
















































































Edmonds and John M. Reilly,
Oxford University Press, New York
(1985). 317 pages. Reviewed by
Alfred M. (Bud) Perry, Energy
Drvision.

1e message of the energy

'risis of the 1970s was that
energy consumption could not
continue to grow as rapidly as it
had during the previous two
decades. The past dozen years have
seen a flurry of studies endeavoring
to show how human societies could
continue to grow and prosper by
using energy much more efficiently
and by turning from the limited
resources, such as oil and gas, to
the more abundant energy sources,
such as coal, the atomic nucleus,
and the sun. These studies included
Project Independence; the National
Academy of Sciences CONAES
study (in which many ORNL staff
members participated); Energy in a
Finite World, carried out by the
International Institute for Applied
Systems Analysis; Amory Loving’
studies promoting the “soft path”;
and ORNL’s A Desirable Energy
Future.

While facing up to a changing
outlook for energy supply, people
throughout most of the world were
also becoming aware of the growing
impact of energy production and
consumption on the environment.
We learned, for instance, that
carbon dioxide produced in the
burning of fossil fuels may cause
great changes in climate, affecting
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temperatures, rainfall, and even sea
level. But major uncertainties still
remain concerning (1) the fate of
CO, released to the atmosphere;
(2) the climate effects that would,
in fact, be produced by a given CO,
inerease, such as a doubling; and
(3) the effects of such changes on
human affairs. One of the largest
uncertainties is the actual amount
of CO; that will be produced
because no one knows how much
fossil fuel will be consumed.

In this context, Jae Edmonds
and John Reilly of Oak Ridge
Associated Universities’ Institute
for Energy Analysis (IEA) have
attempted to model the evolution of
global energy demand and supply
over the 75-year period from 1975
to 2050. Their book describes the
progress of their work from 1979
through 1982.

Surely, no one can predict with
confidence what people will be
doing far into the future, but the
nature of the CO; problem requires
us to try, however cloudy our
crystal balls may be. Edmonds and
Reilly explicitly deny that their
glimpses of the future are
predictions. Rather, they call them
“conditional forecasts,” contingent
on the values chosen for a large
number of parameters that, along
with the structure of the model,
determine the future course of
energy supply and demand. With
several dozen tunable knobs at
their disposal, the modelers could
generate any number of possible
futures, covering a very wide range
from “high” to “low” energy
consumption and from “high” to
“low” CO, release. However,
Edmonds and Reilly did not take
this approach.

A major part of the book deals

with the proper adjustment of the
knobs and the presentation of a
single, central scenario based on
preferred values of the parameters.
The authors also present two other
scenarios (“high” or “low”) based on
plausible deviations from the
preferred values for a selected set
of the most important parameters.

The preferred, or “reference,”
scenario presented in this book will
give little comfort to “soft path”
advocates and persons worried
about the CO; problem. Both
primary energy use and CO,
emissions increase sixfold from
1975 to 2050. Major contributors to
this increase are coal (for
electricity and synthetic fuels) and
shale oil. Both coal and shale oil,
especially the latter, produce much
more CO, per unit of useful energy
than do conventional oil and gas.

The rapid expansion in the
worldwide use of coal in this
scenario (tenfold from 1975 to 2050)
occurs, in part, because of the
treatment of coal in the model as
an “unconstrained” resource: if the
rate of expansion d¢  not exceed a
specified value (an exogenous
input), then annual coal production
can become arbitrarily large
without increasing price. In later
work, Edmonds and Reilly have
changed the method of describing
the supply of coal, specifying
production cost as an increasing
function of cumulative production.
Similar supply parameters have
also been specified for oil and gas.
Thus, two versions of their model
now exist, with important
differences in the treatment of
energy supply.

It is unfortunate, I think, that
no hint of the later version of the
model appears in the book.
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Nevertheless, the Edmonds-Reilly
model is one of the leading
documented, transportable models
available for long-range energy
studies. The earlier version has
been adopted for a number of
studies outside the IEA. This book
(which is available in ORNL’s
Central Research Library) provides
a clear, comprehensive, and well-
written presentation of that model.

In the authors’ static
equilibrium model, energy demand
and supply both depend upon
prices. These are iteratively
adjusted until demand and supply
are in detailed balance, within each
of nine geographical regions of the
world, for each of four secondary
energy carriers (solids, liquids,
gases, and electricity) and for each
of nine primary energy sources

The following books were authored
or edited by ORNL staff members
(whose names appear in boldface
print).

Indoor Air and Human Health,
Proceedings of the 7th Life Sciences
Symposium (held in Knoxville,
Tennessee, October 29-31, 1984), ed.
R. B. Gammage and S. V. Kaye,
Lewis Publishers, Inc., Chelsea,
Mich., 1685.

Immobilised Cells and Enzymes: A
Practical Approach, ed. Jonathan
Woodward, IRL Press, Oxford,
England, 1985.

High Temperature Alloys: Theory
and Design (conference
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(conventional and unconventional
oil including shale oil, conventional
and unconventional gas, coal,
nuclear energy, hydroelectric
energy, solar-electric technologies,
and biomass). Demand is driven by
population growth and increases in
labor productivity (which are
exogenous inputs to the model) and
is modified by a full set of price
and income elasticities.

More than half of the book (10
chapters, covering 173 pages) is
devoted to a review of supply
parameters: resources, costs, energy
conversion technologies, and
postulated technical improvements
over time. After reviewing the
literature extensively, the authors
have proposed “supply
curves”—quantities of energy
available annually as a function of

proceedings), ed. J. O. Stiegler,
American Institute of Mining,
Metallurgical and Petroleum
Engineers, Inc., New York,
1984.

The Three Mile Island Accident:
Diagnostis and Prognosis, (ACS
Symposium Series 293), ed. L. M.
Toth, A. P. Malinauskas, G. R.
Eidam, and H. M. Burton,
American Chemical Society,
Washington, D.C., 1986.

Gas Transport in Porous Media: The
Dusty-Gas Model (Proceedings of
Symposium on Separations Science
and Technology for Energy
Applications), E. A. Mason and

A. P. Malinauskas, Elsevier

time and price for each energy
source. (Exceptions are
conventional oil and gas, which are
delivered on a prescribed schedule;
this significant simplification is
justified, within the context of the
COg problem, on the grounds that
conventional oil and gas can make,
at most, a relatively small
contribution to the ultimate
production of CO; from fossil fuels.)

The reader may not agree with
all the authors’ assumptions.
Photovoltaics, for example, might
turn out to be a greater supplier of
electricity than Edmonds and Reilly
assume. Nevertheless, the
assumptions are clearly stated and
the structure of the model permits
any readers interested in using the
model to substitute their own
assumptions.

Scientific Publishing Company,
Amsterdam, The Netherlands, 1983.

Measuring Culture: A Paradigm for
the Analysis of Social Organization,
Jonathan L. Gross and Steve
Rayner, Columbia University Press,
New York, 1985.

Capture Gamma-Ray Spectroscopy
and Related Topics-198)
(Proceedings of International
Symposium-1984), ed. S. Raman,
American Institute of Physics, New
York, N.Y,, 1985.

Principles and Applications of
Stirling Emgines, Colin D. West,
Van Nostrand Reinhold Company,
New York, N.Y., 1986.












development and operation of aqueous
homogeneous reactors in ORNL's
Reactor Experimental Engineering
Division, Haubenreich was placed in
charge of the Molten Sait Reactor
Experiment during its five years of
operation. Following the successful
conclusion of that experiment, he
became associate director of the
Molten-Salt Reactor Program and then
transferred to the fusion program.

Martin S. Lubell is head of the
Magnetics and Superconductivity
Section of the Fusion Energy Division.
His responsibilities include directing the
research and development needed for
the fabrication of the large
superconducting magnets that will be
required for future plasma experimental
devices and tokamak fusion reactors.
He also serves as deputy manager of
the Large Coil Program (LCP); he is in
charge of the testing and analysis of the

reactor employing power-hungry
copper magnet coils is far less than
that from a reactor having super-

conducting coils (see figure at right).

The early workers in the
controlled thermonuclear fusion
program were, of course, aware of
the energy-gobbling nature of
resistive magnets. However, back in
the 1950s practical high-field
superconductors had not been
discovered, so researchers could
only hope to invent a device that
could use the confining magnetic
fields with full efficiency (i.e., the
plasma pressure could approach the
equivalent pressure of the confining
magnetic field). In this ideal case,
the magnetic field generated by the
electrical coils would be used so
efficiently and the plasma would
yield such tremendous returns in
fusion energy that the energy
expended in driving current
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large coils. Lubell, who holds an S.B.
degree from the Massachusetts Institute
of Technology and an M.A. degree in
physics from the University of California
at Berkeley, came to ORNL in 1967. He
was appointed to his current position in
1976 following two years as assistant
manager of the Division’s Super-
conducting Magnet Development
Program. He assumed his duties in the
LCP in 1984. Lubell is a member of four
national boards that are concerned with
applied superconductivity, cryogenic
engineering, cryogenic materials, and
fusion technology. He was also a
member of the International Organizing
Commiittee for the International Magnet
Technology Conference. Here, in the
control room of the magnet test facility,
Haubenreich (standing in back) and
Lubeli (standing in front) watch as ORNL
engineers Stewart Shen (foreground)
and Richard Stamps check facility
operations.

ENERGY LOW SHOWS WHY
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PLANT WITH SUPERCONDUCTING MAGNET

The International Fusion
Superconducting Magnet Test
Facility at ORNL now contains
its full array of six large
superconducting magnet coils.
The coils were designed and
built under ORNL’s direction
over the past 10 years by groups
in Japan, Switzerland, the
European Atomic Energy
Communaty, and three U.S. firms.
Thas article presents the story
behind the coils and the status of
the testing program designed to
compare the technical
performance, reliability, and
economacs of using different coil
designs to contain plasmas in
fusion devices that could
generate useful electrical power.

RIANKET

150MWe

600 MWe

PLANT WITH RESISTIVE MAGNET

For efficient production of electric power from magnetically confined fusion,
superconducting magnets are essential, as shown by comparing the energy flow of a
plant with superconducting magnets with that of a plant with resistive magnets.
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Corporation sketch such a machine,
showing copper TF coils like those
in the PLT, only much larger. The
idea of “cheap, quick” neutrons
from fusion appealed to AEC fusion
program head Bob Hirsch. He
thereupon gave PPPL the go-ahead
to do a preconceptual design, to be
evaluated along with one from
ORNL having the new reduced
goals but with superconducting
magnets.

Both studies were completed and
reviewed together in July 1974. The
choice was clear. The better
“wetwood burner” would be PPPL’s
copper-coil machine, which clearly
would be quicker to build. The
resulting decision by the AEC was
to launch the Tokamak Fusion Test
Reactor (TFTR) project at
PPPL—and to bury ORNL’s F/BX
project.

The F/BX study was not
without effect, however. In the fall
of 1974, the AEC started another
year-long study, this time of a
later-generation Experimental
Power Reactor (EPR). AEC
stipulated that the EPR should
have superconducting magnets and
demonstrate reactor technology
(including a breeding blanket).
Crucial decisions that had to be
made included magnetic field
strength, superconductor material
and mode of cooling, magnet shape,
and structural concept. After
evaluating input from his magnet
experts, Thermonuclear Division
director John Clarke chose TF coils
operating at a peak field of 11 T
(with NbsSn in the high-field
regions and NbTi in lower fields)
and cooled by forced flow of helium
at supercritical pressure.
Concurrent EPR studies at Argonne
and General Atomic focused on
quite different TF coils (i.e., NbTi
at a peak field of 8 T, cooled by a
“bath” of helium boiling at
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atmospheric pressure). Efforts to
obtain a consensus of magnet
experts on which of the two
concepts was better were
unsuccessful but convinced Hirsch
that a major development effort on
superconducting TF coils should be
launched immediately.

Having already come to the
same conclusion, ORNL had
prepared a proposal for a program
to develop a series of test coils of
sizes ranging from 1 to 6 m in
diameter. One phase was a six-coil
torus that had five background coils
of conservative design and a slot
for high-performance test coils. In
recognition of the scope of this
activity, then called the Compact
Torus, John Clarke set up a
project organizational structure
that included heavy participation
by Union Carbide
Corporation-Nuclear Division
Engineering staff members.
Haubenreich was appointed
manager; Jim Luton, deputy
manager (with responsibility for
involving magnet specialists); and
Phil Thompson, principal engineer.

In the fall of 1985, AEC’s
successor, the Energy Research and
Development Administration
(ERDA), convened a panel of
magnet experts from across the
country to appraise the ORNL
proposals. The panel recommended
pursuing a version of the compact
torus but not the other large-scale
development tasks proposed by
ORNL. Although ORNL was to
manage the effort, it was to be a
truly national program, accepting
input from other fusion
laboratories and using industry in
design as well as manufacturing.
The name was to be the Large Coil
Program (LCP). A significant
change was to make all coils test
coils, enabling simultaneous testing
of several concepts. Other criteria
were set by the panel. For example,
the peak field was to be specified as
7.5 T (later raised to 8.0 T by

ERDA); the more conservative
panel members felt that 7.5 T

was likely to be the highest field
that could be ensured using the
NbTi conductor, which was viewed
as the most reliable superconductor
material. The program was also to
consider the use of NbsSn, which
offered better performance but
whose sensitivity to strain caused
some experts to doubt its ultimate
feasibility. To keep cost
manageable, the overall dimensions
of test coils were to be about one-
third those of the EPR concepts. At
the same time, the conductors were
to be full-size (capable of carrying
10,000 to 20,000 amperes), so that
no further scale-up of conductor
design and production processes
would be necessary.

In December 1975, ERDA
authorized ORNL to prepare a
preconceptual design of a test
stand, prepare coil performance
specifications, and develop a
program plan that would include
three industrial teams to design
and build coils. This was clearly an
undertaking of truly major
proportions and one that
Laboratory and company
management did not enter into
without extensive discussions.

In 1976 the technical aspects of
the LCP took shape. Thompson,
working with both engineering and
magnet specialists, performed
parameter studies that supported
decisions on coil and test stand
dimensions, vacuum topology, and
many other features of the test
facility. He and the project
engineers made the cost estimates
needed in the formal proposal to
ERDA. After consulting magnet
experts at ORNL and around the
nation, Thompson and Luton then
came up with a thick volume of
technical specifications for the test
coils. Later events proved that they
did an outstanding job.

Because the purpose of the
program was to solicit the best
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all their magnet research money on
building one large coil, which could
be transported to Oak Ridge for
testing in ORNL'’s test facility.

On further consideration, the
idea of including foreign coils in
Oak Ridge tests seemed worth
pursuing. In late 1975, Lubell wrote
to Werner Heinz, director of
superconducting magnet
development at Karlsruhe, and told
him of his conversation with Becker
about the possibility of
international cooperation. The next
initiative came from the Europeans
to the U.S. government. Lubell then
received a call from ORNL Director
Herman Postma wanting to know
what he had promised the
Europeans. He sent a copy of his
letter to Heinz; fortunately, it
contained a caveat about the need
for approval of ORNL management
and our government sponsor
(ERDA) before international
cooperation could be arranged.

By mid-1976 ERDA had looked
at ORNL'’s projections of schedules
and costs for the U.S. Large Coil
Program and began investigating
the feasibility of international
collaboration. Because of the
effective communication network
that characterizes multinational
fusion research, people all around
the world became aware of the
rapidly evolving U.S. program of
developing superconducting
magnets for fusion. Because they
had similar objectives, magnet
people in all major countries were
intensely interested in the U.S.
Large Coil Program and met
informally with program managers
to learn about the program and
exchange views on how a
collaboration might work.

Lubell recalls vividly one such
conversation that occurred during
and after a dinner at an Oak Ridge
restaurant early in 1976. The
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parties were Alberto Martinelli and
Mauricio Spadoni from Italy,
Gaston Bronca from France, Albert
Knobloch from Germany, Susumu
Shimamoto from Japan, and Lubell.
Lubell was answering a lot of
questions and talking rapidly, but
the foreigners were having
difficulty fully understanding his
rather heavy New York accent. So
Martinelli, who had spent two years
at MIT and had an excellent
command of English (and
everything else!), would turn to
Spadoni and explain it to him in
Italian, then he would turn to
Knobloch and converse in perfect
German, and finally he would carry
on a conversation in fluent French
with both Bronca and Shimamoto
(the latter had just returned to
Japan from a seven-year stay at
Saclay and felt more comfortable
speaking French than English, and
Martinelli didn’t speak Japanese, at
least not fluently). In later years in
other international situations,
Lubell remembered Martinelli’s
tour-de-force and wished for a
similar ability to communicate in
several languages.

In the fall of 1976, after an
Applied Superconductivity
Conference near Chicago that
attracted many participants from
abroad, a somewhat more formal
meeting was held in Oak Ridge to
discuss ideas for international
collaboration. Out of it came the
basic elements of what later came
to be known as the Large Coil Task
(LCT). The people at the meeting
included Carl Henning from DOE-
Washington, Knobloch from
Germany, Martinelli from
EURATOM, Ko Yasukochi from
Japan, and Alfred Koch from
Switzerland. Haubenreich went
over the LCP plan and the draft
coil specifications, which the
foreigners found to be a quite
acceptable technical foundation for
collaboration. The idea that
emerged was that the United States

should serve as Operating Agent,
building and operating the test
facility as already envisioned in the
LCP plan. Instead of the U.S.
industrial subcontractors building
two coils apiece, however, they
would each build only one.
Meanwhile teams in Japan,
Germany, and Switzerland would
each design and build a coil, all of
which should arrive at Oak Ridge
at about the same time as the three
American coils. The interested
parties had already decided to use
the newly formed International
Energy Agency (IEA) to help work
out the formal agreement that
would be required. Therefore, Niels
de Terra, a lawyer from IEA, was
present and took copious notes on
the ideas evolving from the
discussion. Afterwards he returned
to Paris to rewrite them

in legalese.

In April 1977 all prospective
participants in the LCT got
together at Garching (near Munich)
to go over the draft and make it
state as clearly as possible what the
technical people wanted to
accomplish. This was the real
beginning of what was to become as
much an experiment in
international communication and
collaboration as in magnet
technology. The barriers of
language were evident, but the
participants, highly motivated by
the potential benefits, reached
agreement on a draft document
which, after some further legal
polishing, was acceptable to all
parties. In October of that year, the
United States (Secretary of Energy
Schlesinger) and the European
Atomic Energy Community
(EURATOM) signed the agreement
that formally established the Large
Coil Task. The wheels of
government moved more slowly in
Japan and Switzerland, but in May
and September 1978 respectively,
they, too, became “original
signatories” to the LCT agreement.
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much. Nevertheless, this subtle
form of rivalry is a strong
undercurrent, which occasionally
surfaces in the discussions at
international meetings and in
reports on program results.
However, rather than being a
detriment to the collaborative
efforts, the rivalry has been a
stimulant to each participant.

From beginning to end, working
with the U.S. industrial teams has
been quite an experience for the
Oak Ridge people. It began to heat
up in 1976, when news of the LCP
and its intention to involve
industries was published in the
Commerce Business Daily. Judging
from the immediate activity that
was generated, industrial managers
must have viewed fusion energy as
a program that was going
somewhere important (translation:
the government was going to spend
big money on it for at least a
couple of decades). At any rate,
several firms began organizing
teams to compete for the three
subcontracts for coil design and
manufacture that were promised.

During 1976, five leading
industrial firms organized teams
having the diverse capabilities they
would need to do the complete job.
ORNL kept all interested parties
informed as the specifications took
shape. The request for proposals
went out in January 1977, and
within a month we received five
very thorough proposals. We felt
gratified by such a high-quality
response, but we knew the choice of
three was going to be tough.

When the proposals were
received, the local evaluation board
plunged into their task and, after
an exhausting two weeks, emerged
with a decision. The three teams
chosen were: Westinghouse Electric
Corporation, with superconductor
manufacturer Airco; General
Electric Company (GE), with
Intermagnetics General to produce
superconductor and Chicago Bridge
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and Iron Nuclear to design and
fabricate the structure; and the
Convair Division of General
Dynamics (GD), with
Intermagnetics General to produce
the key element of the conductor.
When the decision was announced,
we received questions from many
people all the way up to the
Speaker of the U.S. House of
Representatives. But, after all was
said and done, there was no doubt
that the right choices had been
made.

The subcontracts between UCC-
ND and each industrial team leader
had three phases: conceptual
design, detailed design and
development, and coil manufacture.
In keeping with ERDA philosophy,
the capabilities and experience of
the teams were fully utilized by
giving them a great deal of freedom
to choose the best course to produce
the superconducting magnets. At
the same time, the management
team at ORNL had to be strongly
involved. At the beginning, the
team reviewed and approved
concepts and transferred special
knowhow on superconducting
magnet technology from ORNL and
other government laboratories to
the industrial partners. Review and
technology transfer continued
through phase two, with some of
the development being done at Oak
Ridge, where special facilities
already existed. During this phase,
Keith Kibbe joined the LCP and
assumed responsibility for all
technical and budgeting dealings
with the coil teams.

In the manufacturing phase,
ORNL people kept in close touch
with the shop work and especially
the quality assurance programs of
the subcontractors. In some
instances, ORNL had to intervene
and participate actively in solving
problems. An outstanding example
was the multifrequency eddy-
current inspection of the continuous
welding process in Airco’s

production of the conductor for
Westinghouse. The instrument used
for this inspection was developed by
a team in ORNL’s Metals and
Ceramics Division and received an
IsR 100 award from Research &
Development magazine.

Throughout the course of the
industrial work, ORNL, of course,
had other important tasks: to
monitor spending, to project
funding needs, and to interact with
DOE either to get the money or to
decide the best way to spend the
money that could be found in each
fiscal year’s budget. These tasks
took on major proportions,
especially when the efforts required
to design and produce the coil
turned out to be more difficult and
expensive than anyone could have
foreseen. In the process, several
heads of hair turned grey.

In the other three LCT
countries, the relationships among
government and industries were
different from those in the United
States.

In Japan, JAERI first conducted
a six-month conceptual design
study in which representatives of
all interested firms participated.
This led to proposals from three
electrical equipment manufacturers.
JAERI negotiated with all three to
arrive at a fair price, then awarded
the LCT coil to Hitachi, while
giving contracts for other work to
the other two. The Japanese take
schedule commitments very
seriously, so when Hitachi
discovered that they had more work
than they had expected in the
manufacturing phase, they
complied with JAERI's demand for
multiple winding lines and around-
the-clock work to avoid schedule
slippage. How much of their own
money Hitachi put into the project
is unclear, but one outspoken
Hitachi executive indicated in a
meeting in Europe that it was
considerable.

In the European Community,
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the Germans took the lead. The
participation of the French and
Italians in LCT planning
diminished after Germany agreed
to provide the largest share of the
EURATOM funding and almost
disappeared after competitive
bidding throughout Europe led to
contracts to Siemens for coil design
and manufacture and to
Vacuumschmelze for the conductor.
KfK played the same role in
EURATOM as ORNL did in the
United States, with a somewhat
more direct involvement in design
decisions.

The Swiss arrangement was
distinctly different. The Swiss had
no big program to develop fusion
power. They did, and do, have a
thriving business in providing
hardware for others around the
world, such as copper coils for
Princeton and generators for the
Tennessee Valley Authority. The
Swiss Institute for Nuclear
Research had developed special
expertise in superconducting
magnet technology and Brown
Boveri Company was in the
business of producing, among other
electrical equipment, magnets. The
result was a partnership of the
Swiss government and Brown
Boveri to produce an LCT coil that
they expected to lead to further
business.

Naturally the U.S. firms were
looking ahead to future business as
well. Westinghouse set up to do the
work in its East Pittsburgh plant,
in the midst of the huge operations
of producing generators for large
power plants. GD/Convair
established a new department for
magnets and prepared to produce
the conductor and assemble the
LCP coil in a cavernous building at
Lindbergh Field in San Diego,
formerly used for aircraft
manufacturing. GE, which had
contracts for other superconducting
magnets (for magnetohydro-
dynamics research, for example),
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set up a separate department in
an unused building across the
street from its bustling
turbine-generator operation in
Schenectady.

The atmosphere and orientation
of the six industrial design and
manufacturing teams clearly
reflected the differences in their
origins. For example, GD, with its
background in aerospace vehicles,
immediately plunged into
sophisticated structural analysis.
Westinghouse became engrossed in
conductor strand insulation.
Teutonic characteristics were
evident in the gleaming floors and
tidy equipment in the refurbished
building prepared by Siemens.
Japanese and Swiss coil assembly
projects were set up right along
side beehives of production on other
big jobs. Clearly it will be very
interesting to see how these
different environments affect the
end product, the test coil
performance at Oak Ridge.

Exchanges of visits among
industrial teams is a unique feature
of the LCT. The quest for controlled
thermonuclear fusion has, almost
from its inception, involved a high
degree of international cooperation.
This background was reflected in
the international agreement
establishing the LCT. To promote
the strongest, broadest base for
building fusion reactors, the LCT
participants agreed to arrange for
each other to visit and learn about
the industrial production setups of
all LCT teams. So it was, for
example, that Westinghouse
engineers visited the shops of
Siemens, Brown Boveri, and Hitachi
as well as GD and GE. This kind of
interaction was almost
unprecedented, but industrial
managers’ misgivings were allayed,
and eventually they came to agree
that the exchanges were quite
worthwhile to each of them.

Although the relationships
between U.S. subcontractors and

ORNL were always correct and
even cordial, there were times when
the road became rocky. Several
times it was necessary to slow the
pace to stay within fiscal year
budgets. This contributed in no
small measure to the prolongation
of the program. However, after the
beginning of the LCP, the time
frame for fusion energy
development as a whole, as
perceived by DOE and Congress,
also stretched out, and this was
reflected in support for the LCP.

At no time did any technical
problem loom so large that it made
a coil concept appear impractical.
There were, however, occasions
when DOE seriously reexamined
the question of whether each coil
project was worthwhile. At such
times, ORNL assembled all the
pertinent information and
arguments and worked with DOE
to arrive at the conclusion that the
project should continue.

One coil project did not,
however, turn out at all as
expected. The GE coil was removed
from Schenectady unfinished and,
after extensive modifications to the
structure, was finally assembled in
shops at the Oak Ridge Gaseous
Diffusion Plant. The reasons for
the decision by ORNL to truncate
the GE subcontract were complex
and thoroughly examined both
before and after the fact. The
conclusion was that grave problems
in their magnet fabrication
operation had indeed justified the
termination.

Aerospace manufacturers are
accustomed to working closely with
customers who have special needs
that entail new technology. Heavy
electrical equipment manufacturers,
on the other hand, are used to
working with standard designs,
which evolve gradually and require
little involvement of their utility
customers. The consequent
attitudes tended to carry over into
the LCP coil projects, especially at
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first. In the case of Westinghouse,
events along the way eventually led
to a real partnership relationship
between the corporation and the
government in solving various
problems.

The industrial involvement did
not end with the coil deliveries.
During the tests now under way at
Oak Ridge, people from
Westinghouse and GD are
analyzing data along with engineers
and scientists from each of the
three foreign participants.

From the earliest days of the
international program it was
envisioned that coil completion and
delivery to ORNL would be spread
over a considerable time schedule.
Still, no one could foresee the
musical chairs that would
subsequently take place. The
following is a recap of the steps
leading to the Partial-Array Tests,
which were undertaken in the
summer of 1984.

The international project
officers—representatives of all the
participating government
organizations—decided to have a
shakedown test of the complete
facility at the earliest possible
date—right after three coils had
been installed. At the onset of the
program, the first three coils to
arrive close together would be those
from JAERI, GE, and GD. At the
April 1982 project officers’ meeting,
a proposal was made by
Haubenreich, the U.S.
representative, to reduce the
shakedown test to a two-coil test
(JAERI and GE) because a delay
had occurred in the GD coil
fabrication. The project officers
unanimously agreed to the two-coil
test because no one wanted to see a
delay in the start of the six-coil
(compact torus) test.

After another year the two-coil
test was still on but the coils to be
used had changed—now it would be
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the JAERI and GD coils! GD had
accelerated its fabrication and
made up some lost time;
meanwhile, the domestic testing of
the JAERI coil and fabrication of
the GE coil had been delayed. By
September 1983, the JAERI and GD
coils were installed, and the test
was started in November 1983.
Unfortunately, leaks in the GD coil
ports (openings through which a
urethane potting compound was
injected to fill voids between the
winding and structure) necessitated
removal of the coil from the tank
and rewelding of the port covers
and reinstallation of the coil. While
all this work was going on, the
Swiss coil arrived (February 1984).
Although the Swiss coil was
installed in the tank, there was
only time to make all the cryogenic
connections—the superconducting
bus power lines were not installed.
The Partial-Array Test got under
way in June 1984, and the tests on
the JAERI and GD coils were
successfully carried out to the full
design current of 10,000 amperes
(albeit not full field, which requires
contributions from the other coils)
in July through September 1984.
An encouraging series of two-
coil tests was also carried out. One
coil was dumped, or discharged
rapidly, across a room-temperature
dump resistor, which removes 98%
of the stored magnetic energy,
while the neighboring coil was
maintained energized with current
at 40% of its maximum value.
Would the energized coil remain in
the charged state when its neighbor
was dumped? Could our quench
detection system distinguish an
induced current (when a magnet
dumps or quenches, its neighbor
has currents induced in it which try
to maintain the magnetic flux)
from a normal zone? If the quench
detection system “sees” a voltage
that is high enough, would a signal
be given to dump the coil to protect
it and prevent it from burning up?

(Remember, the superconductor can
carry 10,000 amperes when it is in
the superconducting state but can’t
support any current in the normal
state. The copper which is bonded
to the superconductor can carry the
current only long enough to permit
either cooldown of the
superconductor and recovery of the
superconducting state or dumping
of the magnet.) The two-coil tests
proved successful and confirmed
that our quench detection system
and protection system would work
as desired—one coil can be rapidly
discharged or dumped while its
neighbor stays energized.

After the Partial-Array Tests
were completed, the system was
warmed up and installation began
on the remaining EURATOM, GE,
and Westinghouse coils. The last
coil (from Westinghouse) was
delivered in August 1985. After an
all-out effort by a large team led by
Bob Bohanan and including Y-12
Maintenance and Engineering,
installation was completed and the
lid was on the vacuum tank ready
for pumpdown by October 24, 1985,
as promised. After the expected
problems of repairing minor leaks
and after some major repairs of
some of the cryogenic equipment of
a huge complex refrigeration
system, cooldown of some 400 tons
was under way on January 18, 1986.
By February 13 the Westinghouse
coil was superconducting, and on
February 18 all the remaining coils
were superconducting. (The
Westinghouse coil uses NbsSn
conductor, which has a transition
temperature at about 18 K, whereas
the other coils all use NbTi
conductor, which has a transition
temperature of about 9 K.)
Cooldown and operation of the
facility for coil testing are in
themselves experiments, which are
performed by a group headed by
Bill Fietz, who provides continuous
coverage. Coil testing, by a group
headed by Lubell, proceeds on two
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shifts for about 70 hours a week.

A detailed set of test plans has
been prepared and approved by the
project officers. These plans have
been hammered out over the last
six years with proposed revisions
and additions discussed at six-
month intervals. Yet, we have no
doubt that we will find new results,
which no one can fully predict or
anticipate, when we measure the
stability of each magnet, the
mechanical stresses of the
conductor and structure, the
displacement of the windings under
load, the losses and heating
resulting from superimposed pulsed
fields simulating a tokamak’s
magnet environment, the changing
bore dimensions under load, the
acoustic emission noise generated
in the windings and structure (as a
result of motion, flux distribution
and microscopic crack growth), and
the properties at temperatures
lower than 4.2 K and fields higher
than 8 T. Such has been the history
of the development of
superconducting magnets. Each new
factor-of-ten step-up in stored
magnetic energy has produced some
unexpected phenomena.

Because of its magnitude and
international significance, the
International Fusion
Superconducting Magnet Test
Facility is included in the itinerary
of many visitors to ORNL. Some,
who are unacquainted with the
program, have trouble grasping the
fact that the experimental
operation of the coils is the whole
purpose of the program. They ask,
“If there is no plasma, what are
you going to do with the coils?” The
answer was stated nicely by the
French newspaper Le Monde, which
in 1982 called the LCT “une
experience technologique 4 Oak
Ridge”—a technological experiment.
The product is information that
will enable designers of future
toroidal fusion reactors to select
magnet designs that will optimally
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combine performance, reliability,
and economy. The entire
investment in the program is
expected to be recouped in the first
big reactor because design can be
optimized, making the magnet
system that provides the confining
field much more cost-effective than
one would have dared without the
benefit of LCT experience.

The planned coil testing
program is still in its early phases.
Some big hurdles are
passed—cooling down the six-coil
test array to the extremely low
operating temperature without
springing a leak or popping off
sensors, for example. Now the
magnetic fields and the consequent
forces on the coils are being
escalated while data are taken that
allow a penetrating analysis of how
well each design is working. The
planned program next involves
operation of each coil at its design
point to verify its ability to ensure
performance. Ultimately
experiments will be done to explore
the limits of operability. It is
expected that these extended-
condition tests will be completed
and that facility operations will be
terminated by the end of FY 1987.

The question of future use of the
coils is a good one. All three foreign
participants have plans to
repatriate their coils, for use in
providing background fields for
testing more advanced conductors
and coils in facilities in Karlsruhe

and at JAERI’s superconducting
magnet laboratory in Ibaraki.
Similar uses have been envisioned
for the three U.S. coils, which will
remain at Oak Ridge. One use
might be individual testing of
production coils before installation
in a fusion reactor plant.

Will the future of
superconducting magnet
applications prove to be as
unpredictable as the experience of
the past two decades has been?
When Lubell first started research
into the nature of superconductivity
24 years ago, the magnets he
worked with were no larger than a
man’s finger. He never for a
moment imagined that he would
someday be testing six magnets
simultaneously, each of which
weighs some 45 tons and has a bore
large enough to stand inside. The
path to this point has not been
without purpose and direction, but
it has proved to be very much an
adventure, not of a day’s or week’s
duration but of more than 20 years.
There is undoubtedly much more
yet to unfold that no one can
predict with certainty. The future
of fusion magnet development
depends upon, among other factors,
world leaders’ views of the benefits
and costs of pushing ahead
vigorously with the peaceful
utilization of fusion energy.
Whatever may come, we trust that
the LCT experience and the wealth
of data from it will both encourage
and guide the world’s fusion
programs in this quest.

OAK RIDGE NATIONAL LABORATORY Review







Charles D. Scott has been elected
to the National Academy of
Engineering. He has also been
appointed a member of the advisory
committee for the new Division of
Fundamental Research for
Emerging and Critical Engineering
Systems of the National Science
Foundation.

Bill Appleton has been named
director of ORNL’s Solid State
Division.

Bill Appleton, O. E. Schow III,
and C. Woody White have received
a Material Science Award from the
Department of Energy for their
work in ion-beam processing. They
were cited for “research with
significant implications for energy
technology” in DOE’s 1985
Materials Science Research
Competition.

Annetta Watson has been named
book review editor of the journal
Environmental Management.

Robert N. Compton has received
the annual Excellence in Research
Award from ORNL’s Health and
Safety Research Division for his
studies of the spectroscopy of
negative ions using novel
experimental techniques.

Edward H. Krieg, Jr., was
presented an Engineering Service
Award by the Tennessee Society of
Professional Engineers at the 1986
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WATTec Engineers Week
Luncheon.

Robert A. Langley is chairman-
elect of the Fusion Technology
Division of the American Vacuum
Society.

Barbara A. Lewis has received the
Margaret Oakley Dayhoff Memorial
Award in Biophysics.

David K. Trubey has been
appointed a member of the
American National Standards
Institute Committee N17, whose
secretariat is the American Nuclear
Society.

J. H. Whealton and J. F. Lyon
have been named fellows of the
American Physical Society.

The International Fusion
Superconducting Magnet Facility at
ORNL received an Outstanding
Engineering Achievement Award
from the Tennessee Society of
Professional Engineers at 1986
WATTec Engineers Week
Luncheon. The award plaque was
presented to U.S. Large Coil
Program Manager Paul
Haubenreich.

Two ORNL publications received
awards in the International
Technical Publications Competition
sponsored by the Society for
Technical Communication. The
winning entries and entrants are
Water Chlorination: Chemistry,
Environmental Impact and Health
Effects. Volume 5, Robert L.
Jolley, Vivian A. Jacobs, and
Raleigh H. Powell, Jr., award of
distinction in the books category;
and “Photosynthetic Water
Splitting,” ORNL Review, Elias
Greenbaum, Carolyn Krause, and
Martha G. Stewart, award of
achievement in
scholarly/professional articles.

Twenty-seven entries of ORNL and
Martin Marietta Energy Systems,
Inc., staff members received awards
in the 1986 publications competition
of the East Tenessee Chapter of the
international Society for Technical
Communication. The winning
entries and entrants are:
Transuranium-Element Production
and Research, O. L. Keller, Cindy
Allen, and Bill Clark, award of
excellence in the brochures
category; Research and Development
Activities in the Instrumentation
and Controls Division, R. A. Todd,
LaWanda E. Klobe, and Jeanne
Dole, award of merit in brochures;
The Center for Neutron Research,
Ralph Moon, Kathie McKeehan,
and Jack Rich, award of
achievement in brochures; The
RAMbler, Support and Assistance on
Personal Computer Selection,
Operation, and Applications, Allyn
Zerby, LaWanda E. Klobe, and
Jeanne Dole, award of merit in
newsletters; Oak Ridge National
Laboratory Review, Carolyn
Krause, Jon Jefferson, and Bill
Clark, award of excellence in house
organs; Martin Marietta Energy
Systems 1985 Awards, Raymond S.
Wiltshire, Cynthia A. Chance, and
Alice D. Richardson, award of
excellence in promotional materials;
Oak Ridge, Bill Clark, Steven
Wyatt, and Linda Jeffers, award
of excellence in promotional
materials; Trends and Balances
1985-1990, James W. Terry, Susan
E. Hughes, and Technical
Publications Department staff
members, award of achievement in
promotional materials; Career
Opportunities, Bill Clark, Steven
Wyatt, and Jack Rich, award of
achievement in promotional
materials; Chem Tech 1984: Plans,
Programs, Prospects, R. G. Wymer,
Luci Bell, and Betty Jo Williams,
award of excellence in periodic
activity reports; Technologies
Applications Bulletins, Tina Sekula,
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To ensure its safe transport from Jopan to Oak Ridge, the Japanese fastened to the side of its superconducting magnet a
#cood luck charm” that had been blessed at a Buddhist temple. For the inside story on the magnetic coils being tested ot an
international focility in ORNL's Fusion Energy Division, see the article on page 30.




