sjuswannbal ubisap £6/v2/6

£661 ‘v Jequaldes

e) ‘obaiq ueg
soljoubeyy eoedg solweuA( [elsusn)
3oad 1028

IAOQY pUe V) 00Z e S2INJUSAPY
9919 SIS 2y Buiisa] wouj pauledT SUOSSaT

uoIsSIAIg SWelsAs soeds
SIJINYNACQ TvHIANTD



PBUlEdT] SUOSSDT

K101SIH 1S9 / uoinjoag ubiseqg

elsil) ubisaq .

SUuliino

UoISIAIg SWBlsAS eoedg
SIINVYNAC TYHINID



siuswainbas ubisap

£6/v216

$8$Sa001d 9|qe||0Au0) / ajgeloadsuy
$85S8001d plepuels

$9559201d SNonuiuon)

AliBaju| Jojonpuoosadng uiejuieiy

ONIHNLOVANNYIN

$3INSSAId Youany) ajelopop
uonoal0.d 109 10} uonebedold jse4
wajsAg [|-oH Wb -yeaT

uoljesadQ a[qeliay 1o} Ajiqels

IINMNYHAAH-ONHIHL

snipey ncmm. @|qeuoseay
Speo Zjualo
ureng UMopjooD

TVHNALONYLS
unyg dwng 1500 Mo
S9S507 DY SZIWIUIN

pi8!4 punoibyoeg | ¢ ~
waung ubisag vy 002

Rl TRERE!

NONINPIY

UOISIAI( SWalsAS eoeds
SANNVYNAQ TvEHIANTD

SjuowaIIinbay ubiSa(] 10JONPUOT) i sams



[291S ssafulels TH0€E Ylim spewl
asoy e[qixal4 :oqn] [esiua)d

stuawely) Mgz
‘08D L1 ‘LLAN )
:puesis Jojonpuossadng

youanb Buunp joijai sinssaid
‘IIH u| Hodsues) jeay
sapianoid ‘1s09 siamo| ‘pIay

}S09 SOAES
9/s yum Jaddoo Buissasold JON
nD OH4O :puel]s 1azjjiqels

o .

a|qeaqns-qng

a|qed

JO SSaUJIS Sasealou| a|qeaqns .
‘N HHH0 8[|l [enjud) ' ssojulels NH0€ -1INpuUod J3lnQ

uonesdl I1sL SIS 10} uonnjos ubiseq vy 002

uoISIAIg SwalsAg eoedg
&€ WYNAQ vHINID



e 10/s/¢4

T St oreracd T, ok deb
M P Shrands cgmnc.L wtlml'ldﬂ)l

5 5 .6 7 3
Fleld (T)

e Qusned. DATA T First  Funizear s CondueTar



[99)S SSojulelS THOE UMM opew
as0Y ajqixald :aqn} [eNuUd)

sjuswell} oz
‘0sinDd L1 ‘AN ®
:pues)s Jo0janpuodiadng

plos azijigels
}S09 SaAes
o/s yhm Joddoo Buissadosd JoN
nd JH4O ‘puedis Jezjjiqels

O s

youanb Buunp joijaa sinssald
‘lI-oH uj odsue.] jeay
sapiaoid ‘}s00 s1amo] ‘piall
-}J|9s saonpel Ja)ewelp abie

a|qeaqgns-qng

o|qed
JO SSaUJJNS Sasealoul a|qeaqns
‘nD JHAO :18lil) [eNUAD : ssajuiels N1y0€ -linpuod 18lino

uoneidl puz SIS 10j uonnjos ubisag vy 002

UOISIAI] SWalsAg eoedg
S” ANYNAG “1vEEINED



‘ENERAL DYNAMICS

Quench Current Summary
(Second 200 kA Test)

Space Systems Division —
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Quench Current Summary
-enerac ovnamies — (Third 200 KA Test)

Space Systems Dlvision
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DESIGN OF A 200kA CONDUCTOR FOR SUPERCONDUCTING
MAGNETIC ENERGY STORAGE (SMES)*

D. L. Walker, F. M. Kimball, E. R. Kimmy, R. J. Loyd**,
S. D. Peck, H. H. van den Bergh,

General Dynamics, Space Systems Division, San Diego, California
** Bechtel National, Inc., San Francisco, California

ABSTRACT

This paper reports the status of the design of a 200kA conductor for a Super- |
conducting Magnetic Energy Storage (SMES) system. The reasons for adopting the Cable- g
In-Conduit-Conductor concept were reported previously. A brief review of these reasons if
together with the conductor design requirements will precede a description of the method i '
used to establish the detailed design of the conductor. This method utilized manufacturing |
development test and evaluation techniques to provide discriminators between several 1
CICC configurations. The rationale for selecting the detailed design configuration is given r{
together with a brief overview of conductor testing.

INTRODUCTION i

Superconducting Energy Storage Magnet (SMES) Systems are likely to store 4000
MWh of electricity, or more, for full-scale defense and electric utility load leveling
applications. Plans exist to build an Engineering Test Model (ETM) approximately 20
MWh in size to demonstrate the feasibility of such systems.

The approach taken by the Bechtel team! for the ETM resulted in a requirement for
a conductor capable of carrying an operating current of 200kA. This critical component is
to be designed, developed, manufactured and tested prior to committing funds to build the
ETM.

This paper reports the current status of the conductor development program. A
brief review of the previously reported2 reasons for selecting a cable-in-conduit conductor
(CICC) design concept is given followed by a more detailed description of the
manufacturing development test results and the rationale used in selecting a detail design
configuration. Also, an outline of the tests imposed on the conductor is given.

An in-line conductor splice which is also being developed is briefly referred to in
this paper. However, details of the splice and its development will be reported in a future
paper when testing of the splice is complete.

* Work performed under subcontract to Bechtel National, Inc.

Advances in Cryogenic Engineering, Vol, 35 573
Edited by R. W, Fast
Plenum Press, New York, 1990
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PROGRAM STATUS AND FUTURE PLANS

The primary tasks associated with development of the conductor are shown in
Figure 1.

Cabling trials clearly indicated the most desirable configuration for the detailed
design of the conductor. This conductor has been manufactured in configurations suitable
for operation in S Tesla and 1 Tesla external magnetic fields. Testing is complete on the
35k A subscale and is in progress on the 5 Tesla full scale conductor.

Early in the program both copper and aluminum stabilized CICC's were being
pursued. However, results from the testing performed on the preferred copper stabilized
subscale conductor have eliminated the need to carry the aluminum stabilized conductor as a
back-up.

The in-line conductor splice trade studies and testing to verify the acceptability of
the chosen splice concept are complete. A full scale conductor splice is being manufactured

and will be tested following completion of the conductor testing.

PERFORMANCE TARGETS
The conductor is required to meet the following criteria:

200kA operating current

1.8K operating temperature

Operate at 80% of critical current (Ic)

High stability margin

5.1 Tesla peak external field (ETM is 3.1 Tesla)

Accommodate cyclic operation and multiple cooldowns without significant
degradation.

e« & & * & &

MANUFACTURE
——————»{ SUBSCALE
X
TEST
CONDUCTOR osomtmon
SPLICE
TRADE
STUDIES
1
TEST
»| FULL BCALE
5T CONDUCTOR
MANUFACTURE TEST
TesT FULL SCALE »| FuLL SCALE
CONCEPT 17 oourmon 17 oou;omon
MANUFACTURE TEST
SPLICE - :
DETALED FULL SCALE o| FULL SCALE
CONFIGURATION - CONDUCTOR CONDUCTOR
< SPLICE 7 SPUCE

SHADED BLOCKS INDICATE TASKS THAT ARE COMPLETE

Figure 1. Conductor development program.
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Figure 2. Conductor concept selectsd.

CONDUCTOR CONCEPT

At the start of the program a number of monolithic and CICC configurations were
considered. The large monclithic conductors were rejected because excess heating occurs
during a normal zone formation. This is due to slow current diffusion which precludes
achieving full cryostability3. As a result of this a CICC concept as shown in Figure 2 was
selected for its superior technical features and it represents the minimum risk in best
achieving the performance targets.

Major benefits of the CICC concept for SMES are; that it eliminates the need for a
helium vessel and complex helium dump system; has a low helium inventory; has a high
stability marginZ; utilizes standard manufacturing processes; and grading the conductor for
various levels of magnetic field is readily achieved.

Figure 3. SMES 200kA conductor cabling experiment specimens.
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RESULTS OF CABLING TRIALS

Conductor specimens were evaluated by dimensional and visual inspection of
polished cross sections and disassembled lengths of conductor. Sections of conductor
specimens produced are shown in Figure 3.

A permeable central tube provides a low resistance helium flow path in the event of
a quench and reduces self field by increasing its outer diameter. Helically wound
superconducting subcables surround and are supported by the central tube. The subcables
consist of a number of superconducting strands each of which is surrounded by strands of
copper stabilizer. The conduit forms the outer shell of the conductor and is the containment
barrier for the helium II. The entire conductor assembly is radially compacted to prevent
wire motions causing energy depositions capable of driving the superconductor normal.

CABLING TRIALS

To enable the selection of a detailed conductor configqration a series of
manufacturing development tests were made on the cabling configurations shown in Table
1. These configurations were chosen since they encompassed all of the features to be
evaluated.

An approximately Sm long specimen of each configuration was produced. Copper
was substituted for superconductor and all wires were drawn and heat treated to obtain the
required diameter and temper. The final cabling was performed around two types of central
tubes; solid seamless tubing and interlocking flexible metal hose. The seamless tubing was
only for expediency. A seamless tube was also used for the conduit which was slid over
the final cable. The total conductor assembly was compacted to achieve the desired void
fraction by sinking on a draw bench. Void fractions in the range of 30% through 60%
were produced. Void fraction was calculated as being the area of the annulus between the
conduit and the central tube less the cross sectional area of the strands.

Several discriminators were considered to evaluate the different conductor
configurations; degradation due to fabrication; ease of conductor splicing; predictability of
configuration after compaction; cost; on-site fabrication equipment, complexity, speed,
operator training and cost; unsupported length of strands; size and uniformity of voids;
distribution of Lorentz loads; helinum inventory; and susceptibility to component tolerance
variations.

Table 1. 200kA Conductor Configurations Evaluated

Cable Arrangement

24x5 9x5x3 6x3xIx3 18x3x3 8x5x5
No. of SC Strands 120 120 162 162 200
SC Strand Dia (mm) 1.19 1.25 1.09 1.03 .96
No. of Stabitizer 8 8 9 8 9
SirandsiSC .
Stab. Strand Dia. (mm} - .59 £2 AS .50 .38
Ceniral Tube O.D. (mm) 42.8 23.4 147 36.6 203 :

i
Quter Conduit 1.0, (mm) 51.8 384 319 47.0 340
40% Void Fraction
Condyit Wall 1.25 1.25 1.25 1.25 1.25
Thickness {mm)
Conductor Self 1.54 2.08 2.51 1.70 2.35 i
Field (Tesla)
Conduclor 4.93 4.94 4.07 477 a.62
Cuw/SC Raltio 5.71
(with filler)

NOTE:- All conduciors have the same theoretical stability margin.
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Figure 4. Enlarged examples of manufacturing test conductors.

Examination of the specimens revealed the following:

*

The conduit was eccentric to the central tube (e.g., Figure 4b) on all
configurations except for the 24 x 5 + filler (see Figure 4a). To ensure that the
subcables are circumferentially, as well as radially, compacted an initial
clearance between the cables and the central tube is necessary. However, this
clearance coupled with the variable distorted shapes of the subcables result in
the eccentricity that was found. The central filler wire in the subcable of the 24
x 5 +filler conﬁguranon prevented distortion of the subcables which ensured

concentricity.
Configurations that resulted in either an irregular (or lumpy) looking subcable

(ie.,6x3x3x3,18x3x3,6x5x 3)ora small number of subcables (i.e.,
8x5x5, 8x5x3 6 x 3 x 3 x 3) tended to buckle the central tube due to poor

load distribution during compaction (e.g., Figure 4c).

Distribution of the voids surrounding the cable strands was random and varied
widely in all cases (e.g. Figure 4d) except 24 x 5 + filler (see Figure 4a) where

it was the same at all cross sections.

Significant strand deformation (strands notched halfway through their diameter)
was found in configurations that had a small number of subcables (i.e. 8 x 5 x
5,8x5x3,6x3x3x 3). Substantial distortion of these subcables was

Table 2. Reduction of Cable O.D. During Drawing

Configurations with 40% vold fractions
24x5 | 10x3IxI [ 8x5x3 | 6xIx3IxI | Ox5x5

Reduction In

O.D.of cables |8-5% | 15.7% |25.7% | 27.7% 20.4%

" S




Cabling Configuration 24x5+filler
Conductor 55.1mm
Conductor 1.D. 36.4mm
Void Fraction 45%

Figure 5. Selected conductor.

required to achieve the desired compactions. The degree of distortion is evident
in Table 2, which shows the reduction in final cable outside diameter to achieve
40% void fraction in the configurations shown. It is interesting to note that
significant deformation was only found in the small copper stabilizer strands. It
should also be noted that large reductions in diameter during compaction induce
high degrees of cold work in the austenitic stainless steel conduit.

In all configurations, except the 24 x 5 + filler configuration, the unsupported
length of the strand varied widely and was not predictable. This again was due
to the high distortion that the subcables were subjected to during conductor
compaction. The 24 x 5 + filler configuration maintains its subcable
configuration after compaction and hence the unsupported length is constant and
predictable.

SELECTED CONDUCTOR CONFIGURATION

An independent evaluation by a team of engineers from 4 companies resulted in a
unanimous decision to adopt the 24 x 5 + filler CICC configuration as showa in Figure 4a

and 5.

Cabling trials showed the selected conductor configuration to have a constant.
predictable cross section; the least potential for strand motion; and minimum deformation of
the strands at the strand crossover locations. The 24 x 5 + filler configuration has the
lowest current density in the copper. Also, of the configurations evaluated, it has the
lowest self field which requires less superconducting material and hence lowers the cost.

SUMMARY

A 200kA CICC conductor with a central tube around which are cabled 24 subcables
has been selected by the Bechtel team for their ETM-SMES design. A 35kA subscale
conductor has been manufactured and test results have verified the suitability of the
conductor concept. Full scale testing is well underway and results will be available in the

near future.



ACKNOWLEDGEMENTS

The authors thank William G. Marancik and his team at Oxford Superconducting
Technology (OST) for their major contribution to the work covered by this paper. All
manufacturing activities were accomplished at QST.

REFERENCES

1. R.J. Loyd, T. E. Walsh, E. R. Kimmy and B. E. Dick, "An Overview of the SMES

ETM Program: The Bechtel Team's Perspective,” JEEE Transactions on Magnetics,
Vol. 25, No. 2, pp 1569-1575, March 1989.

2. D. L. Walker, F, M. Kimball, E. R. Kimmy, S. D. Peck, H. H. van den Bergh,
R. J. Loyd and C. A. Luongo, "SMES Conductor Design," IEEE Transactions on
Magnetics, Vol. 25, No. 2, pp 1596-1999, March 1989.

3. C. A Luongo, R. J. Loyd and C. L. Chang, "Current Diffusion Effects on the

Performance of Large Monolithic Conductors;” IEEE Transactions on Magnetics,
Vol. 25, No. 2, pp 1576-1581, March 1989.



174 [EEE TRANSACTIONS ON MAGNETICS, VOL. 27, NO. 2, MARCH 1991
TEST RESULTS FROM THE 200 kA SMES /ETM CONDUCTOR”

$.D. Peck and P.H. Michels
General Dynamics Space Systems Division
P.O. Box 85990
San Diego, California 92186-5990

Abstract

The critical current and stability margin of a 200 kA, copper-
stabilized, cable-in-conduit conductor cooled with helium-II has been
measured at the Texas Accelerator Center. The test specimen was 3
meters long, inserted in a uniform background dipole field of up to 5

 Testa with an effective length of 0.9 meters. The critical current of the

conductor was measured at 1.8 K and found to be 280 kA at a total
field of 5.8T, 260 kA at 6.4T, and 215 kA at 7.4T, in good agreement
with extrapolations based on 4.2 K short sample data. Normal zones
of 2 cm initial length were initiated by inductive heaters, and the
voltage and temperature of the conductor in the heated zone was
monitored for recovery or propagation. The stability margin is
reported as a function of the current density over the cable space at
various background ficlds, bath temperatures, heated length, heater
pulse duration, and number of cumulative load cycles. Nominal
values of 70 to 80 mJ/cc of metal at 200 kA and 4 10 5 T were
measured, again in good agreement with design predictions. The test
results demonstrated the conductor will operale at 200 kA in the
Engineering Test Model for SMES, where the peak toual field is 4.13
Tesla.

Introduction

A full-size superconducting mafnctic energy storage (SMES)
plant will store thousands of MWHh's of encrgy and deliver hundreds
of MW of power. To deliver reasonable fractions of coil energy at
high powers and safe vollages requires very large currents. Thé

, Bechtel team has decided that, in order to minimize scale-up risk from

a 20.4 MWh Engineering Test Model (ETM) to 2 full-size unit, the
current in the ETM should demonstrate full-scale application. It
follows, then, that a current on the order of 200 kA is required. This
represents an order of magnitude increase in the present state of the
art. Therefore, a test program was conceived and camried out 10
demonstrate that a conductor could be operated at 200 kA with
sufficient current and stability margin to be practical in a large SMES
devic?

There were actally three different tests. The first was a test of
a 35 kA sub-scale conductor. This conductor was conceptually
similar to the full-size cable-in-conduit design we are proposing for
use in the ETM, but was much smaller, had fewer superconducting
strands, and a different cabling pattern. The primary purpose of the
sub-scale test was to debug the test facility and procedures to be used
on the following two tests. This was a successful test in that the
conductor performed as expected based on pre-test analyses, and the
test rig performed well, although several problems were uncovered
and corrected.

The second test was of a prototype full-scale conductor. The
results of this test are not reporied here, but the lessons earned from
this test will be discussed in the text where appropriate. Briefly, the
performance of the prototype conductor was very poor. It would
quench at seemingly random current levels well below the predicted
maximura. The stability margin also was lower than desired. Careful
analysis of the data showed that the quench currents were limited by
the Lorentz force on the conductor, suggesting that the cable was
vulnerable to excessive motion. At the time it was unclear whether the
motion was an intrinsic property of the cable ora result of the way the
conductor was supported in the test rig. It was also determined that
th:ﬁ)roblem was sggravated by certain features of the test rig
configuration and the way the background field was adjusted relative
10 the level of current in the test specimen.

* Work performed under contract 10 Bechte] National, Inc.
Manuscript received September 24, 1990. e

Demonstrating the adage that the third time is a charm, the next
conductor, with modifications to correct deficiencies in the cable, test
rig, and operating proccdures, achieved the performance goals
required for usc in the ETM. The critical current of the conductor was
found to be 280 kA at a total field of 5.8T, 260 kA at 6.4T, and 215
kA at 7.4T, in good agreement with extrapolations based on 42K
‘short sample data. The conductor did require a few waining quenches
to reach critical current the first time, but even the first quench current
was sufficiently above the ETM operating current {0 provide a large
design margin, and the randomness disappeared from the data.
Details of the quench current and training behavior are described
below. The stability margin was measured at nominal values of 70 to
80 mJ/cc of metal at 200 kA and 4 1o 5 T total field, again in good
qualitative agreement with design predictions.  Difficulties in
calibrating the energy deposition of the inductive heater introduce
uncertainty in the absolute magnitude of the stability margin. This is
discussed in more detail below.

Test Set-Up and Procedures

The conductor test specimen was a copper stabilized cable-in-
conduit,! consisting of twenty-four subcables twisted around 2 55cm

diameter porous-walled central tube with a twist pitch length of 50 cm.
Each subcable is made up of five sub-subcables twisted around a
central copper filler wire. The sub-subcables are made by twisting
and soldering eight copper stabilizer wires around a multi-filamentary
superconducting strand. The strand has a diameter of 1.19 mm and
has a nominal copper to superconductor ratio of 1.0. Figure i shows
a cross section of the conductor.

The change to the conductor based on the prototype test results
was the soldering of the stabilizer wires to the superconducting strand.
This was done for two reasons: first, to eliminate one potential source
of relative motion between strands, and second, to reduce the contact
resistance between the s/c strand and copper stabilizer. By locking the
stabilizer wires to the s/c strand, no slip motion can occur directly
against the ductor. The surrounding copper wires also act as
a thermal buffer against energy generated by slips between other
elements of the cable. In addition, the presence of solder reduces the

contact resistance between strand and stabilizer. It can be shown that

.
£y opper filler wire :
Superconductor strand Y

Copper stabilizer strand
(soldered 1o s/c strand)

Sub-subcable

5 strand subcable
with filler {qty 24)

Figure 1. Cross-Section of the 200 kA SMES Conductor.

0018-9464/91/0300-1724301.00 @ 1991 IEEE
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Figure 2. Quench Current Summary for the 200 kA Conductor.

2 high contact resistance traps the current in the s/c strand if the normal
zone is ‘short’. Without solder, 'short’ meant roughly the same
length as the inductive heater, and so the current was trapped. With»
solder, ‘short’ means only a millimeter or so, and thus normal zones
longer than this become effectively stabilized by the copper wires
wrapped around the s/c strand. These benefits were judged to
outweigh the loss of cooled surface within the cable due to the solder,
and so in the final cable configuration the stabilizer wires are soldered

to the superconducting strand.

The test specimen was approximately 3 meters long, and was
spliced into the seco loop of a superconducting transformer.
The sample formed part of a coaxial hairpin, which was immersed in
1.8 K superfluid helium and inserted into the bore of a 5 T dipole
magnet. Solenoidal inductive heaters 2 cm long were wound around
the outside of the test conductor for stability tests. Details of the test

rig and instrumentation are reported elsewhere at this conference.2

The test was designed to measure several aspects of the
conductor performance. We were interested mainly in the quench
current and stability margin, and the amount of d ion that might
occur due to cyclic loading. The sequence of testing was to measure
the resistivity of the stabilizer before and after cooldown, measure the
quench current at different background fields, measure stability
margin at several fields and currents, load cycle the conductor to the .
design condition 500 times while measuring stability margin at regular
intervals, doing a final measurement of quench current, and finally
measuring resistivity before and after warmup.

The resistivity of the conductor was measured to monitor the
amount of work hardening that was done to the copper throughout the
testing. Those results are not reported here, except to say that the
initial RRR of the stabilizer indicated a 1/4 hard condition, and testing
reduced the RRR by about 10%. The final RRR was still higher than
the design value, however. Work hardening of the copper does not
seem to be aa issue for this conductor.

The first measurcment of quench current was done as a part of
a process we called Joad conditioning, whereby the current in the
sample was ramped up and down in increasing step sizes, in tandem
with the background field. This process ‘worked' the strands in the
cable, releasing pent-up strain energy and work-hirdening the strands
at the cross-gver points for greater load carrying capacity. Once the
conductor was conditioned, several measurements of quench current
along simulated magnet load lines were done. Performing the tests
along simulated Joad lines was one change made to the procedure from
the prototype test. In that test the background field was held constant,
independent of the current in the sample. Because the seif-field of the
conductor is so large at 200 kA (~ 2 Tesla), this had the effect in the
prototype test of constantly changing the direction of the force vector
on the individual strands. We fecl that this constantly changing force
direction contributed to the excessive motion problem in that test.

Quench Current Results

Figure 2 shows a summary of the :iuench current data from the
conductor test. The data is plotted along load lines that give the total
field on the conductor as a function of current just the same as would
occur in a magnet. The load line identifier in the figure represents the
background field when the conductor current is 200 kA. Since the
self-field at 200 kA is 2 T, the 3 T load line through 5 T at 200
kA. Some of the quench points occur off of a load line. This is
because the current measurement at TAC is limited to a maximum of
280 kA, In some tests, when this limit was reached, the conductor
current was held constant while the background field was increased
unti! a quench occurred.

The initial tests were done along the 3 T load line. The lowest
data points on the line, represented by open squares, were also the
earliest. As will be seen shontly, the quench current ‘walked' up the
load line until the values reached the short sample predicted critical
cumrent. Thie conductor trained, with an initial quench current of about
216 kA. The reason that some of the data points lie above the
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Figure 3. The 200 kA Conductor Exhibits Training Behavior.

icted value is that the short sample data had some scatter in it, and
the prediction analysis allowed for the scatter and took a worst casc

approach.

One important issue concerning ETM is the_temperature
margin of the conductor. A measurc of this can be obtained from the
quench current data by finding the temperature difference necessary to
move the critical current curve from the lowest quench point 10 thla;

1.2 K is rather large for a
su nducting magnet. By comparison, a similar analysis done for
SSC coils shows a margin of about 0.5 K.

The training history of the conductor is shown in Figure 3,
where the quench currents are lotted in sequence. The critical current
testing was interrupted periodically to do stability margin testing and
Joad cycling, which also resulted in quenches which are not shown
and are not counted in the sequence of quenches. As can be seen, the
quench current steadily increases during the first eight or ninc

uenches, and then stays fairly close 10 the expected critical current.
?)ne interesting feature of the conductor behavior can be seen from the
filled-in square data along the 3 T load line in Figure 2. On the 43
quench, the current was reversed. This effectively untrained the
conductor since the forces on the strands were acting in a new
direction. The quench current displayed the same training behavior on
subsequent runs as it did on the first few. It is very interesting to
note that the first quench occurred at the same current for each version
of the untrained conductor. In particular, the force level at which the
initial quenches occurred was the same, 700 kN/m. The maximum
force the conductor will sec in ETM is only 440 kN/m. While the fact
that the currents were identical is probably coincidence, the data
should be very reRresemative of what can be expected of the
conductor in the . It is important to note that the value of IxB on
the conductor at the initial quench point is almost twice the maximum
value of IxB that the ETM would ever experience. Based on the test
data, then, there is a 60% margin on the force level that could cause a

quench of ETM.

Another interesting aspect of the conductor performance is the
higher than expected quench currents following the 5 T rtuns.
Following quench numbers 27 to 42, which occurred along the 5 T
load line, the next six quenches (after the stability margin quenches at
a 5 T background field) were significanty higher than previous results
along the 3 T load linc. The fifteen previous quenches occurred at the
highest values of [xB, and probably ‘packed’ the cable 10 the point
where there was no motion during the next series of quenches at a
lower field. Thus quenches 43 through 48 probably are caused by a
wrue critical current limit, while all the others are caused by motion
(aided by the fact that the stability margin vanishes as the critical
current is approached).

Stability Margin Results

The stability margin was measured by setting the background
field, ramping the conductor 0 a pre-defermined current level, and
then discharging a capacitor through an inductive heater wound
around the conductor. The addition of solder 1o the conductor
improved the stability margin over that obtained in the prototype test,
although it was difficult 1o quantify exactly how much improvement
there was. That is because of a difficulty in calibrating the short (2cm
long) inductive heaters used for the stability tests.3 In the following
stability charts, the absolute magnitudes of the data must be interpreted
cautiously, but relative comparisons are valid.

Figure 4 shows the stability margin data obtained at 2.2, 3,
and S T constant background ficlds. The trend of the data agrees well
with the analytical prediction! based on a method of calculating the
stability margin of conductors stabilized with a limited volume of sub-
cooled He-11.4 This is especially true in the 2 to 3 Tesla range. We
have no explanation for the apparently low margin at 5 Tesla at this
time. If the absolute magnitude of stability is a reasonable estimate,
we can expect about 70 to 90 mJfcc margin at the peak field operating
point of the ETM.

The data shown was taken with a heater pulse length of one
millisccond. There was an attempt made to vary the length of the
heater pulse 1o see if there were any effects. The heater was encrgized
from a capacitor, and the pulse length was varied by allowing the

£l
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Figure 4. Stability margin of the 200 kA conductor at constant
background field. Open markers indicate a quench, filled
markers indicate no quench.

heater current to ring for an arbitrary number of cycles. It turned out
that most of the energy stored in the capacitor was deposited in the
conductor in the first half-cycle regardless of the total number of
cycles in the pulse waveform. Thus the conductor did not see a large
difference in energy deposition, and the stability margin results
reflected that, There was not a large effect of pulse length on the
stability margin, with longer pulses being slightly better than shorter
pulses.

Figure 5 shows the effect of accomulated load cycles on the
stability margin. There seems to be a slight degradation in margin
during the first two or three hundred cycles, afier which no change
occurs. The degradation is attributed 1o work hardening of the copper

bilizer.

Finally, a series of stability margin tests were made at zero
bac! ﬁyeldmd4.51(totesnheoonductorforuseasdlel.8!(
10 4.5 K transition. For currents up 1o 200 kA, the stability margin at
4.5!(meTappwshighenoughtouscmebasicconductorasme
transition.

Conclusions / Lessons Leamned

The second full size conductor test showed that the conductor
with stabilizer strands soldered to the superconducting strands meets
the ETM service requirements, and has a substantial margin in doing
so. For an ETM with a worst case design point of 2.2 T external
field, 1.8 K, and 200 kA, the conductor has:

. 59% margin on initial quench IxB

. 70 - 80 ml/cc of stability margin

. 1.2 K temperature margin to initial quench critical
current curve

. 45% margin to initial quench critical current curve at
constant field

. 20% wmargin to initial quench critical current curve
along the load line

J 36% margin to initial quench critical current curve at
constant curreat

These margins would be even larger if the conductor did not
train, thereby reducing the effective critical current curve. (Note: the
latest iteration of the Bechtel ETM design has a maximum external
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field of 2.13 T, meaning the conductor would have slightly larger
margins than quoted above.)

The stability data indicates that the method used to predict
stability captures the relevant phenomena, i.c., the shape of the curves
agree well with the data. Our best estimats of the absolute magnitude
of the stability margin indicates a value in the range 70 to 90 ml/em3.
If the heater calibration for the energy deposition is correct, the
stability results agree quite well with analytic predictions. Load
cyclingofmeomducwrdmnouppeartodegmdemhility-mgiu.

The RRR of the conductor was higher than expected for half-
hard OFHC copper, closer to a quarier hard condition on the
stabilizer. The mechanical performance of the conductor did not seem
to suffer from the softer copper. The residual resistance of the
stabilizer appeared to increase by about 10% after 500 load cycles, but
was stil less than the value used in the design analysis of the ETM.
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Abstract—The design for the 20 MW-hr SMES-
ETM for the Bechtel concept calls for two splices
per turn of conductor, and over 100 turns. The
design value of resistance for the splices is on the
order of 10-11 ohms (0.4 Wisplice @ 200 kA), which
is an order of magnitude less than the state of the
art for high current devices. The splice design
utilizes a superconducting braid wrapped around
lapped subcables for an extremely low resistance
joint. A history of the manufacturing development
for the splice Is presented. The performance of a
sub-scale verslom of the splice Jolnt has been
measured at Texas Accelerator Center. Values of
splice resistance at 1.8 K and background flelds up
to S T are reported. Performance of a 100 kA
conductor is also reported.

INTRODUCTION

The Bechtel team SMES - ETM concept features a 200 kA
cable in conduit conductor {1] consisting of twenty four
subcables wrapped around a central tube with a porous wall.
In order to remove the conductor fabrication from the critical
path of the coil pack assembly, the conductor is manufactured
in lengths and then spliced together at periodic intervals as
the coil pack is assembled. Previous tests of carly conductor
(2] and splice concepts revealed clements of risk in the
designs. These were the restraint of the subcables in the
conductor and transition to the splice overlap, the resistance
of the splice, and the manufacwurability of the splice.

The conductor design has evolved to include a brass wrap

around the cable and inclusion of solder as a structural
restraining material to help support the superconducting
strands against movement caused by Lorentz forces. Instead of
the Phase I concept of segmented copper wedges carrying
individua superconducting strands, the splice now provides a
brass support structure for subcables from each length of
conductor to be overlapped and wrapped with superconducting
braid. This creates a low resistance joint which securely holds
the superconductor in place while maintaining a coatinuous
path to carry hoop loads. The subcables are continuous
through the transition from conductor to overlap, and 5o are
more securely held in place. The splicing of subcables instead
of individual strands is much easier to accomplish as well.
A test of this design concept has been carried out at half scale
(100 kA) at the Texas Accelerator Ceanter test facility. It was
done at half scale since the bore of the test magnet cannot
accommodate a splice with the diameter required for twenty

Manuscript received September 20, 1993. This work was
performed under subcontract to Bechtel National, Inc. in support
of the SMES Risk Reduction Program sponsored by the Defense
Nuclear Agency.

four subcables (full scale). The objectives of the test were to

4) measure the resistance of a prototypical splice;

b) demonstrate the stability of the conductor / splice
transition;

¢) demonstrate the non-training behavior of the soldered
conductor

The splice design, test setup, test procedure, and results are
discussed in the following sections.

SPLICE DESIGN / FABRICATION
Splice

The splice configuration is shown in Fig. 1. The splice is
made by overlapping individual subcables, enclosing the
lapped joint in a braid made of superconducting wire, and
embedding this sub-assembly in a channel machined in a
brass body. To have room for twenty four pairs of subcables
around the periphery of the brass body, it must have a larger
diameter than the conductor itself. Transition cones at each
end of the brass body provide a means of holding the
subcables securely as they transition from the cable structure
in the conductor to the overlap joint. The subcables are laid
in grooves cut in the cones. Thesc grooves carry the
subcables in a transition from the helix angie of the
conductor to the straight length of overlap, and change the
circumferential subcable spacing to accominodate a row of
vent holes in the body. The holes are manifolded to the
cryogenic distribution system and provide pressure relicf for
the conductor in the event of a quench.

Key to the splice concept is the overlap of the subcables
and enclosure in a ing braid. This approach is the
result of development work done for the SMES program by
Advanced CryoMagnetics, Inc. of San Diego, Ca. An earlier
design for a SMES splice called for a direct overlap between
individual strands in mating subcables. It was thought this
was necessary to achieve the required value of resistance of
10-11 ohms. While this approach worked in principle, it
required that the conductor be uncabled over some transition
length. It was difficult to stabilize and support the individual
superconducting strands in this region, and it was determined
that there was a high risk of premature quenches there. With
the present design, no uncabling is required, and the
superconducting braid in effect creates the strand to strand
contact that was sought in the initial concept.
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Fig. 1. Schematic of SMES Conductor Splice.

The braid also helps to wick solder into and around the
subcables. The solder is applied as pre-sized slugs laid in the
grooves on top of the braid, and held in place with aluminum
clamps. An induction heater is used to melt the solder. The
heater consists of a three turn coil placed around the brass
body. The coil is the secondary of a 15 kW, 10 kHz
transfommer.

The splice is soldered using 96%Sn-4%Ag solder. This
solder is selected because it has a lower resistivity than Sn-Pb
solder, This compensates in part for the presence in the splice
current path of the copper stabilizer that surrounds the
superconducting strands. The earlier design did not have the
stabilizer wires in the current path, and so Sn-Pb solder was

accepiable.
Conductor

The conductor cross-section is shown in Fig. 2. For this 100
KA subscale test, only twelve subcables are employed, instead
of twenty four in the 200 kA conductor. The cable is wrapped
with a brass strip. The strip is soldered to both the subcables
and outer conduit to provide support against magnetic forces.
During cabling, 50%Sn-50%Pb solder paste is applied to the
subcables, which is flowed in an induction heater after
conduit compaction. The soldering provides additional
restraint against conductor motion.

TEST SETUP / PROCEDURE

The test was carried out on a 100 kA splice and conductor
which ‘were insested into the secondary of a superconducting
transformer and operated in a 1 atm, 1.8 K helium bath in the

presence of a background dipole magnetic field. The test
facility at Texas Accelerator Center has been described
elsewhere [3]. )

Instrumentation on the sample included eight voltage taps,
four Hall probes, two temperature sensors, and a pressure
sensor. The current and voltage across a quench heater
mounted on the conductor were measured. In addition, the
transformer primary current and voltage, secondary current and
dl/dt, background field magnet current and terminal voltage,
and bath temperature and pressure were monitored during

AP {121 SUBCABLES

Fig. 2. 100 kA Conductor Cross-Section.



Fig. 3. Schematic of Test Sample and Instrumentation Location.

testing. The test sample and instrumentation ar¢ shown in
Fig. 3. Measurements of splice resistance were made by
recording the voltage across the splice (tap V8 in Fig. 3) with
a Keithley mode! 181 nanovoltmeter. This meter has a noise
floor on the order of 30 nV. The signal being measured at 40
kA was on the order of 30 V.

During testing, the sample current and background are
ramped simultaneousty. This accurately simulates the forces
on the conductor that would be seen in an actual winding.
The Bechtel ETM design calls for a background field of3Tal
the design current of 200 kA (8333 AJsubcable). The self
field of the 100 kA conductor at 8333 A/subcable is
approximately 1.8 T. Thus the total peak field on the
conductor at 100 kA in the test facility should be nominally
4.8 T to simulate the ETM load line.

The test was conducted to measure the splice resistance at
currents ranging from 40 to 120 kA along the self-field, 2T,
5T, and 6 T load lines. The sample was repeatedly ramped to
quench along the self-field, 2T, 5 T, and 6 T load lines. The
sample was ramped at rates ranging from 50 A/sec 10 1000
Afsec. The degree of training was measured by noting the
number of quenches required to reach a plateau. In addition,
the residual resistivity of the copper stabilizer was measured
in zero background field before and after testing.

RESULTS
Splice Resistance

A series of rans were made to measure the splice resistance.
A summary of all data is shown in Fig. 4, which is a plot
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Fig. 4. Summary of Splice Resistance Measurements Plotted Against Sample Current.
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Fig. 5. Typical Hall Probe Data Show a Non-Uniform Current
Distribution in the Subcables.

of splice resistance as a function of sample current. There is a
large amount of scatter in the data, which masks any apparent
dependency on current or background field. The majority of
the data fall within a range between 7 and 11 x 1011 ohms.
The expected value for this splice prototype was 5 X 10-11
ohms.There is a trend toward higher resistance with increased
background field, but the noise in the data is greater as well.
The increase in scatter is due to inductive coupling between
the voliage tap measuring splice resistance and the
background field current.

The increase in resistance over the design value could be
due either to a greater resistivity in the solder than
anticipated, or due to geomeiric effects such as non-uniform
spacing between subcables. An increase in solder resistivity
would be expected to be uniform for each subcable splice,
while geometric effects (presumably due to assembly
variables) would be random from subcable to subcable and
tend to produce a non-uniform current distribution around the
conductor. Typical Hall probe data which is shown in Fig. 5
support the second hypothesis. A current distribution similar
to that shown in Fig. 6 would produce the field around the
conductor typical of that measured by the Hall probes. If the
individual subcable splice resistances are estimated from this
current distribution (provided the assumption can be made
that the lowest subcable splice resistance is equat to the
design value), then the ratio of measured value to design
value for the conductor splice resistance ought to be
approximately 1.8. This factor applied to the design value of
5 x 10-11 ohms gives a value of 9 x 10-1 ohms, which is
in very good agreement with the measured value.

The higher than expected value of splice resistance is most
likely due ¢o variability in the spacing between subcables that
occurred during assembly. This can be accounted for in the
design of an ETM type machine by extending the length of
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Fig. 6. Typical Subcable Current Distribution Corresponding
to Hall Probe Data. ;
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the overlap, and by fine tuning the design and assembly
procedure to minimize the variability that can occur. In the
TAC test rig, the subcable to subcable resistance distribation
determines the current distribution in the conductor. In a
larger device, the self and mutual inductances of the subcables
will play a much larger role in determining the current
distribution, which as a result should be much more uniform.
However, during a detailed design phase, an analysis of the
subcable current distribution should be done to verify that
this will indeed be the case. The test data do demonstrate that
the splice concept is a viable, low risk approach for ETM and
large scale SMES.

Quench Behavior

The conductor / splice did not approach the short sample
timit of the superconductor during the test. Quenches occurred
at various current levels, depending on the load line, as
shown in Fig. 7. There was no apparent training behavior,
and there was no typical quench origin location. A summary
of the quench history is shown in Fig. 8. Several reasons for
a low quench current were postulated, including excessive
cddy current heating, degradation of the superconductor J¢
during soldering of the splice and conductor, motion of the
subcables under Lorentz load, mal-distribution of current in
the subcables due to non-uniform resistance in the subcable
overlap joints, and temperature rise of the splice caused by
overheating. Several quench runs were under controlled
conditions designed to test these hypotheses. It was
determined that the reason for the low quench cument behavior
was a thermal limit peculiar to the testing of a 100 kA splice
in the TAC test rig. There was one quench, following a
warmup / cooldown cycle, for which the most likely
cxplanation is conductor motion.



The temperature sensors on the return and lead end splices
joining the conductor sample to the secondary loop of the

wransformer indicated temperature rises of varying degrees
during testing. This was due t0 the heat generated at the
splices at the ends as well as the test splice. The inability of
the test sélufgtdremove the heat gencrated at the splice is-the-
primary reagon fgr the premature quenches. The principal heat
transfer path from the retum end splice to the 1.8 K heat
exchanger in the test chamber is through the superfluid

helium in the central tube of the conductor (see Fig. 3). A

simple calculation shows that the critical heat flux for

superfluid is reached in the central tube when the conductor
current is approximately 150 kA. This result depends on

many conditions in the test setup which can only be

approximately modeled, and should only be interpreted as an

indication that there is a heat transfer limit to the curvent that
can be achieved in the rig. What scems (o have happened is

that the helium inside the conductor was slowly heated as the

current increased, since the refrigerator could not keep up. Al

some point superfluidity was lost, and the central helium

became even more isolated from the refrigerator. Heat from

the splice then raised the helium temperature rapidly to the

curvent sharing temperature of the conductor, and a quench

occurred.

RRR
The resistance of the sample between voltage taps was

measured prior 1o cooldown, and at 15 K before and after
testing. The RRR of the conductor was about 56 before

before and afier testing.

The small decrease in RRR of the conductor stabilizer is
most likely due 1o work hardening caused by Lorentz loading
during testing. A similar decrease of roughly 10% has been
seen in past testing of this conductor concept. The expected
RRR for the conductor is about 50, so it is gppareat that the
copper stabilizer ‘did not anneal during any soldering
operations.

On the other hand, it is likely that the stabilizer in the
splice region did anneal during soldering. This would explain
the increase in RRR to 100. The softer copper is not
considered a problem, since the strands and subcables are
mechanically held by the solder in this region. The rigidity of
the subcables and strands do not depend on the hardness of the
copper in the splice.

The measured RRR of the conductor and the splice overlap
is consistent with the design requirements for the ETM.

CONCLUSIONS

. The objectives of the test were achieved during testing at
Texas Accelerator Center:

+  The splice resistance was measured 1o be
approximately 9 x 10-11 ohms, compared to a
design target of 5 x 10-11 ohms.

«  The quenches did not originate in the transition
regions between conductor and splice.

« The quenches did not demonstrate training
behavior.

testing, and decreased slightly ©0 52 after testing. The RRR
of the conductor in the splice body was approximately 100
both
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Fig. 7. Summary of Quench Current Behavior by Load Line.
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The higher than expected value of splice resistance is due to
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unequal subcable-to-subcable splice resistances, which can be
prevented in the design of an ETM type machine by
extending the length of the overlap, and by fine tning the
design and assembly procedure to minimize the variability
that can occur. In the TAC test rig, the subcable to subcable
resistance distribution determines the current distribution in
the conductor. In a larger device, the self and mutual
inductances of the subcables will play a dominant role in
determining the current distribution, which as a result will be
much more uniform. However, during a deailed design phase,
an analysis of the subcable current distribution should be
done to verify that this will indeed be the case. The test data
do demonstrate that the splice concept is a viable, low risk
approach for ETM and large scale SMES.

The conductor did not reach short sample critical current
during testing, due to a thermal limitation on the test rig
when testing a 100 kA splice, and due to the unequai
subcable-to-subcable splice resistances. The thermal limit is
not present in the ETM design, since each splice is connected
directly to a manifold connected to the 1.8 K refrigerator, and
the manifold is sized 1o carry the heat generated by the
splices. Soldering the subcables eliminated the training
observed in a previous test of a 200 kA conductor, and
definitely improved the stability of the conductor in the
transition region between cable and splice. This greatly
reduces the risk of premature quenching at the spiices in the
ETM.
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