments

The conductor experiments and analysis include:

(1) short sample critical current,
(2) joints and splice resistance,
(3) ac losses in pulsed fields,
(4) steady-state heat transfer on pool-boiling

conductor,
(5) pressure drop and heat transfer on force-cooled

conductor, and
(6) recovery from heat pulse for both pool-boiling

and force-cooled conductors.

The short sample critical current measurements
made on full-size pool-boiling conductors and subsise
force-cooled conductors were encouraging. The tests
were carried out in an 8-T, 15-cm-bore split solenoid
with radial access (see Fig. 1). The sample current
source is a 30-kA, 20-V dc power supply, and experiments
have been carried out to 20 kA, which is the limitation
of the vapor-cooled leads. The General Dynamics (GD)
conductor is a cable-with a design current of >1333 kA
at 8 T and an anticipated operating current of~~10.3 kA;
the measured current was 14.3 kA. The Intermagnetics
General Corporation (IGC) Large Coil Segment (LCS)
conductor, which is similar to the General Electric (GE)
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Fig. 1. 8-T, 15-cm-bore split solenoid with 20-kA
short sample holder.

LCP conductor, had a design value of 12.S kA at 8 T
and an operating value of 10 kA, and the measured
value was 15.8 kA. The quench value (corresponding

to critical current measured at 10" -fl-cm sensitivity)
for the Westinghouse (W) subsize Cone-third) force-
cooled conductor was 19.7 kA and indicates that the
cable scales as n times the single strand value,
where n is the number of strands in the cable.

The joints and splices for both pool-boiling
conductors (GD and GE) were measured at the appropriate
fields and are satisfactory in all respects. The

resistance is less than 10" Zl, and therefore power
dissipation will be less than 1 W.

The stability experiments for the pool-boiling
conductors will be carried out in the new Coil Winding
Test Experiment (CWTX) facility Csee Fig. 2) as soon
as the first prototype conductor with stabilizer can
be fabricated by the LCP subcontractors. In these
experiments, the length of conductor driven normal
and exposed to high field will be sufficient to
provide accurate recovery data. The large working
space will also permit some sort of mock-up with
dummy neighbors to simulate the insulation and cooling
channels in the actual LCP coil design.

Most of our effort to date on conductor stability
experiments has been on the force-cooled conductor
concept of the IV-Airco team. This has been necessary
because the conductor simultaneously embodies three
new aspects not heretofore employed in any large
magnet, at least in the United States. The three
characteristics of this conductor are the cable-in-

Fig. 2. New CWTX facility with 40-cm-bore, 6.6-cra
radial access.

conduit configuration, the use of Nb.Sn as a conductor

material, and the internal cooling by supercritical
helium (single phase helium above 2.2 atm). Each
experiment has significantly (in some cases, radically
is not too strong a word) altered our understanding

of the complex phenomena of the conductor stability.
The first few experiments were performed with NbTi
because it could be fabricated with an internal
heater and because it could be compared against a
wealth of known pool-boiling data. The first NbTi
single triplex with embedded heater (see Fig. 3)
provided clear evidence that theory and experiment
were widely divergent, with the theory more optimistic
at large flow and more pessimistic at low flow. The
use of the internal heater (instead of inductive
pulses that must be used with Nb-Sn conductor) provided

unambiguous data on the stability margin (maximum,
sudden, uniform energy deposition from which recovery
is still possible). In these experiments, high
stability at zeTO flow velocity, first observed by

Iwasa et al. , was also verified. In the second NbTi
triplex experiment, the zero flow stability was
studied more completely and the pressure rise inside
the conduit was measured and was of a magnitude
similar to that predicted by the new theory. The
stability was not reduced when long hydraulic paths
were simulated. The most startling and remaTkable
discovery was made in this experiment: the stability
was multivalued. This situation is shown schematically
in Fig. 4. For a particular flow v , the stability

margin would be the lower value, or 40 mj/cm'5, while
for the flow indicated by Vj, the value would be



Fig. 3. Single NbTi triplex with embedded resistance
heater.
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Fig. 4, Stability margin vs helium flow for single
tTiplex of NbTi Open areas are stable, cross-hatched
areas are unstable.

approximately 200 mj/cm , or a factor of five higher.
The explanation for both the zero flow stability and
the multivalued stability is the induced helium flow
due to the heating and the pressure transient the
helium undergoes. While all aspects of these ideas
are perhaps not fully understood, the present
experiments on Nb.Sn and the theory are encouraging.

Experiments have been performed on a single Mb^Sn

triplex, a W-LCP uninsulated subsize conductor and a
full-size insulated conductor. The stability level
as a function of quench current was measured for both
the triplex and the subsize sample. An oscillatory
pulse heating concept was developed and verified
which we hope will solve the problem of a viable
heater concept for use in the W-LCP coil. The stability
level was also determined for. very large superimposed

B, and the results lead us to believe that the It'-LCP
conductor would be stable in a plasma disruption".

The magnitude of the stability level is very high for
the Nb.Sn conductors as shown in Fig. S. I believe

when all the questions (such as temperature and
pressure rise on a quench and permissible lengths for
the hydraulic paths) are resolved on the force-cooled
Nb.Sn conductor, many large magnets will be built.
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Fig. 5. Stability margin vs current. Recovery occurs
below the line and quench above it. The stable current
density at 65% of critical current is shown as

,12.4 M/cm2.

It will then be possible to build cryostable magnets

with average winding current densities of 5-S kA/cn"

at 8 T and 9-13 fcA/cm at 5 T even for magnets with
energies of tens of Megajoules. This new understanding
of force-cooled conductors has given rise to an
entirely new conductor idea, which utilizes the high
stability due to pressure-induced flow in a stagnant

saturated helium bath. This illustrates the thesis
proposed in the overview that one of the principal
values of an USD program is the development of important
new ideas, which cannot be incorporated into the
existing project but may be crucial to subsequent
programs.

Coil Fabrication Technology

The facility shown in Fig. 6 has been used for
practice winding of dummy conductor for both G£ and
GD. The IGC-LCS conductor is shown in Fig. 6; the
problems encountered were minimal. Winding 3 large
aspect ratio conductor in the easy direction (wide
face) in pancake configuration is simplest from the
coil fabrication viewpoint. Some parameters studied



with the GE-type conductor were winding tension and
conductor entry through the side plate, winding
compaction, insulation, durability, and overbending.

Fig. 6. Coil winding facility shown in operation
with conductor on dereeler, passing through tensioner
onto D-shape bobbin for pancake winding.

The GD conductor also has a large aspect ratio,
but it is wound on edge in layer fashion. The
preliminary experiments were done just on the
stabilizer to determine if half-hard copper, wound
on edge, could be straightened. It was possible to
straighten the conductor, but the winding tightness
did not appear to be greatly affected by the conductor
tension. The conductor dimensional tolerance is very
important; otherwise, the conductor has a tendency to
twist. The springback force of the conductox' was
very strong on the sharp radii, and very sturdy
clamping of the winding is required. Subsequently,
conductor and insulation which more nearly resemble
the actual conductor were sent to ORNL by GD and a
serious attempt was made by GD and ORNL personnel to
wind up a few layers to simulate the actual GD winding.
The coil bobbin was altered to provide a proper
simulation of the LCP coil. Many important and

useful things were learned in this study. Perhaps
the findings are best summarized by stating that
almost all the problems encountered were due to the
straight portion of the D-shape bobbin. Overbending
is difficult to accomplish but probably will not be
needed if sufficient tension is applied. The bottom
line is that both GD and ORNL personnel are optimistic
that such a large conductor can be wound on edge in
layers on a D-shape bobbin.

Conclusion

Only a few of the RDAC topics were covered in
this brief paper, but it is hoped that the importance
of the verification tests and especially the close
working arrangement of experimentalists and theorists
have been illustrated. Our work over the last few
years has provided the necessary confidence to proceed
with the LCP coil construction with some measure of
certainty. The experiments that have been performed,
as well as those that will be performed in the coming
year, should provide a better knowledge of the
performance to be anticipated in the various testing
arrangements in LCTF. Most important, the RDAC
continually leads to new ideas which can be incorporated
into future projects.
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