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Abstract

The Large Coil Test Facility (LCTF) Is serving 33
the focus for international collaboration in the
development of superconducting toroidal field coils.
The United States is providing the test facility and
three test coils. EURATOM, Japan, and Switzerland are
each providing one coil, to be tested in a six-coil
compact torus. Construction of the LCTF was completed
in November 1983 within the $35.75 million budget
established in December 1980. Concurrently with the
later stages of construction, the vacuum system, the
liquid nitrogen system, and the helium refrigeration
system were operated in acceptance and performance
tests. Two test coils with bath-cooled windings were
received and installed by October 1983. Shakedown of
the integrated facility systems and limited jesting of
the two coils are beginning in December 1983.
Preparations have been made for installation of the
other foiK- test coils, which are now nearing
completion in Europe and the United States.

Introduction

The concept of the Large Coil Test Facility
(LCTF) originated in 1976, when the U.S. fusion
program decided to pursue development of
superconducting toroidal field coils on a large scale.
The U.S. Large Coil Program (LCF) plan, developed by
Oak Ridge National Laboratory (ORNL), was to have
three industrial teams design and build test coils (to
specifications of and with guidance from ORNL) while
the LCTF was being constructed at Oak Ridge. Soon
thereafter, about the time the chosen U.S. coil
subcontractors were beginning conceptual designs,
ideas for international collaboration in coll testing
in LCTF began to take shape. Japan, EURATOM,
Switzerland, and the United States were interested and
by the end of 1977 an agreement was in place, worked
out through the International Energy Agency (IEA).
The agreement provided a framework for a broad program
of R&D on superconducting magnets for fusion. The
first program element to be defined and undertaken was
the Large Coil Task (LCT), in which the United States
was to provide the LCTF and three test coils, the
other participants were to provide one test coil each,
and all were to share information on coil design,
manufacture, and testing.1

Design criteria for the LCTF derived from the
mission of the LCP. The LCTF had to support
definitive testing of coils embodying leading concepts
(NbTi or Nb3Sn superconductor, cooled with either
boiling helium or forced flow of helium at
supercritical pressure) and of relevant size, shape,
and field strength (half the size of reactor coils but
with similar current, peak field of 8 T). Force
distributions in the LCTF test coils were to be like
those in a toroidal reactor, and the test coils were
to be subjected to pulsed fields similar to the
periodic variation of poloidal fields in tokamak
reactors. Comparison of configurations for
expeditiously testing several coils led to choice of a
compact toroidal array of six test coils, contained
within a 'Ingle vacuum vessel. Test facility systems
were to include a separate power supply for each coil
and a cryogenic system capable of simultaneously

supplying both bath-cooled and forced-flow coils. The
coil specifications required structural design to
accommodate testing of remaining coils, if by some
chance one of the coils should be inoperable.

Description

Figure 1 depicts the LCTF test stand inside the
vacuum vessel. The test colls have bore dimensions of
2.5 x 3.5 m and a weight of 40-45 tonnes. Each coil
is designed to produce a peak field of 8.0 T when
operating at design current in an array with five
other coils, each operating at 80% of design current.
Each coil is designed for about 7 negampere-turns,
with conductor currents ranging from 11 to 18 kA. The
coils are fastened to a hexagonal bucking post through
upper and lower collars.2 Torque rings at top and
bottom support the coils against out-of-plane forces.
A pair of pulse coils, rated at 3.1 megampere-turns
and cooled with liquid nitrogen (LN), can be remotely
moved on a circular track to any chosen test coil by a
helium-actuated drive mechanism. Bucking post, torque
rings, and the "spidar-frame" base are cooled with
liquid helium at 4.2 K. The 400-tonne test stand is
mounted on captive rollers on top of six pedestals.

««»L- awt Tt-sTii« no

•UCKINQ POST

-COLO WALL
1TTKI

VMUUM VESSEL
(300 K)

Figure 1. LCTF Test Stand and Vacuum Vessel.

The vacuum pumping system includes mechanical
pumps, a 35-in. diffusion pump, and a turbomolecular
pump for long-term operation. The 11-m-diam vacuum
tank is lined with stainless steel panels that are
cooled with LN and insulated on either side with
aluminized Mylar superinsulation.

The LCTF helium system is designed for an unusual
degree of flexibility in order to meet varied
requirements of several modes of operation.4 During
cooldown and warmup of the test array, a total flow of
300 g/s of helium gas can be supplied at a controlled
temperature between 300 K and 80 K, with the flow
distributed to limit thermal stresses in coils and
structure. The final stage of cooldown is
accomplished by operation of the refrigerator to
provide cold helium gas and finally liquid helium.
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During operation, liquid helium at 4.2 K is provided
to the bath-cooled colls, test stand structure, and.
current leads as required to compensate for boiloff.
At the same time, the force-flow coils are provided
with up to 300 g/s of helium at supercritical pressure
(l.S KPa), with flow passing through the coils in
series, parallel, or combination. To satisfy the
requirements of the European coils, which combine NbTi
conductor with force-flow cooling, the cryogenic
system contains an auxiliary cold box, operated-at
one-half atm, that chills the flow to the force-flow
coils to about 3.8 K. Operation of the helium system
is integrated with coil testing, so flows and heat
loads must vary, depending upon the test in progress.
A typical condition is 12 g/s of liquefaction, with
1470 W of refrigeration at 3.6 K and 170 W of
refrigeration at 4.2 K. At this condition, the helium
compressors require 1.5 MW of electric power and about
600 L/h of IN is boiled off from the helium coolers in
the cold box and purifier.

In the helium purifier there are two parallel
sets of LN-cooled heat exchangers and adsorption beds
containing charcoal and molecular sieve™ During
initial cleanup of the helium system both sets are In
service, accommodating the full 300 g/s of helium flow
from the compressors. Once the system is clean, one
set is used with bypass while the other is -being
regenerated. A regenerative heat exchanger cools
incoming high-pressure helium to about 100 K.
Figure 2 shows the internals of the purifier during
installation in its vacuum tank.

Figure 2. LCTJ1 Helium Purifier SubassembJy during
Installation.

Each of the six coils is provided with a 12-V dc
power supply, three rated at 16 kA and three at 25 kA.
Protection is provided by a reliable system for
rapidly de-energizing coils upon any of several
signals implying potentially damaging conditions,
e.g., a nonsuperconducting zone in a coil or an
abnormal helium level or pressure in a coil or

vapor-cooled current lead. In such events, a breaker
opens the power supply circuit, forcing the current
through an external resistor where the energy (up to
100 MJ per coil) is harmlessly dissipated.

In keeping with the LCT mission of component and
system development, the coils and tent stand are
highly instrumented. Each test coil Incorporates
between 200 and 300 sensors, including voltage taps,
resistance thermometers, thermocouples, pressure taps,
level probes, strain gages, and displacement
transducers .̂  All sensor leads are brought to the
outside of the vacuun tank, but the data acquisition
system provides signal conditioning for only half the
total number of sensors at any one time. The
allocation of channels to each coil changes, depending
upon whether the coil is being especially tested or is
simply serving PS a background coil. Coil data are
stored in microcomputers operated in a ring buffer
mode to preserve data before and after initiation of
significant transients. A central minicomputer
provides for display and archival storage of data. Up
to 800 channels of facility data other then from the
coils can be stored and selectively displayed for the
facility operators. All LCT participants have access
to coil and facility data through remote terminals.6

Construction

Construction of the LCTF stretched over a
six-year period, from 1978 through 1983. At its
inception, LCTF construction was funded as a Major
Project within the fusion program operating and
equipment budgets. At the beginning of FY 1980, it
became a Line Item in the federal budget.
Subsequently, management functions were strengthened
through a project organization involving ORNL, the
Engineering Division of Union Carbide Corporation
Nuclear Division (UCC-ND), and Department of Energy
Oak Ridge Operations Office (DOE-ORO). In December,
1980 UCC-ND reestimated LCTF cost and schedule and DOE
approved a project budget of $35.75 million, with
completion by December 1983. Construction was
completed in November 1983 at a total project cost
slightly less than authorized.

Criteria, design concepts, and supporting i;iD on
special equipment items were provided by the
superconducting magnet development staff at ORNL.
UCC-M) Engineering provided: project management (with
DOE-ORO); all Title I, II, and III engineering (except
for the vacuum vessel); and the procurement ot special
equipment. Pittsburgh-Des Moines Steel Company
designed and built the large vacuum tank under a fixed
price contract with UCC-ND. The refrigerator and
other specialized components wers designed and built
Co UCC-ND specifications by industrial suppliers.
Installation of the test stand and associated
equipment inside, the vacuum tank was by UCC-ND craft
forces. Construction outside the tank was by Ruse
Engineering Company, a construction firm under a prime
contract with DOE--ORC. Quality assurance practices
were monitored by ORKL, UCC-ND Engineering, and
DOE-ORO organizations.

Acceptance Testing

In addition to inspections, leak tests, and
electrical checks on facility components and
subsystems, functional tests were carried out on
several major systems before they were turned over by
the construction project for use in facility
operations.

In October 1982 the vacuum tank was evacuated,
proving its leaktightness and the capability of the



pumping system. Functional testing of the LN-cooled
cold wall followed. The cold wall consists of 114
stainless steel panels fabricated by an outside vendor
and assembled at Oak Ridge into four major
subassemblies - lid, floor, and upper and lower
cylindrical sections. Each subasseobly was made by
welding panels to headers for supplying liquid
nitrogen and removing vapor. After initial leak
testing, these subassemblies were interconnected. The
cold test of the cold wall, completed in November
1982, demonstrated that the wall could be cooled and
filled with liquid nitrogen without excessive thermal
stressrs. There was no detectable leak except around
level probes, which were later contained to prevent
leakage of nitrogen into the vacuum tank.

Startup and acceptance testing of the helium
refrigeration system proved to be quite
time-consuming, stretching over a period of seven
months from January to August 1983. During this time,
a field engineer representing the refrigerator
manufacturer (Koch Process Systems) was in residence
at the LCTF. Five of the seven months were spent
before the first liquid helium was pcoduced_. During
this period, helium gas was circulated to clean up the
system, leaks were stopped, and numerous minor defects
oi deficiencies were identified and remedied. The
first operation of a turboexpander, in June, showed
that temperature senscrs in the cold box were not
sufficiently accurate to guide operation or evaluate
performance. After additional sensors were installed
and the installation of the original sensors improved,
cold operation was resumed. As conditions were
approaching flowsheet values, the smaller of two
turboexpanders failed. Disassembly and inspection led
the manufacturer, Sulzer Bros., to conclude that the
failure (of the thrust bearing) would require
reduction of the limit on inle". pressure. Although
this limitation reduced the overall performance of the
refrigerator/liquefier system, subsequent tests
confirmed that performance was still up to
specifications in most regards. Table 1 summarizes
results. The acceptance tests were concluded on
August 29.

Table 1. LCTF refrigerator tests results

Mode

Liquefaction

g/s at 4.2 K
L/h

yool boilins -esc

Liquefaction, g/s
3.5 K refrigeration,
4.2 K refrigeration,

Force-flow test

Liquefaction, g/3
3.5 K refrigeration,
4.2 K refrigeration.

W
W

W
H

Contract
requirement

12.5
350.0

8.9
1270.0
326.0

9.9
1470.0
170.0

Test
results

15.6
450.0

b.9
1493.0
631.0

10.6
1542.0
348.0

The acceptance testing of the refrigerator/
liquefier included operation under various load
conditions, simulating tests of force-flow and
bath-cooled coils. For this purpose, a " "•il
simulator" was installed, allowing heat to be pu - ito
the liquid hel!.um and pressure drop in a f •i-ilow
loop. Operation of the system therefore ga> _• a rather
direct indication and a high level of ar .urance that
performance would be adequate during actual coil
rests.

Coil Installation

The construction project provided all the parts
required to connect the six test coils to the fixed
portions of the facility. Coil installation is a
major activity, distinct from facility construction,
that will continue through 1984. Coil connections
include structural connections to the bucking post and
torque rings, electrical leads, helium piping, and
instrumentation wiring and tubing. Experience with
the first two coils confirmed that with UCC-ND craft
forces working 40-50 h per week, about two months each
will be required to install the remaining coils.

The first coil to be completed and the first to
be delivered to the LCTF was the Japanese coil. It
was completed by Hitachi and delivered to JAERI's new
test facility at Naka in October 1981. After
modifications to eliminate leaking sensor lead
feedthroughs on the coil case, testing at Naka was
completed in June 1982.7 The coll was delivered to Oak
Ridge on November 12, 1982, and was thoroughly checked
electrically by Japanese personnel before being set in
the test stand in January 1963. Connection of the
high-current leads was carried out deliberately, with
attention to developing the most efficient procedures
for use on subsequent coils. The task of connecting
more than 900 sensor wires through a helium-containing
conduit that vill contain helium during operation and
a special feedthrough box at the vacuum tank wall was
performed by a Hitachi engineer who had performed the
same function at the Naka test facility. This was
accomplished in March and April. Connection of helium
supoly and vent lines was delayed until preoperational
tescing of the refrigerator was completed and the
General Dynamics Convair (GDC) coil was in place.
(The vent line from the JAERI coil passes over the GDC
coil.)

The GDC coil, the first to be completed in the
United States, was delivered to the LCTF on June 8,
1983. The next six weeks were Lpent in some final
preparations of the coil, which had bee. deferred
until after the 2200-mile journey by truck from
r*lifornia. These tasks included welding on a vapor
dome, attaching wires to feedthroughs from internal
sensors, mounting external sensors, and installing
piping on the coil c-.ase to distribute helium for
structural cooling. A final leak test showed that the
coil was leaktight with respect to the general
surroundings but that seals on the two high-current
leads, whose function is to limit transfer of helium
between the coil itself and the superconducting buses
that extend to the vacuum tank wall, were not as tight
as had been specified. Inspection and modification of
the seals required another four weeks, leading to the
GDC coil being sec in place on August 17 (see Fig. 3).

Structural attachment of the GDC coil was
fin .shed in three days. Attachment of the
superconducting buses and vapor-cooled leads required
ftva weeks, .eflecting the numerous steps involved in
fit ring and welding these components.6 Tiie last
connection of coil to facility was the 6-in. vent
line , completed on October 8, seven weeks after the
coil was set in the tank. Unfortunately there wert
defects, which were discovered in the acceptance tests
and whose correction took another five weeks. Vre
pacing task was location and repair of sensor leads
between coil and vacuum tank wall. One fecMirough on
the GDC coil case was removed and x-rayed to totermine
the nature of a short between wires, which turned out
to be within the potted connector (sleeves not fully
pushed down on pins). During the same time, a helium
leak in a prefabricated, vacuum-jacketed section of
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the vent line outside the tank was located and
repaired.

Figure 3. Test Coil (by General Dynamics Convair)
being Installed in LCTF, August 1983.

After checks shoved that all connections to both
GDC and JAERI coils were acceptable, work platforms
and temporary supports were removed from the tank,
surfaces were wiped down to improve vacuum
characteristics, and the lid was put on the tank on
November 30, 1983.

Operation and Testing

DOE, acting through ORNL, is the Operating Agent
for the international Large Coil Task. This function
includes coils specifications, leadership in reaching
detailed agreements among LfT participants on
execution of the test program; coordination of
interdependent act!-, ities of participants;
construction, modification, and maintenance of the
LCTF; operacion of the facility in support of the coil
nesting program; and collaboration in testing,
analysis, and reporting.

Operation of the facility systems ia by trained
and certified LCTF Supervisors and Operators, who are
members of che Fu;.ion Energy Division, ORNL. The
Head, LCTF Operations, is responsible for efficient
operation of the facility, as required to accomplish
approved tests while ensuring safety of personnel and
protection of equipment. In discharging his
responsibility for safety he reviews and approves all
test procedures before they are implemented.

Because of the long time constants inherent in
tie operation of massive components at cryogenic
temperatures, LCTF is operated 24 h/d&>, 7 days a week
for lone periods of time. The operations st?ff is
therefore organized in four crews, each consisting of

a Supervisor and two Operators, who work on a rotating
shift basis. LCTF Supervisor! are scientists and
engineers with extensive backgrounds in
superconducting magnet development or cryogenic
systems. LCTF Operators are technicians drawn from
several different divisions of ORNL. Both Supervisors
and Operators went through a formal training program,
which was concluded in November 1983.

Planning and control of installation,
maintenance, and modifications are by a member of the
Fusion Energy Division staff. The Y-12 Plant
organization provides craftsmen and foremen to perform
the work.

The broad outline of the planned activities at
the LCTF is set forth in the Large Coil Task Test
Programme. This document evolved through several
drafts until its formal adoption by the LCT Executive
Committee in Hay 1982. The LCT Executive Committee
consists of a representative of DOE and a
representative of each of the other three
participants. Each participant is also represented by
one Project Officer from the responsible government
laboratory in each country (ORNL, JAERI-Naka, KfK, and
SIN). The Project Officers meet semi-annually and at
other times as required to make decisions on technical
matters within the framework of the Test Programme
document. Test objectives and sequences are spelled
out in detail and supplementary rules for
collaboration are set down in the Plan for
Implementation of the LCT Test Programme, a document
prepared by the Project Officers and approved by the
Executive Committee in April 1983.

The LCTF Testing and Analysis Group is made up of
on-site representatives of each of the LCT
participants. It includes several magnet specialists
from ORNL and is headed by a Fusion Energy Division
staff member. Detailed plans for coil testing,
including written procedures, are prepared by the T&A
Group.

Communication, coordination, and day-to-day
decisions on conduct of the test program are greatly
facilitated by an on-site steering committee, which
meets once a week or more frequently if required.
Membership consists of the LCP Manager, LCTF
Operations Head, Testing and Analysis Head, the Head
of supporting research and development, and one
representative of each non-U.S. participant.

Schedule

The LCT test program consists, in principle, of
two major periods of coil testing. The first, with
only two coils installed, has as one of its major
objectives the shakedown of facility systems, insofar
as possible without all coils in place. The second
period is to accomplish full testing of all six coils.
This division into two phases was convenient and
desirable because the first two coils were delivered
to the LCTF more than a year before the last coil
would be ready for installation. Figure 4 shows the
schedule from delivery of the first coil until the
start of the six-coil tests.

Since the adoption by the Large Coil Task of the
schedule shown in Fig. 4, delays of one to two months
have been encountered in installation of the General
Dynamics coil and in completion of the Swiss and
EURATOM coils. Nevertheless, a start on six-coil
testing at the beginning of 19S5 is still a realistic
goal.
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Figure 4. Large Coil Task Schedule Adopted in September 1983.

References

1F. N. Haubenreich, M. S. Lubell, D. ». Cornish, and
D. S. Beard, "Superconducting Magnets for Fusion,"
Nucl. Fusion. Vol. 22, No. 9, pp. 1209-1236, 1982.

2C. C. Queen, Jr., and F. S. Litherland, "Large Coil
Tast Facility Test Stand Design Description,"
Proceedings of the 8r.h Symposium on Engineering
Problems of Fusion Research, 1979, pp. U83-1186.

3C. C. Queen, Jr., "Design Description of the Large
Coil Test Facility Pulse Coil Support and Transport
System," in Proceedings of the 9th Symposium on
Engineering Problems of Fusion Research. 1981, pp.
265-267.

4T. L Ryan, R. E. Stamps, J. R. May, and R. B.
Jacobs, "The Liquid Helium System for the Large Coil
Test Facility," in Proceedings of the 8th Symposium on
Engineering Problems of Fusion Research, 1979, pp.
1187-1190.

5p. L. Walstrom, W. M. Fletcher, J. S. Goddard, and
J. L. Murphy, "The Large Coil Test Facility
Instrumentation System Design," in Proceedings of the
8th Symposium on Engineering Problems of Fusion
Research. 1979, pp. 459-463.

SS. S. Gould, L. R. Layman, and D. L. Million,
"Computer Based Data Acquisition System in the Large
Coil Test Facility," presented at the 10th Symposium
on Fusion Engineering, Philadelphia, Pennsylvania,
December 5-9, 1983.

7S. Shimamoto et al., "Domestic Test Result of the
Japanese LCT Coil," IEEE Trans. Magn., Vol. MAG-19,
No. 3, pp. 851-858, 1983.

8J. W. Moore, "Assembly and Installation of a Pair of
Superconducting Buses for the Large Coil Test
Facility," presented at the 10th Symposium on Fusion
Engineering, Philadelphia, Pennsylvania, December 5-9,
1983.


