
QRNL/TM-6059 

Letter Report for the Superconducting 
Magnet Development Program 

April 1, 1977-June 30, 1977 

f* 

OAK RIDGE NATIONAL LABORATORY 
OPERATED BY U N I O N CARBIDE CORPORATION • Fd,R THE DEPARTMENT OF ENERGY 



BLANK PAGE 



Printed in the United States of America. Available f rom 
Nat ional Technica l Information Service 

U.S. Depar tment of C o m m e r c e 
5285 Port Royal Road, Springfield, Virginia 22161 

Price: Printed Copy $ 4 £ 9 ; Microf iche $3.00 
t y ^ v y 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, contractors, subcontractors, or their employees, makes any 
warranty, express or implied, nor assumes any legal liability or responsibility for any 
third party's use or the results of such use of any information, apparatus, product or 
process disclosed in this report, nor represents that its use by such third party would 
not infringe privately owned rights. 



Contract No. W-7405-eng-26 

LETTER REPORT FOR THE SUPERCONDUCTING 
MAGNET DEVELOPMENT PROGRAM 

April 1, 1977-June 30, 1977 

Date Published - November 1577 

Edited by W. A. Fietz and M. S. Lubell 
Magnetics and Superconductivity Section 

FUSION ENERGY DIVISION 

Prepared by the 
OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
DEPARTMENT OF ENERGY 



CONTENTS 

ABSTRACT v 

1. INTRODUCTION 1 

2. PROJECT REPORTS 1 
2.1 DESIGN PROJECTS 1 

2.1.1 The Next Step Program 1 
2.1.2 Large Coll Program 1 

2.1.3 ELMO Bumpy Torus Reactor Design 2 
2.1.4 EBT-II Design Support 3 

2.2 SMALL-SCALE EXPERIMENTS 3 
2.2.1 Pulsed Parallel Field Experiment 3 
2.2.2 Propagation and Stabi l i ty Tests 3 
2.2.3 Forced-Flow Experiment 4 
2.2.4 Pulsed (Poloidal) Coils 5 
2.2.5 Conductor Design and Tests, Mechanical Tests, and Faci l i t ies 5 
2.2.6 Instrumentation 7 

2.3 LARGE COIL EXPERIMENTS 7 
2.3.1 Large Coil Segment Test Faci l i ty 7 
2.3.2 LCS Conductors and Coils 8 

2.4 PROJECTS BASED ON DISCIPLINES 8 
2.4.1 Structural Analysis and Material Evaluation 8 
2.4.2 Fabrication Development 8 
2.4.3 Stabi l i ty Analysis 9 

2.5 PROJECTS PERFORMED BY SUBCONTRACTORS 10 
2.5.1 Forced-Flow Magnets 10 
2.5.2 Refrigerator and Liquid Handling System 10 
2.5.3 Pump Development 10 

3. DOCUMENTATION 11 
3.1 ORAL PRESENTATIONS H 
3.2 PUBLICATIONS H 

I i i 



ABSTRACT 

The results and accomplishments of the Superconducting Magnet Development Program (SCMDP) for the 
second quarter of the calendar year 1977 are sumnarized in this report. The presentations are arranged 
according to projects rather than the group organization by discipline of the Magnetics and Superconduc-
t i v i t y Section. The design, procurement, and fabrication of the Large Coil Segment are well under way. 
Significant progress is reported on the conductor s tab i l i t y and loss experiments for both toroidal 
f i e ld coils and poloidal f i e ld coi ls . 
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LETTER REPORT FOR THE SUPERCONDUCTING 
KAGNET DEVELOPMENT PROGRAM 

M. S. Lubell, Program Manager 

Period Ending June 30, 1977 

1. INTRODUCTION 

This Quarterly Report follows the format of 
the previous three. The numbering of the various 
sections however, has been chosen to provide 
continuity within this report rather than to 
correlate with previous reports. Where no 
act iv i ty occurred on a part icular subject, the 
topic has been omitted completely. 

This quarter has seen the real beginning of 
the Large Coil Segment (LCS) Test Program. 
Fabrication of the f i r s t coi l case and bobbin is 
well under way, the winding f a c i l i t y has been set 
up and preliminary operation begun, and several 
conductors are in the manufacturing stage. The 
test f a c i l i t y has received the f i r s t part of a 
directive and construction is getting under way. 
At this time, i t appears that the goal of testing 
the f i r s t coi l in June 1978 w i l l be met, assuming 
that the conductor ordered can be manufactured. 

Although the LCS ac t iv i t ies have become a 
major part of the program, they have not over-
shadowed the other work of the group. The 
design projects, small-scale experiments, and 
discipl ine projects continue to provide relevant 
engineering data and understanding of applica-
tions of superconductivity. Final ly, the work 
of our subcontractors has shown substantial 
progress during th is period. 

2. PROJECT REPORTS 

2.1 DESIGN PROJECTS 

2.1.1 The Next Step Program (TNS) 

Fusion Energy Division (FED) Personnel: 
J. K. Ballou 

The large costs of the ohmic heating (OH) 
system for The Next Step (TNS) were examined 
during the last quarter. The OH system costs 
are dominated by the power conversion equipment 
that must handle the large megavolt-amperage 

(MVA) required to i n i t i a te the plasma and handle 
the magnetic energy stored in the OH magnet 
systems. There are three ways to solve the 
problem of the MVA needed for start-up: (1) the 
system can be designed for i t and the large cost 
accepted; (2) other plasma i n i t i a t i on schemes can 
be used that w i l l not requij'e the OH system to 
supply the in i t i a t ion voltage; or (3) an iron 
core, rather than an a i r core, can be used to 
reduce the MVA needed for a given amount of f lux. 
The f i r s t approach has been used and the cost is 
high, even though the system can be bu i l t today. 
There is reason to believe that the cost of this 
approach w i l l come down in the future, but not 
s igni f icant ly . Other ways of i n i t i a t i ng the 
plasma are under investigation at several loca-
t ions, but the results are not ready yet. A 
preliminary Investigation of the use of an iron 
core for TNS has been completed, and i t appears 
that this option may reduce the i n i t i a l MVA by 
about an order of magnitude. Further studies of 
the cost reductions are under way. 

2.1.2 Large Coil Program (LCP) 

FED Personnel: L. Dresner, W. A. Fietz, 
C. G. Lawson, C. J. Long, 
J. N. Luton,* W. C. T. Stoddart, 
H. T. Yeh 

The goal of the LCP1 is to fabricate, test , 
and demonstrate rel iable operation of supercon-
ducting coi ls which are large enough to prove 
the design principles, materials, and fabrication 
techniques proposed for the toroidal magnets of 
a tokamak fusion reactor. The LCP has strong 
interaction with industry, Union Carbide Corpo-
ration Nuclear Division (UCC-ND) Engineering, 
and the SCMDP, which provides ongoing support as 
required in areas of basic superconducting 
magnet technology. Overall LCP progress is 
reported separately2 from that of the SCMDP. 

In this quarter, the SCMDP assisted the LCP 
in conducting separate post-award meetings with 
the three teams [led by General Dynamics, General 
Electric Company (GE), and Westinghnuse] whose 

* 
Author. 
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proposals for LCP coi l design and construction 
were successful. The meetings were held to 
answer the contractor questions, to c la r i f y the 
technical specifications, and to discuss what we 
f e l t were the strong and weak points of the team's 
proposal, so that the Phase I work (conceptual 
design) could begin promptly and on the r ight 
track. At the request of the tuo unsuccessful 
proposers [Prunman Aerospace Corporation and 
Magnetic Corporation of America (MCA)], debriefing 
meetings were held to describe the strengths and 
weaknesses of the proposals as perceived by ORNL, 
with a view toward strengthening future proposals. 
Final ly, the SCMDP also participated in an interim 
review of the Westinghouse Phase I e f fo r t . 

In the second major area of LCP work, the 
SCMDP assisted the LCP in presenting conceptual 
design of the Large Coil Test Faci l i ty to an 
Energy Research and Development Administration/ 
Division of Magnetic Fusion Energy review panel 
in Apr i l . Subsequently, we helped revise the 
design and testing plan to reduce costs (primarily 
by eliminating the l iqu id nitrogen refrigerator 
and the pulse coi ls at a l l but one test coi l ) and 
to provide a staged program in which each stage 
provided certain def in i te test data and had iden-
t i f i e d incremental costs. This la t ter require-
ment was met by including provisions for testing 
f i r s t one co i l , then three, and f ina l l y s ix, with 
increasing degrees of realism. 

REFERENCES 

1. For a description of the LC?, see: P. N. 
Haubenreich, W. C. Anderson, J . N. Luton, and 
P. B. Thompson, Plan &oA the. Lange. Colt Pno-

g/uun, ORNL/TM-5824, Oak Ridge National Labo-
ratory, Oak Ridge, Tennessee (February 1977), 
or Ftuion EneJigy Viviilon knmaJL P/uogteAi 
Repo/it ion. PejUad Ending V&cembeA 31, 7976, 

ORNL/TM-5275, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee. 

2. P. N. Haubenreich, Laxgz Coil Vhognam PAogtHAi 

Report, Jamuviy-Junz, 1977 ( i n p ress ) . 

2.1.3 ELMO Bumpy Torus Reactor Design 

FED Personnel: H. T. Yeh 

The emphasis in this year's ELMO Bumpy Torus 
Reactor (EBTR) magnet design is on optimization, 
improvements, and more detailed design. Some 
highlights of this year's design ef forts are 
l is ted below. 

(1) The coil dimensions have been optimized to 
give the maximum access space between coi ls 
without violat ing the plasma constraints. 
This eases the problems of remote handling, 
divertor design, and diagnostics. The axial 
length of each coi l is now reduced to 2.1 m. 

(2) Conductors are made of monolithic mu l t i f i l a -
mentary NbTi composite with bui l t-up copper 
st r ips. More copper and a shorter slot size 
are used in the s t r ip to improve both the 
cryostatic s tab i l i t y and the mechanical 
s tab i l i t y . The peak compressive stress in the 
winding is now reduced to 52.4 MN/m2 (7.6 ks i ) . 

(3) Magnets are circular in shape and are made of 
t ight ly wound pancakes cooled by pool boi l ing 
helium. A fabrication procedure for coil 
winding and the attachment of electr ical 
leads and cryogenic piping has been worked 
out. A detailed stress prof i le has also been 
computed. The peak stress and strain in 
winding are 136 MN/m2 (19.7 ksi) and 0.11%, 
respectively. Both are within the design 
l imits of the materials used. 

(4) The cryogenic load has been increased to 63.4 
kW at 4.2 K (31.7 MW at 300 K), mainly due to 
the new eccentric shield design and the large 
conduction surface area structure support. 
The vapor-cooled lead loss, however, has been 
signif icant ly reduced from previous designs 
(especially of tokamaks) by avoiding coi l 
segmentation. 

(5) A f lexible electr ical connection scheme has 
been adopted. Coil5 are discharged in 
dif ferent ways according to whether a dis-
charge is a normal operating discharge, a 
quench, or a lead/conductor fa i lu re . The 
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out-of-plane load during quench is minimized by 
reconnecting cut's via switching into groups 
which interleave with each other. 

2.1.4 EBT-I I Design Support 

FED Personnel: 0. K. Ballou, C. G. Lawson,* 
J. N. Luton, H. T. Yeh 

Technical support of the EBT-II design was 
supplied in the areas of magnet design, protec-
t ion, and refrigeration requirements. 

The magnet parameters for the EBT-II are 
given in Table 1. The refrigeration requirements 
are 900 W at 4.2 K and 300 l i te rs /h r of lead 
cooling. 

Table 1. EBT-II magnet parameters 

Major radius 4.88 m 
Number of magnets 48 m 
Mirror ratio 2.25 m 
Magnet inner radius 0.176 m 
Magnet outer radius 0.275 m 
Magnet coil width 0.213 m 
Magnet current 1500 A 
Stored energy/magnet 0.83 MJ 
Character i t i c discharge time >2 sec 
Terminal voltage <500 V 
Internal temperature r ise <77 K 

2.2 SMALL-SCALE EXPERIMENTS 

2.2.1 Pulsed Parallel Field Experiment 

FED Personnel: L. Al ley, J. R. Mi l le r , 
S. S. Shen,* W. H. Wagner 

The superconducting torus for testing 
composite conductors under transient parallel 
f i e ld has been constructed and tested in zero 
background f ie ld . The se l f - f i e ld losses of 
the torus were measured as a function of 
current up to the design value of = 500 A. 
Results for = 420 A, corresponding to B = 
1.42 T at the bore, are summarized in Table 2. 

* 
Author. 

Table 2. Results from pulsed parallel f i e ld 
experiment for I m = 420 A 

Inductance 17 mH 
Stored energy 3 kJ 
Slow ramp hysteresis loss 

per cycle (3.5 mT/sec) 20 J 
Coupling loss in exponential 

discharge mode 
T = 2.17 sec 12 0 

T = 0.78 sec «-O J 

These measurements provide basic data for 
one of the alternative methods of measuring the 
conductor los-es inside the torus. 

The winding of the f i r s t test cable conductor 
is currently under way. About 300 f t of 0.42- by 
0.15-cm, 11-strand cable w i l l be mounted inside 
the bore. 

2.2.2 Propagation and Stabi l i ty Tests 

FED Personnel: L. Alley, L. Dresner, 
J . W. Lue, J. R. Mi l le r , * 
J. P. Rudd 

Last quarter, experiments to investigate 
vapor locking in restr icted channels were 
described. These experiments wer;? successfully 
completed during this report period, ".si impor-
tant finding was that the s tab i l i t y margin for 
transient heat input into conductors cooled by 
boil ing helium in restricted channels does not 
decrease monotonically. In fact , we f ind that 
the s tab i l i t y margin against transient heat in-
put f i r s t decreases as the rat io of channel 
length to hydraulic diameter (L/D) increases, 
then increases with further increase in L/D. In 
vnry long channels, the s tab i l i t y margin may be 
larger than in freely boi l ing helium. We explain 
these results in terms of sharp pressure increase 
followed by gradual release in the restricted 
channels in such a way that both the heat trans-
fer coefficient and the energy-absorbing capac-
i t y of the l iquid helium are increased. We 
have gathered experimental evidence for the 
large pressure buildup anr* release in long 
channels and for the increased heat transfer 
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coeff ic ient during the pressure r ise. Our 
complete findings were presented in a paper 
delivered at the International Cryogenic 
Engineering Conference, Boulder, Colorado.1 

Experiments on the s tab i l i t y of bui l t -up 
conductors were also continued during this report 
period. Triplex samples were constructed with 
three identical superconducting composite 
strands and with two composite strandr and 
one copper strand. Conductors of both classes 
contained very nearly the same fractions of 
superconductor and stabi l izer but had quite 
di f ferent distr ibut ions. In each class, con-
ductors were constructed to have (1) bare unin-
sulated strands, (2) tinned but not bonded 
strands, (3) tinned and bonded s t r a r . o r 
(4) f u l l y insulated strands. A paper submitted 
to the Seventh Symposium on Engineering Problems 
of Fusion Research2 presents a comparison of 
s tab i l i t y in these samples and compares the 
results with a theory on the effects of sepa-
rating the stabi l izer from the superconductor by 
a resist ive barr ier. 

Some quali tat ive data were taken on transient 
heat transfer in pool boil ing helium using samples 
prepared for the above experiments. Further, 
more def in i t ive experiments are being planned to 
strengthen the interpretation of the preliminary 
results. 

REFERENCES 

1. J . W. Lue, J. R. Mi l le r , and L. Dresner, 
"Vapor Locking as a Limitation to the Stabi l-
i t y of Composite Conductors Cooled by Boiling 
Helium," paper presented at the Cryogenic 
Engineering Conference, Boulder, Colorado, 
August ' - 5 , 1977. 

2. J . R. Mi l le r , L. Dresner, and J. W. Lue, 
"Investigation of Current Transfer in 
Built-Up Supercrnductors," paper submitteo to 
the Seventh Symposium on Engineering Problems 
of Fusion Research, Knoxville, Tennessee, 
October 25-28, 1977. 

2.2.3 Forced-Flow Experiment 

FED Personnel: L. Dresner, C. M. Fitzpatr ick, 
C. G. Lawson, J. W. Lue,* 
J. R. K i l l e r 

During this report period we have continued 
our act iv i t ies in a l l the areas reported before, 
namely, theoretical analysis, development of 
cabled conductors, flow and heat transfer appara-
tus construction, and forced-flow conductor 
s tab i l i t y assembly. 

Theoretical analysis 

A paper based on the refined optimization 
program and extensive parametric study was 
written b,y L. Dresner and J. W. Lue. I t is 
ent i t led "Design of Force-Cooled Conductors for 
Large Fusion Magnets," and was presented at the 
Sixth Internationai Conference on Magnet Techno-
logy, Bratislava, Czechoslovakia, August 26-
September 2, 1977. 

Cabled conductor development 

Four more cabled conductors for forced-flow 
experiments were made during this report pericd, 
including one Nb3Sn c"-,ductor. Al l the cables 
have approximately the same copper-to-supercon-
ductor rat io and helium space fract ion. They 
d i f fe r in wire surface (bare, insulated, or 
solder-coated) and in strand distr ibut ion: 
(uniform superconducting composite, two supercon-
ducting and one copper strand per wire, or super-
conducting strands on the outside layer of the 
wire only). A l l cables were enclosed in brass 
jackets swaged down to f i t the outer diameter of 
the cable. No additional compaction was done. 
Two industrial contracts were given to develop 
forced-flow conductors. One follows the same 
l ine as described above; the other uses a 
dif ferent approach in which the superconductor 
is monolithic and cooling channels are provided 
on two sides. 

Author. 
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Apparatus construction 

The major part of the apparatus for measuring 
flow characteristics of the cabled conductor and 
the heat transfer coefficient has been construc-
ted. A new set of heat exchanger loops is being 
bu i l t for this particular use. Al l the parts of 
the forced-flow s tab i l i t y test setup have been 
fabricated, including the pulse coil set for 
heating the test conductor, the test coi l winding 
form, the heat transfer loops, and the current-
coolant connectors. The low loss current leads 
for both the test conductor and the pulse coi l 
have been delivered, and the entire setup is 
ready to be assembled. 

2.2.4 Pulsed (Poloidal) Coils 

FED Personnel: J. W. Lue, J. R. Mi l le r , 
0. P. Rudd, R. E. Schwall 
S. S. Shen 

During this quarter, we have completed 
s tab i l i t y testing of the model poloidal f ie ld 
(PF) coil conductors which were described in 
the last quarterly report. As expected, the 
solder- f i l led cable was more stable than the 
cables employing insulated or bare strands. The 
cable employing insulated stabi l iz ing strands 
exhibited higher minimum propagating and maximum 
recovery currents than the cable with bare 
strands. The experiments also indicate that com-
plete current transfer to and from the insulated 
copper stabi l izer was achieved. Although the 
results must be regarded with some caution 
given the short sample length (^2 m), they ind i -
cate that further investigation of insulated 
cables is warranted. 

Attempts to measure interstrand coupling 
losses in the model conductors were unsuccessful 
due to the presence of a large temperature-
dependent paramagnetic moment. Subsequent mea-
surements on a Faraday balance revealed a 
paramagnetic susceptibi l i ty (-xl.9 * 10"1* emu/g 
at 10 K) which is evidently due to the Cu-302 
Ni alloy used in the mixed matrix conductor. 
Work is in progress to further characterize this 
susceptibi l i ty. Loss measurements were begun 
on a series of t r ip lex cables. The objective 
of these measurements is to determine the effect 
of stabi l izer distr ibut ion a*.j transverse 

electr ical res is t iv i ty on loss. Although some 
basic calculations and experiments have been done 
in this area, the agreement between calculation 
and experiment i s , in general, unsatisfactory. 

During this quarter, design work on a high 
copper/superconductor, low loss, mixed matrix 
conductor was completed in collaboration with 
Intermagnetics General Corporation (IGC). I n i t i a l 
experiments to verify the fabr icabi l i ty of the 
conductor were begun. 

A paper summarizing the results of the sta-
b i l i t y measurements on the PF coi l model conduc-
tors and the i n i t i a l loss measurements on the 
t r ip lex cables was presented at the International 
Cryogenic Engineering Conference, August 2-5, 1977, 
Boulder, Colorado. 

2.2.5 Conductor Design and Tests, Mechanical 
Tests, and Faci l i t ies 

FED Personnel: W. A. Fietz,* J. R. Mi l le r , 
R. E. Schwall 

Metals & Ceramics (M&C) Division Personnel: 
D. S. Easton, D. M. Kroeger 

Conductor design 

Several minor modifications were made in the 
Toroidal f i e l d (TF) conductors being produced for 
use in thr LCS program. These changes arose 
partly from application considerations such 
as insulating and winding, arid partly as a 
result of manufacturing d i f f i cu l t i es . A paper 
describing these and other TF conductor designs 
was presented at the Sixth International Conference 
on Magnet Technology, Bratislava, Czechoslovakia, 
August 26-September 2, 1977. 

The f i r s t conductor which w i l l be tested is 
similar to the LCP conductor proposed by General 
Electr ic. This consisted or ig inal ly of 12 
elements, each a compacted solder- f i l led strand 
cable, a l l wrapped about a center of steel coil 
which was sp l i t and insulated. The modifications 
on this conductor were to change to a sol id core, 
to reduce the number of elements to 11, and to 
make sol id elements instead of the compactea 
cable units. 

* 
Author. 



6 

Another conductor being manufactured for LCS 
consists of seven insulated parallel compacted 
cable elements carried in a parallel untwisted 
configuration. Originally the elements were 
a l l ident ical , but in order to allow a part icular 
insulation scheme to be used, three of the ele-
ments have a di f ferent aspect rat io from the 
other four. These elements w i l l be insulated 
with a 50% coverage of insulation, while the 
other fou~ w i l l be i n i t i a l l y uninsulated. The 
seven elements w i l l then be bundled together and 
the ent i re assembly wrapped with a 50% Insulation 
coverage. 

Mechanical tests 

This work is part of a broad program to 
study the effects of stress on the mechanical 
and superconducting properties of commercial 
superconductors. For the time period covered, 
the following investigations were undertaken. 

(1) Three di f ferent multifilamentary Nb3Sn 
conductors, obtained from the Atomic Energy 
Research Establishment, Harwell, England, 1n the 
unreacted state, were heat-treated to produce 
varying thicknesses of Nb3Sn on the Nb filaments. 
Work was confined to these materials only. The 
conductors were: 

R- l : 0.43 mri in diameter, 1369 filaments 
(each 5.9 ym in diameter); twist pitch: 
6.55 irni; vol % Nb: 25.7 

R-2: 0.495 ITP in diameter, 1369 filaments 
(each 6.4 ym in diameter); not twisted; 
vol % Nb: 22.8. 

R-3: 0.43 mm in diameter, 1369 filaments 
(each 5.6 um in diameter); twist pitch: 
6.44 mm; vol % Nb: 22.8. 

The reaction heat treatment was carried out in 
a muffle furnace with a f l a t temperature zone 
of 22 i n . , and the samples were kept straight 
to prevent any prestrain. Varying the time and 
temperature resulted in the following Nb3Sn layer 
thicknesses. 

Time 
(hr) 

Temperature 
(9C) 

Nb3Sn layer 
Thickness 

(ym) 
Reacted 

(X) 
1 700 0.41 24 
2 700 0.59 34 
8 700 0.7 39 

24 700 1.2 61 
50 700 1.5 72 

156 700 2.42 94 
162 600 0.81 44 

(2) Visual examination was made of the 
samples taken to fracture and to varying amounts 
of strain at 4.2 K. The strain necessary to 
produce visible cracks varied from i/0.5% in the 
2.42-ym-thick material to in the 0.59-ym-thick 
layer material. The cracks were often associated 
with diffusion voids in the matrix. 

(3) Measurements of T were made on material c 
both with and without the bronze matrix material. 
T was found to decrease as the thickness of the c 
Nb3Sn layer decreased. This occurred for mate-
r ia l with and without a matrix. The T shows an c 
increase upon removal of the matrix; this in-
crease is greater for thin layered material 
(^2 K). I at zero stress and Tc (with matrix) 
data curves show the same general shape when 
plotted as a function of layer thickness. 

(4) I c and Jc at varying stress-strain 
levels were measured. I t was found that increas-
ing the volume of Nb3Sn on the filaments by a 
factor of <3 (layer thicknesses of 0.59-2.42 ym) 
resulted in only s l ight increases in Jc at zero 
stress while making the material more strain 
sensitive to cracking and Jc degradation. In 
a l l cases, Jc degradation of over 50% occurred 
prior to strain values that produced visible 
cracking. 

I curves normalized to zero strain show 
increases in Jc at strains of M).2%. A prelim-
inary study at Case Western Reserve University 
(by Dr. L. J. Ebert and John Gayda) of stress 
states in these composites showed that the axial 
stress resulting from differences in thermal 
contraction would be nearly compensated for 
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with a tensi le strain of 0.18%. However, 
these studies also show that because a t r l ax i a l 
stress state exists, the tota l stress on the 
filaments (ax ia l , tangential, and radial) would 
never be zero at the same time. 

(5) In cooperation with the Basic Energy 
Science Program in the Metals and Ceramics 
Division, a comparison was made of the variations 
in Jc > T , and HC2(0) with s t ra in . By measuring 
Hc2(T,e) near Tc in f ie lds to 7 T the variat ion 
of Hc2(0) with strain was derived. I t was found 
that Jc(e) showed l i t t l e or no correlation with 
Tc but did appear to be more closely connected 
to Hc 2(0). Both Jc and Hc2(0) values showed 
plateaus and even increases at strain values of 
-\-0.2 to 0.5%, depending on the Nb3Sn layer 
thickness. 

(6) In cooperation with the Welding Group 
of the Metals and Ceramics Division, tests were 
made to evaluate the j o i n t strength at 4.2 K of 
NbTi conductors joined with four d i f ferent 
solders. A Sn-5% Ag solder had the highest shear 
strength at 300 K and the lowest at 4.2 K. A 
Pb-1.5% Ag-15S Sn solder had the highest strength 
at 4.2 K of the solders tested. 

Fac i l i t ies 

The Inject ion into Microwave Plasma (IMP) 
mirror co i ls were assembled and tested success-
f u l l y . This test confirms that these coi ls can 
be used as a 6-T short sample test f a c i l i t y to 
supplement the 8-T f a c i l i t y i f needed. The 8-T 
coi ls are being wound and w i l l be tested in the 
next quarter. Several current leads have been 
ordered, ranging up to 20,000 A. These w i l l be 
used in the short sample test f a c i l i t y . Engi-
neering work has been completed for Ins ta l la t ion 
of the 30,000-A, 20-V power supply and the 
2000-A, 300-V bipolar supply, both of which are 
expected to be delivered in the next quarter. 

2.2.6 Instrumentation 

FED Personnel: J. F. E l l i s , J . P. Rudd, 
P. L. Walstrom* 

Bids for the data acquisit ion system were 
received and the software design tasks for the 
system have been outl ined. 

An improved prototype voltage tap signal 
conditioning module has been developed end tested. 
An improved quench detection uni t has also been 
constructed and tested. The units w i l l be 
constructed on printed c i r cu i t boards and used 
in the LCS diagnostics. 

A detailed plan for instrumenting the Im-
puri ty Study Experiment (ISX) magnet system was 
made and a l l necessary hardware was fabricated and 
was ready for ins ta l la t ion at the end of th is 
report period. This equipment w i l l be used to 
measure the deflections of the toroidal f i e l d 
co i l . 

A ground fau l t detector was designed and a 
prototype b u i l t . The unit w i l l be used to monitor 
ground fau l ts in the LCS test f a c i l i t y . 

2.3 LARGE COIL EXPERIMENTS 

2.3.1 Large Coil Segment Test Fac i l i t y 

FED Personnel: P. L. Walstrom* 

UCC-ND Engineering: P. B. Burn, J. S. Goddard, 
L. W. Nelms, B. E. Nelson, 
T. L. Ryan, R. E. Stamps, 
R. C. Stewart, R. B. Wysor 

Engineering design continued in al i phases 
of the project during th is quarter. The last 
background col l fabrication drawings were issued, 
and modifications to the coi l cases to allow 
better coolant flow in the i r new orientat ion were 
completed and the coi ls shipped to the machine 
shop for further work. 

A direct ive from ERDA-Oak Ridge Operations 
(0R0) for the UCC-ND portion of the f a c i l i t y was 
received. The cost plus f ixed fee (CPFF) portion 
of the job requires approval of the Preliminary 
Proposal, which was at 0R0 awaiting approval at 
the time of th is wr i t ing. 

The vacuum system design is complete and 
fabrication drawings have been Issued. 

Specifications for a data scanner fo r 
monitoring f a c i l i t y variables have been issued 
for purchase. 

* 
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2.3.2 LCS Conductors and Coils 

FED Personnel: J. K. Ballou, W. A. Fietz* 

UCC-ND Engineering: P. B. Burn, L. W. Nelms, 
B. E. Nelson, R. C. Stewart 

Two pool boiling conductors are s t i l l in 
the process of manufacture. These conductors 
have been described 1n the previous quarterly 
report and in Sect. 2.2.5 of this report. The 
delays in delivery are due in part to some minor 
design changes but w i l l not affect the test 
schedule for LCS. Contracts for development 
work on other conductors, including forced-flow 
NbTi and Nb3Sn, are expected to be Issued soon. 

Design and engineering of the f i r s t bobbin 
and coil case were completed and fabrication is 
proceeding on a schedule that promises delivery 
by July 15. The case is a welded construction 
of stainless steel which wi l l allow three pan-
cakes of about 20 turns each in a 12- by 30-cm 
winding cavity. Insulation details for the 
f i r s t coi l are almost completed and w i l l be as 
nearly as possible identical to the GE/IGC 
approach to be used in LCP. 

2.4 PROJECTS BASED ON DISCIPLINES 

2.4.1 Structural Analysis and Material Evaluation 

FED Personnel: W. H. Gray* 

M&C Personnel: C. J. Long 

UCC-ND Engineering: W. D. Cain, W. R. Hendrich, 
W. C. T. Stoddart 

Consultant: J. E. Akin (University of Tennessee) 

A structural analysis of the Soviet T-10M 
tokamak toroidal f ie ld (TF) coil system has been 
performed. Two TF coi l shapes were proposed, one 
oval, the other c i rcular , both with 24 coi ls. 
The oval TF coil system has a 2.4-m major radius 
with a minor bore diameter of 2.5 m ana a major 
bore diameter of 3.28 m. The circular TF coi l 
system has a 2.5-m major radius with a 2.2-m-bore 
diameter co i l . Both TF coil shape cross sections 
have the rectangular dimensions of 0.4 m by 
0.26 m with a 0.36-m by 0.22-m winding cavity 

symmetrically placed within the cross section 
and carrying a net current of 1.75 mA. This 
geometry produces a magnetic f i e ld of 3.5 T 
on axis, 2.4 m from the machine center line 
for each tokamak. 

This study's goal was to determine which one 
of the TF coil shapes is the "best" design; that 
i s , which one operates in a minimum stress con-
figuration. The scope of the analysis covers 
only the in-plane force distr ibution produced by 
the magnetic f ie ld . 

Based on the assumptions of the study, the 
oval TF coil shape appears to be superior to the 
circular TF coil shape. Further, the oval TF coil 
shape in i t s present design has a signif icant 
safety margin between working and y ie ld stress. 

The magnetic f ields of the ISX tokamak have 
been measured and have also been calculated 
usinc the computer code GFUN3D, which includes 
saturable magnetic material. Magnetic f ie ld 
measurements were taken at the top of the number 
1 toroidal f ie ld coi l c f the ISX device while 
the ohmic heating coils were energized with 
437 A dc. 

Calculations done by GFUN3D are in good 
agreement with measured values except in areas 
close to the iron transformer core corners. The 
probable reason for this is that GFUN3D assumes 
the B-H curve to be independent of f lux direction, 
while in real i ty the iron core transformer is 
composed of grain-oriented material in which the 
B-H curve is highly dependent on flux direction. 
When the model was modified to approximate this 
directional dependency, the calculated magnetic 
f ields compared favorably with the measured 
values. 

2.4.2 Fabrication Development 

FED Personnel: R. L. Brown,* W. H. Wagner 

UCC-ND Engineering: P. B. Burn, G. M. Henderson, 
W. H. Kunselman, B. E. Nelson 

Preparation for winding the f i r s t LCS coi l 
has been the main goal for the large coil 
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winding f a c i l i t y . The greatest time has been 
consumed in checking out and perfecting the 
winding equipment components. After winding 
and unwinding practice conductor, the weak 
features of some components have become apparent. 
Some minor alterations and new designs are under 
way. The greatest problem has been in maintain-
ing suf f ic ient tension in the conductor. Approx-
imately 200 kg appears to be the most that can be 
rel iably expected from the belt system we now 
have in the tensioner. A design using l ink 
chains is expected to eliminate many of our 
tension problems. We do not have either the 
resources or time to wind the f i r s t LCS coi l as 
automatically as we would l i ke . However, since 
there w i l l only be 600 m of conductor, the 
slower winding w i l l not be a signi f icant p?rt of 
the fabrication time. An interesting concept has 
been proposed for winding the LCS coi l that uses 
bundle conductor consisting of seven individual 
conductors. A variation of the spliceless pan-
cake method would be used and the bobbin would 
remain stationary. A dolly carrying the con-
ductor would travel around the bobbin. Because 
this does not t i e up existing equipment, some 
overlap in the fabrication time of the f i r s t two 
LCS coi ls could be possible, 

A 28-cm, 4-pancake coi l was wound using the 
spliceless method. Windv g with this method pro-
ceeds very fast . An of fset t ing feature is the 
machine time needed to make polycarbonate plates. 
A mold to make the plates might be jus t i f i ed in 
a large co i l . Drawings have been prepared for a 
pulsed test coi l which w i l l use 40 plates. I t 
w i l l have a 7.5-cm ID and a 24-cm 00, and w i l l 
be 25 cm long. 

2.4.3 Stab i l i t y Analysis 

FED Personnel: L. Dresner,* J. W. Lue, 
J. R. Mi l ler 

A study has been carried out on the effect 
of the continuous resist ive transit ion in compo-
s i te superconductors on se l f - f i e l d i ns tab i l i t y . 

Composite type I I superconductors are known to 
develop resistance continuously rather than 
suddenly as transport current increases. This 
means that the distr ibut ion of current among the 
filaments in a composite conductor is determined 
not only by thei r inductive coupling but also by 
the longitudinal resistance they develop as they 
begin to carry current. The current d ist r ibut ion 
has been calculated in two cases, taking into 
account the continuous nature of the resist ive 
t ransi t ion: a composite clamped suddenly across 
a constant-current source and a composite charged 
with current at uniform rate. The results of the 
la t te r problem are used to show that slowly 
charged conductors are much more stable against 
se l f - f i e l d ins tab i l i t y than indicated by purely 
inductive calculations. An abstract describing 
this work has been submitted to the Seventh 
Symposium on Engineering Problems of Fusion 
Research (to be held in Knoxville, Tennessee, 
October 25-28, 1977). 

The s tab i l i t y of bui l t -up conductors cooled 
by boi l ing helium has been studied. The conduc-
tors are composed of composite elements and pure 
copper elements that are soldered together. The 
reduction in the cold-end recovery current com-
pared with that of another conductor, which con-
tains the same amount of superconductor and copper 
but in which the copper is a continuous phase, has 
been calculated. 

A paper ent i t led "Design of Force-Cooled 
Conductors for Large Fusion Magnets," by 
L. Dresner and J. W. Lue, was presented at the 
Sixth International Conference on Magnet Techno-
logy, Bratislava, Czechoslovakia, August 29-
September 2, 1977. An abstract describing this 
work has been submitted to the Seventh Symposium 
on Engineering Problems of Fusion Research (to 
be held in Knoxville, Tennessee, October 25-28, 
1977). 

* 
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2.5 PROJECTS PERFORMED BY SUBCONTRACTORS 

2.5.1 Forced-Flow Magnets 

FED Personnel: W. A. Fietz,* C. G. Lawson 

Francis B i t te r National Magnet Laboratory/ 
Massachusetts Inst i tute of Technology Personnel: 

M. 0. Hoenig, A. Montgomery, D. B. Montgomery 

On Apri l 6 we encapsulated about 200 f t of 
dummy tr ip lex cable in an aluminum sheath, 100 
f t of NbTi cable in an aluminum sheath, and 100 
f t of NbTi cable in a stainless steel sheath. 

A dunmy D-shape co i l , wound using C-shaped 
channels and vacuum impregnation, has been 
tested for electr ical breakdown (found to be 35 
kV at 80 K) and structural in tegr i ty . The tests 
indicate a need for lateral support as well as 
a need to keep channels in close contact with 
the conductor tube. However, the structure is 
r ig id and more than adequate to support the 
Lorentz forces expected in the f i r s t D-shape 
co i l . Winding of the sp l i t pair f i e ld coils for 
the D-shape coi l has been completed at MCA. 
The tubulated thermal shroud (6 K) and matching 
top plates (6 K and 78 K) have been completed 
by Dean Products of New York City. The Model 
1400 CTI helium refrigerator has been received 
together with transfer l ines, gas storage tanks, 
compressors, etc. Final design work has been 
started to permit assembly of equipment in the 
test stand by September 1, 1977. 

One t r ip lex conductor heavily soldered was 
prepared into a test co i l . I n i t i a l dc tests 
indicated a severe current l imi tat ion. The 
problem was overcome by careful f i l l i n g of the 
contact region with solder. Subsequent c r i t i ca l 
current measurements matched short sample 
values. A 3 x 19 x 1.05-mm NbTi cable, with a 
copper-to-superconductor rat io of 5:1 (identical 
to the f i r s t D-shape coi l cable, but encapsu-
lated 1n stainless steel) has been fabricated 
into a test co i l . I t has been subjected to dc 
tests as well as to supercrit ical and subcr i t i -
cal pulse tests using helium circulat ion. The 
A1rco hybrid conductor has been soldered and 
cabled. I t consists of 19 sets cf t r i p le ts . 
Each t r i p l e t consists of one 5K NbTi, 50% 

copper wire, and two ultrapure aluminum wires 
(copper rheathed). We have placed an order for 
a conductor u t i l i z i ng 0.5-mm-diam strands, to 
be cabled in a 3 * 3 * 7 configuration. Delivery 
was expected by August 15, 1977, 

Assembly and testing of the backup bellows 
pump with reduced turnaround time is complete. 
Fabrication of current lugs and cable hydraulic 
T's has proceeded, using appropriate combinations 
of copper, stainless steel, and aluminum. The 
test equipment has been modified by the inclusion 
of a check valve upstream and a hand thro t t l ing 
valve downstream of the 5000-A test conductor 
co i l . A hydraulic T placed at the midpoint of 
the coi l allows for the measurement of pressure 
and temperature. 

2.5.2 Refrigerator and Liquid Handling System 

FED Personnel: C. G. Lawson* 

UCC-ND Engineering: J. P. Kois, J. Schubert 

A 3.5-K helium refrigerator and l iquef ier 
is being purchased from CTI Corporation. The 
coldbox is being fabricated and completion is 
expected by July 29. The compressor was received 
at Waltham, Massachusetts in May and completion 
of the test stand measurements is expected on 
schedule. The turbine expanders for the coldbox 
have been received at Waltham and w i l l be 
shipped to ORNL with the refrigerator packages. 

The work on the refrigerator insta l la t ion 
package, including the l iqu id nitrogen system, 
cooling water system, and structural drawings, 
is proceeding more slowly than planned due to 
the impact of planning for the Large Coil 
Project. Accordingly, the operational acceptance 
test at ORNL is now anticipated by the end of 
March 1978. 

2.5.3 Pump Development 

FED Personnel: C. G. Lawson* 

A purchase order has been placed for a 
cold helium pump to supply 5 to 20 g/sec of 
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supercritical helium at 4.5 to t<7 K for a 
force-cooled loop. This pump w i l l be used to 
develop measurement and control hardware for 
a force-cooled loop operating between 3 and 6 
atm at the pump suction and discharge locations. 
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