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ABSTRACT

Plans for a large-scale dc SPTL test have
been indefinitely postponed because of budgetary
restrictions. This report is a final report on
the Los Alamos Scientific Laboratory (LASL) dc
Superconducting Power Transmission Line (SPTL)
Development Project and covers activities in
electrical engineering, cryogenic engineering,
and superconductor design for the period of
November 1, 1972 through September 30, 1979.

1., EXECUTIVE SUMMARY

Since November 1972, the Los Alamos Scientific Laboratory (LASL) has been
developing a high-capacity, underground dc superconducting power transmission
Tine (dc SPTL) that would use Nb3Sn superconducting wires cooled to 12 K by
gaseous helium. This development was deemed important because accompanying
the ever increasing demand for electric power is the expectation for the need
of systems that can provide high power transmission densities in certain loca-
tions and often over large distances.

The dc SPTL offers a number of potential advantages which justify its
development. The dc SPTL would have no system stability or load-flow con-
straints, would have lower short-circuit current levels than any other trans-
mission system, would not need reactive compensation, would exhibit no




dielectric losses, and would have negligible conductor losses. The dc SPTL
cable, of all cables, would have the highest efficiency and the highest cur-
rent density capability; for example, a single 30-cm-diameter cable could car-
ry up to 10 GW with power losses of less than 0.1% per 100 km.

The requirement for such high power transmission capability is still per-
haps several decades in the future, and the SPTL technology must be considered
a high risk undertaking. Therefore it is appropriate that this type of inves-
tigation be undertaken at a National Laboratory, such as LASL. This work was
funded initially by the US Atomic Energy Commission, continued by the US Ener-
gy Research and Development Administration, and, subsequently, by the Division
of Electric Energy Systems of the US Department of Energy (USDOE).

The goals of the dc SPTL program have included the investigation of those
basic principles necessary for the design and fabrication of a dc SPTL and for
predicting its operating capabilities. A specific goal of the program has
been the construction and operation of a prototype capable of demonstrating
high-current (25 kA) and high voltage (100 kV) capability. Until mid-FY 1979
funding was at a level consistent with carrying out these demonstration tests
in FY 1982 and FY 1983. However, during FY 1979 funding restrictions rather
than technical reasons required a scaling down of the dc SPTL Program. Conse-
quently, the prototype demonstration has been postponed indefinitely, although
smaller but more basic research investigations will be continued-into FY 1980.

The work to date has produced many valuable results. A conceptual design
of a complete cable system has been developed, and many of the problems en-
countered in its fabrication and use have been solved. Many of the results
are generally applicable to any SPTL (and, in some cases, to noncryogenic sys-
tems), and even where the work is specific to our design, the methods devel-
oped are valid for studying other systems.

Because of the scarcity of data on electrical breakdown strength of di-
electric materials at cryogenic temperatures and under dc stress, extensive
screening tests were performed on sheets of 11 dielectric materials at four
temperatures (12 K, 18 K, 83 K and 298 K) and two helium pressures (0.69 MPa
and 1.38 MPa) in order to select the most promising candidates for dc SPTL
operation. The data from these tests provided the information necessary to
continue with impulse-strength tests of three selected dielectric materials in
tape form (wound as in a cable), at 1.38 MPa and at the same three temperatures



as above. The test results show that a dielectric stress rating of 30 mV/m is
readily obtainable, a value 50% greater than was expected.

Electrical system analysis has never been performed on other dc SPTL mod-
els investigated elsewhere in the world. We have performed analyses of ripple
currents in a dc system and have determined their effects on the performance
of the dc SPTL. We have also analyzed the characteristics of fault currents
in a dc SPTL system and have evaluated the performance of the dc SPTL under
fault conditions. Because the dc SPTL is an electrically complex system, par-
ticular attention was given to analyzing the wave propagation characteristics
along the cable Tength. The results showed that special overvoltage protec-
tion would be needed for the system. This analysis can be extended to other
multiconductor systems.

The combined refrigeration and dc SPTL cable systems have been studied,
and an 18-m low-voltage and high-current model was constructed to investigate
the heat transfer and fluid flow problems as well as the response of the en-
tire system to cool-down (to operating temperature) procedures and to thermal
upsets. Current leads were constructed for the model sized for 7 kA, the 1im-
it of available refrigeration. Cryogenic refrigerator operation has been
studied analytically and experimentally on the model.

New types of superconducting wires have been developed. Two new LASL de-
signs of multifilamentary (mf) Nb3Sn wire were commercially produced, re-
sulting in conductors capable of carrying over 106 A/cm2 in the supercon-
ductor and over 104 A/cm2 in the stabilized wire. We have studied the
mechanical and electrical properties of the brittle Nb3Sn in the composite
wire and have established such practical parameters as the minimum bending
radius of the wire and optimum heat-treat conditions for forming the Nb3Sn
compound in the final drawn conductor. We have measured the current carrying
capability of single wires and cable clusters, both in self-field and under
the influence of the magnetic field from the current in neighboring wires, and
compared the results with model computation. These results have been incor-
porated into the design of a complete cable system, including the specifica-
tion of the cable fabrication process.

System studies have been made including operating characteristics and eco-
nomics; and designs have been submitted to power companies such as Philadel-
phia Electric Co. and Commonwealth Edison for inclusion in comparative studies
of transmission systems.




The above work has been reported in detail in previous progress reports;
in addition, over 50 papers on dc SPTL development have been submitted to sci-
entific journals, and approximately 500 presentations on the subject have been
made both at LASL as well as at national and international meetings and con-
ferences. Interest in the dc SPTL program has been shown by several power
companies, such as Arizona Public Service, Public Service Company of New
Mexico, Consolidated Edison Co., and Commonwealth Edison Co. Visitors from
France, West Germany, Japan, England, and the Soviet Union have come to LASL
to discuss the program, and we have participated in the US-USSR scientific
exchange program on superconducting transmission lines.

The work completed so far has provided a solid basis for constructing a dc
SPTL: we believe that all of the major technical problems to be encountered
in such construction have been addressed and resolved satisfactorily. The
continuation of research on advanced cable systems, especially the dc SPTL,
should prove to be of value to the nation. As the requirement for high capac-
ity transmission systems becomes imminent, it will be possible to reinstate
the large-scale tests originally planned and to produce a more nearly opti-
mized dc SPTL system.




2. INTRODUCTION

Increasing demand for electric power, increased cost of and restrictions
on rights-of-way of transmission lines, lower izr-loss requirements, and
electrical-system stability criteria are some of the major reasons for build-
ing extra-high-voltage (EHV) power transmission lines.

EHV overhead power lines may be objectionable for several reasons:

(1) 1lack of reliability because of flashover of polluted insulators,
breakage of line or towers during storms and hurricanes;

(2) radio-frequency interference;

(3) possible effects of electric fields on man, flora, and fauna;

(4) visual pollution.
Moreover, it may be impossible to build overhead Tines in an urban area be-
cause of unavailability of rights-of-way and prohibition by statutory regula-
tions. Thus pressing needs appear to exist for underground transmission.

There are three major types of application of underground cables:

(1) transmission of power between generating station (power park) and
load center;

(2) transmission link within a power pool;

(3) transmission 1link between two power pools.
It is generally good design practice to connect one cable to one generator.
Therefore, for the first type of application, the required cable rating may be
expected to increase from 1.2 GW in 1970 to 1.5 GW in 1980 to 2 GW in 1990.
For power-pool connections, it is expected that the desirable cable ratings
will be 2 GW in 1980, 4 GW in 1990 and 8 GW in 2000.1

The major problems of a conventional high-power, high-voltage underground
cable are thermal dissipation of izr losses and thermal aging of the dielec-
tric material. Although a forced-cooled SF6 insulated cable has much prom-
ise, a superconducting power transmission line (SPTL) seems to be more suit-
able for transmission of high power Tloads. Its dielectric aging should be
minimal because of the Tow operating temperature.
2.1 Principal Advantages of a dc SPTL

A dc SPTL is ideal for transmitting large blocks of electric power, be-
cause (1) it has no system constraints, such as stability, load flow, short-
circuit current level and reactive compensation; {2) it has negligible conduc-
tor losses and no dielectric losses - therefore it is very efficient; and (3)
its current density capability is very high so that one coaxial dc SPTL can be
equivalent to the three cables of a corresponding three-phase ac system.1




2.2 Program History

The Los Alamos Scientific Laboratory (LASL) has been developing an under-
ground dc SPTL for transmitting large power loads with high efficiency. Such
lines show considerable promise for providing very high single-circuit power
capacity and the dc SPTL program goal is to ensure that transmission Tines of
this type will be ready when needed and will be able to meet future increased
demands of the US power grid in a reliable, economical, and environmentally
acceptable manner.

The LASL dc SPTL Program received its initial funding in November 1972
from the Division of Applied Technology, US Atomic Energy Commission. Support

has been continued since early 1975 under the auspices of the Energy Research
and Development Administration, Division of Electric Energy Systems, and con-
tinues under the same division of the US Department of Energy (USDOE). This
is the only dc SPTL program in the US.

Because the objectives of the program include the development and applica-
tion of a novel concept employing both materials and operating procedures not
presently encountered in the electric power industry, the undertaking is con-
sidered to involve higher risk and longer term benefits than private indus-
trial entities usually assume. It is therefore appropriate that this work be
carried out in a National Laboratory such as LASL. On the other hand, the
success of the program does not require any scientific breakthroughs but does
depend upon careful engineering involving well-established low-temperature
principles and techniques. Careful optimization is also required to make the
dc-SPTL system economically competitive. The LASL Cryogenics Group has a his-
tory of successful completion of this type of project over the past 25 years.

The original LASL program plan called for a demonstration of a working dc
SPTL by 1982-3. This was to have been a 300-m-long test section capable of
carrying currents up to 25 kA at voltages up to 100 kV. This test would have
required a larger cryogenic refrigerator than now available for this project
at LASL. A large, cryogenic refrigerator which had become available to the
USDOE was to have been sent to LASL for installation and use in the dc SPTL
Program. This refrigerator had a capacity of 700 W at 4 K. However, before
the planned installation in FY 1979, it become known that a cut in funding to
the sponsoring USDOE division would require a substantial reduction in the
funding level of the dc SPTL program. This reduction, in turn led to a can-
celling of the large refrigerator installation and of the plans for the larger



demonstration tests. A more modest, although still important, program contin-
ues and is aimed at the carrying out of several research tasks, most of which
are already in progress. These include the cryogenic engineering investiga-
tion of fluid flow and heat transfer problems. The first test of this type is
the performance of a modest current test of several subcables in a configura-
tion as close as possible to that of a dc SPTL, using only existing equipment
and superconducting wire already available. This test has been completed and
is reported in Sec. 4.

Other tasks to be continued are the development of processes to optimize
the large-scale production of Nb3Ge superconductor, the investigation of the
dielectric strength of electric insulating materials, the development of an
acoustical method of examining the integrity of electrical insulators, and the
participation in an economic study of the use of the dc SPTL in a long-line
(300 km) application. The Nb3Ge development and the acoustic study will be
reported separately for FY 1979 while the insulation and economic studies are
discussed in Secs. 3 and 6, respectively. Since the above mentioned program
changes represent a major change in effort, this report will represent a sum-
mary of work to date and thus contains highlights of work reported in previous
progress reports.

2.3 Designs Considered

During the course of the dc SPTL Program two types of design have been
considered. The greater effort has gone into the development of a conceptual
design of a high-capacity, compact, coaxial cable.

The LASL coaxial cable concept for a 5-GW (50-kA and 100-kV) Tine, as
shown in Fig. 2-1, is a hollow-core, flexible, coaxial cable. The inner bore,
formed by a spiral tape or support member, carries the primary helium coolant
stream. The high-potential conductor is wound on this support structure and
consists of subcables made of mf Nb3Sn superconductor wires in a copper ma-
trix. The dielectric layer is composed of wrapped paper or plastic tape. The
outer, neutral conductor is similar to the inner conductor. An outer flexible
armor completes the cable.

The cryogenic enclosure is rigid and consists of a helium container and a
vacuum jacket with multilayer thermal insulation within the evacuated annulus.
The enclosure will be built in sections roughly 30 m long to be joined in the
field and Taid in trenches. Lengths of flexible cable up to 900 m long will
then be drawn into the enclosure.
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Fig. 2-1
Model of 100-kV, 50-kA (5-GVA) dc SPTL.

The cable plus enclosure thus provide a complete electrical circuit and
also a complete refrigeration circuit, with the go and return helium coolant
flow paths separated by the cable armor.

The refrigeration system will utilize a series of helium refrigerators
along the line with the final expansinn engine at the far end of each line
section (approximately halfway between adjacent refrigerators). Thus, the
cable itself becomes the final heat exchanger of the refrigerator. At the
line terminal, current-lead refrigerators will have loads somewhat more like a
liquefier than Tlike the straight refrigeration load of the line and will be of
a different design. Spacing between the refrigerators along the line could
vary from 5 to 30 km, depending on the actual installation situation.

We believe that the above cable concept gives the greatest power density
capability within a single-cable system and does so at the lowest cost of re-
frigeration and cryogenic enclosure systems.

The large power capabilities of the coaxial cable are not always advanta-
geous, even when the total power delivery requirements are large. For exam-
ple, a recent study by the Philadelphia Electric Company (PECO)2 specified
underground transmission of 10 GW for about 100 km. The contingency require-
ments established by PECO Tled us to propose three 7.5-GW coaxial lines, for a
total installed capacity of 22.5 GW. Much of this excess capacity could have
been avoided, and quite probably at a significantly reduced system cost, had

L ¥




we proposed a greater number of smaller capacity lines. Therefore, we felt it
advisable to make a more detailed examination of .a design we had considered
earlier, consisting of two monopoles operating at up to 600 kV with electrical
insulation at ambient temperature. This design shown in Fig. 2-2, is dis-
cussed in Sec. 6 and referred to as the "small line design."
2.4 Program Organization

Through FY 1979 the LASL dc SPTL program has been carried out with work
being divided into three major divisions, those of electrical engineering,
cryogenic engineering, and cable development. In this report we will discuss
these aspects of the work.

2.5 Electrical Engineering

To investigate the prospective electrical problems associated with the dc
SPTL, the electrical engineering program has been divided into four sections:
(1) electrical system studies, (2) dielectric studies, (3) bushing develop-
ment, (4) electrical stress analysis, and (5) equipment and instrumentation.
Progress has been made in all of these tasks and the work is reported in Sec.
3.

| Spiral tape former
2 Superconductor

3 Corrugated tube
4 Superinsulation

S Corrugated tube
6 Corrugation filler
7 Dielectric

Fig. 2-2.
Small 1ine design.
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2.5.1 Electrical Characteristics. A dc SPTL must operate satisfactorily
under normal and abnormal system conditions. The areas of concern are: rip-
ple current produced by the converters, overcurrents produced by faults, and

overvoltages produced by Tightning and switching. The ripple current will
cause steady-state power losses in the conductor, requiring the refrigeration
system to supply cooling power to compensate for these losses. A transient
overcurrent will cause transient power Tlosses in the conductor, which could
drive the superconductor "normal," leading, under the worst condition, to pow-
er interruption to the load. As shown in Fig. 2-1, the LASL coaxial cable
design of the dc SPTL contains four electrically conducting cylinders: the
inner and outer current carrying conductors, and the inner and outer cylinders
of the cryogenic enclosure. Therefore, the usual analysis of surge propaga-
tion performed for a two-conductor coaxial cable system will not apply. For
the LASL dc SPTL, multivelocity surges will appear on all four conductors and
will need special analysis. Studies on the over voltage and the effects of
ripple current and fault currents on the dc SPTL have been completed.

2.5.2 Dielectric Development. Apart from being adequate under electrical
stress, the dielectric should also be mechanically and thermally suitable for
handling at room temperature and operation at a cryogenic temperature.

It should be borne in mind that the electrical requirements of a dielec-
tric under dc stress are different from those under ac stress. For ac opera-

tion, the corona inception voltage and the dielectric losses will be the lim-
iting constraints. For dc applications, the polarity-reversal stress will be
the 1imiting factor. For long-term stress app1ica£}ons, dielectric behavior
depends upon two entirely independent phenomena: the statistical nature of
breakdown and aging. It is expected that the aging mechanism of a dc SPTL
will be sTower than that of an ac SPTL because of the absence of dielectric
losses under dc stresses. The breakdown process may also be different under
flowing and stationary cryogen.

Mechanically, the cable should be able to withstand bending and unbending
at room temperature without the dielectric layers buckling. During cooling to
operating temperature, the dielectric should be able to withstand the mechani-
cal stress created by the contraction. It will also have to maintain integri-
ty under continuous cryogenic operating temperatures as well as under thermal
cycling.




Many data are available on cryogenic dielectrics under ac stress, but very
few under dc stress or under polarity reversal. 0il-impregnated cellulose
paper will be ideal from the manufacturing standpoint because it is the stan-
dard dielectric for high-voltage cables. It has also been found that the
strengths of the oil-impregnated paper at liquid nitrogen temperature with dc,
impulse, and polarity reversal are significantly higher than those at room
temperature. However, no data are available at supercritical helium tempera-
tures, i.e. greater than 5.2 K. There is also the likelihood that the oil
vapor might contaminate the helium during the cooldown process.

It should be evident that the selection of a suitable dielectric material
for the dc SPTL is a painstaking process which requires careful long-range
planning.

2.6 Cryogenic Engineering

The primary objective of the cryogenic engineering program for the dc
SPTL is to provide a highly reliable and continuous low-temperature environ-
ment for the power cable at the lowest possible cost. To achieve this objec-
tive it is necessary to develop several cryogenic system components. First, a
Tow heat-leak thermal enclosure is required to minimize the energy input into
the flowing helium coolant. Because the enclosure must be constructed in the
field, we plan to use rigid, shop-fabricated sections of simple design. The
reflective, multilayer thermal insulation will be wrapped in the evacuated
annulus between two concentric pipes. Second, the helium for cooling the Tine
is to be provided by a cryogenic refrigerator that supplies helium gas at
about 10 K and 1.5 MPa (15 atm). Additional cryogenic refrigeration systems
are required at each end of the 1ine to provide cooling of the current leads.

Cryogenic engineering studies must also be concerned with pressure drop
and heat transfer in the cable system. Another priority is refrigerator per-
formance in both steady-state and transient conditions that occur during sys-
tem cooling or during a thermal upset to the system.

The cryogenic engineering section is responsible for designing and fabri-
cating all cryogenic equipment used in the program as well as for completing
the conceptual design of cable systems. Progress made in all of these areas
is reported in Sec. 4.

2.7 Cable Development

The design of a conductor for a dc SPTL must meet many criteria in order
to insure that the manufacturing techniques are economically feasible, that
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the electrical requirements of the system can be met, that the mechanical
stresses of cable fabrication, installation, and operation can be tolerated
without detrimental effects, and that the conductor is stable under all oper-
ating conditions.

To determine these criteria an iterative design process is used; the in-
puts for this process are the requirements of the power system, properties of
commercially available superconductors, knowledge of conductor manufacturing
techniques, and system reliability constraints. From the results of experi-
mental and theoretical tests, the design is modified and improved until a
working model has evolved.

In Sec. 5 we discuss the work done to develop the wire and cable that will
meet the above criteria.
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3. ELECTRICAL ENGINEERING

To investigate the prospective electrical problems associated with the
dc SPTL, the electrical engineering program has been divided into five sec-
tions:

1. Electrical system studies,

2. Dielectric studies,

3. Bushing development,

4, Electrical stress analysis, and

5. Equipment and instrumentation.
3.1. Electrical System Studies.

The electrical system of a dc SPTL must be designed so that it will
operate reliably under normal and abnormal systemconditions. The areas of
concern are:

1. Harmonic currents produced by the converters,

2. Overcurrents produced by faults in the system, and

3. Overvoltages produced by Tightning and switching.

The harmonic currents will cause steady-state power losses in the con-
ductor, requiring the refrigeration system to supply additional cooling power
to compensate for these losses.

A transient overcurrent will cause transient power losses in the conduc-
tor. This may drive the superconductor normal, requiring, under the worst
condition, power interruption to the load.

Treatment of overvoltages for the dc SPTL require special considera-
tions. As shown in Fig. 2-1, the LASL design of the dc SPTL contains four
electrically conducting cylinders: the inner and outer current-carrying con-
ductors, and the inner and outer cylinders of the cryogenic enclosure. There-
fore, the usual analysis of surge propagation performed for a two-conductor
coaxial cable system will not apply in this case. When a transient voltage
appears on the innermost conductor, multi-velocity voltage waves will propa-
gate along the four conductors, and would create voltage differences across each
pair of conductors, caused by the disparity in the wave velocities that did
not exist initially.

1

3.1.1. Study on Harmonic Currents.” The dc-side current harmonics on

a conventional dc overhead line are of importance with respect to electromag-
netic interference to nearby communications and signal lines. The interference
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problem can be more severe with a non-coaxial cable (as compared with the LASL
coaxial design) because the communications and signal lines may be buried in
the same trench as the power cable. The LASL coaxial design of the dc SPTL
would not create any electromagnetic interference problems. However, the dc-
side current harmonics may impose some restrictions on a dc SPTL because of
their effects on the hysteresis losses in the superconductor and on the ac
resistive losses in the stabilizing normal metal matrix of the conductor.

The harmonics on the dc side are given by

3
"

Pa, (3-1)

where m = harmonic number, p = pulse number of the converter, q = an integer
(1, 24 3, . . . ). These are the normal harmonics. However, measurements on
the existing dc lines have shown that abnormal harmonics exist. The causes of
such abnormal (uncharacteristic) harmonics are:

® Perturbation or "jitter" of the converter valve firing pulses,
Distortion of ac system voltages,
Imbalance of ac system voltages,

Imbalance in the leakage reactance of a converter transformer, and

Mismatch in the operation of the bridges in a 12-pulse converter.

Harmonic currents on the dc SPTL produced both by normal and abnormal
harmonic voltage sources have been computed for a 100-km long dc SPTL under
various operating conditions. The computations of the normal harmonics are
based on the standing-wave theory of long transmission lines. The computa-
tions of the abnormal current harmonics were performed by representing the dc
SPTL as an equivalent m-network because the line length at these frequencies
is less than the quarter-wavelength. It was assumed during the entire analy-
sis that the dc SPTL is terminated at both ends by smoothing reactors. No
other filter network is connected to the dc SPTL.

3.1.1.1. Long DC SPTL. The source of harmonics is obviously the con-

verter. It is considered to be a voltage source for the dc-side harmonics.
The equivalent circuit of the dc SPTL with the converter stations at both end

is shown in Fig. 3-1. The voltages V1 and v2 are the harmonic voltage

sources and LT is the inductance of the dc smoothing reactor.
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Fig. 3-1.
Schematic representation of a long transmission line.

The harmonic voltages generated at either end will be attenuated by the
dc smoothing reactors and will travel along the dc SPTL in opposite directions
with almost no attenuation but changing phase. They will be reflected by the
reactors repeatedly as they travel back and forth along the dc SPTL. The mag-
nitude of a harmonic at any point along the dc SPTL will be the algebraic sum
of these two components. As a result, the harmonic voltage or current level
will exhibit standing wave patterns with successive maxima and minima. The
maxima occur when these two components are in phase, minima when they are out
of phase by w radians.

The analysis is made by a step-by-step pr‘ocess.2 During the first
step, the current distribution Il(x) caused by one voltage source (Vl) is
obtained, assuming the other voltage source (V2) short-circuited. During
the second step, the current distribution Iz(x) caused by the other voltage
source (V2) is obtained, assuming the first voltage source (Vl) short-
circuited. During the final step, the two current distributions are superim-
posed to obtain the resultant current distribution. -

The magnitudes and phase angles of the generated harmonic voltages, V1
and V2, will generally be different. As the ac systems on both sides of the
dc SPTL are asynchronously connected, the phase angles will vary randomly.
The maxima of the harmonic current are given for the special cases when the
two generated harmonic voltages V1 and V2 are equal in magnitude, i.e.,

Vn, but differ in phase angle 6 by 0, n/2 and w: for V1 = V2 = Vn and
8 =0,

Inax = Yo/ [27f Losin(82/2)], (3-2)

for V,; = = =
1 V2 Vn and 6 = n/2,




Tnax = Vn/[ 2 /ZﬁﬁhLTsin(Bz/Z)] , and (3-3)

for V1 = V2 = Vn and 6 =7

Iiax = Vy/ [ 2nf Licos(8e/2) 1, (3-4)

where Vn = generated harmonic voltage (V), f, = harmonic frequency (Hz),

LT = inductance of smoothing reactor (H), B = anf vICT (rad/m), L = induc-
tance of dc SPTL (H/m), C = capacitance of dc SPTL (F/m), and £ = length of dc
SPTL (m).

3.1.1.2. Short DC SPTL. For short transmission lines (& < A/4), the
line can be represented by its lumped constants, either as a - or as a
T-network. A m-network was selected for this analysis (Fig. 3-2).

With this method, the current (I3) through ZZ can be assumed to he the
harmonic current in the dc SPTL. Filter capacitances can be incorporated into
the admittances (YQ/Z), if necessary. The current through the dc SPTL is
given by

I = (V; - V,)/ [4nf Licos®(8a/2) + z.sin gel, (3-5)

where V;, V, = generated harmonic voltages at the ends of the dc SPTL (V)
and ZC = surge impedance of SPTL (Q).
It should be noticed from Eq. (3-5) that if V1 = V2, no harmonic
current will exist in the dc SPTL. Computations were made with the assumption
that V1 = -V2.

Y,i2 Y2
v1<~ = 2 = 4 v,
Iy I3 T,

Fig. 3-2.
Schematic representation of a short transmission Tine.
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3.1.1.3. Computation of Harmonic Currents and Losses. The dc SPTL
characteristics (LT,L,C) and the converter characteristics (Vn,fn) are
required to compute the harmonic currents along the dc SPTL.

The harmonic characteristics of the dc SPTL for one application are
shown in Table 3-I. Three values for the dc smoothing reactor (LT) were
chosen - 1, 2, and 4 p.u.

A 12-pulse converter was assumed. It means that the normal dc-side har-
monics will be the 12th and its multiples. However, abnormal harmonics do
exist in actual systems because of imbalances and mismatch in the ac systems
and in the converter bridges. The normal harmonic voltages generated on the
dc side were obtained from Refs. 3 and 4, the abnormal harmonic voltages from
Ref. 5. Computations for the abnormal harmonic currents showed that the re-
sulting heating of the conductor is insignificant.

The ripple current produces two types of losses in the conductor - hys-
teresis losses in the superconductor and ac resistive losses in the copper
matrix.

The hysteresis losses PS (W/mz) caused by the ripple current super-
imposed on dc are given by the Bean-London Equation:6’7

_ 3
P, = 2uofnob/3Jc, (3-6)

TABLE 3-1
HARMONIC CURRENT MAXIMA AND CONDUCTOR LOSSESa

Smoothing Max. Harmonic Conductor
Reactor Frequency Current Losses
p.u. Hz A(rms) W/km
1.0 720. 248, 49,

1440. 14, 0.2
2.0 720. 124, 12.

1440. 7. 0.05
4.0 720. 62. 3.

1440, ] 3.5 0.01

Twelve-Pulse Operation; 100-kV, 2.5-GW dc SPTL
Line Length = 100 km

Firing Angle = 15°

Overlap Angle = 22.6°
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where By = 4mx 10'7 (H/m), fn = harmonic frequency (Hz), 9, = peak
induced current (A/m), and Jc = critical current density of superconductor
(A/m?).
In order to use the loss equation, we made the following assumptions:
1. Jc(4 K) and at zero dc field = 2.0 x 1010
figure for Nb3Sn mu]tifi]amgntary wire),
2. (T = d.(ax) [1 - (T/T)°],
3. Tc = 16.0 K, and

4. The effect of dc bias will be seen primarily as a decrease in JC.

A/m2 (a pessimistic -

We chose HDC = 5 kOe on the assumption that a dc current density of about
4 x 105 A/m is carried by the conductor. The field dependence of Jc at
14.0 K is not well known; we estimate a reduction by a factor of 5. This
gives Jc (14 K, 5 kOe) =1 «x 109A/m2. These assumptions lead to

P, =6.032 x 107 og uW/m at £ = 720 Hz. (3-7)

The ac resistive losses (1'2Rac losses) in the copper cryostabilizer

are calculated first by determining the ac resistance (Rac) of the conductor
from the equation8

Rac/Rge = 1 + (ro/8)* /88, (3-8)

where Rac = ac resistance of the conductor (Q), Ryc = dc resistance of the
conductor (g), Yo = radius of the conductor (m), and & = skin depth (m).
Assuming p (for copper at 14 K) = 10710 Q-m, f = 720 Hz, and ro = 0.5 mm,
we get, Rac/Rdc = 2.04,

3.1.1.4. Discussion of Ripple Losses. The harmonic currents were
computed assuming no dc-side harmonic filters in the system. The hysteresis
Tosses in the superconductor were negligible, most of the losses being in-
curred in the copper cryostabilizer. As shown in Table 3-I, the conductor
losses are well within the design goal of 50 W/km, except at 720 Hz and LT =

1 p.u. The losses in the cryostabilizer can be further reduced either by in-

stalling a 12th harmonic filter, or by increasing LT’ or by redesigning the
conductor with more copper. It appears at present that a higher LT would be
the best solution. This would also improve the performance of the dc SPTL
under faults.

18

I ——————



3.1.2. Overcurrent Study.1 During an overcurrent condition caused by
a fault, the total current may divide between the superconductor and the cop-

per cryostabilizer or it may transfer entirely into the cryostabilizer. This
would produce resistive losses in the copper and, hence, cause the temperature
to rise. As long as the critical temperature conditions of the conductor are
not exceeded, power can continue to be transmitted as soon as the fault is
removed. However, if the critical temperature were exceeded, power would have
to be interrupted until the conductor is recooled. Therefore, it is essential
to know the fault-current capability of the dc SPTL.

The most severe fault current through the dc SPTL would occur if the
line-end bushing of the inverter-side smoothing reactor flashes over (Fig.
3-3). The fault current will consist of two components. The first component
will be a traveling wave caused by the discharge of the cable. The second
component will be driven by the voltage source on the ac side of the rectifier.

The magnitude and duration of the cable discharge current cannot be con-
trolled by any external means, such as valve control of the converter or a dc
circuit breaker. The second component of fault current can be controlled by
these external means, and the fault current profile will be dependent upon the
means of interruption.

3.1.2.1., DC SPTL Discharge Current. The analysis for the first fault cur-

rent component, the cable discharge current, was made with the following con-
9.

ditions
1. apply cancellation voltage at the point of flashover,
2. short circuit all other voltage sources, and
3. open circuit all current sources.
Traveling waves (Vf,If) will be created at the instant of short circuit;
these are given by the relationship

—H—v s—DH—

Fig. 3-3.
Flashover of line-end bushing of inverter-side smoothing reactor.
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where Vf cancellation voltage = system voltage, Vdc’ ZC =surge impedance of
cable. These waves will trayel along the dc SPTL, will be reflected (vr’Ir) by
the smoothing reactor near the rectifier, and will partially penetrate into

the reactor (vtIt)' The reflected and the transmitted current waves are -
given' by

I.= (Vf/Zc) [Zexpéth/LT) -1] (3-9)
and I, = (2Vf/Zc) [1- exp(-th/LT)] . (3-10)

If LT/Zc is 1argé compared with the travel time along the dc SPTL, then
Egs. (3-9) and (3-10) can be simplified to the following:

and I, = 0. (3-12)

Physically, a rectangular current wave (If = Vdc/zc) will be gen-
erated at the flashover point at the instant of flashover. This wave will
travel along the dc SPTL and be reflected at the rectifier-end smoothing
reactor. A reflected current wave (Ir = -If) will travel back, canceling
the forward current wave (If). The duration T of the discharge current at
the point of flashover is given by

T = 2%/v, (3-13)

where £ = length of dc SPTL and v = velocity of propagation in dc SPTL = 1//LT.
The duration of the discharge current diminishes monotonically along the dc
SPTL and is zero at the rectifier end.
° Table 3-II shows the magnitude of the discharge currents for three de-
signs of dc SPTL, the design parameters of which are shown in Table 3-III. -
Operating voltages and currents for each cahle were selected from an economic
analysis of the required transmitted power.
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TABLE 3-I1I

DC SPTL DISCHARGE CURRENT AT FAULT
Line Length = 100 km

Conductor
DC SPTL I T Temperature Rise
Design _kA _ms K
A 4.43 1.05 0.24
B 6.65 1.05 0.28
C 8.87 1.05 0.32

3.1.2.2. DC SPTL Fault Current With Valve Control. The second compo-
nent of the fault current will be maintained by the voltage sources on the ac
side of the rectifier. Therefore, the ac-side reactances, the smoothing
reactor and the dc SPTL reactance will Timit this component of the fault cur-
rent. The following assumptions were made:

Fault is initiated at the beginning of commutation,
There is no commutation overlap,
Fault current is interrupted by blocking the firing of the subse-
quent valves,
4, Firing angle delay is zero,
5. Converters operate in 12-pulse mode, and
6. AC network reactance beyond the rectifier transformer is negligible.
The 12-pulse system, with its equivalent circuit for the computation of
the fault current, is shown in Fig. 3-4. If the fault starts at 90 = T/3
when the reference valve comes into conduction (Fig. 3-5), the fault current
will continue to increase even if the sensing system is fast enough to block
the next valve, which would have started conducting at 91 = T/2. The fault
current will continue to increase until the ac voltage in the loop reaches
zero. The fault current will then decrease until it is zero when‘[vdt = 0.
If the next valve is not blocked the fault current will continue to rise until
the new voltage around the loop is zero. Similarly, as the subsequent valves
are not blocked, the fault current level will increase. A similar analysis

has been published previously,neglecting the transformer reactance.10
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TABLE 3-III
PARAMETERS- OF THREE DC SPTLs

Design
Design Parameters A B C

Rated power, GW 2.5 5.0 7.5
Rated voltage, kV 100 200 300
Rated current, kA 25 25 25
Current dens1ty, A/mm2

in superconductor 15000 15000 15000

overall 90 90 90
Max. electrical stress, kV/mm 10 15 20
Inductance, nH/m 119 158 178
Capacitance, pF/m 234 175 156
Surge impedance, Q 22.5 30.1 33.8
Diam of central channel, mm 25.0 25.0 25.0
j.d. of dielectric, mm 33.7 33.7 33.7
0o.d. of dielectric, mm 61.0 74.3 82.1
o.d. of cable, mm 73.4 87.7 96.0
i.d. of enclosure, mm 82.7 9.1 103.8
o.d. of enclosure, mm 248.0 288.0 312.0
No. of subcables

Inner conductor 20 20 20

Quter conductor 90 90 90

The temperature rise of the conductor was calculated on the conservative
assumption that as soon as the fault starts, both the fault component of the
current and the pre-fault steady-state current would flow through the copper
matrix. Table 3-IV shows the Timiting fault component of current permissible
before the superconductor goes normal. The entry Mmax in Table 3-IV denotes
the maximum number of subsequent valves which may be permitted to conduct
after the initiation of the fault. The total current is obtained by adding
the steady-state current to the fault component of current, shown in the Table.
The conductor temperature rise includes the contribution from the rectangular
discharge current wave of the cable. Figure 3-6 shows the profiles for the

fault current and conductor temperature rise for n = 2.
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Fig. 3-4.
Representation of a 12-pulse rectifier bridge with fault at inverter end.

vcb Vub Vuc Vbc

Al

Fig. 3-5.
Voltage across 12-pulse rectifier bridge
and current profile under fault condition.
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TABLE 3-1V

MAXIMUM ALLOWABLE FAULT COMPONENT OF CURRENT
IN DC SPTL WITH CONVERTER CONTROL
COMMUTATING REACTANCE, Lc = 0.18 p.u.

Peak Fault Conductor

DC SPTL Smoothing Component Temperature
Design Reactor Mmax of Current Duration Rise

p.U. p.u. ms K

A 1 1 0.71 12.5 2.2
0.64 15.3 2.4
0.50 18.0 2.5
B 1 1 0.82 12.5 2.4
0.72 15.3 2.6
0.53 18.0 2.6
C 1 1 0.90 12.5 2.5
0.59 12.5 2.1
0.55 18.0 2.6

3.1.2.3. DC SPTL Fault Current With DC Circuit Breaker. DC power cir-
cuit breakers are not commercially available, but three types are being devel-
oped.ll"14 Although the modes of operation of these three types of circuit
breakers are significantly different, they are similar in two basic priciples:
first, the fault current is not limited during the initial period of sensing
and contact opening; and second the total current is diverted to a nonlinear
resistor during the final period of interruption. The time required from the
initiation of contact opening to the current transfer into the nonlinear re-
sistor is 3-4 ms for the first two types of br‘eake\rs.ll'13 The third type
of breakers requires 40-60 ms.14 The initial delay period td of uncon-
trolled fault current is the sum of the relaying time, the contact opening
time, and the time required to transfer current from the main circuit breaker
to the nonlinear resistor.
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Fig. 3-6.
Profiles of fault current, critical current and conductor temperature rise.

Fault cleared by valve control at n = 2, i.e., two subsequent valves are fired
after fault is initiated; Lc = 0.18 p.u.; Ly = 2 p.u.

Computations of the fault current were made for two values of td --

5ms and 10 ms. The characteristics of the nonlinear resistor were assumed to
15,16
be ™ * "

- 1sb
Vy = k1a, (3-14)

where k,b = constants.

The current at the end of the initial period ty is the peak of the
total current imt’ including the prefault load current. The current starts

to decay, once it is transferred to the nonlinear resistor, according to the
following relation:

L(di/dt) + ki =0 . (3-15)

The solution of this equation is given by

J(1-b) _ 4(1-b)

=ip: T/ - (kL) (1-b) t . (3-16)
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The constant k was derived on the assumption that vy = 1.7 Vdc at imt’

In actual applications, k can be adjusted to the desired value by series-
parallel combination of the nonlinear resistor bank. A value of 0.05 was used
for b, in agreement with Refs. 15 and 16. Table 3-V shows the fault component
of the current and the conductor temperature rise for the three dc SPTL de-
signs. The thermal recovery times are also shown in Table 3-V. The thermal
recovery time is defined as the time required by the conductor to cool down to
the temperature at which the critical current is 1 p.u. In other words, full
power can be switched on to the dc SPTL after the lapse of the thermal recov-
ery time., Figures 3-7 and 3-8 show the fault-current profile for the 100-kV,
2.5-GW dc SPTL and the conductor temperature rise for two values

TABLE 3-V
FAULT COMPONENT OF CURRENT IN DC SPTL
WITH DC CIRCUIT BREAKER
COMMUTATING REACTANCE, Lc = 0.18 p.u.

Peak Fault Conductor Thermal
DC SPTL Smoothing Delay Component Temperature Recovery
Design Reactor Time of Current Duration Rise Time
p.U. ms p.u. ms K ms
A 1 5 0.72 12.5 1.6 0
1 10 1.43 21.0 3.6 70
2 5 0.50 14.5 1.5 0
2 10 1.01 22.5 3.0 30
4 5 0.32 18.0 1.4 0
4 10 0.64 26.0 2.6 0
B 1 5 0.83 12.0 1.7 0
1 10 1.67 20.0 4.0 100
2 5 0.56 14.0 1.5 0
2 10 1.12 22.0 3.2 40
4 5 0.34 17.5 1.4 0
4 10 0.68 25.5 2.6 3
c 1 5 0.91 12.0 1.8 0
1 10 1.82 20.0 4.3 100
2 5 0.59 13.5 1.6 0
2 10 1.19 21.5 3.3 50
4 5 0.35 17.0 1.5 0
4 10 0.70 25.5 2.7 6
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Fig., 3-7.
Profiles of fault current, critical current and conductor temperature rise.
Fault cleared by dc circuit breaker at t, = 5ms; L. = 0.18 p.u.; Ly = 2 p.u.
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Fig. 3-8.
Profiles of fault current, critical current, conductor temperature rise and
thermal recovery. Faultcleared by dc circuit breaker at ty = 10 ms; LC =
0.18 p.u.; LT = 2 p.u.

of circuit breaker delay. The fault current profiles for the other two cables
are almost coincidental with that for the 100-kV cable.
3.1.2.4. Thermal Response Model. The long-term (minutes and hours) ther-

mal performance of the cable depends strongly on the specific wire and cable
design and on the cryogenic heat transfer conditions. However, faults will
take place essentially adijabatically. Therefore, the conservative assumption
is that all energy is initially taken up in the enthalpy of the metallic
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conductors. Under normal operating conditions the temperature of the line
will vary by 2 K along its length (between the refrigeration stations) so that
the thermal safety margin will be different at different points. Again, the
conservative assumption is that all excursions start from the normal maximum
temperature of 12 K. Finally, it is assumed (pessimistically) that all major
disturbances will cause the superconductor to be driven into the normal state,
because the associated rates of change of the magnetic field are between 20
and 50 T/s. As a result, both the fault component of the current and the nor-
mal pre-fault Tine current are assumed to be in the copper and heating it.

The criterion for safe operation is that, at the end of the disturbance, the
temperature should rise to a value lower than that at which the superconductor
critical current is at least 1 p.u. For our model this temperature is 14.6 K.

For the heating calculations in the copper, we take the dc resistivity of
1 x 10'10 f=~-m, which also includes magneto-resistivity. A magnetic field
diffusion "time constant" of about 0.3 ms can be used to characterize the
penetration through a radius of 0.2 mm of such cryoconductor. From this we
can estimate the frequency-dependent enhancement of the ac resistivity
(including the proximity effect) to be 2 times for a 1-ms square wave, 1.5
times for 720-Hz ripple and 1.3 times for slower disturbances with half-
periods of 10 to 50 ms. For steady-state heat losses due to all causes, a
1imit of 50 W/km has been used, which means that maximum ripple losses of 20
to 30 W/km are acceptable.

The thermal capacity per unit length of the helium refrigerant in the line
is about two orders of magnitude larger than that of the metallic conductor.
The conductor will therefore recool to the helium temperature with a time con-
stant given by

T, = mcp/hA . (3-17)

where m = mass per unit length (kg/m), c_= heat capacity per unit mass
(J/kg*K), h = heat transfer coefficient 8W/m2-K), and A = heat transfer area
(m?).

The only uncertain quantity in the above equation is the value of the heat
transfer coefficient, which depends on flow parameters, including velocity and
turbulence. For a conservative h value of 5 W/mZ-K, T becomes about
170 ms.
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3.1.2.5. Discussion of Fault Current Study. Analysis of the fault cur-

rent was performed under assumptions which produced conservative results.
Nonzero firing angle delay and overlap angle will decrease the fault current
level. Only the commutating reactance of the converter transformer was con-
sidered in the analysis. Inclusion of the ac system impedance would further
reduce the fault current level. Modern control schemes for 12-pulse hvdc sys-
tems would not allow more than one commutation after a line-to-ground fau]t.]7
Therefore, fault currents beyond n = 1 need not be considered. Nevertheless,
the present analysis considered n up to 10, the primary objective being to
provide a simplified method in the understanding of the dc SPTL performance.
Figure 3-6 shows that even with n = 2, the critical current Ic at the end of
fault interruption is greater than 1 p.u., meaning that the dc SPTL will be
able to carry full power immediately after the fault.

Although no hvdc circuit breakers are commercially available, it is ex-
pected that in the future dc breakers will play a major role in the hvdc
transmission of power. Analysis was performed with two assumed delay times of
the breaker--5 ms and 10 ms. A breaker with delay time less than 5 ms may not
be practical. Similarly, a breaker with a delay time longer than 10 ms will
not be very useful without assistance from valve control. Figure 3-7 shows
that IC is nearly 1.5 p.u. when the fault is interrupted by a breaker with
td =5 ms. Full power can be turned on the dc SPTL immediately after the
fault is cleared. However, it td = 10 ms (Fig. 3-8), partial power may be
restored to the dc SPTL. If it is required that full power be restored imme-
diately after a fault is cleared by a 10-ms breaker, then the dc SPTL could be
redesigned with more cryostabilizer. Engineering compromises can also be made
where partial power is immediately switched on and full power is gradually
attained as the conductor is cooled by helium.

It is evident from Table 3-V that the recovery time for the dc SPTL is
very short--less than 100 ms for the assumptions made in this study. For
transient faults, at least this time interval will be required for the deion-
ization of the arc at the fault.

3.1.3. Overvoltage Study.ls’19 The dc superconducting cable of LASL
design (Fig. 2-1) consists of four concentric cylinders. The innermost cylin-

der (conductor 1) carries the load current and consists of subcables made up
of wires of multifilamentary Nb3Sn superconductor embedded in a copper
matrix. The second cylinder (conductor 2), which carries the return current,
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also consists of copper-stabilized multifilamentary Nb3Sn superconductor.

The cryogenic enclosure is composed of the third and fourth concentric cylin-
ders. The inner cylinder (conductor 3) of the cryogenic enclosure is made of
stainless steel and the outer cylinder (conductor 4) of carbon steel. The
space between conductors 1 and 2 is filled with wrapped tape dielectric to
withstand the system voltage--steady-state dc and transient overvoltages. The
space between conductors 2 and 3 is filled with supercritical helium at 1.38
MPa and 12 K. The space between conductors 3 and 4 is evacuated and filled
with multilayer thermal insulation. Conductor 4 is isolated from earth by a
thin Tayer of insulation.

When a transient voltage wave appears on conductor 1 of an n-conductor
transmission line, the transient voltage splits into n component waves, each
wave traveling with a specific velocity vn.20 Some of these component
waves will be induced on the other conductors, creating a complex pattern of
wave propagation. For a 4-conductor system (e.g., LASL coaxial design), the
total number of component voltage waves will be four.

3.1.3.1. Method of Analysis. ATlthough the return-current conductor (con-

ductor 2) and the cryogenic enclosure (conductors 3 and 4) are nominally at
ground potential for steady-state operation, this assumption may not be valid
under transient conditions. To inhibit stray current from flowing through
these "grounded" conductors, one end of each of these conductors will be kept
isolated from ground either by keeping one terminal open or connecting it to
earth through a capacitor or through a surge arrester. Furthermore, even when
one terminal of each of these three conductors is grounded, there will always
be a finite grounding resistance between the conductor and the earth. There-
fore, the analysis should include the resistance of each conductor and the
terminal grounding conditions.

The analysis becomes simple if it is assumed that the earth is perfect,
i.e., an earth of infinite electrical conductivity. In practice, this ideal
condition is never met. The problem becomes more complex if the long cable is
laid not only in regions of divergent earth resistivities but also in layers
of earth of different resistivities. Moreover, lack of precise knowledge of
the earth resistivity precludes exact numerical computations. In spite of
these difficulties, it is worthwhile to study the effect of imperfect earth in
order to assess how attenuation and distortion of voltage waves in a cable
take place.
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3.1.3.1.1. Rudenburg-Hayashi Model of Transient Impedances. Transient
phenomena, such as switching and lightning surges, are usually analyzed using
the Laplace transform. Therefore, it is desirable to express the transient
impedances in terms of the Laplace-transform operator s.

Rudenberg's analysis of imperfect earth has been extended by Hayashi so
that the earth-correction terms can be expressed in terms of the operator
s.21’22 Rudenberg has represented an underground cable by laying its center

conductor on the ground level at the center of a groove of a semicircular
shape of radius h from which the earth has been scooped out, h being the dis-
tance of the center conductor of the original cable from earth (Fig. 3-9).
The ground impedance as a function of the Laplace transform operator s can
then be expressed as '

- 1/2 -1/2

B. EQUIVALENT dc SPTL CONFIGURATION

Fig. 3-9.
Rudenberg's model of cable in imperfect earth.
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For fast transients, only the first two terms are important, where

81 = MOR X 107, sg, = Rg/%s Ry = 2pg/h2, oy =
s0il resistivity (Q+m), h = distance of center conductor of cable from ground

(m).

Similarly, the transient impedance of the cable conductor can be expressed as

1/2
Z.(s) =8c1s/P 46, 4 L L, (3-19)
where 8 4 = V10 R. X 10'4, 8.o = R./4, and R, = dc resistance of

the conductor ().
For a cable consisting of n concentric cylinders, the earth-correction imped-
ance matrix will then be

(61 =sY2 181 + 5,0 (3-20)
where
(6C11 + Sgll) 6911 ....... (Sgll
8q11
8,1 = '
(s §q11)
Sqil @ e e cln * Pgll
and - -
(6C21 - 6921) - 6921 ...... - 6921
'6921
(5,1 = :
] —6g21 ............. ((Sczn = ngl)J
3.1.3.1.2. Solution of Transmission-Line Equatijons. The Laplace trans-

form of the transmission-line voltage equations can be written in matrix form
as
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2°[V1/ax® = (s2LLI0CT + s3/2 [8]Ic] + s[6,]0CD [V 1= [QUZLV] (3-21)

where

[Q)? = (s70L10ed + s¥/2 [s,30c] + sCs,10c])

[L] and [C] are the inductance and capacitance matrices of the n-conductor
cable, and [61] and [62] are given by Eq. (3-20). The solution of Eq.
(3-21) is given by

Vo= exp (-L01x) [V, = {exp(-sIMI"/*x)exp(- £TByTx/2)exp(-[BIx/2)) [V,], (3-22
where

(M) = [LICc],

(8,1 = M2 ot gs,30c1,

(8,1 = M2 (171 [s,10c], and
[VEJ =[V] at x = 0.

Each of the three exponential terms needs to be expanded by Sylvester's

expansion theoremzz, giving
!
/2

exp(-s[MK/?) = ¥ exp(-sqy,.x) [a;.] (3-23)
r=1
"2

exp(-;éIBljx/Z = . exp(-/s q2rx/2)[a2r] , and (3-24)
Y‘:
"3

exp(-[B,1x/2) = 21 exp(-q3.x/2)[a; ], (3-25)
r=
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where

p=1,....n1 2 d
q7.[U] - [MI \"1p
] - —71— (2 ,
pgr qlp - qlr .

[a ] p=1,....n2 qu[U] _ [M] d2p
2rd = ‘ ] ’
D=r 92p = d2p
p=1,....n3 ul - M d3
b =r 93p = 93

q21r (r = 1,...n1) are distinct eigenvalues of [M], d,, and d3, are
distinct eigenvalues of [Bl] and [82] respectively, [U] = identity matrix,

d, = order of degeneracy of q1.p eigenvalue ( i =1, 2, 3), and

1p
d11 + ... +dn1 = d21 + ... +dn2 = d31 + ... +dn3 =n
3.1.3.1.3. Boundary Conditions. The length of the cable has been as-

sumed to be semi-infinite in this study; therefore, there would be no reflec-
tions from the far end. A voltage V01 is injected into conductor 1 at x=0,

while the other conductors are either grounded through a grounding resistance
Rg or left open. In this case, V02...V need to be evaluated, These val-
ues can he obtained, for known grounding resistances, by solving for the cur-
rents at x=0.

The Laplace transform of the current matrix is given by

[ - s[C]/[V]dx , (3-26)

where [V] is obtained from Eqs. (3-22) through (3-25).
3.1.3.1.4. Final Solution. The closed-form solution for the voltage

waves, in time domain, is shown in the following equation.
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n n

1 2
V()] =T [al ¥ [apglerfelay x/aE=ayR) ult-ayx)
k=1 %=1

(3-27)
"3
Y [ay Jexp(-q5 x/2) ¢ [V (t) 1 ,
m=1
where u(t-qle) = delayed unit function.
3.1.3.1.5. Cable Parameters. Computation of the voltage waves requires

that the resistance matrix [8], the inductance matrix [L], and the capacitance
matrix [C] of the cable be known. As discussed before, the [§] -matrix was
computed by Hayashi's method.

The [L]-matrix was evaluated by computing Maxwell's electromagnetic coef-
ficients from the following set of equations,

¢r = Lrlil + ooooo + Lrsis + ..... + Lrn.in . (3-28)
where, L .. = Lg., $. = total magnetic flux Tinking conductor r, i. =
current flowing through conductor r, and r = 1,....0000.. s N

The transient current was assumed to flow along the outer surface of the con-
ductor. The permeability u of a magnetic material was assumed equal to that
of free space My when a steep-front transient is applied. The coefficients
of inductance Lrs are then given by, for r <s, and in units H/m,

Lrs = (uo/ZH) &n (h/rso) . (3-29)
where My = 4mx 10"7 (H/m), h = distance of earth from center of cable
(m), and Yso = outer radius of conductor s (m).

The [C]l-matrix was evaluated by computing Maxwell's electrostatic coeffi-
cients from the following set of equations:

Q. = Ppperte-..- g teeees D0 (3-30)

Prs
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where Qr = electrostatic charge on conductor r, e
torr, and r = 1,..0.., N.
The coefficients Ppg are then given by

- potential of conduc-

Pop = :z,n(h/r~no)/21ren for r <n
(3-31)
Pr(n-1) =Ppn * Qn(rni/r(n-l)o)/27min-1) for r < (n-1)
where e, = permittivity of conductor n (F/m), i = inner radius of con-
ductor n (m), and Fno = outer radius of conductor n (m).
The [C]-matrix is then given by
[c] = [p17? (3-32)

3.1.3.2. Computation of Voltage Waves.

3.1.3.2.1. Computation. A numerical Fortran computer program was de-
veloped to solve the voltage equations for a given cable configuration. The
voltage waves on each conductor of the cable, as per unit of the applied volt-
age, are computed at time and distance coordinates specified by the user.

The data put into the program are the number of conductors in the cahle,
their dc resistances and radii, the dielectric constants of the materials be-
tween the conductors, the known initial voltages, the distances between the
center of conductors and earth, the earth resistivity, and the terminal resis-
tances between the conductors and earth at x = 0.

The code includes a graphics package which plots two-dimensional graphs
of the wavefronts at specified distances.

3.1.3.2.2. Cable Parameters. Surge responses of several types (super-
conducting and conventional) dc cables were analyzed. Table 3-VI shows the
pertinent parameters of the cables.

Four-Conductor Superconducting Cable. The conceptual design
of this cable is shown in Fig. 2-1, and has been described before. Most of

the computations was performed on a 100-kV design with the following assump-
tions:

1. The transient current was expelled from the superconductor into the
stabilizing copper,

36



2. The dielectric constant of the annular vacuum space in the cryogenic

enclosure is unity, i.e., k3 =1,

3. The four conductors are perfect concentric cylinders, and

4. The cable is semi-infinite in length.

Figures 3-10 to 3-14 show the step responses of a 100-kV four-conductor dc
superconducting cable under various system conditions. To determine the ef-
fect of conductor resistances, one specific case was studied where none of the
four conductors had any resistance (Fig. 3-13). Because the vacuum space in-
side the cryogenic enclosure is filled with multilayer thermal insulation, its
dielectric constant (k3) will be higher than unity. A dielectric constant

of three (k3 = 3) was included in another case to ascertain its effect on

the voltage across the space inside the cryogenic enclosure (Fig. 3-14).

The space inside the cryogenic enclosure is designed on the basis of
allowable heat leak and is independent of the voltage rating of the cable.
Therefore, a higher voltage (300-kV) cable was included in order to study the
effect of cable voltage rating on the voltage across the enclosure space.

Figures 3-16 and 3-17 show the step response of a 300-kV four-conductor dc
superconducting cable.

TABLE 3-VI
PERTINENT PARAMETERS OF CABLES

4-Conductor 3-Conductor 3-Conductor 2-Conductor
100-/300-kY 100-/600-kV 250-kV 250-kV
Superconducting Superconducting Conventional Conventional
Cable Cable Cable Cable
Outer radius of conductor 1, rqyg (mm) 22.7/19.6 40.0 16.7 16.7
DC resistance of conductor 1, Rey {18/m) 0.2/0.55 1009.3 3344 33.4
Inner radius of conductor 2, rpi (rm) 28.3742.15 100.0 31.6 31.6
Outer radius of conductor 2, rpg {mm) 35.0/48.45 102.0 35.5 35.5
DC resistance of conductor 2, Rcp (18/m) 0.2/0.55 13.6 286.53 286.53
Inner radius of conductor 3, r3j (m) 45.,0/54.9 105.4/124 .1 44.1 -
Outer radius of conductoer 3, r3gp (mm) 49,0/58.9 106.4/125.1 43.5 -
DC resistance of conductor 3, Rc3y (MYm}) —440.0/363.6 332.2/282.3 114.83 -
Inner radius of conductor 4, rai (m) 90.0/161.0 - - -
Outer radius of conductor 4, rgqg (mm) 954.0/165.0 - - -
DC resistance of conductor 4, Rcq {3t/m) 43.0/24.4 - - -
Distance of ceble center to earth, h (rm) 98.0/177.7 110.4/129.1 55.4 41.5
Dielectric constants : kj 2.2 1.0 3.0 3.0
k2 1.0 3.0 3.0 3.0
k3 1.0 3.0 3.0 -
kg 3.0 - - -
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Fig. 3-10.
Step response of a semi-infinite 100-kV four-conductor dc superconducting cable.
Rqg = 102 at x=0; pq = 100Q-m. (a) x =100 m; (b) x =1 km; (c) x = 10 km.
Fgur, three, two, aﬁd one component waves travel along conductors 1, 2, 3, and
4, respectively. The component wave which is present on all four conductors is
highly attenuated and is not discernible in the figures.
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Fig. 3-11.
Step response of a semi-infinite, 100-kV, four-conductor dc superconducting
cable at x =1 km. Effect of grounding resistance Rg at x = 0. Earth re-
sistivity og = 100 Q- m. (a) Rq = 1q; (b) Rg = 100 Q3 (c) Rq = o
Four, three; two, and one compdnent waves travel along condictors 1, 2, 3, and
4, respectively. The component wave which is present on all four conductors
is highly attenuated and is not discernable in the figures.
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Fig. 3-12.
Step response of a semi-infinite, 100-kV, four-conductor dc superconducting
cable at x = 1 km. Effect of earth resistivity pq. Grounding resistance
Rg =10 @ at x = 0. (a) pg = 03 (b) pg = 1 @m; {c) pg = 1000 Qem.

40



WAVEFRONT AT 1.0 KM DISTANCE WAVEFRONT AT 1.0 KM DISTANCE

1.00 1.00
-
.80 80
g 60 § 60
° w0
é -20 g .20
.00 ] .00 1
3. 4. S. 6. 7. 8. 9 3. 4 5. 6. 7. 8. 9
TIME  (MICROSECONDS) TIME (MICROSECONDS)
Fig. 3-13. Fig. 3-14.
Step response of a semi-infinite, Step response of a semi-infinite,
100-kV, four-conductor dc supercon- 100-kV, four-conductor dc supercon-
ducting cable at x = 1 km. Conductor ducting cable at x =1 km. Effect
resistances neglected. Rg =10 @ at of dielectric constant. Rg =10Q
x =03 pg = 100 Q-m, at x = 05 pg = 100Q° m; k3™= 3.
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Fig. 3-15.

Step response of a semi-infinite, 100-kV, four-conductor dc superconducting
cable at x = 1 km. Conductors 3 and 4 are connected together at x = 0. Con-
ductor 2 and the common point of conductors 3 and 4 are grounded through Rg
at x = 0. pg = 100 Q-m; (a) Rg = 10 Q; (b) Rg = =.
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Fig. 3-16.
Step response of a semi-infinite, 300-kV, four-conductor dc superconducting

cable. Ry =10 2 at x = 0; pg = 100 Q-m. (a) x = 100 m; (b) x =1 km;
(c) x = 18 km.
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Step response of a semi-infinite, 300-kV, four-conductor dc supercoducting
cable at x =1 km. Conductors 3 and 4 are connected together at x = 0. Con-
ductor 2 and the common point of conductors 3 and 4 are grounded through Rg
at x = 0. pg =100 &'m. (a) Rg = 10Q; (b) Rg = =.

In each case, the applied voltage wave on conductor 1 is split into four
component waves traveling at unequal velocities. A1l four component waves are
present on conductor 1. Three component waves travel on conductor 2; two
waves on conductor 3, and one single voltage wave of small magnitude travels
on conductor 4 (nearest to earth). That component wave (of small magnitude)
which is present on all four conductors at x = 0 is highly attenuated within a
short distance from the origin. This wave is not discernable in any of the
figures except Fig. 3-12a, which represents zero earth resistivity (pg =0).

Three-Conductor Superconducting Cable. The three-conductor
superconducting cable is an alternate design, more suitable for Tower power
ratings (Fig. 2-2). The dielectric is at ambient temperature, being thermally
isolated from the high-voltage superconductor by the cryogenic enclosure. The

inner cylinder (stainless steel) of the cryogenic enclosure is intimately con-
nected to the high-voltage superconductor throughout the length of the cable.
Therefore, this combination constitutes conductor 1. The outer cylinder (cop-
per) of the cryogenic enclosure is connected to conductor 1 at the terminals.
A lead sheath (not shown in the figure) that encloses the dielectric is con-
ductor 3. The electrical load circuit is completed through another similar
cable.
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The transient current is assumed to be expelled by the superconductor
into the stainless-steel cylinder. Two voltage ratings (100 kV and 600 kV)
were tonsidered for this study.

Figures 3-18 and 3-19 show the step responses of cables under various
system conditions. The applied voltage wave on conductor 1 is split into
three component waves traveling at unequal velocities. A1l three component
waves are present on conductor 1. Two component waves travel on conductor 2,
and one single wave of small magnitude travels on conductor 3. Similar to the
four-conductor superconducting cable system, the component wave present on all
three conductors is of small magnitude at the origin and is highly attenuated
within a short distance. This component is not discernable in any of the
figures.

Two- and Three-Conductor Conventional Cables. The model for
the three-conductor conventional cable was derived from the 250-kV dc sub-
marine cable laid between the north and south islands of New Zea]and.23
Conductors 1, 2, and 3 are assumed to be concentric cylinders made up of cop-
per, lead, and galvanized steel, respectively.

The two-conductor model for this study is similar to the three-conductor
model but without the galvanized-steel armour.
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(a) Fig. 3-18.(b)
Step response of a semi-infinite, 100-kV, three-conductor dc superconducting
cable. Ry =100 at x = 0; pg = 100 Qem. (a) x =100 m; (b) x =1 km.
Three, twg, and one componentwaves travel along conductors 1, 2, and 3, re-
spectively. The component wave which is present on all three conductors is
highly attenuated and is not discernable in the figures.
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(a) Fig. 3-19. (b)

Step response of a semi-infinite, 600-kV, three-conductor dc superconducting
cable. Rg =10 2 at x = 03 Pqg = 100Q+m. (a) x = 100 m; (b) x =1 km.

Figures 3-20 to 3-23 show the step responses of 250-kV two- and three-
conductor dc conventional cables. The three-conductor cable carries three
component voltage waves, and the two-conductor cable carries two component
waves. In each system, one component wave is very small in magnitude and is
highly attenuated to a negligible value within a short distance from the ori-
gin.

3.1.3.2.3. System Parameters. The earth resistivity was varied from 0
to 1000 Q«m for all of the cable designs studied. The grounding resistance of
each “"grounded" conductor at x = 0 was varied from 1 to «.

3.1.3.3. Interpretation of Data. With reference to Fig. 3-10, the ori-
ginal wave is split into four component waves traveling at unequal velocities.
AT11 four component waves are present on conductor 1. The number of componenf
waves decreases progressively from conductor 1 to conductor 4. One single
voltage wave of small magnitude travels on conductor 4 (nearest to earth).
This component wave, which is present on all four conductors at x = 0, is
highly attenuated within a short distance from the origin. This wave is not
discernable in the figures.

The voltage between each conductor and ground changes abruptly as the
component voltage waves arrive at a point along the cable at different times.
For instance, conductor 1 experiences abrupt voltage changes at 3.45, 3.86,
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Step response of a semi-infinite, 250-kV, three-conductor dc submarine cable.
Rg = 10 Qat x = 03 pg = 100 Q+m. (a) x =100 m; (b) x =1 km; (c) x = 10 km.

5.77, and 6.93 us as the four component waves arrive at x = 1 km (Fig. 3-10b).
Similarly, three component waves arrive on conductor 2 at 3.45, 3.86, and 5.77 )
us; two component waves on conductor 3 at 3.45 and 5.77 ys; and, one single wave
on conductor 4 at 5.77 us. The component wave (of small magnitude) which arrives
at x =1 km on all four conductors at 5.77 us is highly attenuated within a short
distance from the origin. This wave is not discernible in the figures.
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The primary voltage wave on conductor 3 (stainless steel) attenuates
significantly with time. With increase in distance along the cable, the peak
value of this wave increases, although the attenuation rate with time increas-
es also. In general, the front time of the component waves increases with
distance along the cable.

The voltage difference between each pair of conductors can also be as-
certained from Fig. 3-10. At x =1 km (Fig. 3-10b), no voltage difference
appears between conductors 1, 2, and 3 until the second wave arrives on con-
ductors 1 and 2 at 3.86 us. Conductors 1 and 2 remain at equal voltages until
the fourth wave arrives on conductor 1 at 6.93 us, when about 0.65 p.u. is
developed across conductors 1 and 2. The voltage spike developed across the
cryogenic enclosure (between conductors 3 and 4) at x = 1 km is about 0.20 p.u.
For a 100-kV cable (BIL = 250 kV), 50 kV of transient voltage will thus be
impressed across the cryogenic enclosure. About 0.24 p.u. (i.e. 59.5 kV) will
be impressed across the helium space between conductors 2 and 3. The major
dielectric (between conductors 1 and 2) will carry only 0.65 p.u. (i.e.

162.5 kV).

The voltage stress across the cryogenic enclosure can be relieved by
reducing the BIL (hence the steady-state voltage rating) of the cable. Other
alternative solutions such as metallic shorts across the enclosure at regular
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Fig. 3-22.
Step response of a semi-infinite, 250-kV, two-conductor dc cable. Rg = 109
at x = 0; pg = 100Qem. (a) x =100 m; (b) x =1 km; (c) x = 10 km.~ Con-
ductors 1 and 2 carry two and one component waves, respectively. The compo-
nent wave which is present on both conductors is highly attenuated and is not
discernable in the figures.
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Fig. 3-23.

Step response of a semi-infinite 250-kV, two-conductor, dc cable at x = 1 km.
Effect of grounding resistance Rg at x = 0. Earth resistivity Pg =
100 Q+*m. (a) Rg = 10 ; (b) Rg =100 Q.

intervals and design optimization in the cable and system can also reduce this
voltage stress.

3.1.3.4. Limitations of the Analysis. The §-matrices were evaluated by
considering only the first two terms of the Eqs. (3-18) and (3-19) in order to

keep the analysis simple and manageable. As a consequence, this analysis is
valid at the wavefront of transients. To define the time period in which the
results are valid, extensive computations were carried out by comparing re-
sults from the first terms of Egs. (3-18) and (3-19), with those from the
first two terms.

It was found that one of the eigenvalues (q3m) of the B,-matrix in
Eq. (3-25) was negative. This will increase the corresponding exponential
term in Eq. (3-27) with increase in distance along the cable. It was also
found that all but one resultant matrix, [alK] [azz] [a3m], which is
multiplied by this exponential term, is null. It was essential that this par-
ticular matrix is non-zero so that the initial conditions at x = 0 are consis-
tent. This term was evaluated by using the exponential equivalent of erfc(y)
for large values of y, i.e.,

erfc(y) = exp(-y2)/y /7, (3-33)
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where y = qzlx/4¢t=u{E¥1 The time 1limit was set such that y2 >=q3m X/2.
By simplifying the algebra, one gets

(t-tp,) > a5 /805, (3-34)

where, t = time limit, th = 1/q1K, and A pq and gy are the

eigenvalues corresponding to the non-zero matrix [alK] [a22] [a3m] -

More terms of Egs. (3-18) and (3-19) should be included if results at
longer times are desired. As the front time is of concern in most applica-
tions, inclusion of just the first two terms of Egs. (3-18) and (3-19) should
be sufficient, considering the elegance, simplicity, and economy in computation
time of the method described.

3.1.3.5. Discussion of Overvoltage Study.

3.1.3.5.1. Effect of Grounding Resistance. Figure 3-11 shows the effect
of grounding resistance on the voltage propagation in the 100-kV, four-
conductor dc superconducting cable. A lower grounding resistance would stress
the major dielectric nearer to its design stress and would stress the cryogenic
enclosure less. However, it should be borne in mind that conductors 2, 3, and
4 will be kept open or connected to earth through a nonlinear resistance at one
end of the cable. The cable will be vulnerable if the surge enters through
that end.

Figure 3-15 shows the effect when the two concentric cylinders (conduc-
tors 3 and 4) of the cryogenic enclosure are connected together at x = 0. The
effect of connecting conductors 2 and 3 at x = 0, when Rg =10 @, is to re-
duce the peak electrical stress across the thermal insulation by a small amount
(Figs. 3-10b and 3-15a), although this reduction is significant when Rg = ®
(Figs. 3-1lc and 3-15b). In either case, the reduction of electrical stress

across the thermal insulation is achieved by a substantial increase of electri-
cal stress across the helium between conductors 2 and 3. As helium is primari-
1y being used as a cooling medium only, this shift in electrical stress is also
not welcome.
Figures 3-21 and 3-23 show the effect of grounding resistance on the con-
ventional cables. Higher grounding resistances tend to attenuate and distort -
the wavefronts. For the three-conductor conventional cable (Fig. 3-21), the
voltage on conductor 3 away from the origin is neglibible in all cases. The
yoltage peak-on conductor 2 is reduced by decreasing the grounding
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resistance. The attenuation rate is also increased when the grounding resis-
tance is less. Just the opposite occurs for the voltage on conductor 1. For
the two-conductor conventional cable (Fig. 3-23), the voltage on conductor 2
is negligible. The voltage on conductor 1 is attenuated more with higher
grounding resistance.

3.1.3.5.2. Effect of Earth Resistivity. Figure 3-12 shows the effect
of earth resistivity on the voltage propagation in the 100-kV, four-conductor
dc superconducting cable. The earth resistivity affects only the voltage on
conductor 4. This was also found to be true for other types of cables.

3.1.3.5.3. Effect of Conductor Resistance. The effect of neglecting
the conductor resistances is shown in Fig. 3-13. When compared with Fig.
3-10b, it is evident that the effect of conductor resistances is to increase

the stress on the cryogenic enclosure. The conductor resistances also slow
down the wavefront.

3.1.3.5.4. Effect of Dielectric Constant. In most cases in this study,
the dielectric constant of the annular space in the cryogenic enclosure was
assumed to be unity. In practice, this vacuum space will be filled with ther-
mal insulation. Assuming a dielectric constant of 3, computations were made
of the voltage distribution in the 100-kV four-conductor dc superconducting
cable (Fig. 3-14). As expected, the velocity of the major component wave on
conductor 3 was decreased without changing the interconductor voltage differ-
ences substantially.

3.1.3.5.5. Effect of Voltage Rating of Cable. The wavefronts on a
300-kV, four-conductor dc superconducting cable are shown in Fig. 3-16. In
this case, the major dielectric is stressed more nearly to its design value,
and the helium space between conductors 2 and 3 is stressed less. The cryo-
genic enclosure is also stressed less on a per unit basis. However, assuming
a BIL of 750 kV for this 300-kV cable, the highest voltages across the major
dielectric, the helium space, and the cryogenic enclosure will be 647, 56, and
103 kV, respectively. This is in contrast with 162.5, 59.5, and 50 kV for the
100-kV design. The cryogenic enclosure of the 300-kV design is stressed about
twice as much as that of the 100-kV design. This is not surprising consider-
ing the fact that the cryogenic enclosure is designed mainly on heat-leak
specifications.

3.1.3.5.6. Three-Conductor dc Superconducting Cable. This cable (Fig.
2-2) is an alternate design that is more suitable for lower power ratings.
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The inner cylinder of the cryogenic enclosure is intimately connected to the
high-voltage conductor (conductor 1) throughout the Tlength of the cable. The
outer cylinder (conductor 2) of the cryogenic enclosure is connected to con-
ductor 1 at both ends of the cable. Therefore, the two cylinders of the cryo-
genic enclosure are at the system voltage under steady-state conditions.
Under transients, a voltage difference develops across the cryogenic enclosure
(Figs. 3-18 and 3-19). As with the four-conductor case, the voltage across
the cryogenic enclosure is smaller for a cable of Tower voltage rating.
3.1.3.5.7. DC Conventional Cahles. Computations for dc conventional
cables were performed for the purpose of comparison. As Figs. 3-20 and 3-21

show, a considerable amount of voltage may develop between the lead sheath and
the steel armour of the three-conductor submarine cable. Smaller grounding
resistances at the terminals help in reducing this voltage difference. It is
of interest to note in Fig. 3-21a that the voltage on conductor 1 exceeds
1 p.u. However, the voltage across the major dielectric does not exceed 1 p.u.
Wavefronts for a two-conductor cable of the same voltage rating (250 kV)
are shown in Figs. 3-22 and 3-23. The voltage waves attenuate and slope off
as they travel along the cable (Fig. 3-22). Higher terminal grounding resis-
tance also attenuates the wavefronts (Fig. 3-23).
3.1.4. Conclusions to Electrical System Studies.

1. Methods of analysis have been developed to determine the performance
of a dc superconducting cable under
a. harmonic currents superimposed on dc load currents,

b. fault currents and
c. transient overvoltages.

2. Although a properly designed dc superconducting cable will be able
to withstand the expected ripple losses and to meet the fault-
current requirements, each specific design should be analyzed.

3. Transient voltages will not stress the major dielectric of the cable
system to its full BIL capability.

4, Surge protection, cable design optimization, and system coordination
will be required to limit transient voltages across electrically
weak parts of the system (e.g., helium coolant and cryogenic enclo-
sure), which are designed to perform non-electrical functions.
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3.2. Dielectric Studies

The ultimate objective of our dielectric studies was to select the most
promising material in terms of high dielectric strength and Tong life. To
attain this objective, several problem areas need to be considered, among
which are the statistical nature of breakdown; the effect of previous history
(memory); electric field distortion by localized trapped charges; electrode
area effect; aging; dielectric thickness; and mechanical properties when
cycled to cryogenic temperatures.

Extensive data are available on cryogenic dielectrics for operation
under ac conditions, but few data exist for operations under dc conditions.
The electrical requirements of a dielectric under dc stress are different from
those under ac stress; that is, for ac operation, the corona inception voltage
and the dielectric losses are the limiting constraints; for dc applications,
the polarity-reversal stress is the limiting factor. The aging mechanisms for
the two types of application will also be different for long-term stress ap-
plications.

In our tests, periods of from 5 to 6 h were required to cool dielectric
materials from room temperature to 12 K and as much time to warm again. The
actual electrical test at cryogenic temperatures lasts for 30 min. To obtain
statistically significant data would require many years of testing all candi-
date materials under various electrical conditions; therefore, we first per-
formed screening tests on sheets of dielectric materials under uniform dc
electric field. From the results, several dielectric materials were selected
for cable sample tests under various electrical conditions (e.g., impulse,
switching surge, polarity reversal). The data from the screening tests also
provided basic information on the behavior of dielectric materials at cryo-
genic temperatures under dc stress. The equipment used for these tests is
described in Sec. 3.5.

3.2.1. Screening Tests.

3.2.1.1. Dijelectric Specimens. Of the 12 dielectric materials selected
for screening tests (Table 3-VII), most were 3-mil (76.2-um) thick. However,
Cryovac could be obtained only in 1.5-mil (38.1-um), Pink Poly in 4-mil
(101.60-um), and PP/C (a composite made up of cellulose paper in the outer two
layers and polypropylene in the middle layer) in 5-mil (127-um) thicknesses.
The 5-mil-thick (127-um) cellulose paper B was selected for direct comparison
with the PP/C.
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0il-impregnated cellulose paper is ideal from the manufacturing stand-
point because it is the standard dielectric for all high-voltage cables.
Moreover, the oil-impregnated paper is significantly stronger at liquid nitro-
gen temperature under dc, impulse, and polarity reversal than at room tempera-
tur‘e.24 However, it had not been tested previously at temperatures near
those of the dc SPTL operation, i.e., greater than 5.2 K but less than 20 K.
Therefore, we tested the two types of cellulose paper , copaco paper and PP/C
at cryogenic temperatures after impregnation with mineral o0il (Univolt 60).

3.2.1.2, Test Parameters. Most of the tests were performed at 12 K
with the samples under a helium pressure of 1.38 MPa, the operating conditions
of the dc superconducting cable being designed by LASL., Additional tests were
performed on the selected systems at 18 K, 83 K, and 298 K with helium pres-
sures of 0.69 MPa and 1.38 MPa. Both polarities of dc were supplied by a fil-
tered HVDC source with a 1 kV/s ramp rate of voltage application until break-
down.

The voltage measurement was accurate to +1% and pressure measurements
accurate to +7 kPa. The accuracy of the temperature measurement was as fol-
Tows: +50 mK for 12 K and 18 K, +0.5 K for 83 K and 298 K.

TABLE 3-VII
LIST OF DIELECTRIC MATERIALS FOR CRYOGENIC TESTS

Trade Name Type of Material

Cellulose Paper, A(76.2 um) Air resistance = 7500-10 0Q0 Gurley-Sec;
Density = 1.15 g/cm3; water finish

Cellulose Paper, B(127 um) Air resistance = 3000-6000 Gurley-Sec;
Density = 1.10 g/cm3; water finish

Copaco Paper (127 um) Rag paper

Cryovac, D929, (38.1 um) Cross-linked medium-density polythylene

Kapton, 300 H 276;2 pm) Polyimide

Mylar, 300 WC (76.2 um) Polyester

Nomex, 410 (76.2 pm) Fibrous-spunbonded polyamide

Pink Poly, RC AS 1 200 (101.6 ym) Polyethylene, containing organic antistat

PP/C (127 ym) Cellulose paper-polypropylene-cellulose

paper
Teflon, FEP (76.2 um) Polytetrafluorethylene
Udel (76.2 um) Polysulfone

Valeron, U.0.P. 3096 (76.2 um) High-density polyethylene
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3.2.1.3. The main part of the cryostat (Fig. 3-24)
providing the environment for the dielectric specimens, is a copper cylindri-
cal chamber, 210-cm long and 15-cm diam, which can be safely pressurized up to
2.1 MPa. The cylinder is cooled by fiowing either 1iquid nitrogen or cold,
gaseous helium through coils soldered along the outer surface. A second cop-
per cylinder, 21.8-cm diam, is placed concentrically around the first. Liquid
nitrogen, flowing through soldered coils, provides shielding against heat in-
flux. A 27.4-cm-diam steel cylinder provides the vacuum jacket and external
support. The annular space between the cylinders is filled with multilayer
A hole

Design of Equipment.

thermal insulation and is continuously evacuated by a diffusion pump.
in the floor accommodates the cryostat.

The bushing (Fig. 3-25) was designed so that connections could be made
to the multi-electrode dielectric sample holder by manipulating an actuating
rod and a moving arm from outside the cryostat. The actuating rod is inserted
through the central hollow conductor that provides the voltage. Tightly wound
Mylar sheets serve as the major insulation between the high-voltage conductor
and the ground, which is concentrically placed stainless steel tubing. At the
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Fig. 3-24,
OQutline drawing of test cryostat.
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Qutline drawing of bushing.

upper (room temperature) part of the bushing, the Mylar insulation is held in
place by G-10 (glass-reinforced epoxy) tubing. A coating of silver epoxy con-
trols the electric stress.

Because dielectric samples require hours to cool and warm, a multi-
electrode dielectric sample holder was designed to speed up accumulation of
data. This Plexiglas sample holder contains six pairs of stainless steel
electrodes, seated in accurately aligned holes. FElectrical contacts are made
to each of the six upper electrodes by a rotating electrode attached to the
actuating rod in the bushing. Each electrode has an overall diameter of
15.88 mm, a flat surface of 6.45-mm diam, and contour radius of 4.76 mm. The
sample holder is attached by screws to a stainless steel cylinder (13.9-mm
diam) connected at its upper end to the ground plane of the bushing. The sam-
ple holder and the rotating electrode are shown in Fig. 3-26.
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The cryostat contains three heaters - two around the 13.9-mm-diam stain-
less steel cylinder, the third around the innermost cylinder of the cryostat.
These heaters control the temperature and warm the cryostat to room tempera-
ture so that the dielectric samples can be changed.

A 1/8-W carbon-resistor thermometer was used to measure the 12-K and

18-K temperatures, and a copper-constantan thermocouple was used from 83 to
298 K.

Figure 3-27 shows the test set up.

3.2.1.4, Test Procedures. Before each test, the electrodes were
cleansed with freon in an ultrasonic cleaner. They were also polished in a
drill press with 1u aluminum oxide and water. The dielectric samples, con-
sisting of two 13.33-cm-diam sheets, were first tested for electrostatic
charges on the surface by a Simco Type SS-1 locator, and charges were neutral-
jzed by polonium irradiation (Staticmaster from Nuclear Products Co.) before
installation in the sample holder.

After the sample holder had been fitted to the bushing and the bushing
installed inside the cryostat, the test assembly was evacuated for 15 min to
about 66.8 Pa (0.5 torr) before the test assembly was flushed several times
with helium. The cryostat was then pressurized and precooled by passing
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Fig. 3-26. Fig. 3-27.
Six-electrode sample holder for Test set up.
multiple breakdown tests.




1iquid nitrogen through the main cooling coils. For tests at 12 K, the cryo-
stat was further cooled by passing cold gaseous helium through the main cooling
coils. The temperature of the sample was held at 12 K (+#50 mK) by an automatic
temperature controller. The voltage-breakdown tests began after the sample had
been in the pressurized helium environment at the required temperature for at
least 15 min.

Voltage could be applied and polarity alternately reversed to any of the
six electrode pairs by rotating an indexed rod from outside the cryostat. Volt-
ages were applied to the numbered electrode pairs in the order 1,3,5,2,4, and 6.

Two sets of experiments (each with six breakdowns) were performed at 12 K
and 1.38 MPa on each of the 14 dielectric samples; one set started with
positive-polarity voltage and the other with negative-polarity voltage. Three
replications of all sets were performed, each being completely randomized with
the help of a Random Number Table.

A second series of tests was performed after five dielectric systems were
selected as suitable for the cable-sample tests. The samples were tested in
the form of sheets at 18 K, 83 K, and 298 K under 0.69 MPa and 1.38 MPa of he-
1ium, as well as at 12 K and 0.69 MPa of heljum to determine the effects of
temperature and pressure on the dc breakdown voltage levels. Two sets of tests
(each with six breakdowns) were performed on the five samples. A1l sets of
tests were randomized; Tables 3-VIII to 3-XII show the summarized results.

A third series of tests was performed with Copaco paper, the samples of
which were obtained late in the testing program. The temperature and pressure
variables were randomized during this series of tests. The results are shown
in Tables 3-XIII and 3-XIV.

3.2.1.5. Analysis of Screening-Test Results and Discussion. Surface
charges were a concern, particularly for the plastic dielectric materials.
Although these charges were neutralized by polonium irradiation before the di-
electric materials were placed in the sample holder, tests showed that they
reappeared within a few hours. The paths of the surface discharges could be
identified by dark streamer patterns on the dielectric surface. '

The surface charge could also be correlated with surface discharges and

flashovers when voltage was applied. On Kapton, surface flashovers were some-
times accompanied by black carbonized paths. Of all the plastic materials,
Pink Poly showed the least amount of surface charges and accompanying discharg-
es. Tables 3-VIII to 3-XIV show the ratio of puncture to surface flashover for

58




TABLE 3-VIII
DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD
AT 12 K AND 1.38 MPa OF HELIUM

No. of Pail-

ures by
Mean Lowest Value Stand. Dev. No. of Puncture/
Material kV(kV/mm) kV (kV/mm) kV {(kV/mm) Measurements Distribution Flashover
Cellulose Paper3 11.08 ( 72.70) 9.0 ( 59.06) 1.43 ( 9.138) 34 IN 34/0
Oil-Impregnated
Cellulose Paper® 30.39 (199.41) 22.8 (149.61) 4.73 (31.04) 4 IN/M 34/0
Cellulose Paper® 15.22 ( 59.92) 12.0 ( 47.24) 1,65 ( 6.50) 36 W 36/0
Oil-Impregnated
Cellulose Paper®  44.20 (174.02) 34.8 (137.01) 4.62 (18.19) 36 N 36/0
Cryovac® 40.63 (533.20) 24.0 (314.96) 6.88 (90.29) 35 W 21/14
Kapton® 54.67 (358.73) 36.0 (236.22) 13.05 (85.63) 36 LN 4/32
Mylacd 47.00 (308.40) 30.0 (196.85) 5.86 (38.45) 36 IN S/31
Nomex3 14.10 { 92.52) 10.2 ( 66.93) 2.22 (14.57) 35 E 35/0
Pink Polyd 43.93 (216.19) 27.6 (135.83) 6.28 (30.91) 33 N 33/0
pp/cP 31.08 (122.36) 27.0 (106.30) 2.34 ( 9.21) 35 LN 35/0
ou-xngtegnated
PP/C 46.37 (182.%6) 33.6 (132.28) 6.33 (24.92) 35 N 35/0
Teflon® 47.70 (312.99) 36.0 (236.22) 4.84 (31.76) 36 W 18/18
Udel2 47.76 (313.39) 36.0 (236.22) 6.70 (43.96) 32 E 15/17
Valeron® 46.32 (303.94) 30.0 (196.85) 4.82 (31.63) 35 w 30/5
%m0 nominal 76.2-um~thick sheets.
b'h:o norinal 127-um-thick sheets.
SIwo noninal 38.1-ym~thick sheets.
d'h:o nominal 101.6~im~thick sheets.
B = Extreme value (Type I) distribution.
IN = Lognormal distribution.
N = Normal (Gaussian) distcibution.
W = Weibull distribution.
TABLE 3-IX
DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD
AT 12 K AND 0.69 MPa OF HELIUM
No. of Pail-
ures by
Mean Lowest Value Stand. Dev. No. of Puncture/
Material kV (kv/mm) kV (kV/mm) __kV(kV/mm) Measurements Flashover
Cellulose Paper® 10.65( 41.93) 9.0( 35.43) 0.73( 2.87) 12 12/0
O{l1-Imprejnated
Cellulose Paper3  35.30(138.98) 27.6(108.66) 3.84(15.12) 12 12/0
PP/Co 26.45(104.13) 19.6( 77.17) 3.49(13.74) 12 12/0
Pink Poly® 37.09(186.52) 30.6(150.59) 4.74(23.33) 11 10/3.
Valeron® 39.30(257.87) 31.8(208,.66) 2.93(19.23) 12 1/11
a

Two nominal i27-um-thick sheets.

Two nominal 101.6-um-thick sheets.

c

Two nonminal 76.2-um-thick sheets.
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TABLE 3-X
DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD
AT 18 K AND 0.69 MPa AND 1.38 MPa OF HELIUM

No. of Pail-
ures by
Mean towest Value Stand. Dev. No. of Puncture/
Material XV (kv/mm) KV (kV/mm) kV (kV/mm) Measurements Flashover
Cellulose Paper? 9.98( 39.29)€ 9.0( 35.43) 0.77( 3.03) 11 11/0
12,50¢( 49.21)d 10.8( 42.52) 1.47( 5.79) 12 12/0
0il-Impregnated 31.83(125.31)€ 24.0( 94.49) 4.29(16,89) 12 9/3
Cellulose Paper? 43.15(169.88)¢ 35.4(139.37) 6.21(24.45) 12 12/0
pp/CR 21.58( 84.96)C 17.4( 68.50) 2.50( 9.84) 12 12/0
26.20(103.15)¢ 21.0( 82.68) 3.31(13.03) 12 12/0
Pink PolyP 47.30(232.78)¢ 33.6(165.35) 9.57(47.10) 12 1/11
44.30(218.01)4 36.0(177.17) 5.71(28.10) 12 1/5
2 1wo nominal 127-ym-thick sheets
® o nominal 101.6-ym-thick sheets
€ At 0.69 MPa
4 At 1.38 MPa
TABLE 3-XI
DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD
AT 83 K UNDER 0.69 MPa AND 1.38 MPa OF HELIUM
No. of Pail-
ures by
Mean Lowest Vvalue Stand. Dev, No. of Puncture/
Material kV (kV/mm) kV (kV/mm) kV{kV/mm) Measurements Plashover
Cellulose Paper?d 6.50( 25.59)" S.4( 21.26) 0.84( 3.31) 12 12/0
8.40( 33.07)¢ 6.0( 23.62) 1.95( 7.68) 11 11/0
Oil-Iapregnated 31.95(125.79)9 27.6(108.66) 2.61( 10.28) 10 6/4
Cellulose Paper®  33.60(132.28)¢ 15.6( 61.42) 6.62( 26.06) 12 10/2
PP/C3 21.11¢ 83.11)4 17.4( 68.50) 3.02( 11.89) 11 11/0
27.76(109.29)¢ 18.6( 73.23) 5.47( 21.54) 11 11/0
Pink PolyP 53.93(265.40)4 43.2(212.60) 7.50( 36.91) 12 0/12
70.58 (347.34)¢ 51.6( 73.23) 11.53( 56.74) 11 1710
valeron® 46.20(303.15)8 37.2(244.09) 5.64( 37.01) 12 1/11
55.72(365.62)¢ 40.8(267.72) 9.37( 61.48) 12 1/5
2 1w nominal 127-um-thick sheets
® 1o nominal 101.6~um-thick sheets
€ owo nominal 76.2-um-thick sheets
9 At 0.69 Mpa
e

At 1.38 MPa




TABLE 3-XII

DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD
AT 298 K UNDER 0.69 MPa AND 1.38 MPa OF HELIUM

No. of Pail-
ures by
Mean Lowest Value Stand. Dev. No. of Puncture/
Material kV{kV/mm) kV (kV/mm) kV (kV/mm) Measurements Flashover
Cellulose Paper? 6.25( 24.61)9 4.2( 16.54) 1.52( 5.98) 12 12/0
8.10( 31.89)¢ 4.8( 18.90) 2.34( 9.21) 12 12/0
O{l-Impregnated 25.35( 99.80)d 15.0( 59.06) 4.73(18.62) 12 1/11
Cellulose Paper®  28.80(113.39)€ 18.6( 73.23) 6.90(27.17) 12 8/4
PP/C3 19.55¢( 76.97)d 12.0( 47.24) 5.08(20.00) 12 4/8
24.40( 96.06) © 20.4( 80.32) 3.57(14.06) 12 8/4
Pink Poly® 22.95(112.94) ¢ 21.0(103.35) 1.76( 8.66) 12 0/12
31.60(155.51) € 22.2(109.25) 6.63(32.63) 12 3/9
valeron® 23.00(150.92) 4 11.4( 74.80) 5.32(34.91) 12 1/11
38.84(254.86) € 24.6(161.42) 5.71(37.47) 11 5/6
a Two nominal 127-um-thick sheets.
® 1o nominal 101.6-um~-thick sheets.
< Two nominal 76.2-um-thick sheets.
2 At 0.69 Mpa.
¢ At 1.38 upa.
TABLE 3-XIII
DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD OF COPACO PAPER
(WITH AND WITHOUT OIL IMPREGNATION) AT 0.69 MPa OF HELIUM
No. of Pail-
ures by
Mean Lowest Value Stand. Dev. No. of Puncture/
Material kV (kV/rm) KV (kV/mm) kV (kV/mm) Measurements Flashover
Copaco Without 12.30( 48.43)2 9.0( 35.43) 1.61( 6.34) 12 12/0
Oil-Impregnation  14.25( $6.10)° 12,0( 47.24) 1.12( 4.41) 12 12/0
16,00( 62.99)¢ 15.0( 59.06) 0.78( 3.07) 12 12/0
18.25( 71.85)9 16.2( 63.78) 1.48( 5.83) 12 12/0
Copaco With 16,85( 66.34)3 15.0( 59.06) 1.24( 4.88) 12 0/12
0il Impregnation  37.55(147.83)b 30.6(120.47) 4.94(19.45) 12 1711
44.70(175.98) 4 33.6(132.28) 7.31(28.78) 12 1/11
2 At 298 K.
b ek,
€ at1s K.
d

At 12 K.




TABLE 3-XIV

DC BREAKDOWN VOLTAGE AND ELECTRIC FIELD OF COPACO PAPER
(WITH AND WITHOUT OIL IMPREGNATION) AT 1.38 MPa OF HELIUM

No. of Pail- -
ures by -
Mean Lowest Value Stand. Dev. No. of Puncture/
Material kV (kV/mme) kV{kV/mm) kV (kV/mm) Measurenments Flashover
Copaco Without 11.33( 44.61)2 9.0( 35.43) 1.34( 5.28) 12 12/0 -
Oil-Impregnation 15.75( 62.01)b 13.2( 51.97) 1.54( 6.06) 12 12/0
20.53( 80.83)¢ 18.6( 73.23) 1.44( 5.67) 12 12/0
24.85( 97.83)4 21.6( 85.04) 6.08(23.94) 12 12/0
Copaco With 25.65(100.98)3 22.2( 87.40) 2.84(11.18) 12 0/12
0il Impregnation 48.55(191.14)0 39,.0(153,54) 4.36(17.17) 12 0/12
56.52(222.52)4 46.8(184.25) 4.51(17.76) 10 4/6
2 At 298 K.
b at 83 k.
c
At 18 K.
d At 12 K.

all materials tested. Comparison of these tables shows that higher pressure
or Tower temperature tends to suppress the surface discharges.

Often, breakdown resulted in multiple punctures of the test sample (Fig.
3-28). Puncture was associated with fractures for several of the dielectric
materials. Some of these materials showed microfractures (Fig. 3-29) and
others (e.g., Pink Poly) showed gross fractures. To determine whether the
cool-down process produced the fractures, Pink Poly was cooled to 12 K at
1.38 MPa of helium using the voltage breakdown test procedure. When it was
warmed without the application of voltage, no mechanical distress of the mate-
rial was observed. Tapes of all 12 dielectric materials were immersed in 1ig-
uid nitrogen. Although these tapes became stiffer, none broke when bent.
Tapes of these materials were also wound on aluminum mandrels and plunged into
liquid nitrogen. They showed no damage. This was also true of cellulose pa-
per impregnated with Univolt 60. However, Univolt 60, when frozen in liquid -
nitrogen, became brittle 1ike glass. s

An investigation was made of four types of probability distributions to
find the best fit in describing the breakdown voltage. The normal (Gaussian),
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Fig. 3-28. Fig. 3-29.
Photomicrograph of punctures on Teflon Photomicrograph of microfactures
caused by voltage breakdown (75x). surrounding puncture on Teflon

caused by voltage breakdown (300x).

log-normal, Weibull, and extreme value (type I) distributions were selected
for study.25 The maximum distances between the sample cumulative distribu-
tion function (c.d.f.) and the respective theoretical c.d.f.'s were used as
measured to form the basis of comparison between distributions. These are
similar to Kolmogorov-type stat1’st1‘cs.26 No attempt was made to attach sig-
nificance levels; they were used only for comparison purposes.

Maximum 1ikelihood estimates of the Weibull and extreme value parameters
were used to compute the respective c.d.f.'s. The sample mean and standard
deviation (bias-corrected) provided the theoretical normal c.d.f. The theo-
retical lognormal c.d.f. was obtained by taking natural logarithms of the
data, finding the corresponding normal c.d.f., and then making the appropriate
transformation.

Figure 3-30 shows the empirical c.d.f. and the four theoretical c.d.f.'s
for two sheets of 127-ym cellulose paper. The maximum absolute difference
between the empirical c.d.f. and each theoretical c.d.f. is also given. The
Weibull distribution best fits the data for cellulose paper under these exper-
imental conditions.

Column 6 of Table 3-VIII indicates the type of statistical distribution
for each of the dielectric materials tested at 12 K under 1.38 MPa of helium
pressure. No single distribution appears to be favored over the others. Six
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Fig. 3-30.

Comparison of sample breakdown voltage cumulative distribution function
(c.d.f.) with four types of c.d.f.'s. Two layers of 127-um-thick cellulose
paper at 12 K and 1.38 MPa of helium.

of the 14 materials experienced both puncture and flashover. Perhaps no
c.d.f. should have been tried; however, data for the eight materials that ex-
perienced 100% puncture also failed to support any particular type of c.d.f.
Considerably more work needs to be done before anything definitive can be
stated concerning the statistical distribution of breakdown.

A common mistake in data analysis is to attempt to determine the proba-
bility distribution of a universe from which a sample was taken by simply ex-
amining frequency distributions, histograms, or plots on various types of
probability paper. A simple computer simulation exercise was conducted to
illustrate this point. Pseudorandom samples of sizes 20, 36, 50, and 100 were
taken from Gaussian distributions with standard deviations of 2.0, 4.0, and
6.0. Ten replications were made for each situation and histograms drawn for
each replication. The histograms for standard deviation of 4.0 are shown in
Figs. 3-31 through 3-34. The purpose of these figures is simply to show that
even though samples are taken from a known distribution (Gaussian for this
example) we are likely to observe sample distributions bearing 1ittle resem-
blance to the parent distribution. For example, 4 of the 10 histograms in
Fig. 3-31 are not even approximately bell-shaped.
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Ten independent histograms of randomly generated samples from a Gaussian distribution.

Sample size = 50; standard deviation = 4.0.
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The effects of temperature and pressure on the breakdown voltage for
five selected materials (Figs. 3-35 and 3-36) were studied. For cellulose
paper (with and without impregnation with Univolt 60) and PP/C, dependence of
puncture breakdown on temperature followed the relationship,

m
[

= Egexn(a/T) (3-35)

where E = breakdown electric field (kV/mm), T = temperature (K), and E, and

a are constants. For these three materials, E0 and a were computed and the
values are shown in Table 3-XV. For Pink Poly and Valeron, the breakdown
electric field increased to a peak at 83 K. The reason for such abnormal be-
havior is not readily understood. Because the data were taken at only three
temperatures, neither the exact temperature at which the peak occurred nor the
magnitude of the peak electrical strength could be obtained. However, a peak
electrical strength certainly exists for Pink Poly and Valeron. In computing
the data for Figs. 3-35 and 3-36, only the puncture breakdown values were con-
sidered for those cases where 50% or more of the breakdowns were caused by
puncture. For those cases where 50% or more of the breakdowns were caused by
surface flashovers, all numerical results, including puncture and surface
flashover, were considered and the assumption made that the average of punc-
ture breakdown would be higher than that shown.

Higher pressure generally increased the breakdown strength of a mate-
rial. For cellulose paper and PP/C, this effect can be explained by consider-
ing the porous nature of a cellulose paper matrix (Fig. 3-37); helium gas at
higher pressure in the pores of the material matrix would improve breakdown
strength. For plastic materials (Fig. 3-38), there are two possible reasons
for this apparent improvement in breakdown strength. Two sheets of the
dielectric material were used as the test samples. Because helium gas was
trapped between the two sheets, higher gas pressure should have improved the
breakdown strength. In addition, surface flashover should have prevented
puncture for some of the plastic materials. As pressure increased, flashover
strength improved, and the apparent breakdown strength of the plastic mate-
rials showed higher values at high pressures.
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Relationship between breakdown electric field and temperature for five dielec-
tric materials at 0.69 MPa of helium.
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Relationship between breakdown electric field and temperature for five dielec-
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TABLE 3-XV
PARAMETERS FOR E = Egexp(a/T)

Pressure Eq a
Material (MPa) (kV/mm) (K)
Cellulose Paper 0.69 23.8 6.80
Cellulose Paper 1.38 30.1 8.27
0il-Impregnated
Cellulose Paper 0.69 129.0 0.89
0il-Impregnated
Cellulose Paper 1.38 122.0 4.26
PP/C 0.69 79.0 3.32
PP/C 1.38 104.5 1.89

—
25u
Fig. 3-37. Fig. 3-38.
Photograph (by scanning electron Photograph (by scanning electron

microscope) of cellulose paper (400x). microscope) of Pink Poly (400x).

Two discrepancies in the collected data should be noted. At 18 K, Pink
Poly has a higher average breakdown voltage (47.30 kV) at 0.69 MPa of helium
than that (44.30 kV) at 1.38 MPa (Table 3-X). We obtained similar results by
repeating these two sets of tests. Similarly, Copaco paper, without oil im-
pregnation at 298 K, had a higher averge breakdown voltage (12.30 kV) at
0.69-MPa helium than that (11.33 kV) at 1.38 MPa (Tables 3-XII and 3-XIV).

3.2.2. Cable-Sample Tests. On the basis of the results of the screen-
ing tests, we selected five dielectric materials for further testing in actual
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cable configuration. The criteria for selection included high electrical
breakdown strength and minimal surface discharges. These materials were cel-
lulose paper, Copaco paper, Pink Poly, PP/C, and Valeron. Although cellulose
paper showed the lowest breakdown strength, it was selected because it is the
standard dielectric material for high-voltage cables. Pink Poly was tested at
the Brookhaven National Laboratory (BNL) for its mechanical properties, where
BNL researchers found that Pink Poly would not be suitable as a lapped dielec-
tric for cables. PP/C tapes in small quantities could not be obtained from
the vendor. The manufacturer of Valeron has stopped further production.

We originally planned to reduce the number of candidate dielectric mate-
rials based on the data from the dielectric screening tests. An extensive
test program was planned with these few selected dielectric materials in tapes
(cable samples) to determine the effects of length of cable (5 cm, 50 cm, and
500 cm), type (dc, impulse, switching surge and polarity reversal) and dura-
tion of dc voltage on the dielectric breakdown strength of the dc SPTL. We
also planned to study the effects of dc corona in the operation of dc SPTL. A
high-voltage cryostat was built to test cable samples up to the limits of our
high voltage laboratory (300 kV dc). However, the program had to be re-
scheduled because of the early termination of the dc SPTL program. To compile
meaningful data within a year's time, tests were continued in the original
cryostat (Fig. 3-24), which was not suitable for operation above 100 kV. Only
one length (10 cm) of the cable sample was selected for tests, and most of the
tests were performed with negative impulse (1.2 x 50-us) voltage waves.

3.2.2.1. Dielectric Specimens. Five of the 12 dielectric materials
(Table 3-VII) were selected for tests on cable samples: 76.2-ym thick cellu-
lose paper, 127-um thick cellulose paper, 127-um thick Copaco paper, 76.2-um
thick Mylar and 101.6-um thick Pink Poly. Tapes (2.54-cm wide) of these mate-
rials were procured for the tests.

Our data from the dielectric screening tests showed that Mylar and Pink
Poly have much higher electrical strength than the other three selected mate-
rials. However, cables manufactured purely from plastic tapes will have mech-
anical constraints in their bending ability. In order to maximize the elec-
trical strength and to minimize the mechanical constraint, we decided to run a
few experiments with cable samples in which the dielectric is built up from
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one layer of plastic tape imbedded in several layers of 127-um thick cellulose
paper. The ratio of the thickness between celiulose paper and plastic tapes
was varied to determine its effect on the electrical breakdown strength of the
cable samples.

3.2.2.2. Preparation of Cable Samples. The dielectric tapes were first
cleaned by a comercial dielectric tape cleaner, which directed ionized air

onto the tape surface to loosen charged dirt particles; the tape surface was
then brushed and the loosened dirt removed by a vacuum system.

The cable samples were then made by wrapping the dielectric tapes on a
4.45-cm o.d. aluminum tube, with 3.18 mm butt gaps and a registration
of 33/67. A total of 32 to 34 layers of the 76.2-um-thick dielectric tape
were applied to complete the sample; similarly, 18 to 19 layers in the case of
the 127-um-thick dielectric tapes. Two layers of 127-um-thick and 2.54-cm-
wide carbon-black tapes were used as the ground shield. No conductor shield
was used (except for a few cases) because the 4.45-cm-0.d. aluminum
tube was polished and cleaned to provide a smooth surface before the dielec-
tric tape was wrapped around it. An aluminum foil was tightly wrapped around
the carbon-black paper (ground shield). Each cable sample was nominally 10-cm
long, along which the thickness of the dielectric build-up was uniform. Cloth-
based phenolic stress cones, machined to a log-log contour, were fitted to
both ends of the 10-cm-long cable sample to prevent axial flashover. A four-
section aluminum ground electrode was then fitted on to the cable sample, in-
cluding the stress cones. The combination of ground electrode and the stress
cones was designed to a specification of 1 kV/mm axial stress along the stress
cones and 12.5 kV/mm stress in the surrounding helium at an applied voltage of
100 kV. The design is described in Section 3.4.3 Figure 3-39 shows the vari-
ous parts of the cable sample, and Fig. 3-40 shows the completed sample being
Towered into the cryostat.

3.2.2.3. Test Parameters. Preliminary tests showed that the cable sam-
ples at 12 K and 1.38 MPa of helium pressure have lower dielectric strength
under negative impulse (1.2 x 50-us) voltage waves than under dc voltage.
Hence, most of the tests were performed with negative impulse voltages. The
tests were later extended to 83 K and 298 K, at 1.38 MPa of helium pressure.
Tables 3-XVI and 3-XVII show the summary of the test results with cellulose
papers and Copaco paper. Tables 3-XVIII and 3-XIX show the results with com-
posite dielectric materials (cellulose paper/Mylar and cellulose paper/Pink
Poly) mixed in various proportions. 73




Fig. 3-40.
Cable sample being lowered into cryostat.

3.2.2.4. Analysis and Discussion: Our results of the cable-sample
tests corroborate qualitatively the results of the dielectric screening tests;
the 127-um Copaco paper has the highest dielectric strength and the 127-um
cellulose paper the lowest when compared among the two cellulose papers and
the Copaco paper. However, the dielectric screening tests showed that Copaco
paper had significantly higher strength than the 76.2-um cellulose paper,
whereas the cable-sample tests showed that this difference is marginal. An-
other difference between the two test series is that the dielectric strengths
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TABLE 3-XVI

IMPULSE BREAKDOWN STRENGTH OF CABLE SAMPLES UNDER

NEGATIVE-POLARITY IMPULSE OF 1.2 x 50-us WAVESHAPE:
PRESSURE = 1.38 MPa OF HELIUM; NUMBER OF REPLICATIONS = 5

Material Impulse Breakdown Strength (kV/mm)*
12 K 83 K 298 K
76.2-um Cellulose paper 52.04 28.53 20.30
4,95 2.25 0.72
46.91 24.73 19.23
172-uym Cellulose paper 40.74 21.91 14.50
, 1.71 1.18 1.14
38.64 20.13 12.66
127-ym Copaco paper 54.63 36.39 23.06
2.08 1.26 0.60
48.11 35.28 22.57

*The three figures for each entry represent, in order, average value, standard

deviation, and lowest value.

TABLE 3-XVII

DC BREAKDOWN STRENGTH OF CABLE SAMPLES UNDER
NEGATIVE POLARITY, AT A HELIUM PRESSURE OF 1.38 MPa AND A TEMPERATURE OF 12 K

Mean Lowest Value
Material kV/mm kV/mm
76.2-um Cellulose paper 62.70 56.67
127-um Cellulose paper 43.52 39.42
127-um Copaco paper 62.86* -

*Two other attempts resulted in breakdown under the stress cones

of 56.79 and 59.29 kV/mm, respectively.

8.
3.

Stand. Dev.
kV/mm

53
44

No. of
Measurements

2
5
1

at stresses
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TABLE 3-XVIII

BREAKDOWN STRENGTH OF CABLE SAMPLES COMPRISING MIXTURE OF
1274m CELLULOSE PAPER AND 76.23am MYLAR TAPES AT
12 X AND 1.38 MPa OF HELIUM PRESSURE

Ratio of Thickness (mm) Breakdown Strength
Type of Voltage Cellulose Paper/Mylar kV/mm
2.286/0.152 10.721
1.778/0.381 45.671
Negative Impulse 1.905/0.457 44,371
1.778/0.610 47.631
Negative DC 2.032/0.381 45.841
1.397/0.914 65.492

1. Broke within cable section
2. Broke inside a stress cone

TABLE 3-XIX

BREAKDOWN STRENGTH OF CABLE SAMPLES COMPRISING MIXTURE OF
127-um CELLULOSE PAPER AND 101.6-um PINK POLY TAPES AT
12 K AND 1.38 MPa OF HELIUM PRESSURE

Ratio of Thickness {(mm) Breakdown Strength
Type of Voltage Cellulose Paper/Pink Poly kV/mm
2.286/0.203 39.631
1.905/0.508 39.031
Negative Impulse 1.905/0.508 40.821
1.651/0.508 43.101
1.778/0.711 48.962
Negative DC 1.905/0.508 45.842

1. Broke within cahle section
2. Broke inside a stress cone
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of all the three materials are significantly lower for the cable-sample tests
than those for the screening tests. This was expected; thicker dielectrics
and butt gaps reduce the dielectric strength of a material.

It is of interest to note that the impulse breakdown strengths of the
dielectric materials were lower than their dc breakdown strengths at 12 K and
1.38 MPa of helium pressure. Similar observations were made previously by
Hossam-Eldin and Salvage in a study of oil-impregnated paper cable at Tiquid-
nitrogen ’cempera’cur‘e.z4

The dependence on temperature of impulse breakdown strength of the cable
samples with cellulose and Copaco papers was found to follow the relationship

(Fig. 3-81):

m
u

e (um? (3-36

where E = impulse breakdown strength (kV/mm), T = temperature in Kelvin (K),
and E'0 and b are constants. This is somewhat different from the relation-
ship found in the dielectric screening tests for uniform dc electric fields
(Eq. 3-35, Figs. 3-35 and 3-36). The computed values of E'0 and b are shown
in Table 3-XX.

Unfortunately, the relationship E vs (1/T) could not be determined for
the cable samples under dc stress because of heavy partial discharges at high-
er temperatures.

In order to increase the electrical strength of the dielectric without
being Timited by the mechanical inflexibility of plastic-tape cables, we built
up the layered dielectric by composite dielectrics made up of one layer of
Mylar or Pink Poly and several layers of 127-um cellulose paper. The ratio of
cellulose paper to plastic tapes was varied to observe the effect on the

TABLE 3-XX
PARAMETERS FOR E = E'o(1/T)b

Material _E'g b
76.2-um Cellulose paper 110.31 0.30
127-um Cellulose paper 90.40 0.32
127-um Copaco paper 116.26 0.26

)
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Relationship between impulse breakdown electric field and temperature for
cable samples at 1.38 MPa of helium pressure.

electrical breakdown strength. Tables 3-XVIII and 3-XIX show a trend towards
higher electrical strength as the proportion of the plastic tape was increased.
The Timitations were the cryostat and the stress cones. The stress cones were
designed for 100 kV operation. The tests were pushed upwards to 160 kV. We
believe that by mixing Mylar or Pink Poly tapes with 76.2-um cellulose paper
tape a breakdown strength of 70 kV/mm can be achieved at 12 K and 1.38 MPa of
helium pressure. Finally, PP/C is another material which shows' promise for
applications in a dc superconducting cable.

3.2.3. Electrical Resistivity Measurement.

The steady-state voltage of a dc cable is distributed across its dielec-
tric system in direct proportion to the volume resistances of the various di-
electric components. Hence, it is necessary to know the electrical resistiv-
ities of the dielectric materials to be used in a new system. We decided to
measure the electrical resistivity of several candidates for dielectric mate-
rials in the dc SPTL program because such data at cryogenic temperatures were
not available. The measurements were performed on four types of dielectric
materials: 76.2 um-thick Mylar (DuPont); 76.2-um thick high-density cellulose
paper (Crocker); 127-um-thick cellulose paper (Crocker); 127-4m-thick Copaco
paper (Cottrell).

3.2.3.1. Experimental Procedure. Electrodes were made on a 30.48-cm x
34.93-cm sheet of the dielectric material by spraying a 19.69-cm x 24.13-cm
rectangular area with silver paint. The guard electrode was similarly painted
on a 2.54-cm wide rectangular strip of the sheet surrounding the main electrode
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on the low-voltage side of the sheet. The outer edge of the main electrode
and the inner edge of the guard electrode were separated by a 6.35-mm wide
surface of the dielectric material on all four sides. The sample was then
tightly wrapped around a stainless steel cylinder, which served as the high-
voltage terminal. The stainless steel cylinder was then screwed on to the
lower end of a bushing and lowered into the cryostat. The guard electrode was
connected to the cryostat wall. The signal from the Tow voltage main elec-
trode was brought outside through an air-insulated coaxial cable to minimize
extraneous leakage. The experimental set-up is shown in Fig. 3-42.

The dielectric samples were stored in the sample preparation room where
the relative humidity was between 40 to 50 per cent. Cellulose paper and
Copaco paper being hygroscopic, the samples, after being prepared, were eva-
cuated overnight inside the cryostat at an ambient temperature of about 33°c.
The cryostat was then filled with helium at 1.38 MPa of pressure, and a dc
voltage of +218 volts (three 67.5-volt batteries connected in series) was ap-
plied. The leakage current was measured 1 h after voltage was first applied.
The cryostat was then cooled by liquid nitrogen while the voltage was kept
on. The leakage current was measured at several temperatures during the cool-
down process.

An electrometer (Keithley model 642) was mostly used to measure the
leakage current. A micro-ammeter (RCA type WV-84C) was used at higher temper-
atures when the leakage current was beyond the range of the electrometer.
Table 3-XXI shows the summary of results.

3.2.3.2. Analysis and Discussion. The meter readings fluctuated widely
at lower temperatures. An average was taken from these readings. These fluc-

tuations may be caused by even a slight motion or vibration within the measur-
ing system. This vibration might have come from the pumps for the vacuum
jacket of the cryostat. The vacuum pumps were mounted on the same structure
as the cryostat for the sake of compactness and mobility.

The electrical resistivity was plotted against temperature on semi-log
paper (Fig. 3-43). For the cellulose papers and the Copaco paper, the rela-
tionship follows a straight line at higher temperatures; the slope changes
abruptly at a critical temperature. For Mylar, no straight-line relationship
was observed within the range of temperatures used for the experiment.

79




Photograph of experimental set-up for electrical resistivity measurement at

low temperatures.

TABLE 3-XXI
ELECTRICAL RESISTIVITY OF DIELECTRIC MATERIALS

76 .2-um Mylar 76 .2-um Cellulose Paper 127-um Cellulose Paper 127-um Copaco Paper
Temperature Resistivity Temperature Resistivity Temperature Resistivity Temperature Resistivity
K Q-cm K Q-cm K Q-cm K Q-cm
297.56 4.25x1018 299,34 2.09x1014 296.88 8.58x1016 296.63 9.71x1012
166.23 1.36x1018 277.10 1.36x1016 283.23 8.96x1017 281.97 1.46x1014
88.67 9.06x1019 273,00 3.40x1016 273.00 2.72x1018 273.18 6.27x1014

120.18 6.79x1017 159,52 8.15x1018 230.83 2.72x1018
88.72 4.53x1019 88.72 2.72x1019 171.89 5.44x1018

88.78 1.63x1019

Note: DC voltage = +218 V, supplied from three series-connected 67.5-V batteries.
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The straight-line part of the electrical resistivity vs. temperature,
the equation:

follows

where p

P €XPp (aT)

(3-37)

electrical resistivity at temperature T (R+cm), and o and o are
constants. The constants Py and o were evaluated, as shown in Table 3-XXII.

ELECTRICAL RESISTIVITY (Q cm)

T L& T I
- 76.2- um MYLAR

127-pm CELLULOSE
PAPER ]

76.2-pm CELLULOSE PAPER |
\

127-pum COPACO PAPER‘//////\\

/D_’D
-

| | | 1 ! \J

50 100 150 200 250 300

TEMPERATURE (K )
Fig. 3-43.

Variation of electrical resistivity with temperature for four dielectric mate-

rials.
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TABLE 3-XXII
PARAMETERS FOR 0 = o exp (-aT)

Electric
Material Pa o Field, kV/mm
76.2-um Cellulose Paper 2.82 x 1039 0.193 2.86
127-um Cellulose Paper 3.93 x 1035 0.145 1.72
127-um Copaco Paper 7.64 x 1035 0.178 1.72

It should be noticed that the effect of electrical field on the electri-
cal resistivity has been neglected. The magnitude of Py is dependent on
electric field; however, the magnitude of @ should be invariant. The values
of @, as measured by us, are higher than those published, e.g., 0.1 in Ref. 27
and 0.083 to 0.103 in Ref. 28. However, the published data pertain to cable
models wrapped with oil-impregnated cellulose paper tape.

3.3. Bushing Development.

A high-voltage termination for operation at cryogenic temperatures and

at high pressures is a critical item for the success of the dc SPTL program.
A 100-kV bushing was required for the initial dielectric screening tests, and
a 300-kV bushing for cable sample tests and tests on cable splices, stress
cones, etc. In the future, high-current, high-voltage terminations would be
required for the dc SPTL. The design criteria of such a termination will be
based on the requirements that:
1. it shall withstand the rated dc voltage continuosly, and transient
overvoltages occasionally,
it shall also withstand thermal stresses, axially and radially,
3. heat leak through the termination be minimum, and
all its constituents shall withstand severe thermal cycling, from
12 K to ambient temperature, without mechanical or structural fail-
ure,
Because no such terminations were commercially available, an in-house
development program was initiated. The high voltage test facility is de-
scribed in Sec. 3.5.
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3.3.1. 100-kV Bushing Development. Because this bushing was of immedi-
ate need, two parallel approaches were pursued:

1. Fiber-glass reinforced plastic (FRP) bushing, and

2. Epoxy bushing.

3.3.1.1. FRP Bushing. The design details of this bushing are shown in

Fig. 3-25. A photograph is shown in Fig. 3-44. This bushing was tested at a
pressure of 311 psia (2.14 MPa); it also passed a 15-min voltage withstand
test at 105 kV dc with each polarity.

The pressure containment was accomplished by a 1-in. (25.4-mm) thick
G-10 (glass-reinforced epoxy) flange. A 4.5-in. (114.3-mm) o.d. x 3/16-inch
(4.76-mm) wall G-10 tube penetrates through the G-10 flange and is held in
place with epoxy. A 25.4-mm thick G-10 plug is both epoxy-glued and pegged
into the end of the G-10 pipe.

The electrical design was based on the fact that the electrically weak-
est area will be near the flange, which will be approximately at room tempera-
ture. It was set as a design goal that the working electrical stresses in
Mylar and helium (at room temperature) should not exceed 8 kV/mm and 3 kV/mm,
respectively. The cylindrical ground surface of the bushing was 4.5 in.
(11.43 cm) in diameter, which was limited by the inner diameter of the Dewar
wall. The electrical stress relief was mainly accomplished by tightly rolling
10-mi1 (0.25-mm) Mylar sheets over the center conductor made of a stainless
steel tube. The build-up of the Mylar was such that it would fit tightly into
the cylindrical ground surface made up of the 11.43-cm stainless steel tube.
In spite of the tight fit of the Mylar roll inside the grounded stainless
steel tube, it was realized that there will inevitably be a very

.........

Fig. 3-44.
100-kV FRP bushing.
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small helium-gas gap in between. The diameter (12.7 mm) of the center conduc-
tor was selected such that the electrical stress across the room-temperature
helium near the ground surface was within the allowable Tlimit of 3 kV/mm. The
following equations were used to calculate the electrical stresses:

v
E. = (3-36)
1 rl[Kzn (r3/r2) +2n (rz/rl)]
and
E2 = KEl (rl/rz) s (3-37)
where E1 = electrical stresses on the surface of inner conductor (in Mylar);

E2 = electrical stress on the outer surface of Mylar roll (in helium); V =
applied voltage; ry = radius of inner conductor; ry = radius of Mylar

roll; rs = radius of ground cylinder; and K
For the calculations, it was assumed that V

dielectric constant of Mylar.
100 Kv, rp =rs = 52.3 mm,
and K = 3.25. ri was taken as a variable to calculate the minimum stress.
A value of ry = 6.35 mm was finally chosen to produce El = 7.46 kV/mm and
E2 = 2.94 kV/mm, which are within the set design limits.

Ground planes were painted on the surface of paper-phenolic pieces which
were shaped appropriately for corona shielding. Silver epoxy was judged to be
much superior to silver paint for this purpose; silver paint flakes off in a
cryogenic environment and is damaged easily by abrasion. The epoxy also makes
strong structural joints; two such joints are where the stainless steel tube
is joined to the G-10 tube and where the ground plane is extended from the
stainless steel tube out to the dewar wall.

The phenolic support piece (actually concentric paper-phenolic tubes
epoxied to a 12.7-mm-thick phenolic disk) serves two functions. It centers
the test fixture in he test chamber and provides a long creep path to the test
chamber wall. Since the insulation in the test chamber is gas only, Mylar is
wrapped around the upper part of the test fixture to suppress any corona at
this point. The electrical strength of the bushing has been tested to 105 kV
dc of both polarities with no breakdown or apparent corona.
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The cryogenic thermal qualities of the bushing have not been tested
quantitatively, but Mylar has a lower thermal conductivity than any of the
cryogenic epoxies. The bushing has been regularly used for the dielectric
screening tests as well as the cable-sample tests; thus, it has been subjected
to hundreds of thermal cycles from room temperature to 12 K at 1.38 MPa of
helium pressure. It has not shown any problem in cooling down or any external
frosting. There is reason to believe that this bushing would have superior
cryogenic properties compared to an epoxy bushing constructed to the same
electrical specifications.

3.3.1.2. Epoxy Bushings. For corona-free testing of dielectric samples

at cryogenic temperatures at high voltages, a Mylar-wrapped bushing would
probably be inadequate because of the helium gas entrapped between the layers
of Mylar. With an epoxy bushing, however, all gas can be excluded from the
high-voltage stress field between the ground plane and the center conductor of
the bushing. Two designs of epoxy bushings were investigated.

First Design. In this design, we used the low-viscosity, room-
temperature cure system of catalyst 24 LV and epoxy 2850 FT, both manufactured
by Emerson and Cumings. This epoxy system is known to have excellent high-
voltage and low-temperature properties as well as a thermal expansion coeffi-

cient that matches that of aluminum below room temperature.

The design was based on calculations performed with a computer code,
developed by R. Holsinger of LASL Group P-11, which computes the potential and
electric field for two-dimensional and cylindrically symmetrical systems. It
is also able to include dielectric constants other than unity. Design param-
eters were set to working stresses of 10 kV/mm on the helium gas at 20 atm (2
MPa) and 10 K, and the creepage stress along the epoxy-helium interface of 400
V/mm. The most difficult design parameter to achieve was the creepage limit
with only a 5 3/4-in. (146-mm) bore available in the cryostat. The design,
shown in Fig. 3-45, achieved the creepage parameter and was tailored to
achieve the strike limit with the minimum amount of epoxy. Its construction
involved an aluminum spinning, the contour of which produced the minimum sur-
face electric field at the transition from ground plane to epoxy and was still
thin enough to prevent serious heat leak to the cryogenic environment.

A vacuum-tight water-cooled mold system was fabricated to enable vacuum
degassing of the epoxy-catalyst mix and also to prevent excessive temperature
rise. Mixed epoxy was poured in 12 10-1b (4.5-kg) batches into the mold.
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Fig. 3-45.
Outline drawing of the first design for the 100-kV epoxy bushing.

A radiograph of the casting showed numerous voids within the bulk of the
bushing. It should be pointed out that the temperature of the epoxy mix rose
to 95°C at several points on the outside surface as the epoxy cured. Since
the recommended maximum temperature is near 50°C, it is estimated that the
voids were formed because of this excessive temperature rise. As the sections
cast were thick (5-8 cm), no additional cooling could have prevented thermal
runaway; the heat transfer through the thickness of epoxy used was inadequate.

Second Design. Several innovations were incorporated in this second

design of the epoxy bushing as a result of our previous experience in the de-
sign of epoxy bushings for operation at cryogenic temperatures.

Areas of concern in the construction of an epoxy bushing are:

1. The epoxy material must be compatible with cryogenic and high-
voltage criteria;

2. The casting must be void-free; and

3. The integrity of the joints between epoxy and ground plane and high-
voltage conducting surfaces must be maintained.

Several epoxy systems were screened for high-voltage reliability after
thermal cycling. Two systems appeared to be acceptable. One system, a mix-
ture of Shell Epon resins highly filled with powdered alumina is mechanically
resilient, although difficult to prepare; the second system is Emerson Cumings
Stycast 2850 FT blue. It was decided to cast the first sample with the
Emerson Cumings resin as it has proven to be reliable in other cryogenic ap-
plications.

To insure void-free casting, we decided to vacuum outgas the epoxy in
the mold and then to gel the epoxy on a slow cure schedule under pressure
(0.69 MPa). To allow time for mixing, outgassing, and pressure cycling,
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catalyst 11 (heat cure) was chosen. The resin was allowed to gel at room tem-
perature (about 3 days) and then was postcured at 60°C.

During thermal cycling of epoxy test samples we discovered that even
though the thermal expansion coefficients of epoxy and aluminum are matched
closely, rates of cooling may not be matched. After cycling, the epoxy sepa-
rated from the aluminum leaving a gas gap in the high-field epoxy-aluminum
interface. This cannot be tolerated if we require a reliable, corona-free
bushing. To remedy this fault, we decided to cast both high-voltage and
ground planes in the body of the epoxy using a conductive cloth or screen.
This makes a threefold improvement in the behavior of the epoxy bushing:

1. Electrically conductive cloth has lower thermal conductivity than
aluminum, thus reducing heat leak to cryogenic environment;

2. Cool-down rate is determined almost entirely by epoxy, thus intro-
ducing less stress in the casting; and

3. Ground and high-voltage planes are cast in an epoxy matrix which
precludes separation.

Other features of the bushing are:

1. To reduce overall height of the external standoff, the bushing has
skirts. This would maintain adequate creep and flashover lengths.

2. Mounting hardware was not cast into the epoxy but was external and
bolted on after casting, to reduce internal stresses in the casting. Figure
3-46 shows the outline drawing of this bushing, and Fig. 3-47 its photograph.

Each skirt was cast individually and checked for voids by radiography.
The skirts were then cemented together and the rest of the bushing cast in one
operation. The completed bushing was checked for voids by radiography. A
void was found at the upper end. However, as this was shielded by the high-
voltage terminal, no electric stress will exist within this void. Radiography
also showed small cracks on each side of the casting near the epoxy-fill re-
gion adjacent to the ground-corona shield terminal.

This epoxy bushing was then subjected to thermal cycles and high-voltage
dc tests. During the first cooling, we discovered a leak at the flange of the
bushing. The leak was repaired after five cycles of cooling to 12 K at 1.38
MPa of helium pressure and subsequent warming to room temperature.

The Biddle balanced-bridge corona detector was used to monitor corona
activities in the bushing. Because the test bushing was grounded directly to
the cryostat, the corona detector was used in the single-ended mode, with the
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Fig. 3-46.
Outline drawing of the second design for the 100-kV epoxy bushing.



corona signals taken from a tap on

the 1000-pF filter capacitor of the
high-voltage direct-current (HVDC)

supply.

After the bushing was cooled to
12 K at 1.38 MPa of helium pressure,
voltage was applied in steps and the
corona activity monitored., After a
few preliminary tests with both po-
larities of voltage, we decided that
the negative-polarity voltage gives
the Tower breakdown results. There-
fore, the final tests were performed
with only the negative-polarity volt-
age.

During ramping (1 kV/s) of the
voltage, we monitored a considerable
amount of corona activity with the
corona detector. This activity di-

minished when the voltage was held

Fig. 3-47. constant. Corona activity, in the
The 100-kV epoxy bushing. form of occasional spikes, started at
the 100-kV level. At the 201-kV
level, the corona was continuous, and
the temperature and the pressure of the cryostat began to rise. The voltage
was held constant at 228-kV for 10 min; however, the temperature and the pres-
sure rose so rapidly that the test had to be discontinued. The cryostat is
too small to perform reliable tests above 100-kV dc.

It appears that the corona starts at the helium space between bushing
and the cryostat wall; otherwise, the temperature and the pressure in the
cryostat would not have risen. After being subjected to 40 more thermal cy-
cles between Tiquid nitrogen temperature and room temperature, this bushing
was installed in the cryostat for further voltage tests. The leak at the
flange of the bushing reappeared but was repaired, following which the bushing
was cooled to 12 K at 1.38 MPa of helium pressure. DC voltage was applied to
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the bushing at 1 kV/sec rate up to 201 kV (each polarity) and held for 5 min.
The negative-polarity voltage was then raised until the bushing flashed over
outside at -255 kV. Similarly, the positive-polarity voltage was raised to
+291 kV before the test was discontinued because of visible corona on the rope
supporting the tubular bus to the bushing. It should be borne in mind that
the elevation of LASL is about 3 km above sea level. The barametric pressure
that day was 588.0 torr.

Impulse tests with 1.2 x 50-us waves were then performed on the bushing
at various temperatures and pressures. Table 3-XXIII shows the results.

3.3.2. Epoxy-Mylar Bushing. For operation at 300 kV or higher volt-

ages, the dimensions of an epoxy bushing become large if the electric stress
is kept below 8 kV/mm for reliable service. A large bushing will produce a
heat leak to the cryostat because this bushing will have a relatively good
thermal conductivity to prevent high thermal stresses across it. Bushings can
be made from other dielectric materials, such as Mylar, Kapton, polyurethane,
etc. Because these dielectric materials can withstand high electric stresses,
the bushings made of these materials will have smaller dimensions. Since
these bushings will be made of layers of these dielectric materials, helium
gas will be trapped between layers, producing corona and eventual breakdown.
If, however, the wrapped dielectric can be impregnated with a material having
higher dielectric constant (e.g., heavily filled epoxy resin), gaps of helium
gas will be avoided. Moreover, because of the higher dielectric constant of
epoxy, the electric stress will be concentrated on the layers of the wrapped
dielectric which can tolerate higher stresses than epoxy.

We made a small model of an epoxy-Mylar bushing (Figs. 3-48 and 3-49),
using Emerson Cumings 2850 FT epoxy resin. The diameter of the inner conduc-
tor is 44.45 mm and that of the outer ring 57.15 mm. The dielectric between
these two concentric electrodes is cbmposed of alternate layers of 0.127-mm-
thick Mylar (dielectric constant k=3) and 0.178-mm epoxy (k=7). This bushing
was immersed in transformer oil to prevent surface flashover and then tested
at 250-kV dc for 1 h. After much corona activity on the insulator surface and
turbulence in the oil for the first 20 min, the corona subsequently subsided.
After 1 h, we raised the voltage to 300-kV dc, where a flashover occurred af-
ter about 3 min.
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TABLE 3-XXTII
RESULTS OF NEGATIVE IMPULSE (1.2 x 50-ups) TESTS ON 100-kV EPOXY BUSHING

Temperature Pressure
K MPa
300 0.078 (air)

Air at Atoms Pressure

300 1.38 (helium)
12 0.69 (helium)
12 1.38 (helium)

Flashover
Voltage
kV Remarks
-35.3 Surface flashover on
bushing inside cryostat
(creepage path = 27 cm)
-67.3 Surface flashover on
bushing inside cryostat
-201.0 Surface flashover on
bushing inside cryostat
-284.0 Surface flashover

across outside skirts
of bushing. Bushing
damaged.

Fig. 3-48.
Photograph of the epoxy-Mylar bushing model with composite dielectrics.
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The electric field across the first layer of epoxy at the surface of the
inner conductor was calculated to be 29.92 kV/mm at 250 kV and 35.91 kV/mm at
300 kV. If only one dielectric material had been used, the corresponding
electric stresses would have been 44.76 kV/mm and 53.71 kV/mm.

This test shows the superior performance of a properly designed compos-
ite dielectric. As the dielectric constant of epoxy (k=7) is higher than that
of Mylar (k=3), the stress tends to be concentrated in Mylar, which is a bet-
ter dielectric. This test data was used to design the 300-kV test bushing.

This 300-kV test bushing was going to be used with the horizontal cryo-
stat for cable-sample tests. The dielectric located between the center con-
ductor and the ground plane is made of layers of 0.254-mm Mylar embedded in
0.178-mm epoxy. The purpose of the Mylar in the epoxy is to relieve the elec-
trical stress on the epoxy, a concept demonstrated in the test of the model
bushing. Calculations show that the electric stress on the first layer of
epoxy adjacent to the high-voltage inner conductor will be 7.87 kV/mm instead
of 13.63 kV/mm, as would occur if only epoxy or Mylar were used. This type of
hybrid design has several advantages for cryogenic high-voltage applications:

1. because of the smaller cross section of the bushing, the heat leak

into the Dewar is reduced;

2. Mylar wrap will prevent radial cracks in the body of the bushing;

and

3. the smaller cross section will allow reduced casting size and

weight that makes the casting easier and more reliable.

Another new feature of the bushing is the casting of the ground-
potential electric-stress shield from polyurethane foam instead of machining
it from glass-epoxy laminate (G-10). This would relieve shrinkage and thermal
stress in the epoxy around the stress shield. The G-10 casting in the 100-kV
bushing produced cracks.

Still another new feature is the inner conductor lined with polyurethane
foam to isolate thermally the inner wall of the bushing. This would reduce
the Targe thermal gradient from the cold inner wall to the room-temperature
outer wall of the bushing. The foam is situated inside the Faraday shield to
protect it from any voltage stress.
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We cast the 300-kV test bushing with the Shell Epon epoxy instead of the
Emerson and Cummings 2850 FT. Although the Shell Epon epoxy is more difficult
to mix, it penetrates the Mylar wrap more easily because of its lower viscos-
ity at casting temperature. The 0.254-mm Mylar is wrapped with a 0.178-mm gap
between layers. This and the vacuum-fill process allowed the epoxy to fill
all void in the body of the bushing. An outline drawing of this bushing is
shown in Fig. 3-50 and a photograph of the completed bushing in Fig. 3-51. An
x-ray examination of this bushing showed no air voids within the composite
dielectric.

The vacuum-fill process is shown in Fig. 3-52. First, both the mold and
epoxy in the small vacuum pot were heated to approximately 27°C. The epoxy
was then catalyzed and mixed. The mixture was thoroughly outgassed by evacu-
ating the small vacuum pot. Meanwhile, the vacuum-pressure tank containing
the warm mold was pumped to a residual pressure of 26.7 Pa. Atmospheric pres-
sure of air was then admitted to the vacuum pot and the valve on the fill pipe
opened. The outgassed epoxy was thus forced into the bushing mold. After the
mold was filled, we bolted the pressure 1id to the vacuum-pressure tank that
was then pressurized to about 765 kPa. The bushing was allowed to jell at
room temperature for about 24 h and then was postcured at about 60°C.

The 300-kV test bushing was installed in the existing cryostat and
cooled to 12 K at 1.38 MPa of helium. We applied negative-polarity dc voltage
at 1 kV/s-rate to -300 kV. This voltage was held constant for approximately 2
min, when the high-voltage terminal of the HVDC generator flashed over.

The cool-down time of this bushing was shorter than that of the
100-kV epoxy bushing. This increased cooling rate may be caused by lower heat
leak through the Mylar Tlayers. This was advantageous during cable-sample
tests, because it reduced the cool-down time to such an extent that one break-
down test per day could be performed.

This bushing was initially used to perform cable-sample tests in the
vertical (100-kV) cryostat. After about 50 cooldowns, the lowest skirt of the
bushing showed a crack. Inspection showed cracks on the polyurethane foam
also. Radiography further showed extensive cracks in the foam as well as in
the surrounding Mylar layers. These cracks were contained only in the lower
part of the bushing which experienced thermal cycling.
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Fig. 3-49.
Cut-away view of Epoxy-Mylar bushing
model.

the following:

3.3.3. 50-kV Epoxy-Mylar Bush-
ing. Two 50-kV epoxy-Mylar bushings
were fabricated (Figs. 3-53 and 3-54).
Their design is similar to that of
the 300-kV test bushing; however, we
have improved the fabrication tech-
nique. Also, we selected the Emerson
and Cummings 2850 FT epoxy instead of
the Shell Epon epoxy previously used
in the 300-kV test bushing. Because
the vertical cryostat has been the
limiting factor, the 100-kV and
300-kV test bushings could not be
tested to destruction to determine

the design safety factors. One of
the two 50-kV bushings was intended
to be tested to destruction with the
present cryostat. The second 50-kV
bushing was to be used to measure
electrical resistivity of the select-~
ed dielectric materials.
3.4. Electrical Stress Analysis.
Essential to the successful de-

sign of high-voltage apparatus is a
thorough understanding of the electric
electric field distributions in the
apparatus. Of immediate concern to
the dc SPTL program was the design of

1. multiple-electrode systems for dielectric screening tests and

cable-sample tests;

2. stress-relief cones for cable-sample tests; and
3. high-voltage bushings to lTead test voltages into the test cryostats.
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-Mylar bushing.

Fig. 3-50.

Outline drawing of 300-kV epoxy
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Fig. 3-51. Fig. 3-52.
300-kV dc epoxy-Mylar bushing. Schematic of vacuum-fill process for

casting epoxy bushings.

The electric field distributions in SPTL equipment is too complex to be solved
by hand computations. Consequently, we used digital computer simulations to
calculate the electric fields. At the beginning, however, we used an electro-
lytic tank method to study electric fields and to check the calculations.
According to the computer method, a conducting object (e.g., an elec-
trode) may be replaced by a number of discrete electric charges situated with-
in its contour. The values and the locations of the charges are such as to
make the contour an equipotential surface of the given value and to leave the
external electric field unchanged. Once the charges and their locations have
been determined, the electric field outside the contour may readily be found.
The computer analyses were performed for several configurations by W. F.
Westendorp, a consultant. )
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Fig. 3-53. Fig. 3-54.

Outline of drawing of 50-kV epoxy- The 50-kV epoxy-Mylar bushing.
Mylar bushing.

3.4.1., Electric Field of the Six-Electrode Dielectric Sample Holder.
The six-electrode sample holder (Fig. 3-26), which was used in the dielectric
screening tests, was simulated first. We calculated the electric fields tan-

gential to the surface of the dielectric sample. The following assumptions
were made:
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1. The top electrode is at +50% of the applied potential, the bottom
electrode at -50%, and a neutral plane is in the middle; and

2. the thickness of the dielectric sample is 0.152 mm, its dielectric
constant being 3.3.

We determined the potentials at various radial distances along the sur- -
face of the dielectric sample. The electric field at various points along the
dielectric surface was then computed from the gradients of surface potentials.
A plot of the surface potential is shown in Fig. 3-55. The highest tangential
stress (462 V/mm/applied kV) is at the edge of the electrode.

3.4.2. Analysis of Multiple-Breakdown on Single-Cable Sample. Because
of the long cooling and subsequent warming times required for dielectric test-
ing at cryogenic temperatures, the possibility of multiple breakdowns in one
single cool-down procedure is extremely interesting. The six-electrode system
for our dielectric screening tests allowed us to get the required data within
a relatively short period of time.

The first multiple-breakdown attempt on cable samples was tried by de-
signing a scale model of a ring-shaped ground electrode embedded inside an
epoxy ring (Fig. 3-56). Our intent was to install such an electrode system at
regular intervals along the length of the cable sample so that breakdown tests
could be performed at several points along the test section during one cool-
down procedure. We calculated, by the digital computer, the electrical stres-
ses in the epoxy, along the surface of the wound dielectric, and in heljum
using the charge-simulation technique. For an applied voltage of 50 kV, the
highest stresses in these media were found to be 47.24 kV/mm, 5.91 kV/mm, and
20.47 kV/mm, respectively. These figures show that the epoxy ring provides a
significant stress relief. Although further improvement in the reduction of
stress is possible, it may be difficult to achieve the required tolerances in
machining and casting of epoxy; therefore, the study on multiple-breakdown
apparatus should be continued.

3.4.3. Electric Field of a Cahle Termination. Continuation of the
dielectrics program will require 100-kV cable samples prepared for tests up to
300-kV dc. Electrode systems will have to be designed so that punctures occur
through the bulk of the dielectric sample, and not as flashovers across the
dielectric surface, during overstressing of the cable sample by the applica-
tion of voltage.
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Fig. 3-56.
Schematic of electrode system for multiple-breakdown tests on cable samples.

A 300-kV termination was designed and is schematically shown in Figq.
3-57. The stepping of the dielectric is shown by the dotted 1ine and the
stress-control cone by the dashed line. Both the stepping and the stress-
control cone start at x=0. The termination is of cylindrical symmetry and is
immersed in helium at 12 K and 1.38 MPa.

The electrical stresses in the x-direction within the dielectric and the
total stresses in the helium were calculated with the digital computer. These
stresses were found to be unacceptably high. For instance, at x = 10 mm, the
Ex on the dielectric surface was 3.27 kV/mm, and the total stress at the
stress-control cone was 130.18 kV/mm for a 300-kV application.
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A similar cable termination was simulated on the electrolytic tank. The
scale of the electrolytic-tank model was 16:1. The photographs of this model
are shown in Fig. 3-58 and 3-59. The summary result is shown in Fig., 3-60,
TQe insert in Fig. 3-60 shows the schematic of the electrolytic-tank model.
Because of the 16:1 scale of the model and the curvature of the ground elec-
trode, the electric stresses at x=-109.2 mm on the electrolytic-tank model
will correspond to the stresses at x=10 mm from the edge of the stepping for
the actual termination. The Ex on the dielectric surface at this point was
measured to be 5.5 kV/mm. The maximum measured electrical stress in helijum
was found to be 93 kV/mm. The stress would be even higher at the edges of the
ground electrode.

The electrical stresses, as measured by the electrolytic tank and cal-
culated by the digital computer, were much higher than the assumed design
stresses. Therefore, the original design analysis was scrutinized. In the
original evaluation we had used Short's analysis on cable joints.29 We con-
cluded that Short's analysis needed modifications because the resultant stres-
ses in helium were not calculated. Corrected calculations now showed that the
electrical stress at the stress-control cone at x=10 mm will be 138.63 kV/mm
as compared with the digital-computer calculation of 130.18 kV/mm.

The breakdown strength of helium at 12 K and 1.38 MPa is approximately
35 kV/mm.30 Therefore, the design stress of 12.5 kV/mm in helium is ade-
quate. However, the design value of 0.5 kV/mm for the axial stress in the
taped dielectric is an assumption that needs to be verified.
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Fig. 3-57.

First design of a 300-kV termination for cable-sample tests.

100




Fig. 3-59.
Close-up view of the cable-termination model in the electrolytic tank.
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Fig. 3-60.
Electrical stresses at the surface of the stepping and in the surrounding
helium for cable-termination design (applied voltage = 300 kV).

A second termination was designed to be used in the horizontal cryostat
during cable-sample tests and to withstand up to 300kV. The design require-
ments Timit the axial stress in the taped dielectric to 0.5 kV/mm and the
stress in helium to 12.5 kV/mm. This design was verified by a computer study |
using the charge simulation method, performed by W. F. Westendorp, consultant.
The profile of the termination is shown in Fig. 3-61. The computer calcula-
tion shows that the highest axial stress in the taped dielectric will be 0.52
kV/mm and the highest stress in helium will be 12.55 kV/mm, which come very
close to the design requirements.

A cable sample with stress cones on both ends was manufactured to deter-
mine the axial breakdown strength of cellulose paper tape. To prevent break-
down across the dielectric in the radial direction, the radial design stress
was 10 kV/mm at 100 kV. The axial design stress at 100 kV was selected as 2
kV/mm to encourage axial flashover below 100 kV of applied voltage. The heli-
um stress at 100 kV was designed to be 12.5 kV/mm.
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Profile of a termination to withstand 300 kV.

The main part of the dielectric, 4 cm long, consisted of layers of 2.54-
cm-wide and 127-um-thick cellulose paper. The stress cones at both ends were
built up from a 6335-mm-long tapered sheet (0.203-um-thick waxed cellulose
paper).

The cable sample was cooled to 12 K at 1.38 MPa of helium and held there
for about 3 h before dc voltage was applied at 1 kV/s to 100 kV. Both polar-
ities of the dc voltage were held for 5 min. There were some indications of
corona although we could not ascertain the source. After dismantling, the
tapered sheets (stress cones) were examined for corona tracking. No sign of
distress was observed.

A similar cable sample was manufactured for impulse testing with 1.2 x
50-us voltage waves at 12 K and 1.38 MPa of helium pressure. The only differ-
ence between this and the previous sample was that the stress cone was ma-
chined out of cloth-based phenolic (Fig. 3-39). The objective was to reduce
the preparation time for the test cable samples. The stress cone flashed over
at -212 kV and +234 kV of negativeand positive-polarity impulse waves, respec-
tively.

Another cable sample was manufactured with design stresses of 10 kV/mm
and 1 kV/mm in the radial and axial directions, respectively, at 100 kV of
applied voltage. One of the two stress cones broke along its axis at -172.4 kV
of negative-polarity impulse waves. This design was finally selected for
cable-sample testing in the 100-kV cryostat.

3.4.4. Electric Field at the Ground Flange of Bushings. The grounded
flange in a bushing (Fig. 3-50) produces a discontinuity and, hence, a concen-

tration of electrical stress. A cylindrical collar is generally designed
around this grounded flange to diffuse the stress concentration. “The ideal
design would be one in which the electrical field at any point on this
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grounded electrode would be Tower than that at the high-voltage conductor. A
contour of the grounded collar was designed to follow the equation of a modi-
fied hyperbolic spiral. Computation of the electrical field at this collar
showed that the highest field could be'Timited to 90% of the field at the high-
voltage electrode. This contour was used for the design of the 50-kV bushings
(Sec. 3.3.3.).

3.5. Equipment and Instrumentation.

Study of dielectric properties of materials in cryogenic environments is
difficult and time consuming. The laboratory must contain not only the usual
high-voltage equipment but also other ancillary instrumentation to monitor
parameters under controlled cryogenic environments. Because such a laboratory
was not available to the Group, a laboratory was built to carry on the dielec-
tric study. This laboratory consists mainly of three areas:

1. high-voltage bay,

2. sample preparation room and

3. screen room.

3.5.1. High-Voltage Bay. This is a fenced-in, interlocked area (Fig.
3-62) which contains a 300-kV, 10-mA, filtered dc power supply; a 600-kV, 60-kd
impulse generator; resistive and capacitive voltage dividers; and the cryostat

which contains the dielectric sample to be tested. The dc power supply can

provide voltages of either polarity. The impulse generator can produce both
the Tightning wave (1.2 x 50-us wave) and the switching surge (250 x 2500-us
wave), also of either polarity.

The interlock system was designed such that the 300-kV dc power supply
and the 600-kV impulse generator cannot be energized if the gate of the fenced-
in area is open. To energize the high-voltage equipment, this gate has to be
closed and the interlock key has to be in the "on" position on the control
panel of the screen room. '

To avoid any possible damage to the instrumentation and control circuits,
steps were taken to isolate and protect these circuits. To accomplish this,
an auxiliary 24-V dc supply was installed and protected with transient voltage
suppressors. Remote controls are operated with 24-V relay contacts, thus iso-
lating the screen-room electronics from possible sparkover or surge damages.
A1l wiring external to the screen room was installed in conduits or steel
ducting. Instrumentation wiring is both shielded and installed in conduits.
A1l safety and warning devices were installed utilizing the 24-V relay inter-
face.
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Fig. 3-62.
High-voltage laboratory for the dc SPTL program.

3.5.2. Sample Preparation Room. This is an air-conditioned room (Fig.
3-63) which contains the Insulator Test System (ITS), the dielectric taping
machine, the dielectric tape cleaner (Simco) and other ancillary equipment.

3.5.2.1. Insulator Test System (ITS). This system (shown at the back
of Fig. 3-63) automatically inspects rolls of dielectric tape for thickness
and pin holes. These conditions are monitored and continuously recorded for a
permanent record of each roll of tape. The functional and block diagrams of
this tester are shown in Figs. 3-64 and 3-65.

The tape, in widths of 1.9 to 2.54 cm in rolls, will snap into the test-
er. Drive of the tape through the system is done by means of rubber drive
rollers.

Thickness of the tape is measured by a beta transmission gauging cir-
cuit. 147Pm betas (230 keV) have been shown to provide measurement of the
tape thickness to within + 1% of the total thickness.
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] Fig. 3-63.
Dielectric sample preparation room.
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Block diagram of the Insulator Test System (ITS).

The 147Pm source is mounted above the tape, which in turn passes over
an aperture (22.9 mm x 3.18 mm width). The betas that pass through the tape
are detected by a photomultipiier (RCA-6199), which produces a current propor-
tional to the detected betas. This signal is amplified and fed to a strip
chart recorder.

A miniature mercury lamp is used as the light source for the detection
of pin holes. The mercury Tline at 254 nm was selected as being the optimum.
The insulators being considered are opaque at this wavelength. An optical
interference filter, with 19% transmission at 254 nm and less than 0.1% trans-
mission at 300 nm, is used between the sample and the detector. The detector
is a 1P28 Photomultiplier tube. Response of the system to holes 0.1 mm or
larger indicate that these will routinely be recorded. Difficulty in produc-
ing holes less than 0.1 mm in the insulator material have made calibration of
the system for holes in this range impractical at this time. The signal gen-
erated by the system indicates that detection of much smaller holes is pos-
sible.

The above system can be used for all but one of the dielectric tapes
selected for the dielectric screening tests; the only exception is Cryovac,
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which is transparent to the 245-nm light. For this material, a light source
consisting of two CW laser diodes with a peak emission at 850 nm was chosen.
An RCA Type 7102 Photomultiplier, which has an S-1 spectral response, was
chosen as the detector. A wide-band pass optical filter (700 nm to 900 nm)
will also be used to 1imit the spectrum to the desired wavelength.

The detector electronics are designed to allow the setting of discrimi-
nation levels to compensate for the different average transmission of the S
light through the various samples.

Once a discrimination level has been set for an insulator type, a hole
will trigger a pulse that will cause an event marker on the strip chart re-
corder, which also records the thickness. At the same time, a circuit is
tripped to indicate that a hole has been detected. The presence of a hole is
simultaneously recorded on the chart recorder and a counter.

The chart recorder and tape transport speeds are synchronized by the
operator before the start of an inspection. The event marker on the chart
recorder is switched to detect Tinear motion of the transport by a circuit
that transmits a pulse each 2.54 cm of tape travel. The tape transport speed
is then adjusted to match the chart recorder speed or, if desired, increased
to reduce the chart record length by a known scale with respect to the tape
Tength.

The tape transport system automatically detects the end of a reel of
tape and shuts the system off so that the system once set up and started is
left unattended for the duration of the inspection.

The ITS was designed and built by LASL Group M-1 (Non-Destructive Test-
ing).

3.5.2.2. Dielectric Taping Machine. This machine, shown at right of
Fig. 3-63, consists of two basic assemblies: the first holds the cylindrical
conductor, while the second holds and dispenses the dielectric tape. This
machine is designed so that as the cylindrical conductor is rotated at con-
stant speed, the tape holder will travel along the length of the conductor
dispensing the dielectric tape at the proper pitch, butt gap, and tension.
Dielectric tapes can be wound on a conductor of length up to 5 m. This ma-
chine was designed and built by LASL Group J-7.

3.5.3. Screen Room. The screen room (Fig. 3-66) consists of a 2.4-m x -
2.4-m x 2.4-m (8'x8'x8') double-walled enclosure made of copper mesh (Model
D2H2 of Ace Engineering). It contains the following equipment:
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control console for the 300-kV dc power supply,

control console for the 600-kV impulse generator, ‘

bridge type partial discharge detector (Bidd]e Type 5700-03),
pulse height analyzer (Tracor Northern, NS-710A),

tape casette unit for pulse height analyzer, NS111-A),

impulse peak voltmeter (Haefely type 64M),

waveform recorder (Biomation model 8100),

data acquisition system for Biomation 8100 (William Palmer Indus-
tries, Model DCR/10),

9. cathode-ray tube display accessary (Biomatijon Model 350)

10. high-voltage surge-test cathode ray oscilloscope (Tektronix 507),
11. dual-beam cathode ray oscilloscope (Tektronix 551)

12. cryostat temperature controller and monitor,

00 N Oy O B W N -
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13. cryostat temperature monitor, and

14, cryostat pressure monitor.
Description of some of the special equipments follows.

3.5.3.1. Partial Discharge Measurement. Partial discharges in a
dielectric system under ac voltage occur during each half cycle of the voltage
wave. Under dc voltage, partial discharges occur at much longer intervals
(sometimes hours) depending upon the complex RC time constant of the dielec-
tric system. It is, therefore, difficult to analyze partial discharges under
dc voltage. It is important to minimize the effects of external electrical
noise on the instrumentation. We selected the bridge-type partial discharge
detector to balance out the effects of external electrical noise; the pulse
height analyzer records the frequency of the discharges of various magnitudes
in 1024 channels; the data is stored in the magnetic tape casette unit and can
be retrieved and read out.

3.5.3.2. Impulse Voltage Measurement. The impulse voltage is measured
in three different ways:

1. impulse peak voltmeter (Haefely type 64 M),

2. cathode ray oscilloscopes (Tektronix 507 and 551), and

3. waveform recorder (Biomation 8100).
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Control center for the high-voltage laboratory.

The cathode ray oscilloscopes were intended to be used for set-up and
for special tests. However, the surge-test oscilloscope has been used most of
the time to record the 1.2 x 50-uys voltage waves.

The impulse peak voltmeter and the surge-test oscilloscope are connected
in parallel to the 75-Q low-voltage arm of the 1000:1 resistive voltage divid-
er through a 75-Q triax cable. While the cathode ray oscilloscope gives in-
formation on the wave shape and time to breakdown, the impulse peak voltmeter
gives instant reading of the peak of the impulse wave.

The waveform recorder records an impulse wave in 2048 channels at a
selectable interval, the shortest being 10 ns. The data are stored in a mag-
netic tape cassette by a data acquisition system (DCR/10) designed by the -
William Palmer Industries. The DCR/10 has been factory-programmed to read,
edit, and format the data from the Biomation 8100 waveform recorder. It
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precisely duplicates a number of tape encoding techniques to assure digital
computer compatibility. The cassettes produced by this unit are read directly
by any Texas Instruments 733 ASR Data Terminal. Up to 14 waveforms may be
recorded on each side of a magnetic tape cassette. A 50-Q Tadder-type atten-
uator (100:1) was designed to be used with the 1000:1 voltage divider to at-
tenuate 500-kV output from the impulse generator and apply 5 V to the Bioma-
tion 8100.

3.5.3.3. Cryostat Temperature Controller. This temperature controller

(Fig. 3-67) was designed by us to serve many applications within the dc SPTL
Program.

The controller includes the following five circuit functions:
1. differential instrumentation amplifier,

2. constant-current supply,

3. servo-loop amplifier,

Differential instrumentation amplifier

Cryostat

I heater
i Single ended
amplifier array ———
J. ————————— |
-1 -

Temperature
transducer
[]

§

“T 7" "Constant current supply

L e e o e e e s e e e o e e e e

Servo-loop amplifier

Fig. 3-67.
Schematic of primary components in a PID temperature controller.
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4. single-ended amplifier array, and

5. computer interface.
Each board has common power connections and a card-edge connector for a stan-
dard Wyle card file, so that several boards can be combined to meet a given
system requirement merely by plugging in the required cards and providing ap-
propriate input and output connections to the card edge connector.

The differential instrumentation amplifier board is an ultra-high per-

formance, 1012-szinput impedance, linear, noninverting voltage mirror. Its
function is to sense the voltage difference between two terminals, neither of
which need be at ground potential, and to provide a grounded output equal to
that difference, accurate to a part in 106. It must have a common-mode re-
Jjection ratio greater than 150 dB and also provide a separate, variable-gain,
grounded output to drive a recorder. Several such amplifiers would be used to
provide parallel grounded outputs for the voltages generated in a typical ex-
perimental configuration by several temperature transducers connected in a
series string and maintaining full isolation between input and output. Thus,
the circuit functions as a high-quality buffer amplifier used to prevent a
grounded instrument system from influencing readings taken from an ungrounded
sensor string.

The constant current supply board has an output stable to 1 part in

106 and can provide a grounded, or virtually grounded, constant current of

between 10'6 and 10'2 A for load voltages up to 8 V with an output imped-

ance at 1073 A of 9 x 109 . It also provides approximate +9.3 V and -9.3

V reference voltages with stability of 0.001%/°C and output impedance of

10'6 2, Its function is to power one or more resistance temperature trans-

ducers wired in series and to provide stable reference voltages for servo-

control applications. Transducers, such as doped-germanium, silicon-diode,

carbon, carbon-in-glass or platinum, are commonly used in low-temperature mea-

surement and control systems and may be used with constant current excitations.
The servo-loop amplifier board is a stahle PID signal processor. Its

functioning is to generate an output signal proportional to the sum of the

input voltage and the integral and the derivative of the input voltage. A

proper mix of all three types of signals will enable the generation of an er-

ror signal from a temperature transducer, which will tend to stabilize temper-
ature for almost any perturbation to the cryogenic system. Thus, inherently
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unstable systems, such as the 300-m SPTL refrigerator-flow experiment, can be
controlled. In generating the correction signal, the servo-loop amplifier
processes any nonzero input signals, and, therefore, it is necessary to "buck"
the signal from the temperature transducer with a set-point signal so that
when the desired voltage appears at the transducer, the servo-loop sees zero
input. This function, as well as several others, is performed by the single-
ended amplifier array. This array is necessary for servo-loop amplifier oper-
ation and, hence, is also used in the control mode of the instrumentation
package.

The function of the single-ended amplifier array board is to buffer and

amplify signals generated by the other three boards in order to complete the
temperature measurement and control package. Its application is best demon-
strated by describing the temperature controller assembly. Connection of the
constant current supply to the temperature-transducer current leads powers the
transducer so that a temperature dependent voltage difference appears across
its voltage leads. The differential instrumentation amplifier acts as a buf-
fer and provides a gain-one grounded output equal to that voltage difference.
This voltage appears at point 1 of Fig. 3-67. The +9.3 V reference voltage of
the constant current supply is reduced by an external voltage divider to be
the negative of the voltage the transducer should produce at the desired con-
trol point. This dividend voltage (set-point voltage) is buffered by the
gain-one voltage follower of the single-ended amplifier array board and ap-
pears at point 2. The voltages at point 1 (thermometer voltage) and point 2
(set point voltage) are summed and amplified by the precision-summing ampli-
fier, also on the single-ended amplifier array board. The result appears at
point 3, where it is fed to the servo-loop amplifier, and then to the rectify-
ing amplifier of the single-ended amplifier array, where it is amplified, in-
verted, rectified, and fed to the cryostat control heater at point 5 in such a
way as to do the following. If the thermometer voltage is greater than the
inverted set-point voltage (too cold), negative voltage appears at point 3,
and a positive voltage, equal to the amplified sum of the proportional integral
and derivative voltages, appears at point 4. Therefore, the voltage appearing
at point 5 is a negative voltage, which results in power to the heater, there-
by warming the thermometer. If the thermometer voltage is less than the in-
verted set-point voltage (too warm), the positive voltage generated by the
servo-loop array is blocked by the final diode, and no voltage appears at the
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heater, thereby enabling the cryogens in the system to cool the thermometer.
Thus, a complete control function is provided by the four circuit boards de-
scribed above.
A fifth digital interface board enables a computer to control the set-
point voltage and hence the temperature of the system. -

3.5.3.4. Cryostat Temperature Monitor. Although the temperature con-
troller has a temperature sensor incorporated in it, we fabricated several -
temperature monitors for use independent of the controller. A 1/8-W carbon
resistor was used as the temperature transducer to measure the range between
12 and 18 K. A constant-current supply was used to pass 100 HA through this
resistor. The temperature-dependent voltage drop across this resistor was
measured by a separate pair of voltage leads in a mullivoltmeter. The actual
temperature was read from a tape, which was previously made during calibration
of the carbon resistor at various temperatures. A copper-constantan thermo-
couple was used to measure temperatures near room temperature and 83 K.

3.5.3.5. Cryostat Pressure Monitor. The heljum pressure in the cryo-

stat during dielectric tests is measured by a Bourdon-tube pressure gauge at-
tached to the cryostat wall. If the absolute pressure could be measured elec-
trically it could be read in the control room on a digital voltmeter and re-
cord the pressure fluctuations during the breakdown tests. The block diagram
of a pressure transducer system to accomplish this is shown in Fig. 3-68. The
pressure transducer (National Semiconductor LX1730A) measures absolute pres-
sure (0 to 2.07 MPa) and consists of four functional elements: the diaphragm
and pressure reference, piezoresistive sensor, signal discriminator, and sig-
nal amplifier and processor. The first three functional elements are con-
tained in a single silicon die and the fourth is provided by linear IC opera-
tional amplifiers. The transducer is located in the same outflow tube (at
room temperature) as the Bourdon tube indicating pressure gauge.

The output of the pressure transducer is fed to an instrumentation am-
plifier (Analog Devices AD522) selected particularly for its excellent perfor-
mance in an operating environment characterized by low signal-to-noise ratios
and for its reasonable cost. It provides output offset voltage drift of less -
than 10 uV/OC, input offset voltage drift of less than 0.5 pV/OC, common
mode rejection ratio above 80 dB at unity gain, maximum gain nonlinearity of
0.001% at G = 1, and typical input impedance of 109SL The output from this
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Fig. 3-68.
Schematic of the pressure transducer system.

instrumentation amplifier is then taken to three output functions through
separate buffer amplifiers for isolation. The first output feeds a digital
voltmeter for direct readout; the second output feeds a chart recorder for
continuous monitoring of the pressure; the third output feeds the alarm cir-
cuit, which is activated if the actual pressure deviates from the desired
pressure by a preset amount.
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4. CRYOGENIC ENGINEERING

Careful studies and estimates of the performance of cryogenic components
must be made in order to design a prototype dc SPTL. A thorough understanding
is needed of the heat transfer and fluid flow processes as well as of the
static and dynamic performances of major components. Accordingly, we have
been engaged in evaluating the performance of dc SPTL cryogenic components as
well as in performing experiments and analysis in the area of fluid flow and
heat transfer. These phenomena are important for studies of the response of
the refrigeration system to thermal upsets, system cool down, and the propaga-
tion of normal zones in the conductor.

The cryogenic engineering effort also includes the design, fabrication,
and checkout of many of the specialized pieces of equipment needed in all
phases of the program.

4.1. 20-m Test Bed

The purpose of constructing a test bed was to provide an accessible vac-
uum and cryogenic environment for the testing of the electrical, thermal, and
mechanical characteristics of superconducting transmission line conductors

made of various materials and geometries.

4.1.1. Test Bed Construction. The test bed, shown in Fig. 4.1, con-
sists of an aluminum vacuum box 0.81-m wide, 0.34-m deep, and 9.38-m long with
a double O-ring sealing a removable 1id. Cylinders 1 m in diameter and 0.2-m
deep are attached to both ends of the vacuum box. Electrical, vacuum, instru-
mentation, and cryogenic fluid penetrations are made in these cylinders. The
superconducting sample to be tested is enclosed in a copper tube, approxi-
mately 2 cm in diam and 20-m long, shaped as a hairpin. Connections for heli-
um fluid refrigerant (which flows through the copper tube) and for electrical
leads (potheads) are made at the open end of the hairpin. The tube is mounted
within a liquid-nitrogen-cooled shield, and the entire system is contained
within the evacuated aluminum box.

As for a superconducting power transmission line system, the 20-m test
bed pothead terminals must supply a large current through leads spanning tem-
peratures between 300 and 4 K. The need to bias the lines to high voltage is
also a consideration. High voltage standoff between the terminals and nearby
ground points can be achieved by using high voltage insulation techniques; no
new major difficulties should arise because of the large thermal gradient
present, although care must be exercised in constructing the terminal from
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Fig. 4-1.
Test bed for superconducting power transmission studies.

materials with mutually compatible thermal expansion coefficients. However,
the need to transport high current into the cryogenic environment while main-
taining low thermal influx produces conflicting requirements. Heat flow from
the current-carrying leads is due to two causes: thermal conduction along and
electrical joule heating in the leads. To minimize thermal conduction losses,
the leads should be made long and thin; but if joule heating is to be mini-
mized, short, thick leads are needed. The total heat input into the cryogen
is minimized by optimizing conductor material and sizing and by designing the
leads as electrical current-carrying heat exchangers. Helium vapor passes
through porous conductors and provides continuous heat exchange so that the
refrigeration from the cold gas is recovered. Such vapor-cooled leads capable
of carrying over 10,000 amperes are commercially available from American Mag-
netic Inc. and are incorporated in the test bed. These leads can carry 8 kA
continuously and 12 kA for short periods of time. Glass insulators are in-
stalled between the potheads to keep all the current flowing in the sample
(see Fig. 4-2).
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VéﬁoREXHAUST 4,1.2. Test Bed Operation.

HIGH CURRENT Liquid helium near atmospheric pres-
/ TERMINAL

sure was used in the reservoirs at
the bottom of the current leads.
INSULATOR—— Vaporization of this liquid provides
VAPOR COOLED the refrigeration to intercept the
thermal conduction and joule heating
in the Teads. A separate supply of
liquid helium, also near atmospheric
pressure, was used to cool the super-
conducting sample. Liquid was trans-
ferred from a Dewar vessel, admitted
Teaps JOUCTING to one end of the hairpin sample
while passing through a heated
Fig. 4-2. section, and withdrawn at the other
High current pothead. end. Control of the cold helium
transfer rate and the heater power
provides temperature adjustment of
the superconducting sample.

Seven thermometers and voltage taps were located along the sample length.
Other thermometers and voltage taps monitored the current lead operation. A
heater wrapped on the coolant tube midway along the sample provided a means of
initiating a normal zone. Figure 4-3 shows a photograph of the test bed oper-
ating in the above mode.

The temperature-current characteristic and the behavior of normal zones
were observed for three samples (details of the experiments are given in Sec.
5.8). However, it was observed that the creation of a normal zone produced a
local high pressure volume that blew the helium coolant away from the normal
zone in both directions affecting the local heat transfer rate and normal zone
propagation rate.

The 1liquid transfer method of cooling the sample was replaced by the
installation of a helium refrigerator that provided a sample environment of
turbulent flowing supercritical helium, a more realistic situation considering
that any final cable would be cooled in this manner. An electronic tempera-
ture controller was installed at the same time.
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Fig. 4-3.
The 20-m test bed.

Records of the helium temperature as a function of time during and after
a heat pulse demonstrate the dynamic effect of the pulse. Figure 4-4 shows
that a local heat pulse has driven the superconductor normal, and the base
current of about 1500 A has caused'IzR heating in the stabilizing copper
during the time between the pulse and current shutoff. The recording shows a
rapid rise in helium temperature of about 2 K and an exponential recovery tak-
ing 8 min until the controller holds the temperature at its original 5.78 K.
4,2. CTI Model 1400 Refrigerator

A CTI Model 1400 helium refrigerator/liquefier with a capacity of 70 W of

refrigeration at 4.2 K or 26 %h Tiquefaction rate was purchased to support
the experimental program. This machine was later modified to produce over 150
W of refrigeration when operating near 10 K by replacing the expansion valve
with an additional expansion engine and by increasing the compressor capacity.
4,2.1. Installation and Acceptance Testing. The CTI Model 1400 helium
liquefier/refrigerator was received at LASL on October 7, 1975. The
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Typical refrigerator and cooling channel thermal response
to normal zone creation in the superconductor.

installation of the utilities and interconnecting plumbing for the refriger-
ator was completed on December 1, 1975. Familiarization and training of LASL
operators by a CTI field engineer began on December 2, 1975. A 500-% Dewar
was purchased and installed with the refrigerator. Acceptance testing of the
refrigerator was interrupted because of excessive impurities in the helium
supply but was resumed after a tube trailer of Grade A helium was obtained.
The refrigerator met the Tiquefaction specification (25 %/h) but not the re-
frigeration requirement (70 W in an external Dewar), although it had been able
to do so at the manufacturer's plant. It is believed that this failure was a
result of an incompatibility between the 500-%2 Dewar and the remote delivery
tube (RDT) from the refrigerator to the Dewar. The refrigerator held 70 W at
4.5 K in a test load that was connected to the refrigerator instead of the
500-2 Dewar. As the specifications for refrigeration were met with a test
load simulating the intended application, the machine was accepted.
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4.2.2. Performance Evaluation. The CTI Model 1400 refrigerator/lique-
fier is designed to produce 1liquid at 4.5 K. The performance of this machine
as a gaseous helium refrigerator near 10 K was not well known and was not
guaranteed. Because we required operation at 10 K it was necessary to evalu-
ate refrigerator performance under this condition.

A schematic diagram of the refrigerator and its connection to the load is
shown in Fig. 4-5. A1l components above and including heat exchanger 1 (Hx #1)
are standard refrigerator components, whereas those components connecting the
refrigerator to the load are special. The valves were supplied by the manu-
facturer but the orifice flow meter and temperature controller were con-
structed at LASL. Expander 3, located at the test section outlet, was adapted
from a surplus Collins refrigerator.

Two different test sections were used to provide a load for the refriger-
ator. A 1.1-cm-i.d. tube, 1-m long, was used for preliminary testing. Anoth-
er test section was built from 500 m of 4.8-mm-i.d. copper tube wound (each
loop thermally isolated) in a racetrack configuration in a liquid nitrogen

HEAT EXCHANGER 6
HEAT EXCHANGER §

HEAT EXCHANGER 4

HEAT EXCHANGER 3

HEAT EXCHANGER 2

HEAT EXCHANGER 1

TEMPERATURE
CONTROLLER

Fig. 4-5.
CTI Model 1400 helium refrigerator and test
section flow schematic. P, = compressor in-
put power. Pg = expander output power.
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nitrogen shielded vacuum box (20-m test bed). The long test section was chos-
en to simulate a power transmission cable with a cooling channel length-to-
diameter ratio of 105. Both test sections could be heated electrically.

The temperature at the inlet of the test section was controlled by a propor-
tional, integral, differential electronic temperature controller equipped with
2 separate heater, "Most of the refrigeration load was applied by the electri-
cal heater in the test sections, with the remaining Toad coming from the ther-
mal influx and the temperature controlier.

Refrigerator performance data were obtained between 4.4 and 16 K for

five modes of operation:

1. A bypass mode was performed with valve V5 open and V4, V6 and V7
closed, and with expansion occurring across either V1 or V2. In
this mode Hx 1 is fully bypassed. However, some data were taken
with V4 open causing Hx 1 to be partially bypassed. A11 of the oth-
er modes of operation given below were with V4 open and V5 closed,
thus forcing full flow through Hx 1.

2. A low-pressure, short test section mode of operation was achieved by
expansion across V1, causing the test section to operate at an ahso-
Tute pressure near 100 kPa. Two-phase flow (near 4.5 K) occurred in
this mode when the load was less than 75 W; however, increasing the
load depletes the Tiquid and produces a temperature rise.

3. A high-pressure, short test section mode of operation was achieved
by expansion across V2, causing the test section to operate at near
1.2 MPa and above 6 K (supercritical conditions).

4. The long test section was operated to produce a large pressure loss
in the load with final expansion occurring across valve V2. The
inlet pressure was maintained above 1.0 MPa.

5. The long test section was again used with similar pressures, but
final expansion was performed in expander 3.

Modes 1 to 3, having little pressure loss, typically resulted in a temperature
rise of 1 to 4 K across the test section, with mass flow rates of 3 to 5 g/s.
However, modes 4 and 5 resulted in a pressure loss of 400 to 500 kPa accom-
panied by a temperature reduction of about 0.5 K at the test section exit be-
cause Joule-Thomson (JT) cooling occurred throughout the load. The refrigera-
tion obtained is reported below as a function of the maximum temperature ex-
perienced in the test section.
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The performance of the refrigerator with JT expansion was calculated
from the overall energy balance

Q=m (h6 - h2) s (4-1)

where m is the mass flow rate, h6 is the enthalpy at the refrigeration re-
turn conditions at point 6 (see Fig. 4-5) and h, is the enthalpy at the re-
frigerator exit conditions at point 2. Helium gas thermometers, silicon diode
thermometers, and pressure gauges were used to measure the temperature and
pressure at points 2 and 6 for enthalpy determination. The orifice flow meter
was first calibrated with water to determine its discharge coefficient. The
helium mass flow rate was then inferred by using this coefficient and the
helium density as determined by the pressure and temperature measurements.

When the final expansion was performed with expander 3, the refrigerator
performance was calculated from

Q=m (h6 - h2) +m (h4 - h5) s (4-2)

where h4 is the enthalpy before expander 3, and h5 is the enthalpy after
expansion.

The refrigeration calculated by Egs. (4-1) or (4-2) is the sum of the
heater power and the thermal influx to the transfer Tines and the test section.
The thermal influx to the short test section is about 3 W while the thermal
influx into the Tong test section and transfer lines varied between 65 and 85
W depending on the quality of the insulating vacuum.

The data for bypass mode 1 are given in Figs. 4-6 and 4-7 for low and
high pressures in the load. These data are identified by the note "Hx #1 by-
passed" or "Hx #1 partially bypassed" and result in the maximum obtainable
refrigeration for operation with JT expansion at temperatures above 10 K.
Valve V4 should be closed because any flow in the return side of Hx 1 degrades
the performance. At temperatures below 10 K, valve V4 should be opened and V5
closed, resulting in the full utilization of Hx 1.

Data for mode 2 with JT expansion before the short test section are
given in Fig. 4-6. The two-phase flow points are those at the far left. In-
creasing the compressor suction pressure increases the mass flow rate and com-
pressor power, resulting in an increased 4.4 K performance (from 72 to 80 W).

However, with 96 kPa suction pressure, increasing the load results in themal 125
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runaway in which the refrigerator and load warm to liquid nitrogen temperature

and must be recooled.

This is to be expected as operating a JT expansion

above the critical temperature results in an increased irreversibility at the

expansion valve, thus requiring more compressor power.

Increasing the suction

pressure to 110 kPa increases the compressor flow rate and power sufficiently

to allow stable operation at least up to 16 K.

Note that as the test section

outlet temperature reaches the temperature of the expander exhaust at point 7

(near 8 K), losses occur in Hx 1 that degrade the refrigerator performance.

Operation at 124 kPa suction pressure showed improved performance but over-
heated the compressors at temperatures above 14 K.
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Data for mode 3 with JT expansion after the test section are shown in
Fig. 4-7 and are identified by "Hx #1 in service." This and all further data
were taken with the compressor suction pressure at or above 110 kPa. This
mode gives nearly the same performance as the low pressure mode but is not as
- susceptible to degradation at high test section outlet temperatures because
further cooling occurs at the JT expansion.
- Data for mode 4 (shown in Fig. 4-8) with the long test section and JT
final expansion, were taken with the compressor suction pressure varying from
110 to 130 kPa, accounting for the scatter and increased performance over
those of Fig. 4-7. A typical data set represents a test section inlet pres-
sure of 1.0 MPa, an inlet temperature of 10 K, an outlet pressure of 580 kPa,
and an outlet temperature of 9.3 K with a flow rate of 4.5 g/s. The same per-
formance can be obtained with a helium refrigerator utilizing JT expansion for
either long or short test sections if the overall flow impedance, including
the test section and the expansion valve (and thus the flow rates), are equal.
However, the temperature and pressure distribution in the test section will be
different for each case.
Figure 4-9 shows a temperature recording for mode 4 operation. As the
recording proceeds, the flow impedance was increased by partially closing the
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Refrigeration obtained within the Temperature-time record as the ex-
long test section and final JT ex- pansion valve position is partially
pansion. closed and then reopened.
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expansion valve, thus reducing the flow rate in the test section. When the
flow rate was reduced to 3 g/s, the temperature controller shut off because
the refrigerator could no longer support the load. Density wave oscillations
occurred as the test section warmed. The JT valve was then opened and temper-
ature control reestablished. '

The data for mode 5, with a large pressure loss in the long test section
followed by expansion in expander 3, are shown in Fig. 4-10. This mode gives
the maximum refrigeration. However, reducing the pressure loss would allow
the expander to produce more work, increasing the refrigerator performance.
The loss in performance at lower temperatures is caused by the reduction of
the expander efficiency at these temperatures. This expander has an effic-
iency of 65% with a 12 K inlet temperature and a speed of 500 RPM, but the
efficiency drops off rapidly as the inlet temperature or speed is reduced.

The speed of the expanders in the CTI refrigerator (expanders 1 and 2)
were kept as low as possible (55-79 RPM) throughout all tests. This was done
to keep the temperature at point 7 as high as possible in an attempt to reduce
the losses in heat exchanger 1 when operating near 10 K.
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Fig. 4-10.
Refrigeration obtained with the long test
section and a reciprocating expander.
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It was found that the refrigerator cooled to operating temperature before
the Tong test section could be brought to a uniform cold temperature. The
condition existed where gas abdve 200 K returned from the long test section
(at point 4) with Hx 1 cooled to below 50 K. Valve V4 was installed to keep
the warm gas out of Hx 1. This gas was then returned to the compressor with
V4 closed and V7 open.

The uncertainty in the performance measurements is thought to be +5%.

The conclusions from this work regarding gaseous helium refrigerator
operation are:

1. The compressor suction absolute pressure must be kept near 110 kPa

for refrigerator operation above the liquid temperature.

Hx 1 should be bypassed when operating above 10 K.

The refrigerator can supply 90 W at 10 K with JT expansion, or at
least 140 W at 10 K when the expansion valve is replaced by an expan-
sion engine, and should supply even more refrigeration for test sec-
tions with lower pressure loss.

4, The same refrigeration performance can be obtained with a refriger-
ator using JT expansion for either long or short test sections if the
flow rates and overall flow impedances (including the expansion valve
and test section) are the same.

5. If a test section has a flow impedance that restricts the flow rate
below the flow rate required by the refrigerator to achieve a speci-
fied performance level, the refrigerator performance will be reduced.
Thus, manufacturers of supercritical helium refrigerators need to
specify the flow impedance of the load.

6. It is necessary to control the inlet temperature to the test section
when operating above the liquid temperature to avoid density wave
oscillations and to achieve stable conditions.

4.2.3. Refrigerator Operation and Application. The CTI 1400 refriger-
ator has been used with the 20-m test bed for superconductor tests and for
measuring the temperature profiles of a long tube and its associated pressure
drop; with the model superconducting power transmission line for tests of cur-
rent leads, dielectric and conductor cooling; and with the 2-m test bed for
superconductor cooling. This machine has required very Tittle maintenance.
The piston seals have been replaced in the expanders and o0il seals on the com-
pressor 0il circulating system have been replaced.
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4.3. Steady State Thermal Analysis of Counterflow Cooling Scheme

The construction of an enclosure to contain a coaxial superconducting
cable is made simpler if the go and return helium cooling channels can both be
contained within the enclosure inside diameter. This can be done by passing
the go heTium through the center of the cooling channel of the cable and the
return helium through the annular space between the cable and the inside of
the cryogenic enclosure. The two helium gas streams exchange heat across the
cable (the main thermal impedance is the dielectric material separating the
high- and low-voltage conductors). The system acts as if it were a counter-
flow heat exchanger with poor thermal conductance between streams. The dif-
ferential equations that govern the heat transfer between gas streams are

dTl
mcl % = Ql - GT]. + GT2 (4'3)
and
dT2
mc, ax - G + 6Ty - 6T, , (4-4)

where T = temperature (K), ¢ = specific heat (J/g+K), m = mass flow rate
(g/s), Q = heat flow per unit length (W/m), G = thermal conductance (W/m«K),
and x = distance (m); the subscripts 1 and 2 denote respectively go and return
helium. Solutions for these equations have been found by Edney, Fox and
Gi]bertl and by Morgan2 for different boundary and initial conditions. We
have verified and rearranged Morgan's solution and have chosen initial condi-
tions appropriate for a dc SPTL.

The solution for the go helium stream is

Ty = -ax + B(1-e7%%) + Tloe’sx; (4-5)
and the solution for the return stream is

c c Q; +Q
_ 1 1 1 2
T2 = T20 - "C'—2' Tlo + q Tl - —m' 'c'2'— = X s ( 4-6 )
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where T10 = temperature of the go stream at x = 0, T20 = temperature of
the return stream at x = 0,

Q; +Q
A= ; (c 2- C1) 4-7)
2 1
_ 29 L2 oo a4 ) o (4-8)
B G(t2 - cl) ch-¢ 20 ¢,-¢ 10 G(CZ - cl)‘ i
and
G(c, - c,)
2 1
5 o= e, (4-9)
m CyCq
The thermal conductance is given by
"2
G = Zrk/1In oo (4-10)
1

where k = thermal conductivity of the dielectric material, ro = outer
dielectric radius, and ry = inner dielectric radius.

The thermal conductance across the cable wires is relatively large and
can be ignored. Values of k = 0.0002 W/cm<K, ry = 3.1 cm, and ry = 2.5 cm
(typical values for a 100-kV, 5-GW cable design to an electrical stress of 20
MV/m) result in G = 0.58 W/m<k. Temperature profiles according to Eqs. (4-5)
and (4-6) for two different initial conditions are shown in Figs. 4-11 and
4-12.

Both temperature profiles have a maximum temperature of 14 K and thus are
equivalent from the viewpoint of temperature control in operating a Nb3Sn
cable. However, the mass flow rate and the refrigerator design are different
for each case. Figure 4-11 shows a decreasing temperature with distance that
might enhance superconductor stability, but here the flow rate and thus the
cable and enclosure size and cost are larger than these quantities associated
with the profile of Fig. 4-12. The profile of Fig. 4-11 requires an expander
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Temperature profile for go and return coolant streams in
the model LASL cable with far end expansion.
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Fig. 4-12.

Temperature profile for go and return coolant streams in
the model LASL cable with near and far end expansion.

to be located at x = £, while the profile of Fig. 4-12 requires an expander
at both ends. The refrigerator must be designed to match the desired tempera-
ture profile.
4.4. Studies of Unidirectional Flow in Tubes of Large Aspect (L/D) Ratio
Although the LASL dc SPTL design concept involves a counterflowing heli-
um cooling scheme with weak thermal contact between the go and return streams,
it was thought prudent first to verify flow and pressure drop equations with
single direction flow, as this may be the preferred cooldown arrangement.

Accordingly, both computer studies and experimental investigations have been
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performed on the transient and steady-state behavior of supercritical helium
flowing in “smooth" tubes having large aspect ratios, length/diameter = 1 x
10°.

To achieve an aspect ratio near 105 and to match the flow capacity of
the flow channel to the pressure and mass flow rate capabilities of the CTI
1400 refrigerator, it was necessary to select an inner diameter near 5 mm and
a length near 500 m. By choosing nominal 6 mm o.d. water service copper tub-
ing, (6.4 mm o.d. x 0.76 mm wall), having a measured inner diameter of 4.8 mm,
it was also possible to approximate roughly the conductor-cross-sectional-area-
to-flow-area ratio that exists in the inner bore of the SPTL design concept.
The copper tubing, shipped in coiled 146-m (50 ft) lengths, was first
straightened by pulling. No measurable distortion of the cross section oc-
curred during this process. Fifty straight sections of approximately 9.5-m
length each were prepared. To conserve tubing, some of these sections were
assembled from shorter pieces. These sections were placed into the 20-m test
bed in two assemblies of 25 sections each, held by polycarbonate spacers at
1-m intervals, as shown in the photograph in Fig. 4-13. The circuit of 25
turns of 20-m length each was completed by joining the straight sections

Fig. 4-13.
Straight section of 4.8-mm-i.d. x 504-m-Tong
copper tube installed in the 20-m test bed.
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with curved sections of approximately 0.5-m length each. See Fig. 4-14.
Joints were made with copper tubing fittings over the presawn ends soldered
with Sil-Fos brazing alloy. The gaps thus formed by the joints represent an
enlargement in diameter of approximately 1 mm and are 1 mm long. The addi-
tional pressure drop due to the approximately 125 such joints is less than
0.1% of the total pressure drop and may be neglected. A larger, but still
negligible extra pressure drop is caused by the curvature (r = 25 cm) of the
bent sections, the effect being approximately 1%. Eleven carbon-in-glass
thermometers were positioned along the flow path for purposes of measuring the
temperature profiles. The sensing elements were placed within the flow stream
in short (3-cm-long) expanded sections (1/2-in. nominal copper "Tee" fittings)
and the leads were brought out via hermetic seals. The exact position of each
thermometer was measured both physically and electrically along the completed
504.1-m length of the flow tube. The electrical measurements, made with the
ratio function of a digital voltmeter with an external power supply across the
ends of the flow tube, agreed with the physical measurements to within + 2 cm.
This close agreement attests to the uniformity of the 35 coils of copper tub-
ing needed for the flow tube.

Fig. 4-14.
End of 20-m test bed showing 0.5-m diameter bend
of tubing.
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The flow tube was terminated on both ends by larger sections, which were
connected to the supply and return ports of the refrigerator. Pressure taps
were placed in these enlarged sections to measure the inlet and outlet pres-
sure in the flow tube. A 1.0-Q heater was wound around the inlet section to
provide temperature regulation of the inflowing helium by an electronic
proportional-integral-differential controller responding to the first thermom-
eter on the flow tube, thermometer #0, located exactly at the 0.0-m position.
A second heater of 45 Q was wound over a 50-cm length beginning at the 43.9-m
position and was used to introduce heat pulses to the flowing cryogen from a
0-36 V pulsed dc supply. The flow tube itself, being insulated from ground,
was used as a uniform line heater. Current was supplied from a 2-V, 100-A dc
pass bank controlled by a 36-V pulsed dc supply. Current leads were short
sections of brass, optimized for 10 kA and connected to LN2-coo1ed 8-kA
cryogenic current leads installed in the test bed. The heat input to the flow
tube resulting from the uncooled brass connections was calculated to be 0.06 W
each (at zero current) and had no noticeable effect on the temperature profile
of the flow tube except during cooling. The line heater enabled the effective
heat leak to be varied over a wide range. A cryogenic valve was installed
across the ends of the flow tube so that the refrigerator and transfer tubes
could be precooled without affecting the initial flow tube temperature pro-
file. An orifice meter was connected in series with the output section of the
flow tube to measure the mass flow rate of helium. This meter was bypassed by
the cryogenic shunt valve during precooling operations,

The voltage of the thermometer elements was scanned, converted to temper-
ature, recorded, and plotted at regular time intervals as short as 6 s (but
usually at 300 s) by the HP 3050A data acquisition system. Up to four select-
ed thermometers also could be continuously monitored by analog strip chart
recorders.

4.4.1. Mathematical Analysis. The mathematical model of the present,
single-circuit, unidirectional flow problem is shown in Fig. 4-15. A steady-
state analysis of such a geometry has been published by Arp.3 Inasmuch as

such a complete analysis is not a trivial problem for even a large computer,
and the present analysis seeks to extend the problem to include time depen-
dance, certain simplifying assumptions have been made. As in the work of Arp,
radial gradients in the wall and the coolant gas have been ignored, and the
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Fig. 4-15.
Schematic representation of the cryogenic
flow tube.

mass flow rate of the gas has been taken to be independent of length (but not
time). Simple functions were derived from published data on heh’um4 to
evaluate the thermal properties of the gas over the temperature and pressure
ranges of interest. The tube was treated as if it were a homogeneous alloy of
copper having a residual resistance ratio equal to 10.0, and the Wiedemann-
Franz law was used to calculate the thermal conductivity from a simple fit of
published data5 on the electrical resistivity of copper alloys. Such
assumptions and parameterization of physical properties have resulted in enor-
mous time savings on the computer without seriously affecting the accuracy of
the results. As can be seen in Table 4-I, the number of distinct thermal and
physical properties which must be considered is still large.

We may set up the differential equations which define the response of the
system by referring to an annular element dx of the tube as shown schematical-
ly in Fig. 4-15. For the wall element we have,

Cspsds 3 - hU(T-0) + a , (4-11)
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TABLE 4-1
NOTATION FOR CRYOGENIC FLOW TUBE STUDIES

Wall properties:

temperature.sviieeeeieeneiennnenenns T(x,t)
Cross-sectional ared..eeeecececesess ag
density.eeeeeinneeennns N P
Specific heat.eeeee e ienenennnnenans cS(T)
thermal conducCtivity.eeeeeeeeeneenes kS(T)

Coolant channel properties:

Perimeter. e e eiieeeeeeeneneennnnes U
heat transfer coefficient........... h(T,e,m)
friction factor...coevevviennnnnnn.. f
hydraulic diameter.....occvvvnnnnn.. D

Gas properties:

temperature i ieeeeeieieeeinenenns. 8(x,t)
P S SU . st ttneenerennssesncsnannenn P(m,f)
cross-sectional ared....eeeeecesenns a
deNSTtY.eeienriineeenneneneecnannnnns p.(6,P)
specific heat (at constant
PrESSUre.eeeeesresssnnsenocanonnss cp(e,P)
mass flow rate..ieeeeeeeeeennnnnnanns m
2R KeZoh & A2 v(m,pg)
VISCOSTEY e eneeneeneneeernennnoennnee n{s,P)
thermal conductivity...oveevinnnnnn. kg(e;P)
Joule-Thompson coefficient.......... u(e,P)

where 5%— (ksaS %%) represents the differential conduction heat rate entering

the element; hU(T-6) represents the rate of heat transfer to the coolant gas;
and o represents the radiant heat leak rate to the wall surface; all per unit
length.

For the coolant gas moving past the wall element with the velocity v, we
ignore kg and write
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de _ hu(T-s =(gg) +y ('a_e_ . (4-12)
X

Substituting v = m/oga , We may write

g

, a8 _ . °° )
crogag (5 4 = noer-e) - mer (35) . (4-13)

The gas flow takes place neither at constant pressure nor constant volume.
However, ignoring kinetic energy effects, the heat absorbed by the gas is
equal to the change in enthalpy, dH, therefore

o dH dp
caioe, (0 %) . 10

where Cp is the specific heat at constant pressure (‘g%)p and y is the

Joule-Thompson coefficient -%% He Combining Eqs. (4-12), (4-13), and (4-14)
yields
AN dp (20
CP%ag(gf)x —hU(T—6)+ch[udx - Bx)t] . (4-15)

To calculate the pressure derivative we again ignore kinetic energy ef-
fects and assume that the pressure drop is due only to frictional effects,
whence

= — . (4-16)

The dynamics of the system may thus be approximated by Eqs. (4-11),
(4-15), and (4-16). To calculate the steady-state temperature and pressure
profiles of the wall and the gas, one sets the time derivatives equal to zero
and solves the three equations simultaneously, with appropriate boundary con- -
ditions. To analyze the transient behavior of the system, it is not necessary
to solve the equations, per se. Rather, having arbitrarily specified initial
temperature profiles for both wall and gas independently, we need only
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evaluate the right-hand sides of Egs. (4-11), (4-15), and (4-16) at appropri-
ate time and distance intervals. This method Tends itself well to high-speed
computer techniques. In any case, computerized numerical techniques are
necessary because of the extreme nonlinearity of the equations. The solutions
are quite sensitive to the size of the time and distance steps and to the
ratio Ax/At, which must be large relative to velocities inherent to the prob-
lem if instabilities are to be prevented. In general, the time interval At
must be smaller than the thermal relaxation time of the gas to the wall.

At Tow temperatures, the gas and wall thermally equilibrate with a time
constant of approximately 3 ms, and At must be set to v2 ms to achieve accu-
rate solutions. For cool-down and thermal pulse propagation analysis, where
relatively sharp thermal fronts occur, Ax would have to have been set to ~2 cm
to represent accurately the temperature profiles along the flow tube.

(Note that Ax/At = 1000 cm/s is still greater than any observed velocities.
Pulse propagation at 10 K occurs as fast as 400 cm/s, being nearly equal to
the helium flow velocity.) To follow such behavior over 500 m of length,
times as long as 2 h (cool down) would require 3.6 x 106 time iterations of

25 000 points, with numerous calculations for each point. For the pulse prop-
agation studies, where the pulse traverses the flow tube in about 1 min, where
"only" 3 x 104 time iterations would be needed, the estimated CDC 6600 com-
puter time is over 14 days! Obviously, it has been necessary to find more
approximate methods of calculation.

The heat transfer coefficient h has been evaluated using the classical
Dittus-Boelter correlation

Nu = 0.023 Re¥-® pr0-4 | (4-17)
where Nu = hD/kg ,
mD
Re = —
agn
and Pr = an/kg .

The magnitude of the values of h is large (0.2 W/cm2°K); and when broad (o =
1000 cm) Gaussian shaped pulses are considered, typical values of (T-8) are
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always less than several millikelvins. Therefore it is reasonable to assume
ideal heat transfer in an attempt to simplify the mathematics. Combining Egs.
(4-11) and (4-15) to eliminate the term in T-e), and assuming ideal heat

. a0
transfer, i.e., 6 »T, 8t) and( ) ,

we arrive at the following equation:

o7 _a oT dP aT
(cpga, + CPpgag) ot = ox Kedgax) teFmep (wig -5y - (4-18)

Simultaneous numerical solutions of Egs. (4-16) and (4-18) have been in-
vestigated with the aid of the computer, because the nonlinear nature of the
equations has not been eliminated by the assumption of ideal heat transfer.
The use of Eq. (4-18) allows one to analyze the response of the system with
reasonable accuracy in a reasonable amount of computer time.

The steady-state temperature profiles were independently calculated by a
computer code (HEHT3, provided by the National Bureau of Standards)6 which
solved the complete set of equations defined by Ar‘p.3 This code evaluates
the variation of thermodynamic properties of the helium gas along the length
of the tube, and does not ignore kinetic energy effects. The steady-state
profiles calculated by this code are virtually indistinguishable from the
steady-state profiles calculated from Eqs. (4-16) and (4-18) (where 3T/3t is
set to zero) for the same input parameters. At first, it appeared that it
would be necessary to assume approximately 50% higher values for the friction
factor than would be predicted by the formula of Koo7 for smooth tubes in
order to bring the computed temperature profiles into agreement with the ex-
perimentally determined profiles for the measured mass flow rates, heat leaks,
and pressure drops. However, subsequent recalibration of the mass flowmeter
revealed an error in the flow measurement. With corrected values of the mass
flow, good agreement is obtained between calculated and measured temperature
profiles using the friction factors expected for smooth tubes.

4.4.2. Experimental Results of Unidirectional Flow in Tubes of Large
Aspect Ratio - Steady State. Depending upon the total pressure drop, mass
flow rate, inlet temperature and heat leak, various steady-state temperature
profiles can be achieved over the length of the flow tube. Three such pro-

files and the computed profiles for pressure and temperature are shown in
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Figs. 4-16, 4-17, and 4-18. Before recording the data presented in Fig. 4-18,
we shortened the flow tube to 321 m, because an unlocatable leak had developed
in the flow tube, causing the heat leak in the apparatus to rise to an unac-
ceptable value. Although we thought that the capacity of the CTI 1400 refrig-
erator could cope with this leak if the tube were shortened, this was not
necessary as the removed 183-m section contained the leak; and, in fact, it
was then necessary to add approximately 20 W of line heating to balance the
refrigerator. The data shown in Fig. 4-18 result from an attempt to balance
the total heat leak to the system by the JT cooling effect associated with the
pressure drop, so that a nearly isothermal temperature profile could be at-
tained. With the values as shown in the figure caption, the temperature was
held uniform to within 0.5 K along the entire length of the flow tube.

4.4.3. Experimental Results of Unidirectional Flow in Tubes of Large
Aspect Ratio - Cool-down and Thermal Waves. Two different modes of cool-down
were investigated. 1In the first mode, the radiation shields in the test bed
were cooled with LN2 the day before starting the experiment. The flow tube
subsequently cooled uniformly to a temperature near 220 K by radiation and
residual gas conduction. The refrigerator and the transfer lines were then
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Fig. 4-16.
Pressure and temperature profiles with 0.32-MPa
(3.2-atm) pressure loss. Computer input; m = 0.68 g/s,
i.d. = 4,48 mm, Q = 0.062 W/m, P = 0.42 MPa (4.2 atm),
Tin = 9.0 K, 0 = data at 1704 on Nov. 12. Solid line
is computed value.
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Fig. 4-17.
Pressure and temperature profiles with 0.9-MPa
(9-atm) pressure loss. Computer input; m = 2.22 g/s
Q = 0.062 W/m, P = 1.0 MPa (10 atm), and T;, =
9.5 K. @ = data measured at 0802 on Nov. 19, 1976.
Solid line is computed value.
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Pressure and temperature profiles with 0.5-MPa
(4.8-atm) pressure loss. Computer input: m

2.6 g/s, i.d. = 4.8 mm, Q = 0.09 W/m, P = 1.2 MPa
(11.7 atm), Ty, = 9.81 K, f = 0.003, Re = 3 to 4 x 105,
® = experimental data at 1505 on June 2, 1977. Solid

line is computed value.



cooled to 4 K before allowing cold gas to enter the cooling channel. This
step required 3 h.

Figure 4-19 is a representation of the plot obtained from the computer-
ized data acquisition system during the cool-down experiment of Nov. 29, 1976.
The original data show that the base line is not constant at 15 K but is being
swept by thermal waves caused by temperature variations within the refriger-
ator. The actual base Tine varies from 4 K to 25 K, the amplitude of the re-
frigerator output temperature variation during cooling. The warm section of
the line also varied somewhat in temperature, falling to approximately 205 K
near the end of the cooling, presumably from conduction by small amounts of
gas escaping the line through a small Teak.

The principal features of this cool-down mode are a cold inlet section of
the cooling channel (4-25 K), a sharp temperature rise with thermal gradient
in excess of 100 K/m, and a warm final section of the cooling channel. This
form of temperature profile propagates through the 500 m of cooling channel in
1.5 h with mass flow rates starting at 0.3 g/s and increasing to 1.5 g/s. The
computer simulation of this experiment, shown in Fig. 4-20 and Fig. 4-21, com-
pares the arrival times of the cold front as determined experimentally and
analytically.

Figure 4-22 shows experimental temperature profiles in the second cool-
down mode, when the refrigerator and the cooling channel are cooled simulta-
neously without Tiquid nitrogen shielding of the cooling channel. The inlet
temperature of the cooling channel decreases with time as T = 300 exp(-t/75)
min and the rest of the cooling channel follows with a gentle temperature gra-
dient (~ 1 K/m). The cool down of the line took 3 h, which was the same as
the time it took to precool the refrigerator and transfer line alone in the
previous cool-down mode. Therefore the simultaneous channel-refrigerator cool
down is to be preferred because the temperature gradients, and thus thermal
stresses, as well as the overall time and refrigerator power requirement are
less. When the refrigerator is cooled down by itself, the heat exchanger by-
pass valves must be initially open and the refrigeration that could be used to
cool the cooling channel is lost. )

The computer-generated temperature profiles shown in Fig. 4-23 are in
good agreement with the experimentally determined profiles, on the assumption
that approximately 20-min elapsed between when the refrigerator was first
turned on and when the first significantly cooled gas reached the start of
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Computer simulation of the cool-down experiment for
which actual data are shown in Fig. 4-19; T(t=0) =
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the flow tube. This assumption is in agreement with the experimental data for
T(x=0) vs t.

Under various steady-state conditions, thermal pulses were introduced to
the flow stream via the 50-cm-long pulse heater by applying up to 28.8 W of
energy for times varying from a few milliseconds to 15 s. Thermal waves with
amplitudes of approximately 2 K were generated and were seen to travel along
the cooling channel at a velocity slightly less than the fluid velocity.

The thermal waves were swept out of the cooling channel, through the
transfer lines, and into the low-temperature heat exchanger of the refriger-
ator. There they exchanged heat with the helium approaching the cooling chan-
nel, generating a new thermal wave that was in turn swept through the cooling
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Fig. 4-23.
Computer simulation of the simultaneous cool-down of the flow tube and
the refrigerator. T(t=0) = 300 K, o (x=0) = 300 e-t/75 min, but when
9(x=0) reached 30 K, it was thereafter held constant. Pjp1et = 1.3 MPa
(12.9 atm), Poytiet = 0.09 MPa (0.9 atm).

channel. Once initiated, a thermal wave proved hard to eliminate. In some
experiments, a single wave traveled through the cooling channel more than six
times before damping out. In other experiments, a single wave would upset the
refrigerator, after which two or three thermal waves of larger amplitude were
seen in the refrigerator output stream. It is clear that refrigerator stabil-
ity and a method of damping thermal waves must be considered.

Computer simulations of thermal pulse propagation under steady-state con-
ditions represented in Fig. 4-17 are shown in Fig. 4-24. These were the con-
ditions under which the thermal pulses were seen to "reflect" from the bottom
heat exchanger of the refrigerator and to make subsequent transits of the flow
tube. Whereas the total "lap time" of the thermal pulses was approximately
150 s, Fig. 4-24 shows that the pulse requires approximately 85 s to traverse
the flow tube itself; hence the remaining time is spent in traveling through
the transfer tubes and the bottom heat exchanger. The thermal pulse is damped
only slightly in passing through the flow tube (the majority of the broadening
effect noted in Fig. 4-24 is due to the pressure drop and the corresponding
expansion of the gas); and, under the assumption that the pulse is virtually

146



14

oS lamos
aclentific laboratory
o e ot Coffernin

12
1

\ 30 40

50
!

60

10

TEMPERATURE (K)

T T T
0 100 200

300
DISTANCE (M)

Fig. 4-24.
Computer simulation of thermal pulse propagation under
steady-state conditions represented in Fig. 4-17. Here
the pulse "heater" is centered over the 100-m position
and has generated a Gaussian-shaped pulse of 2 K amplitude
at time t = 0. The position of the pulse is shown at 20-s
intervals. The cooling effect at the end of the flow tube is
due to the JT effect.

totally “"reflected" by the heat exchanger, it is apparent such a disturbance
could make many transits of the system before becoming appreciably damped.

A more thorough investigation of thermal pulse propagation was performed
under conditions similar to those reported in Fig. 4-16. The pressure dropped
from 400 kPa at the beginning of the flow tube to approximately 110 kPa at the
end, while the temperature along the tube increased from 7.0 K to 12.0 K, due
to a radiant heat leak of 0.076 W/m. Energy pulses of 21.6 J (28.8 W x 0.75 s)
generated narrow thermal pulses, which were closely monitored by the eight
downstream thermometers. The experimental data are summarized in Table 4-II.
The observed transit times (velocity) and pulse heights (damping) are in
excellent agreement with the computer simulated experiment shown in Fig.
4-25. Broad pulses are used in the computer simulations to decrease the num-
ber of points needed for an accurate analysis (and hence to decrease the com-
putation time). Since these broad pulses undergo considerable dispersion, it
is slightly inaccurate to compare the propagation rates of the experiment
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TABLE 4-II
PULSE PROPAGATION DATA

Pulse Height Pulse

Thermometer Steady State above Steady Transit

Number Location (m) Temp. (K) State (K) Time (s)
. 0 0.0 6.98 - -
1 10.1 7.09 - -
2 29.9 7.35 - -
heater 43.9-44.4 (21.6 J) 0

3 69.7 7.65 2.0 13.5

4 149.7 8.32 46.7

5 239.9 9.35 1.9 76.3

6 321.2 10.00 1.8 96.9

7 392.9 10.66 1.6 111.6

8 473.8 11.58 1.5 123.6

9 494.5 12.01 1.5 126.0

10 504.1 11,97 1.5 127.2
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Fig. 4-25.
Computer simulation of thermal pulse propagation
under steady-state conditions as reported in
Fig. 4-16. The position of the pulse "heater"
matches that of the experimental heater, but is
wider and generates a Gaussian-shaped pulse.
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to computer pulses by Tooking only at the peaks of the latter. The data in
Table 4-1I were therefore obtained by assuming that the narrow pulses would
propagate with the same velocity as the center of thermal mass of the larger
computer-generated pulses. We believe the dispersion in the computer-
propagated pulses arises because in the computations the mass flow rate is
held constant over the entire flow tube for each time interval. Hence the
warmer gas flows faster, producing a thermal shock front. 1In reality, this is
certainly not true, and, in fact, the experimental pulses are observed to have
sharp trailing edges and broadened fronts, directly opposite to the computer
predictions. A more accurate mathematical analysis would resolve this dis-
crepancy but would require the inclusion of a momentum equation.

4.4.4. Computer Study of Prototype SPTL Cool down. A computer study of
a possible cool-down mode was carried out for a 5000-m length of prototype
cable (Case B, PECO study, see Sec. 6). This mode of cool-down permits the go
and return channels of the cable to be connected in parallel; i.e., helium
enters both channels at 2.0 MPa (20 atm) and exits at 0.8 MPa (8 atm) from
both channels 5000 m downstream. The remote expander is thus bypassed, and
the gas is collected in a transportable compressor-storage unit. The refrig-

erator is allowed to cool from 300 K to 10 K according to the equation

Tin]et = 300 exp(-t/2), where t is in hours. Radial temperature gradients
have been ignored, permitting a unidirectional, one-dimensional analysis.
Total mass flow rates, again assumed to be uniform but time dependent, are
quite high since in such a parallel connection the total pressure difference
is applied over the length of the cable. Furthermore, when connected in par-
allel, the annular return channel carried 1.5 times as much mass flow as does
the inner go channel. A practical limit of 200 g/s is set for the refriger-
ator. Without such a limitation, mass flow rates as high as 500 g/s are cal-
culated for steady-state conditions (i.e., cool-down process completed) with
inlet and outlet pressures of 2.0 MPa (20 atm) and 0.8 MPa (8 atm), respec-
tively. However, mass flow rates do not reach 200 g/s until approximately 80%
of the cable has been cooled, so that such a limitation has only a small ef-
fect on the total cool-down time. Temperature profiles at 6-h intervals are
shown in Fig. 4-26, where it can be seen that the total cool-down time is ap-
proximately 66.5 h. Mass flow rates reached 200 g/s at the 60-h point, after
which the outlet pressure increased steadily to a final value of 1.86 MPa
(18.4 atm) when the cable was completely cooled. Note that this is a

149




300 I
250 | _
6
" 24
o E:
é 150 - 42 —
48
ul
a
e | 54 _
[
66
50 j |
0 1 I i 1
(0] 1000 2000 3000 4000 5000
DISTANCE (m)
Fig. 4-26.

Temperature profiles during cool-down of a prototype
SPTL where the cooling gas flows through both the
inner and outer flow channels in parallel. A limit
of 200 g/s has been placed on the output capacity of
the refrigerator. Without this limit, mass flow
rates near 500 g/s would occur after t = 60 h, and
the total cool-down time would be 64.6 h.

relatively efficient cool-down mode, because only a small portion of the gas
is recovered at temperatures below 300 K, i.e., only that portion which is
collected during the last hour of cooldown contains unused refrigeration.
4.5, Current Leads

A pair of current leads, cooled by gaseous helium, were designed, con-
structed, and installed in the cryoflow loop described in Sec. 4.6 and used
during superconducting cable tests.

The steady state behavior of a gaseous-helium-cooled current lead may be
analyzed by considering at any given segment the heat balance between a) the
differential heating via thermal conduction from neighboring segments, b) lo-
cal joule heating, and c) cooling via heat transfer to the vapor flowing past
the segment;

d dT 2 N
& (ka-3)+21%-un (1) =0 , (4-19)
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where we neglect radial temperature gradients to allow a one-dimensional anal-
ysis. Here k is the thermal conductivity of the metal, a is the cross-
sectional area of the metal wall, T is the temperature of the metal, 0 is the
temperature of the gas, x is the distance along the lead measured from the
cold end, p is the electrical resistivity, I is the current, U is the wetted
perimeter, and h is the heat transfer coefficient.

Heat transferred to the helium causes the gas temperature to increase
with distance, and, ignoring kinetic energy terms, pressure drop, and JT ef-
fects, the heat balance equation for the vapor may be expressed as;

do _
m cp o - Uh (T-8) =0 , (4-20)

where m = mass flow rate and cp = specific heat at constant pressure of the
helium coolant.

For a lead which is cooled by a refrigerator, the mass flow up the lead,
M, is independent of the rate of heat flow QO out of the lead at x = 0.
To maintain the temperature T in the absence of a boiling liquid, however, the
refrigerator must also accommodate Qo by a separate flow m, which is re-
turned to the refrigerator at the bottom end of the coldest heat exchanger.

In general, the combination of Eqs. (4-19) and (4-20) cannot be solved
analytically and numerical methods must be used. A useful, simplifying as-
sumption is that the lead material obeys the Wiedemann-Franz Law

p(T) * k(T) =L T, (4-21)
where the Lorentz constant L = 2.45 x 10'8f2w/k2. This is a good approxi-
mation for many copper alloys and will be employed in this study.

To facilitate the numerical calculations, a change of variables was made
by defining a "thermal impedance" y such that

k ady =dx . (4-22)

Using'Egs. (4-21) and (4-22) and substituting B = kahU and M = mc, we find
that Egqs. (4-1) and (4-2) reduce to
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2

| 4T - B(T-0) + LTI = 0 (4-23)
1 dy
and
d8 - B (1-4) . 4-24
& M( 8) ( )

Using the Euler method, Eqs. (4-23), (4-24), and (4-22) can be approximated by
the following numerical equations:

= 2 2 2
0441 = 05 + ABy (T;-0;)/M;, and _ (4-26)

where A represents equally spaced steps in y.

Values of o (T) were calculated from a functional fit to literature data on
copper alloys:

where o(T) = /TCET?TTQ;Tz) + Cq (2 cm)
C; = 8.42269925 x 10'13l
C, = 7.15805382 x 10717
C, - 2:485376 x 1076 - 9.18376401 x 1077 « RRR , and
(RRR-1)

RRR = the residual resistance ratio.
The physical properties of helium gas, assumed to be at 1 atmosphere
through the lead, were obtained from analytical fits of the data of McCarty4

and are given here without attempting to justify the physical significance of
the various terms:

thermal conductivity:

kg(8) = 1.5 x 10°% + 4.0 x 107%+ 1.5 x 107% 2 (ysemek), )
viscosity:

n(e) = 5.023 x 1076 ¢ 0-647 g/cmes and heat capacity:

Cp = 5.2 (J/g°K
152 P (3/9-K)
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Values of the steady state heat transfer coefficient for turbulent helium
gas have been evaluated from a modified D1ttus Boelter correlation as suggest-
ed by Yaskin et al. 8

0. 8 0 4( 0.5,

=
I

= 0.023 Re 0 /T) g/D

where

Re

m D/Abn and Pr = Cp n/kg
For Reynold's numbers below a critical value Recrit’ the flow will be
laminar and one must use the gas conduction corre]ation9

hD/kg = 4,36

The performance or efficiency of a refrigerator cooled lead at a given
current level is best rated in terms of the reversible refrigerator power re-
quirements:

P = a(eo) my + b(eo) Q >
where a(eo) = -166 60 + 5600 is the change in the availability between 293 K
and 6, and b(eo) = (293 - eo)/eo is the Carnot ratio. The cold end

of the lead need not necessarily terminate in a 1iquid bath. The heat flow

QO from the current lead to the Tow temperature environment may be inter-
cepted by a heat exchanger to a gaseous helium stream, My, at temperature

60 obtained from the refrigerator. The real power may be found by dividing

by the refrigerator thermal efficiency, which ranges from 5 to 20% for most
commercially available helium refrigerators.

A copper heat exchanger tube manufactured by the Spiral Tubing Corporation
known as "Biloculine-PTO" was selected as the basic lead element. This heat
exchanger tube is constructed from a copper tube twisted in such a manner to
form extended fins and is inserted into a round outer copper tube. The round
tube is swaged onto the twisted tube, forming three parallel twisted passages
for the helium gas. In our use, the center passage of the inner tube is

lugged.
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Investigations of an element with the finite difference code showed that
this element could carry 600 A or more and that additional copper soldered to
the outside of the round tube to form a taper (with the larger amount of cop-
per at the top) helps to reduce and broaden temperature peaks at low helium
mass flow rates. Results of this investigation are shown in Fig. 4-27. The -
residual resistance ratios (RRR) for the Biloculine-PTO, the tapered copper,
and the solder, shown in Fig. 4-27, are measured values of the material used
to construct the lead. The locus of the optimum power as a function of mass
flow rate is approximated by the equation P = 5750 m. The ratio m/I =
0.058 g/s+<kA at these optimums, except for currents less than 300 A. The re-
frigeration needed at zero current reaches 100 W as a limit.

A pair of prototype current leads were fabricated for use in the LASL
model dc superconducting power transmission line. The cooling capacity of the
CTI Model 1400 refrigerator was sufficient to support the cryogenic flow cir-
cuit and a pair of current leads rated at not more than 5 kA. Hence each pro-
totype lead was made from seven Biloculine-PTO elements. An "effective" taper
of approximately five-fold in cross-sectional area was achieved by adding

SO0—r—71— T 1 T [ T [ |
400+— \L// —
s > I =1000 A
5 POWER =5750n} /
= 300 / —~
1=800 A
£ \742”////
J
< // 1600 A
2 5o0l— A —
= / =400 A
w /
5
ul 7 1=50 A
- 100 -
0.0 [ R S N T N B )
0.0 0.02 0.04 0.06 0.08 0.1
MASS FLOW RATE (g/s)
Fig. 4-27.

Investigation of optimum performance for a single
lead. Ty = 10 K, 2= 100 cm, copper RRR = 100,
Biloculine-PTO RRR = 5, solder RRR = 8.
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different lengths of pure copper rods (RRR  100) in parallel. For ease of
fabrication, the six shortest rods, ranging in length from 4.1 cm to 43.8 cm,
had diameters of 0.635 cm; six rods ranging from 50.2 cm to 72.4 cm long had
diameters of 0.476 cm, and twenty-four rods ranging in length from 75.2 cm to
99.8 cm had diameters of 0.259 cm. The Biloculine-PTO elements were first
silver-soldered into a heavy copper terminal lug at the top end. The bottom
side of this terminal had a 0.3-cm-deep recess into which was silver soldered
a 4.45-cm-o.d. tube. The upper 100.3-cm-long portion of the tube is thin-
walled stainless steel, and the bottom 9.0-cm-long portion is copper, around
which copper tubing coils had been added for heat exchange with the helium
coolant stream from the refrigerator. The assembly was inverted and the cop-
per rods were inserted, all coming to rest on the recessed face of the termi-
nal lug. A manifold for directing the helium stream into the annular channels
of the Biloculine-PTO was then silvered soldered to the Biloculine-PTO ele-
ments and to the 4.45-cm-o0.d. copper tube. The 4.45-cm-o.d. composite tube
was then heated and completely filled with soft solder through pre-cut vents.
In this manner, the Biloculine-PTO elements and the copper rods are thermally
and mechanically joined into a rigid structure. The free length of each pro-
totype lead, i.e., that portion between the terminal lug and the copper-walled
heat exchanger, is exactly 100.0 cm. Over this length, the cross-sectional
areas of the Biloculine-PTO elements, copper rods, and soft solder are, (as-
suming the area of the copper rods to be a linear, not stepwise function of
length), exactly seven times the values assumed in the calculations shown in
Fig. 4-27.

Performance tests demonstrated that the refrigerator could support a pair
of these leads operating at 4500 A continuously, with a cold end temperature
TO = 10 K. The measured voltage drop across the leads was as calculated.
These leads were operated at 7000 A for a period of 10 min before T0 exceed-
ed 13 K and the superconducting cable attached to the leads were driven nor-
mal, terminating the test.

4.6 Cryoflow Loop Tests

We have integrated the CTI Model 1400 refrigerator with an 18-m section
of cryogenic enclosure to form the basic elements of a system for testing full-
scale cryogenic components for a dc SPTL. The inlet and outlet tubes of the
refrigerator both penetrate at the same end of the enclosure. For simplicity,
we call this test system the "Cryoflow Loop," although as additional components
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have been added, the complexity has increased to the point where the system
has become a model for a low-voltage dc SPTL. Initial tests on the Cryoflow
Loop studied the cryegenic performance of the enclosure jtself. Then a con-
ventional high-pressure-oil-filled cable together with a remote expander (at
the far end with respect to refrigeration leads), were added to the system to
provide a simulation of the counterflow cooling scheme proposed for the dc
SPTL. Current leads were then added to the system, and, finally, supercon-
ducting subcables were installed to permit the dc SPTL model testing as well
as testing of Tong lengths of superconductor under near operating conditions.
These successive steps are described below.

4.6.1. Enclosure Performance. A 10-cm-i.d. by 17.7-m-Tong enclosure was
obtained from Cryenco, Inc., installed, as shown in Fig. 4-28, and hooked into
the CTI Model 1400 refrigerator. The 16.83-cm-o0.d. enclosure is supported
mainly in the open air, but one end penetrates the wall of the building, en-
ters a braid-covered expansion joint, and terminates in a cylindrical section.
The end cover plate of this section is removable for instrument and cable in-
stallation. Smaller cover plates for future current leads are visible on
penetrations located vertically and at 45° to the cylindrical section. Re-
frigeration piping rises vertically from the back of the cylinder and runs to
the helium refrigerator, visible in the background of the photograph. The
electronics rack holds temperature-measurement and temperature-control instru-
mentation. Figure 4-29 shows the helium refrigerator with the enclosure in
the background.

The enclosure has seven carbon-in-glass thermometers distributed along
its length. The locations of these thermometers and one set of readings are
shown in Fig. 4-30.

The performance of the enclosure is derived from

Q=m & o (4-28)

where Q = thermal influx in W/m, m = the refrigerant mass flow rate, cp =
the specific heat, and AT = the temperature rise along the length L of the
enclosure.

Thus the computation of the thermal influx depends on measuring the
mass-flow rate and the temperature rise, as well as determining the specific
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Fig. 4-28.
Cryenco enclosure installation.

heat of the gas. On the basis of our previous work on orifice meter develop-
ment, the mass-flow was computed to be 1.86 g/s. The specific heat of the gas
was obtained as 5.4 J/gsk from helium property tab]es4 for a measured tem-
perature of 11 K and a pressure of 1.48 atm. The slope of the line is 0.033
K/m, as plotted in Fig. 4-30, resulting in a heat leak value of 0.33 W/m.

This value of Q was reached after we operated the refrigeration system
for eight days. The initial reading was 0.5 W/m, but was reduced to a range
of 0.25 to 0.35 W/m after three days of operation. The input temperature
within the enclosure could be controlled to within + 0.05 K. The vacuum at
the enclosure terminations varied between 10'6 and 10'7 torr, while the
vacuum at the center (read on an external port) was 10'4 torr. The best
estimate of the enclosure performance is 0.3 W/m; the design goal was 0.25 W/m
with a guaranteed performance of 0.5 W/m.
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Fig. 4-29.
CTI Model 1400 helium refrigerator.
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Fig. 4-30.

Thermometer location and a typical temperature profile for the Cryenco
enclosure.
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When a high-pressure-oil-filled cable (see Sec. 4.6.2.), with a mass of
13 kg/m, was loaded into the enclosure, measurements revealed that the thermal
influx into the enclosure had increased to 1.3 W/m. The compressive load on
the spacers and multilayer insulation must have reduced the effectiveness of
the thermal insulation. It appears that more enclosure development work is
required to find a supporting system that can withstand the load while main-
taining the insulation properties of the enclosure.

4.6.2. Cable Effective Thermal Conductivity Determination. A 300 kV dc
high-pressure-oil-filled cable manufactured by the Phelps Dodge Co., shown in
Fig. 4-31, was drawn into the cryogenic enclosure. The inner copper tube and
the outer lead sheath were joined at both ends so as to provide a seal between
the helium gas and the oil impregnating the paper tapes forming the dielectric
material of this cable. The 0il-filled cable provided a thermal impedance
that allowed us to check the experimental temperature profile against the
theoretical one and to estimate the value of this thermal impedance.

A reciprocating expander was fitted at the end of the enclosure remote
from the refrigerator. Ten-atmosphere, 10 K helium entered the cable and
traveled down the center cooling channel before it was expanded to 1 atm and

COPPER BEARING
LEAD SHEATH 0.135in.

COPPER TUBE :
{0.750in. OD. x 0.065 in. WALL

IMPREGNATED PAPER
INSULATION 0.835in.
INCLUDING SIX SEMI -
CONDUCTING PAPER TAPES
OVER THE CONDUCTOR AND
TWO OVER THE INSULATION.

COPPER SHIELDING TAPE
0.005in. INTERCALATED WITH
A METALLIZED MYLAR TAPE.

«ooo."WEQSa”
“”20:0:::’?‘0.& <
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Fig. 4-31.
Phelps Dodge high pressure oil filled cable.
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5.7 K. This low pressure helium returned in the annular gap between the
enclosure and the cable, where it was heated by the thermal influx across the
thermal insulation of the enclosure. This 3.0 g/s flow of helium left the
enclosure at a temperature of 7.3 K and was returned to the refrigerator heat
exchangers. The temperature profile of the helium throughout the cable is
shown in Fig. 4-32 and is similar in shape to the profile of Fig. 4-11 be-
cause, again, only far-end expansion was used.

An analytical expression for the temperature profile is given by Egs.
(4-5) through (4-9). These equations were used with trial values of the ther-
mal conductance to compare the analytical to the experimental results. It was
found that only a thermal conductance value of 0.1 W/m K resulted in a fit
everywhere within + 0.1 K. v

The effective thermal conductivity (includes inner copper tube, tapes,
and outer lead sheath) was then calculated from the rearrangement of Egs.
(8-5) through (4-10) as

)
k=Gwm—/21
5]

101 9.89 3.95

TEMPERATURE (K)
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Fig. 4-32.
Temperature profile in the cryoflow loop containing
a conventional high-voltage cable and a single super-
conducting subcable in the central helium cooling channel.
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The results of this calculation are k = 0.036 W/meK. This value is suffi-
ciently low to make the proposed cooling scheme practical for long distance
(>20 km) applications.

4.6.3. Superconductor Cable and Subcable Tests in the Cryoflow Loop.
Originally the goal of the dc SPTL program was to have been a demonstration
test that would have been as close to actual use conditions as possible. This

was intended to include a full current test and a separate high voltage test.
With the reorientation of the program, we decided to come as close to this
goal as possible with the materials and equipment on hand. Several inter-
mediate tests have led to the testing of a cable consisting of three sub-
cables, each of which, in turn, is composed of 19 individual strands of mf
Nb3Sn superconducting wire (see Sec. 5.4.2.).

An initial experiment was made with a single 18-m-Tong subcable reacted
at 750°C for 64 h. The conventional high-voltage cable was left in the
cryoflow loop and the superconducting subcable installied in the central 1.8-cm
helium cooling channel. A return current path, also 18-m long, was made from
the superconducting tapes previously tested in the 20-m test bed. These tapes
were installed in the return helium space which is in the annular gap between
the high-voltage-cable outside diameter and the enclosure inside diameter.

The temperature of the return path was always colder than the cable under test
in the central helium cooling channel (see the temperature profile in
Fig.4-32), and the current-carrying capacity of the return path was intrin-
sically greater than that of the subcable. Thus the initiation of any normal
zone occurred in the central cable under test. The temperature in the test
section was held constant to within + 0.1 K along the 18-m length, and the
current was increased until the voltage reading across the sample indicated
that the cable had become resistive. This voltage activated a circuit breaker
that shut off the current and protected the cable.

The second run was made with three Supercon subcables installed in the
central cooling channel. The tapes in the return helium space were replaced
with three similar conductors. The cryoflow loop was then cooled to operating
temperatures and the critical current determined as a function of the critical
temperature.

The cryoflow loop can be cooled to a uniform temperature of 8 K in the
test section when the current is off and no joule heating occurs in the cur-
rent leads. However, joule heating in the current leads results in increasing
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the test section operating temperature. It was found that the test section
could be maintained at 5 kA and 12 K continuously, but lower temperatures and
higher currents could be reached for operating periods of 5 to 10 minutes.

The results of the critical current vs temperature for both the one- and
three-subcable tests are shown in Fig. 4-33. From the slopes of the 2 Tines
it can be shown that 3 cables operating in close proximity are able to carry
80% of three times the current of a single cable operating by itself.

Recovery of the subcables, after being driven normal, was rapid and
without incident. Helium gas temperature at the outlet of the test section
did not rise more than 1 or 2 K over the operating temperature during a

quench, and the current could be reapplied within the time it took to reset
the current source.

4,7. Equipment

The cryogenic engineering section has been responsible for the design,
fabrication, and installation of several important pieces of equipment.

4.7.1. The 100-kV Dielectric Test Cryostat. Figure 4-34 shows a sche-
matic diagram of a flow cryostat capable of providing a controlled environment
of pressure and temperature during and after the cool-down process. Helium
gas obtained from a LHe storage Dewar (or helium refrigerator)
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Fig. 4-33.
Tc characteristics for Supercon subcables.
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Schematic of dielectric test cryostat.

flows to a heater regulated to produce a gas temperature as demanded by the
controller set point. This controlled-temperature gas enters a cooling coil
wound around a copper cylinder with a stainless steel extension and leaves at
room temperature. Heat conduction down the wall Qw is intercepted by the
helium gas stream; thus, the stainless steel tube acts as a gas cooled strut.
An insulating plug fills the entrance of the stainless steel tube. Heat con-
duction through the plug is Qp. The sample chamber at the end of the stain-
less steel tube and plug is insulated by vacuum and nitrogen shields (not
shown).

The thermal stress occurring in a bar sample during cool-down is approxi-
mated by the expression,

or = E (a0,T-5, , (4-29)

where E = modulus of elasticity, o = thermal expansion coefficient, AT = tem-
perature difference between ambient and operating conditions, & = deformation
of support. The subscripts 1 and 2 refer respectively to the sample under
test and the supporting material. In order to avoid stresses in the sample
that exceed the yield point during cooling, either the temperature gradient
must be limited, or the support must have the same thermal expansion coeffi-
cient as the sample, or the support must deform under load. The deformation
can be controlled by proper construction of the sample holder, while the

temperature gradient can be controlled by the cryostat design and operation.
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Figure 4-34 shows locations for three thermometers (Tl’ T2, and T3)
to measure and record the temperatures of the cooling gas, of the sample, and
of the pressurizing helium. However, several thermometers must be attached to
the sample during initial runs in order to monitor temperature gradients.
Cooling rates can then be controlled to assure that the temperature gradients
and resulting thermal stresses are small.

The results of calculations of Qw for a gas-cooled strut are presented
in Fig. 4-35. The dimensions of the length L and the Area A have been chosen
to allow a thermal load of about 0.1 W with a liquid helium use of 1 to 2%/h.

A 2.4-m-1ong x 0.15-m-i.d. flow cryostat, intended for dielectric experi-
ments up to 100 kV, has been assembled and tested. The results show that
about 3 h of precooling with liquid nitrogen and 2 h of cooling with
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Fig. 4-35.
Heat influx down the cooled support tube of the dielectric test cryostat.
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helium are required to reach a state of 10 K and 15 atm using 30 £ of liquid
helium. This can be reduced to about 2 h total if' the pressure is maintained
at 1 atm. Most of the dielectric testing has been done in this cryostat,
shown in Fig. 4-36.

A horizontal test of this cryostat showed that the heat leak fhrough the
connection in the gap between the bushing and the cryostat wall is excessive.
The cryostat failed to reach operating temperature in this position.

4,7.2. The 300-kV Dielectric Test Cryostat. Breakdown in the 100-kV
dielectric cryostat occurs between the electrode and the wall across the cold
helium near 150 kV. Thus, this cryostat is used for nominal 100 kV work.

Another cryostat, capable of operating at 300 kV, shown in Fig. 4-37, was con-
structed for higher voltage experiments. This cryostat has a horizontal test
section, but the bushing is vertical to avoid the natural convection

Fig. 4-36.
The 100-kV dielectric test cryostat.
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The 300-kV dieiectric test cryostat.

problem at the bushing. The sample is loaded horizontally through a cold seal
developed especially for this tank. This 300-kV cryostat is now available but
has not been placed in service because of the reduced program effort.

4,7.3. 2-m Test Bed. A 2-m test bed was designed and constructed to
facilitate the testing of high-current cables and subcables up to 1.5 m in
length, at temperatures from 4 to 18 K, using the CTI 1400 refrigerator for
sample cooling. Present potheads will allow 10-kA operation, but 25-kA ter-
minals have been designed, and critical components have been purchased. The
philosophy of the 2-m test bed is to allow rapid change of samples and provide
convenient, extensive instrumentation of temperature, voltage, current, joint
resistance, and magnetic field. A new data acquisition system has been pur-

chased primarily for use with this test system. An isometric drawing of the
test bed is shown in Fig. 4-38. Unfortunately the decrease in program effort
has made it impossible to make use of this test apparatus.
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5. CABLE DEVELOPMENT
5.1. Introduction

The Cable Development Section of the LASL dc SPTL project has had the
task of choosing a superconductor for the dc SPTL and developing it into a

cable. The early stages of this task required tests and development of new
superconductors. Once suitable parameters were established, Nb3Sn was se-
lected as the superconducting material, and the effort then shifted to engi-
neering this material into a conductor suitable for a dc SPTL.

In the initial phase of superconductor selection, emphasis was placed on
understanding the current-limiting mechanisms involved in carrying large cur-
rents with zero applied fields, as previous work on superconductors by others
had concentrated on high-field behavior, as required for magnet fabrication.
Our studies included determining the current and field distributions in the
superconductor, measuring the critical current as a function of temperature
and geometrical configuration of the conductor, calculating and testing the
electrical stability of the conductor, and measuring the ac losses due to rip-
ple. Also a study was carried out in conjunction with Intermagnetics General
Corporation to optimize their Nb3Sn tape for the self-field regime. This
study involved varying several of their process parameters and comparing the
critical current Ic with that of their standard tapes.

To make the measurements for the above studies development of new appa-
ratus was required. The most important measurement was that of the critical
current because it is an important parameter of the dc SPTL and because it is
used as an indicator of the influence of other perturbations upon the conduc-
tor. The Ic measurement apparatus consisted of Dewar systems, pumps, high
current power supplies, micro-voltmeters, and sample holders. The Ic mea-
surement jtself was a simple four probe resistance measurement. AC suscepti-
bility equipment was used to determine the superconducting to normal transi-
tion temperature Tc and the temperature width of the transition ATC. In
some instances the measuring systems were computerized for convenience and
efficiency.

The choice of a superconducting material was narrowed to the A-15 com-
pounds Nb3Sn, Nb3Ge, Nb3(AzGe) and V3Si; and to NbTi and NbZr. This
selection was made because of the high transition temperatures and large crit-
jcal currents of the A-15 compounds and because of the ductility and reasonably
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high Tc's and Ic's of NbTi and NbZr. Critical currents and transition
temperatures were measured for commercially available samples of these mate-
rials as well as samples prepared at LASL. In general, most of the conductors
performed satisfactorily. However, the final choice of Nb3Sn was made be-
cause it has a relatively high Tc, has a large Ic at the planned operating
temperature (v 12 K), and is commercially available in both mf wire and tape
geometries. The high transition temperature allows operating flexibility,
increased refrigeration efficiency, and a larger margin of safety, while the
Targe critical current reduces the amount of superconducting material needed
and simplifies the conductor design. The biggest drawback to Nb3Sn is its
"glass-1ike" mechanical properties, requiring special techniques and care in
the manufacture of the cable.

After the superconducting material was selected, small conductor com-
ponent configurations were tested. These consisted of superconducting tapes
on tubes, stacked tapes, tapes on flat copper strips, and concentric cables
made of mf Nb3Sn wire. Both the electrical and mechanical properties of the
units were evaluated. The magnetic interaction among the individual supercon-
ducting units was also measured. As expected, the critical current densities
of the superconductors in the conductor configurations was reduced from the
values obtained when the superconductors were not interacting.

Once the conductor components were tested and their characteristics
known, it was next a matter of assembling them into an economical cable of the
desired power level. At present, there does not seem to be any one configura-
tion that is best for all possible uses. One must have a specific case in
order to select a "best" cable, but we have been able to provide recipes for
doing this.

Over the Tlife of the project the objectives have changed somewhat and,
thus, so has the dc SPTL design. In the beginning, the goal was to transmit
large blocks of power (=10 GW) in single cables. With this objective, tech-
nical and economical reasons dictated a coaxial design. After considerable
investment of time and effort on the coaxial design, it became clear that it
would be useful to design single circuits to carry only 1 to 3 GW. It is
Tikely that the most economical design for a 10 GW cable and a 3 GW cable will
not be the same. Our design for the Tower power levels is to place each pole
in its own cryogenic enclosure and to place the electrical insulation outside
the cryogenic environment, at ambient conditions. This design has many
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desirable features, particularly the fact that the electrical insulation can
now be a conventional “field proven" type; thus, the operating voltage of the
line can be easily matched to the electrical system.

With two types of lines, the coaxial system for high power per circuit
cases and the isolated pole design for smaller power per circuit cases, it was
necessary to develop two different conductor configurations. By a reasonable
choice of the conductor design for each type of cable, the elementary super-
conducting unit in each case was made the same. This elementary unit, an ap-
proximately 5-mm-diam cable of mf Nb3Sn wire and stabilizing copper wire,
has been the subject of many electrical and mechanical tests, which culminated
in an 18-m cryoflow loop test, as mentioned in Sec. 4.6.3.

In the following sections the work leading to this final design is de-
scribed. Section 5.2 discusses the material development and elemental super-
conductor tests. Section 5.3 reviews the test and development of mf Nb3Sn
wire for use in a cable, and Sec. 5.4 decreases the work on the stabilized mf
Nb3Sn cable. Joints are discussed in Sec. 5.5.

5.2. Material and Elemental Superconductor Tests

In this section the work on plasma arc spraying of V5Si, Nb3(ARGe)
and Nb3Sn and the work on the chemical-vapor-deposition (CVD) produced
Nb3Ge is reviewed, and tests related to the current carrying properties of
superconductors are discussed.

5.2.1. Plasma Arc Spraying of Nb3§n, Nb3£ARGe) and V3§i: The
spraying of a superconducting material onto a substrate was considered a via-
ble fabrication option for a dc SPTL conductor. This process has the advan-
tages that the conductor can be formed on any geometrical configuration and

that superconducting joints can be easily fabricated.

In the plasma arc process a plasma is generated by striking a high-
current arc between the electrodes while a gas is passed through the inter-
electrode region. Arc voltages of 30 to 40 V and currents of several hundred
amperes are typical for operation in an argon plasma. The high-temperature
plasma exits through a nozzle at a high velocity, picking up the sample powder
(the superconducting material) as it is injected into the core of the plasma
by a gas stream. The powder is melted in the arc and the molten particles
impact on a nearby cooler substrate.

Powders of V3Si, Nb3Sn and Nb3(A2Ge) were prepared and sprayed on
tubular substrates. Some of these samples were then annealed (750°C) and

171




the TC and ATc of all the samples were then measured. Tc's comparable
to literature values were obtainable. However, critical current measurements
on the samples were disappointingly low. This was probably due to the low
density of the A-15 material produced and possibly due to stress caused by the
mismatch between the coefficient of thermal expansion of the substrate and of -
the superconductor. Of the materials tested, V3Si showed the most promise -
of producing a good arc-sprayed superconductor. A detailed account of the
work can be found in the materials development sections of previous progress
lr'epor‘ts.l'8
5.2.2. Development of Nb3Ge by Chemical Vapor Deposition. Nb3Ge
has the highest known transition temperature of all superconductors but is
difficult to make and is not commercially available. However, because of its
potential as a conductor, another program at LASL is investigating methods to
develop the material by a CVD process. Early successes in the program indi-
cated that the CVD process was capable of producing good quality material ex-
hibiting Tow ac losses. Samples with Tc's of approximately 21 K and criti-
cal currents of 2 x 106 A/cm2 at 14 K were regularly produced. After ini-
tial funding by the AEC the program was continued by EPRI. The material has
been improved and 20-m lengths of tape have been produced. Also a l-m coaxial
ac transmission line section has been completed. A description of the early

work is included in the materials sections of progress r‘epor'ts.s'12 Except
for a higher T. NbjGe has few advantages over NbySn for a dc SPTL.

5.2.3. Multilayered Nb.,Sn Extruded Conductor. A new type of extruded
Nb3Sn conductor was formed byqextruding niobium, Cu-13%Sn, and pure copper
in a spiral-layered "jelly rol1" structure, followed by a heat treatment at
700°C for 24 h. A 2.0- to 2.5-um layer of Nb3Sn was formed by diffusion
of tin into the niobium. The arrangement of the materials prevented tin from
contaminating the pure copper used for stabilizing the conductor. The super-
conducting onset-temperature was 17.6 K as measured by magnetic susceptibility.
The critical current was measured at 4 K using a flux transformer technique
and, in the temperature range from TC down to 15.5 K, using a directly cou-
pled power supply. The results of the measurements are given in Table 5-I.

At 4 K the critical current was flux-jump Timited. At 25 kA the current -
density in the NbySn Tlayer is 1.2 x 10° A/cmz, a value considerably low-

er than expected. Above 15.5 K the conductor showed no signs of instability,
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TABLE 5-1
CRITICAL CURRENT AS A FUNCTION OF TEMPERATURE FOR JELLY ROLL CONDUCTOR

Temperature Critical Current
(K) (A)
17 10
16.5 165
16 340
15.5 990
4 25 000

and the I-V curves showed a very gradual transition from the superconducting
to normal state. It is possible that the contact area between the normal cur-
rent leads and the superconductor tube was not large enough to transfer the
current without some local heating, resulting in a reduced Ic' This project
was begun when only Nb3Sn tapes were readily available. This scheme has
little to offer when compared to the commercially available multifilamentary
Nb3Sn wires now available.

5.2.4. Magnetic Field Profiles of Current-Carrying Superconducting
Tapes. The design and engineering of a dc SPTL must prevent failure of the
conductor during electrical faults and overloads while minimizing use of mate-
rials and refrigerator power so that minimum cost and maximum efficiency are
achieved. Both fault and surge stability of the conductor and ripple losses
arising from the partially unfiltered output of a converter affect the Tine
design and are dependent upon the way the current distributes itself inside
the conductor. It is therefore useful to understand the details of current
penetration for the large-transport-current-density, zero-applied-field case.

5.2.4.1. NbTi Tapes. Because the surface magnetic field in a type II
superconductor carrying near critical current usually exceeds Hcl’ it would
seem reasonable to apply a Kim-type13

critical state model to describe the
magnetic fields and current distribution inside the conductor. However, it
can be shown that no local or Kim-type critical state model can accurately
describe partial flux penetration in a long straight type II superconductor in
zero applied fie]d14 because such a model cannot provide zero magnetic field
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inside the portion of the conductor where J = 0, a condition that must be sat-
isfied by a superconductor if all currents are transport currents.

That the magnetic field B must be zero where the transport current den-
sity J is zero is supported by previous results for Nb3Sn tapes,15 where
measurements were made with a Mossbauer effect magnetic field probe and Hall -
probes. Experimental data were well described by a constant-current-density
shell model, the principal feature of which is a zero-current, zero-field hole.
Attempts to fit a critical state model to the results failed. However, the
Nb
having both Nb and Nb3Sn components, and its performance degraded with
cycling. Improved measurements required a homogeneous system; NbTi was a log-
ical choice because of its ductility and availability as well as its moderate-

3Sn used for the measurements suffered in that it was a layered structure

1y high critical current density Jc'

The apparatus used to obtain the data on NbTi was based on a previously
established technique whereby a loop of the sample material was formed with a
superconducting joint and then placed around a superconducting primary to form
a dc transformer. Heaters on this secondary loop enabled us to drive it nor-
mal independent of the current in the primary. A germanium thermometer and
heater on the loop combined with a temperature controller could be used to
requlate the temperature of the sample to within 0.0l K over the range from 2
K to 14 XK. By making the diameter of the sample much greater than its thick-
ness, a reasonable approximation to a long straight tape conductor was
achieved. Total persistent current in the sample loop was measured to a pre-
cision of 4 A and an accuracy of 8 A with a calibrated Hall probe ammeter lo-
cated at the loop's center. Parallel and perpendicular components of the mag-
netic field were measured by two movable Hall probes that could be swept
across the tape loop's surface to provide a field profile near the supercon-
ductor. The sample itself was made from 0.76-cm-thick rolled Nb 45% Ti plate
with a measured Tc of 9.45 K. This plate was explosively bonded on one sur-
face to an equal thickness of OFHC copper. The resulting sandwich was then
rolled to two separate thicknesses of 0.183 cm and 0.091 cm, where the NbTi
thicknesses were 0.091 cm and 0.045 cm, respectively. TC of the material
after bonding dropped to 9.19 K, presumably because of a 400°C anneal prior
to the bonding operation. The sheets were then sheared into strips 1.96-cm
wide and formed into loops 10-cm in diameter, with the NbTi on the outside.
The superconducting joint was made by spot welding one or two additional
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strips of unclad NbTi over the break in the loop. The area of the spot welds
was much larger than the cross section of the tape.

In Fig. 5-1 we show the maximum persistent current achieved in a sample
loop as a function of temperature. This current was obtained by maintaining
the sample at a fixed temperature and inducing more current than could be car-
ried in a persistent mode. After a rapid decay, the current reached a stable
and reproducible value. At temperatures below 8.5 K, because of the added
thickness of the joint, this current probably represented an accurate value
for the critical current of the main tape because the maximum decay rate for
the observed current indicated that the effective resistance of the loop was
less than 10'13 2. This corresponded to a voltage drop of 10'11 V/cm for
a straight section, a level well below the minimum detectable voltage drop
used to determine IC by other methods. Near Tc, however, spotwelding of
the joint may have lowered the local TC below that of the rest of the tape,
and therefore currents above 8.5 K were probably joint Timited.
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Fig. 5-10

Maximum persistent current as a function of temperature for a 0.091-cm-thick
NbTi, 0.092-cm-thick copper superconducting loop, 1.96 cm wide. The circles
represent values obtained with no flux trapping present. The squares repre-
sent values obtained with some observable trapping. In both cases the final
stable value of I was reached after a decay from a somewhat higher current.
Telmeasured for this material was 9.19 K; thermometry errors were about

0.1 K.
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In Fig. 5-2 we show field profiles of the 0.091-cm-thick NbTi sample.
Current was induced by, first, raising the temperature of the entire loop
above Tc while maintaining current in the primary, then, lowering the tem-
perature to 4 K, and, finally, reducing the primary current to zero very slow-
1ly. At the end of this procedure the observed current in the sample was 2690
A gt 4 K, a value about 82% of Ic’ By slowly increasing the tape's tempera-
ture until the persistent current just started to drop we obtained a critical
current of 2680 A at 5.0 + 0.1 K. The field profiles were obtained simultan-
eously with two Hall probes, one to scan the component of the field parailel
to the surface of the sample, the other, the component perpendicular. Scan
positioning accuracy was about + 0.01 cm and field accuracy about 5 x 10'4 T,
with repeatability to 2 x 10’4 T. Because the unclad side of the NbTi was
almost in contact with the case of the small (0.06-cm x 0.008-cm active area)
Hall probes, spatial resolution was sufficiently high to resolve the peaks
almost fully.
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Fig. 5-2.
Magnetic field profiles of a NbTi superconducting loop carrying 2680 A at
5.0 K. The Hall probe used to measure the parallel component of the field was
0.25 cm from the surface of the NbTi, and that for the perpendicular component
was 0.05 cm away. Data (shown as circles and squares) have been adjusted to
compensate for the fact that measurements were taken on a Toop and not an in-
finite straight conductor. The fits (solid 1ines) were to an elliptical shell
model with total current equal to the measured current and with the inner el-
Tipse 0.87 + .02 times the outer ellipse (see text). No other parameters were
adjustable. The center of the tape was at zero and the edge at 0.98 cm.
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For the data of Fig. 5-2, the field profile was independent of tempera-
ture from 4 to 5 K. Scans taken from 5 to 8.5 K, shown in Fig. 5-3, displayed
no observable change in shape and scaled accurately with the decrease in per-
sistent current with rising temperature. Furthermore, the field profiles were
observed to scale accurately with the persistent current induced both at 4 K
with peak fields below HC] and below 4 K, where the critical current no
longer varied linearly with temperature. As temperature was increased above
8.5 K, the persistent current dropped from about 600 A to zero at 9.3 + 0.1 K.
In this region a slight decrease in spacing between the edge peaks of the per-
pendicular component of the field was observed, indicating that current had
penetrated more deeply into the tape. Qualitatively this effect is consistent
with a field profile partially governed by A, the penetration depth, which
varies rapidly only near TC.

In Fig. 5-2 we also show a good fit of the data to an elliptical shell
mode115 that approximates the actual current distribution of a tape as a
region of constant current density bounded by two similar concentric ellipses,
the outer one with a major axis equal to the tape's width and minor axis equal
to the tape's thickness. The only adjustable parameter is the size of the
inner ellipse. A property of this distribution, one which cannot be achieved
by a critical state model (except for circular symmetry), is that where J = 0,
B = 0. An application of this model to results for Nb3Sn or NbTi gives a
good fit to the data with a relatively large area void of current. It seems,
therefore, that IC was reached in both Nb3Sn and NbTi tapes well before
the tape was fully penetrated with current and that the unpenetrated fraction
had both J = 0 and B = 0 simultaneously. Thus the shape of the unpenetrated
region and the current distribution elsewhere are not well described by a
local Kim-type critical state model. Clearly the ellipse model is a pheno-
menological one which only crudely approximates a tape. The physical phenom-
ena which govern the size of the inner ellipse are not fully understood at
this time; however, the success of the model should lead to a better under-
standing of the large transport current density, low field regime. Local flux
trapping was observed during several runs on the 0.046-cm-thick NbTi Toop. In
Fig. 5-4 one field profile data set with trapping effects present is shown
together with a fit to an extension of the ellipse model with two concentric
elliptical shells with antiparallel currents.
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Magnetic field profiles as a function of temperature for the NbTi super-
conducting loop described for Fig. 5-1 with the Hall probes in the same
position as described for Fig. 5-2. The current carried at each tempera-
ture is given in Fig. 5-1. The data at 5.0 K are identical to other
scans (not shown) taken with the same total current at 4.5 K, 4 K, and

2 K. The data have not been adjusted for the effects of small stray
fields from portions of the Toop not close to the Hall probes, and the
ripple noise in the curves is a result of runout in the lead screw used
to move the Hall probes. A1l data have the correct symmetry about the
center of the tape at 0; the edge of the tape is located 0.98 cm from
its center. Other data, not shown, were taken at lower temperatures and
higher currents with no deviation from the expected scaling behavior.
Data taken at 4 K and at currents down to a small fraction of I, also
scaled with current. The only noticeable deviation from a current-
scaling behavior was above 8.5 K, as is apparent.
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The perpendicular component of the magnetic field (circles) of a 0.046-cm-
thick NbTi superconducting loop, 1.96-cm-wide, exhibiting symmetrical flux
trapping at 4.0 K. The center of the tape was at zero, its edge at 0.98 cm,
and the Hall probe was 0.06 cm from the surface of the NbTi. The net current
carried was 180 A. The fit (solid 1ine) used two elliptical shells, the inner
one extending from 0.50 to 0.90 and the outer one extending from 0.90 to 1.00
times the outer elliptical boundary (see text). The outer shell carried a
uniform current density 2.475 times the current density in the inner shell and
antiparaliel to it. The outer shell carried a net current opposite in direc-
tion to and 84% of the magnitude of the net current carried in the inner shell.

The conditions required to generate trapping are not fully understood,
nor was it determined whether a return path existed at some point on the loop
or whether the current distribution was necessarily circularly symmetric. It
was clear that the observed field profile and analysis based on the ellipse
model strongly suggested antiparaliel components of J. In addition, trapping
has been observed to lower IC at higher temperatures, as shown in Fig. 5-4.

5.2.4.2. Nb3Sn Tapes. In addition to the flux transformer technique

for inducing large currents in tape loops, we have introduced current directly
from an external power supply using Hall probes to measure field profiles in
the 13.8 K-to-Tc regime. Probably the most important observation was a pro-
file which implied that most of the current flowed near the surface of the
tapes, leaving a field- and current-free region in the tape's center. The
model for the current profile is being incorporated into studies of
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superconducting stability and should have implications for the dc SPTL design.

It was also observed that flux was trapped in the samples after removing the

driving current even for the case of an external power supply. In the exter-

nally driven tapes this trapped flux field profile is in qualitative agreement

with that found for the NbTi tape loops reported above despite the fact that )

in this measurement we certainly have an open loop. The data were inadequate

to determine the complicated return path of the persistent current. )
5.2.5. Critical Current - Geometrical Considerations. In order to de-

termine the best configuration of the superconductor in a cable, measurements

were made on simple geometries to determine the effect of width and thickness

of the superconductor on the critical current. As shown in Figs. 5-5 and 5-6

the critical current is a linear function of the tape width for flat thin tape

geometry both for temperatures near TC and for much lower temperatures.

This fact is important for scaling some of the early conductor designs. It is

also interesting that even when these tapes are placed on a cylinder, the

total current is a linear function of the conductor width. This is shown in

Fig. 5-7.
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Critical current at 4 K as a function Critical current as a function of

of tape width for single flat tape. tape width for six isotherms derived .
Curve through the experimental points from the data for sample No. IGC-B-4.

was calculated as explained in text. Above 16.2 K a linear dependence was

not obtained. -




The critical current of the thin tapes did not have a simple Tinear re-
lation to the thickness of the tape and, in fact, seemed to depend on the tem-
perature range of the measurements. Near TC (T> Q.75 TC) the critical
current went through a maximum as thickness is varied; however, the current
density showed a steady increase with decreasing thickness, improving by a

factor of 5 over the range of thickness measured.

This is in qualitative

agreement with the results of Suenaga et a1.4 on solid-diffusion-formed
Nb3Sn multifilamentary wire samples. Though our results are similar we were
unable to determine whether the causal factors were the same. Figure 5-8 is a
plot of Jc vs temperature for five of the tape samples in which the Nb3Sn
layer thickness was varied. It can be seen that the thinner Nb3Sn layers
carry a higher current density and, as well, have a larger dJC/dT.

The critical current density vs Nb3Sn layer thickness is plotted in

Fig. 5-9 for four different temperatures.

straight line fit has been made corresponding to JC = Joe

For the lower three temperatures, a

-nt
, where Jo

is the intercept at zero thickness in A/cm2, t is the total Nb3Sn thick-
ness in um, and n is the slope of the 1n(Jc(t))-vs-t curve. For the 15 K

curve, Jc = 2.32 x 106e'0‘0507t.
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Fig. 5-7.
Critical current at 4 K for Nb3Sn
tapes soldered lengthwise along a
cylindrical copper tube as a function
of the number of tapes on the cylinder.
Width of four tapes combined is equal
to the perimeter of the cylinder.
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Fig. 5-8.

Critical current density as a func-
tion of temperature for Nb3Sn tapes
having five different thicknesses.
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It is interesting to note that several of the tapes carried more than
106 A/cmz, even at 15 K, and the thinnest tape carried more than 2.4 x 106 A/cm2
at 14 K.

In Fig. 5-10 the critical current density at 4 K of several tapes is
plotted as a function of the thickness of one of the Nb3Sn layers. The cur-
rent density ranges from 2 x 106 to 8 x 106 A/cmz. The data appear to
be separated into two groups, those with Nb3Sn layers thicker than 4 um and
those with thinner layers. Tapes with the thinnest layers carry the Targest
current density, as was also seen at the higher temperatures. A1l tapes ex-
cept those with heavy copper cladding are stability limited (flux-jump limited)
so that the intrinsic or "true" critical current is not achieved. In the
thinner tapes the superconductor seems to be approaching the "true" critical
current of the sample.

Since the critical current in most of the samples is flux-jump limited,
full penetration of the current into the sample was not achieved and the cur-
rent is carried near the tape surface. This surface current distribution for
the flat tape geometry would produce a critical current density inversely pro-
portional to the superconductor thickness. The solid curve in Fig. 5-10
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Fig. 5-9. Fig. 5-10.
Critical current density as a func- Critical current density at 4 K for a
tion of Nb3Sn layer thickness for number of commercial tapes as a func-
four selected temperatures. tion of thickness of the Nb3Sn layer.
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is such an inverse thickness curve representing the equation
3o(A/em®) = 1700 (A/cm)/t(cm)

where t is the thickness of a single Nb3Sn layer. The curve is a reasonable
fit to the 0.025-cm copper-clad tapes, especially in view of the fact that
there are process variations from tape to tape as well as errors in the thick-
ness and current measurements. (This indicates that the critical current per
unit width is constant, as seen in the discussion above.) The heavier-copper
clad tapes have critical current densities larger than would be predicted by
the inverse thickness curve. This is due to the fact that the extra copper
stabilizes the superconductor, allowing the current to penetrate further into
the bulk of the sample. :

The constant in the above equation, 1700 A/cm, is in good agreement with
the value of 1400 A/cm, obtained from adiabatic stability calculations. The
calculations indicate that the current-carrying layer for Nb3Sn at 4 K must
be 2.5 um thick. For thicknesses greater than this value the tape is unstable
and susceptible to flux jumps. The experimental data are consistent with this
type of behavior.

5.2.6 Stacked Tape Experiments. A series gf tests were performed on
stacked Nb3Sn tapes to determine the total critical current of tapes in
close proximity and the current distribution in the individual tapes. For the
tests, Nb,Sn tape (1IGC #751-11) was used throughout. The first set of runs
involved three 25-cm tapes stacked and soldered together at the contacts, ex-
cept that in the 7-cm region between the contacts the tapes were separated by
sheets of mica 10'4 m thick. Two voltage probes 1 cm apart were soldered to
each tape in the center of the region between the contacts. Using liquid

hydrogen (boiling at reduced pressure) as the cryogen, measurements at several
temperatures were made of the potential drop along each tape and between the
tapes as a function of total current through the three tapes. The cryostat
was then warmed and the upper tape was carefully removed so as not to damage
the lower tapes. Data for two tapes were obtained and, finally, for a single
tape.

In a second series, two tapes were soldered as before with mica separat-
ing the tapes in the region between the contacts; however, the soldering was
done with only light clamping pressure at the contacts. The critical current
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and the potential drop along the individual tapes and between the two tapes
was then determined as a function of temperature. The cryostat was then
warmed up and the tapes were resoldered to the contact blocks using more
clamping pressure. After similar measurements were made, the upper tape was
cut for a final set of measurements.

In a third series of experiments, three tapes were stacked and soldered
over their entire length and IC(T) was determined. The same experiment was
repeated for two tapes.

Finally, in a fourth series of experiments, different lengths of three
tapes were stacked but staggered so that a length of each tape would be sol-
dered to the normal metal contacts. As a reference, IC(T) of several sec-
tions of a single layer of tape was used.

The total critical currents as measured in the above experiments are
shown in Table 5-II, where we 1list the average current per tape at Ic at
several temperatures. Although there is scatter, the following general state-
ments can be made: 1) stacking of tapes decreases the average critical cur-
rent; 2) the smaller the separation between tapes the greater this decrease;
and 3) soldering tapes together produces a critical current lower than that of
the same number of tapes separated with insulating sheets. Since these exper-
iments were done using Nb3Sn tapes, the scatter probably results, in part,
from damage during handling. Inhomogeneity in the tapes is also possible;
however, measured Ic of individual tapes did not vary by more than 10%.

Figure 5-11 shows the voltage-current characteristics for two tapes
separated by mica. The various traces are different combinations of the four
voltage probes. The current given is the total through both tapes at a tem-
perature of 17.0 K. The nonlinear behavior observed for probes 1-3 and 2-4 is
characteristic of all runs with multiple tapes in this geometry. These non-
Tinearities indicate changes in the effective resistance of the joint, imply-
ing that layers of the superconducting tapes are becoming normal as IC of
that layer is exceeded. This causes a shift in the current distribution be-
tween the tapes. Critical behavior and current sharing of superconductors is
complicated even for the simple situations studied here.
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TABLE 5-1I
CRITICAL CURRENT (A) PER TAPE IN STACKED TAPE EXPERIMENTS

Temp(K) A B c D E

"- 17.5 18 16 18 20 15
) 17.0 275 240 120 210 100
) 16.5 650 420 460 330 300
16.0 1010 620 650 - -

Single tape
Double tape unsoldered
Double tape soldered

Triple tape unsoldered
Triple tape soldered
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Fig. 5-11.
Voltage drop observed along and across two parallel superconducting tapes at

17.0 K as a function of the gross current. A cross section of the tape geom-
etry is shown.
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5.2.7. Ripple Losses. While our measurements to evaluate hysteretic
Tosses associated with ripple currents on a dc transmission line have been
made on Nb3Ge, the influences of dc bias upon ac Tosses which we have ob-
served are expected to be similar to those operating in any high-Tc super-

conducting material, such as Nb3Sn. The effect of dc bias on losses at a
given ac amplitude is twofold in that it is expected to diminish both JC and
Ao, the surface barrier field.

In Fig. 5-12 the power loss vs induced ac current is plotted for various
levels of dc bias for a Nb3Ge sample, denoted as V444, in the polished and
etched condition. It is apparent that a bias dc magnetic field Hdc of
400 Oe is sufficient to destroy most of the shielding at low ac current levels.
At higher bias values the loss curves are also displaced upwards, indicating a
nearly monotonic decrease in Jc as Hdc increases. With similar reasoning
to that employed in the analysis of the temperature dependence of the los-
ses,5 we have utilized the Bean-London model to determine the dependence of
Jc upon Hdc’ A1l of the field dependence of the losses should be con-
tained in JC(B), assuming Ac effects canlbe neglected; therefore, we have
chosen to plot the inverse power Toss PE as a function of B. The re-
sults are shown in Fig. 5-13, where JC determined in this manner is plotted
vs B, in arbitrary units, in order to illustrate the functional dependence
upon B for various induced current levels. Complex behavior is evident at Tow
values of the dc bias. However, at a sufficiently high dc bias, all of the
curves appreoach a straight line with the same slope on the log plot. The
sTlope of this line is roughly 0.4 and indicates a functional form of Jccr
B'0'4. The peculiar behavior observed for dc biases less than 1000 Oe is
undoubtedly caused by the variations of Aowith Hdc' This conclusion was
borne out by a careful investigation of dc bias dependence of Ac for sample
V444 after polishing and etching. It was found that if Ac is assumed to be
that value of field at which the power loss is equal to 0.1 w/cm2 (see Fig.
5-12), then Ao is described accurately as being inversely proportional to the
applied dc bias.

We show in Fig. 5-14 a plot of ac power Toss at an induced current of
71 rms A/cm as a function of dc bias for sample V444 in the polished and
etched condition. It can be seen that a dc bias of 400 Oe is sufficient to
produce some measurable Toss. Once the dc bias has exceeded 400 Oe, the los-
ses increase monotonically. Such behavior is characteristic of the samples
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Measured as power Tloss at 4 K as a function of induced current for Nb3Ge
sample V444 after mechanically polishing and chemically etching the surface.
Data taken at several different values of dc bias field.
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Je ~ (power 1oss)‘1 at 4 K as a function of bias field for sample V444
a?ter polishing and etching. Data shown are for several different values of
induced ac circumferential current.
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investigated at low ripple currents. However, at high ripple currents, the

power loss actually decreased initially as the dc bias was increased. The

resulting minimum in the power loss was usually rather shallow and broad.

This behavior is illustrated in Fig. 5-15 for sample V507T at various tempera-

tures. The magnitude of the ac current has been held constant at 847 rms A/cm, -
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Fig. 5-14.

Measured power loss at 4 K and 71 rms A/cm as a function of dc hias for sample
V444 after polishing and etching.

15
85 T T T T
v507T
Tt o =847 rms A/cm
soL = *-4k —j o
L |
P oo . = -0 K
L ]
[ ] -
- U — 105
Jé 75 .—1.. °
[ ]
S [ ]
L . — 100
o 7O : .
° ° .
-. [ ] "C
] [ ]
[ ] [ ]
65 e . — 95
a
a
* | .
[ N ] a
[ B
€0 1 | 1 Q0 -
0 500 1000 1500 2000
H,, (Oe) -
Fig. 5-15.

Measured ac power loss at 50 Hz, at a fixed value of induced ac circumferen-
tial current, o, as a function of dc bias field, H4c. Data are shown for
Nb3Ge sample V507T at 4 K and at 10 K.
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which corresponds to a peak magnetic field of 1509 Oe. It is interesting to
note that the minimum occurs at a field Hdc ~ 1096 Oe, corresponding to a
value of the total applied field, Hmin = Hdc "Hac ~ 413 Oe at the nega-

tive swing of the ac cycle. This value is close to the magnitude of Ac (410
Oe) measured for this same sample at 4.0 K. This same correlation between Ac
and the field at the lowest part of the ac cycle for the minimum power-1loss
condition is seen to hold at 10 K and had been observed at different values of
the ac amplitude. The correlation breaks down at higher temperatures. This
behavior can be described by a model which contains a rapid functional de-
crease of either JC or Ao with increasing field values. The results of this
work have been used as a guide for the assumptions made in predicting the rip-
ple losses for a dc SPTL, with the conclusion that we expect these losses not
to be significant for the LASL coaxial cable design.

5.2.8. Superconducting Stability. A very important aspect of any
superconducting cable is its stability with respect to small thermal perturba-
tions (which may be electrically or mechanically induced). We have looked at
this problem from many viewpoints. Below are two theoretical treatments of
different features of the problem and measurements on two different conductors.

5.2.8.1. Theoretical Study of Superconductor Stability in a Transmis-
sion Line Geometry. A fairly extensive theoretical study of the stability of
the superconducting operating mode in a general transmission line geometry has
been comp]eted.16 In this study the response of a device to a disturbance
is analyzed, a disturbance being any event which releases energy at or in the

superconductor, thus creating one or more limited normal conducting zones. A
stable operating point (given by operating temperature T0 and current den-
sity J) is analogous to the bottom of a potential well into which a small ball
will return after a not-too-large displacement; if the ball is moved beyond
the unstable equilibrium point on the rim of the potential well it will escape
the attracting influence of the potential well. The unstable equilibrium
which 1imits the stability of a superconductor operating point is described in
either of two ways.

a) The Minimum Propagating Zone (MPZ) addresses the question: "How big
a normal zone in an otherwise superconducting surrounding can be tolerated so
that the normal zone can still shrink and disappear instead of growing by it-
self?"
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b) The Minimum Recovery Zone (MRZ) relates to the question: "What is
the smallest superconducting zone, between adjoining normal zones, which will
still grow?"

The two descriptions apply in different stability regimes as explained below.

In general, a superconductor remains superconducting up to its short -
sample critical current but will have its Towest stability at that point. The
MPZ (whenever it can be defined) will approach zero at the short sample criti-
cal current. Reducing the current increases the MPZ eventually to a point
where it is infinite (see point B in Fig. 5-16). The concept of the MPZ im-
plies that the normal zone contacts an infinite superconducting zone. "Infi-
nite" MPZ, therefore, actually means that half the device is normal and half
is superconducting with one normal superconducting interface. The position of
the interface makes no difference: a slightly lower current would shift the
interface in the direction of the normal region, leading to full recovery of
the superconducting operating mode; a slightly higher current would shift the
interface in the opposite direction, leading to full normalcy of the device.
In the case of several normal and superconducting zones, detailed analysis
shows that the device can recover provided less than 50% is normal.

'y For currents lower than point B
(Fig. 5-16) stability of the supercon-
RESISTIVE ductor increases. Recovery can take
o—1_ CSHORT SAMPLE place provided at least one zone larg-
K§ CRITICAL CURRENT er than the MRZ is kept superconduct-
S % MPZ-STABLE ing. The MRZ decreases with decreas-
Ly ?——B ing current and becomes zero for a
o N MPZ-STABLE certain current, schematically point A
12 in Fig. 5-16. At, or below, this cur-
o——A rent level the device is said to have
FULL full cryostatic stability. Recovery
g?}gﬁ}ﬂc can take place even after the entire
length of superconductor is driven
—1_0 normal because the Joule heating in )
TOPERATING CURRENT any part of the device is equal to or .

Fig. 5-16. lTower than the local cooling capacity.
Schematic representation of various
stability regimes of a composite
superconductor carrying a current. conservative stability criterion.
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A knowledge of the MPZ gives information on the size of a localized dis-

turbance which will cause a quench. In practice, quenches usually occur above
point B but below short sample critical current. The margin, or difference
between the normally occurring disturbances and the ones needed to create a
MPZ, gives a quantitative stability margin, or operational safety factor.

A knowledge of the MRZ can help determine the proper width of cooling
channels, the possible width of sections not in direct contact with the cryo-
gen due to electrical insulation or force supports, and similar, usually peri-
odic, design limitations.

The copper-to-superconductor ratio, in addition to several other param-
eters, influences the stability limits. Increasing t» amount of copper (sta-
bilizer) increases both limits A and B until, for a su icient amount of cop-
per, both A and B coincide with the short sample critical current. In terms
of overall current density, however, addition of copper brings a reduction of
the short sample critical current density. The current density of 1imit B is
also reduced but to a lesser degree, while A increases marginally.

In a particular device it may be advantageous to operate at a higher
current density even though in a less than cryostatically stable mode. An
important result of this stability study is to provide design options. An
example follows. For a typical conductor the aforementioned stability limits
may coincide with the short sample critical current density at a copper-to-
superconductor (Cu:SC) ratio of 8:1. Reducing Cu:SC to 2:1 may increase the
stability 1imit B to a 10% higher current density, while the short sample
critical current density has tripled. Disturbances of the order of 0.1
J/cm2 (energy release per unit area conductor cross section of a localized
disturbance) cause quenches at 70% short sample performance, but the device
can now operate to twice the initial (fully stable) short sample current den-
sity. In order to carry the same total current at twice the current density,
only half as much copper but 50% more superconductor are needed. For prices
of copper at 1.75 $/kg and superconductor at 88 $/kG, this corresponds to an
increase of 36% in the cost of conductor material. Yet the increase in cur-
rent density results in reduced cost of dielectric and cryogenic envelope and
increased overcurrent capacity and flexibility of the final cable, factors
which may offset the increased conductor cost.
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Computer studies of the spread of single normal zones in a realistic
coolant flow situation,17 are related to these stability studies. Experi-
mental verification of the theroetical studies has partially been made. More
empirical experience of normally occurring disturbances and their statistical
distribution in space, time, and size will be necessary to establish practical
sfabi]ity margins.

5.2.8.2. Adiabatic Stability. Adiabatic or intrinsic stabilization re-

presents the most fundamental approach in that it finds an upper limit to the
18,19,

magnetization energy of a type II superconductor in the critical state
in relation to the specific heat. The theor‘yzo’21 develops a criterion for

maximum superconductor thickness Xy Or diameter d as a function of critical
current density Jc and specific heat per unit volume S. There can be no flux
jumps as long as the film thickness x is less than

>
|

9 1/2
= (107 ST )*/“/43, (1)

where

—
n

Jc/(-dJC/dT) . (2)

Because both JC and S vary with the temperature, but with slopes of opposite
signs, it should not be surprising that there is a maximum in the adiabatical-
ly stable critical current. This is, of course, simply another way of viewing
the maximum flux jump field of Swartz and Bean.21

5.2.8.3. Stability Analysis of Test Bed Sample. The first mf Nb3Sn
sample measured in the 20-m test bed was a monolithic 67,507-filament, copper-
stabilized conductor that was made by Airco and shown in cross section in Fig.
5-17. Abofe 13.8 K the critical current was that expected, based on short
sample measurements at 4.2 K and on the measured Tc' At lower temperatures,
the critical current increased rather slowly (see Fig. 5-18), and at 4 K the
test bed sample carried only about one-third the short sample critical current.
Such "degradation" is well known in superconducting magnets; a number of fac-
tors are involved but the explanation generally falls in the category of sta-
bilization. Although the test bed configuration is hardly a magnet, the rath-
er disappointing results found in Fig. 5-18 can be explained from the point of
view of stability theory as follows:
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Fig. 5-17.
Photomicrograph of the cross section of the Airco mf Nb3Sn conductor.
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Comparison of current limits of Airco mf Nb3Sn conductor (Fig. 5-17) pre-
dicted by limited dynamic stabilization (smooth line) with values that were
experimentally observed in the test bed experiment (squares and crosses).

1. The conductor is not adiabatically stable under self-field condi-
tions. Although the individual filaments are below the adiabatic limit, they
are coupled by the self field. The bronze matrix is of such low thermal con-
ductivity that it can be treated as the adiabatic region (with a smeared out,
or averaged, critical current density). The size of this region then exceeds
the corresponding stability limit of about 70 ym at 11 K and about 9um at 4 K.
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2. Dynamic stabilization, i.e., eddy current damping of sudden flux
motions, therefore, goes into effect once a conductor thickness greater than
the adiabatic Timit has been filled up to the critical current density.

3. The small copper veins within the material are probably of insuffi-
cient size and purity to be effective, and only the outer copper jacket pro-
vides dynamic stabilizatijon.

4, At high temperatures (> 13 K) the entire conductor is dynamically
stabilized, and thus can carry the full critical current. Here the measured
limiting currents represent the true self-field critical current densities of
the conductor and the transition to the normal state proceeds gradually, pas-
sing through the flux flow regime. The IC vs temperature curve is essen-
tially linear.

5. At Tower temperatures, supercurrents are only carried in a surface
shell whose maximum stable thickness is set by the theory of dynamic stability.
Once that (temperature dependent) 1imit is reached, further current and flux
penetration leads to a flux jump that drives the entire sample normal (cf.

17). The current 1imits thus seen below

measurements on propagation velocity
13 K are not characteristic of mf Nb3Sn but only of the sample arrangement
and geometry.

6. The agreement between calculated and measured current limits (Fig.
5-18) 1is reasonably satisfactory. The continued gradual rise of the limiting
currents (against the drop predicted by the shell model) can probably be ex-
plained by an increase in the effective periphery of the shell as its thick-
ness becomes thinner.

5.2.8.4. Cryostability Measurements on the Double Nb,Sn Tape Sample.
In this type of experiment electrical pulses of increasing ;nergy are supplied
to a heater in contact with the superconducting sample carrying a chosen
steady current less than Ic for a selected T until a propagating normal zone
is established. The heater was initially wound uniformly over a 45-cm length
of the sample at the 15-m position (halfway down the return leg of the
U-shaped sample), such that the resistance of the heater was approximately
1.0Q/cm. The heater was tapped 15 cm from one end so that heater resistances
(and thus heated lengths) of 15, 30, or 45 Q (cm) could be selected.

The results of such measurements on this sample at two different temper-
atures are given in Fig. 5-19 and show the applied steady current as a func-
tion of normalized (per unit heater length) pulse energy required to drive
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Fig. 5-19.

The energy pulses per unit length of heated section, AE, necessary to create
propagating normal zones in the sample. The curved lines are drawn as an aid
to the eye. The short horizontal lines represent the critical current at each
temperature. The finite value of AE/% at the critical current is due in part
because some energy is absorbed by the flowing helium coolant, and in part
because the heater is not located at the warmest spot along the length of the
sample. The dashed line is a computer simulation at 8.7 K.

the sample into its normal state. The data indicate that for these relatively
Tong heated lengths the energy per unit length necessary to create propagating
normal zones is independent of the heated length.

The finite value of AE/% at the critical current (at the top of the
curves in Fig. 5-19) is due to two different effects. First, because the sam-
ple has a temperature gradient over its 20-m length, the temperature of the
heater is not the warmest temperature along the entire conductor. Thus, if
higher currents are introduced, the critical current is exceeded in warmer
downstream sections and the resulting propagating normal zone eventually works
its way back over the entire conductor. Put another way, at a current which
is just stable for the entire conductor, a finite AE is needed to raise the
temperature of the heated section to above that of the warmest section and
thus cause a normal zone to develop. Secondly, even for an isothermal conduc-
tor at IC(T), the cryostabilizing effects of the flowing helium and current
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sharing in the substrate allow the conductor to recover from a small but fi-
nite AE. This more complicated phenomenon has been subjected to a computer
analysis, essentially using the method discussed in Sec. 4 (Eq. 4-11, 4-15,
4-16 and 4-17), but rewritten to include mass conservation, joule heating and
current sharing, as described recent]y.zz Using the measured critical cur-
rent data for the double Nb3Sn tape samp1e12 and the appropriate geometry,
the computer code simulates heating pulses and the ensuing recovery or prop-
agation of the normal zone. The results at 8.7 K are shown as a dashed line
in Fig. 5-19. The close agreements to the experimental measurements shows
that the code can accurately simulate the cryostability of this sample.
5.2.8.5. Cryostability Measurements on mf Nb.Sn Conductor. Thermal
pulse measurements on this sample were made in the aanner described in Sec.
5.2.8.4 for three isotherms at approximately 4.9, 10.5, and 15.1 K. The re-
sults are summarized in Fig. 5-20. Here dashed horizontal lines at the top of
each curve indicate the values of IC(T) for each isotherm. This set of
curves demonstrates a somewhat different type of behavior than that obtained
from similar experiments on various tape samples. Again, a finite E is need-
ed to initiate propagation at a given temperature at current levels equal to
IC(T). As the current is lowered, the AE needed to initiate propagation

Base Current (kA)

0.05 oJ 0.2 o5 1.0 20 50 10 20 80 100
Pulse Energy {(J)

Fig. 5-20.
Effect of various sizes of heat pulses on the critical current of the Airco mf
Nb3Sn conductor at three temperatures.
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increases at a rate rough]y equal to that observed in the double Nb Sn tape
sample, but at AE values which are approximately f1fty times lower. This is
due to the large difference in the - amounts of cryostabilizing copper between
the two samples. As the current is lowered still further, the AE values begin
to increase substantially and, at the lowest currents, become nearly equal to
the values of AE for the double tape sample. At such low currents, the effect
of the cryostabilizer is clearly less important. What remains surprising is
the abruptness with which this lack of cryostability manifests itself. It
would appear that there are two different regimes of stability, bounded by the
dashed line in Fig. 5-20. This may, however, be an artifact of the semilog
display. No computer simulations of cryostability have been performed for
this sample, but they might elucidate this atypical behavior.

5.2.9. Normal Zone Propagation Velocity. The observation of the growth

or collapse of intentionally produced normal zones in a superconducting wire
or cable provides an important experimental verification for some of our ideas
on superconductor stability and stabilization. Additional insight can be ob-
tained from measurements of the velocity of the normal-superconducting (N-S)
interface.

We have reported measurements of the velocity of destruction of super-
conductivity in a copper-stabilized mf Nb3Sn superconductor (67,500 fila-
ments of 5.8-um diam in a bronze matrix; dimensions 0.51 cm x 0.465 cm) at
currents up to 1,100 A. This conductor, in a force-cooled cryogenic environ-
ment, exhibited an asymmetry of velocity with respect to cryogen flow direc-
tion (downstream to upstream) of 2-to-1 (midrange) at 14.2 K. The asymmetry
increased to 7-to-1 (midrange) when the temperature was increased by only 1.6
K to 15.8 K. TC of the conductor was 16.5 K. Earlier data and ana]ysis22
indicated that we could not explain this dramatic asymmetry solely in terms of
warmer downstream cryogen gas, i.e., reduced heat transfer from superconductor
to surrounding cryogen and reduced IC as a function of increasing tempera-
ture. We therefore decided to look for a possible additional asymmetry of
velocity with respect to electric current direction, such as we had observed
previously in dirty Type II Ta wires.23

The new series of experiments with the sample in vacuum and exchange gas
environment is our first such set in which there is negligible heat transfer
from the moving N-S interface into the surroundings. The experimental ar-
rangement is shown in Fig. 5-21. The only heat transfer involved now would
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be from the filaments themselves into the bronze and copper mixed matrix and,
of course, the longitudinal heat transfer along the conductor axis. Conse-
quently, the instantaneous temperature is practically uniform over the cross-
sectional area so that one-dimensional analysis of the propagation seems jus-
tified.

The experimental results at 15.75 K, shown in Fig. 5-22, are quite ac-
curate and clearly show the asymmetry of thermal propagation velocity with
respect to current direction. Similar results were obtained at 15.00 and
16.04 K. From these data we obtain the experimental dependence of velocity
with respect to temperature for two currents, shown in Fig. 5-23. Once again
we observe a significant asymmetry in the normal zone propagation velocity,
the higher velocity always being associated with the parallel case where the
interface velocity is in the same direction as the electron drift. We would
expect that complications related to various flow conditions of the cryogen
are absent in these experiments. For the limited data given, the ratio of the
parallel to antiparallel propagation velocities at a constant temperature is
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Fig. 5-21.
Schematic diagram of superconducting sample and sample holder showing vacuum
enclosure and electrical, thermal, and magnetic probes. Vi through V4
indicate the voltage probes used to detect the N-S interface.
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roughly constant, independent of the operating current level. For a given
current, the difference in the two velocities at various temperatures tends to
be constant.
5.3. mf Nb,Sn Wire Development for a dc SPTL

The w;rk described in the previous cable development sections laid the
grounhd work for selecting a conductor to he used in a dc SPTL. Although the
previous work has shown that a number of conductor types could actually be
used, a mf wire was chosen. In the mf wire the Nb3Sn is distributed in fine
filaments throughout a conducting matrix. The filaments are small enough so
that they are adiabatically stable while the conducting matrix and/or added
copper stabilizer provides dynamic and cryostatic stabilization. Because of
the fine filaments and precompressive loading on the Nb3Sn, the mf wire has
reasonably good mechanical properties. Cables of mf wires also provide a mea-
sure of reliability by providing multiple parallel current paths. During our
initial testing, commercial mf Nb3Sn wire reached a high degree of perfec-
tion.

As mentioned earlier, two distinct line designs have evolved. The ori-
ginal design has a coaxial geometry with a low-temperature dielectric; it
could be operated at high currents (50 kA) and relatively low voltage (100 kV),
giving a power capacity of 5 GW per circuit, would have had an overall diam-
eter of 40 cm, and originally was to have used thin Nb3Sn films (tapes) for
the conductor. 1In modifying this design we reduced the current, increased the
operating voltage, reduced the overall size, changed the superconductor from
tapes to mf Nb3Sn wire and made the conductor flexible so that long lengths
could be spooled and pulled into the cryogenic enclosure.

The second type of design consists of two independent conductor and
cryogenic enclosure pairs to form one circuit; the dielectric is placed on the
outside of the cryogenic envelope and thus operates near ambient temperature;
the conductor is braided on cabled mf Nb3Sn wire in or on the inner tube of
the cryogenic enclosure; and the conductor, enclosure, and dielectric can be
spooled in lengths up to 600 m. This type of design resembles the conven-
tional self-contained oil-filled (SCOF) cables in many respects. Because the
dielectric is outside the cryogenic enclosure, operating voltages up to + 600
kV are feasible. Thus, depending on the magnitude of the current, this line
can be either a high-capacity (12-GW for 10-kA) or a medium-capacity (3.6-GW
for 3-kA) conductor pair.
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Although the two types of lines are considerably different, the conduc-
tors in both designs could be quite similar. Even if the conductors are dif-
ferent in detail, most of the information needed for one design is applicable
to the other.

To arrive at a satisfactory wire design optimized to dc service, we ini-
tiated a program to measure and improve the properties of Nb3Sn tapes and mf
wires. Test results obtained previous1y17 were incorporated into our eval-
uation of mf Nb3Sn wires. The wire properties important in the conductor
design are:

1. the critical current and critical current density as a function of

temperature;

2. the minimum bending radius that the wire can tolerate without degra-

dation;

3. the compressive loading on the Nb3Sn caused by differential ther-

mal contraction of the materials in the wire;
the dependence of the critical current on magnetic field; and

5. the effect of heat pulses and electrical transients on the stability

of the conductor.

Several mf wires were designed, fabricated, and tested to determine the
value or range of the properties outlined above.

5.3.1. mf Nb,Sn Conductor for dc SPTL. The desired properties and
internal arrangemen; of the composite mf Nb3Sn superconductor for use in a
dc SPTL operating between 10 and 14 K are significantly different from those

of the identically named materials planned for large, high-field magnets
operating at 2 to 4 K or for rotating machinery. Most existing development
programs for mf Nb3Sn are sponsored by government organizations interested
solely in the latter objectives. A specific dc SPTL wire manufacturing
program was initiated in FY 1977 by LASL.

We have outlined the design and necessary steps in the fabrication of
the composite mf wires or subcahles that will serve as the building blocks for
the complete high-current cable. We assume that "standard" alloy systems will
be used so that published information can be applied on optimizing heat treat-
ment times and temperatures for the formation of Nb3Sn by the diffusion pro-
cess.

5.3.1.1 General Requirements on Composite Superconducting Wires. Below
are Tisted seven requirements to be met by dc SPTL conductors together with
methods of attaining them.
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1. Usable critical current densities at fields between 0.5 and 1 T and
at temperatures of up to 14 K. Diffusion-reacted bronze assemblies (Nb-CuSn)
with overall averaged critical current densities between 500 and 1000 A/mm2
at 14 K will meet all foreseeable requirements of supercurrent density.

2. Sufficient fineness of superconductor filament to be adiabatically
stable at the minimum operating temperature of 10 K. Nb3Sn diffusion zones
15 um or less in thickness will meet this criterion. Actually, 5 um is a
practical maximum for the thickness of the diffusion zones. However, if a
tubular diffusion zone completely encloses the bronze, the diameter of that
tube must be no larger than 55 um.

3. Sufficient cryostabilizer of low resistivity and in close proximity
to the superconductor to carry the full line current during accidental, local-
1y Timited normalcies while permitting the line to recover superconducting
temperatures. Cryostabilizer incorporated into the wire with a matrix-to-
superconductor ratio of 8, so that the OFHC copper cryostabilizer will be 1im-
ited to a current density of 100 A/mm2 and a corresponding power density of
1 mW/mm3, is expected to serve satisfactorily. However, the effectiveness
of the cryostabilization, which will vary with the extent of the fault or dis-
turbance and with the heat transfer conditions, remains to be verified.

4. Proper arrangement of superconductor and cryostabilizer to minimize
current transfer resistances and inductances. This is achieved by reducing
the amount (distance) of high-resistivity material between the superconductor
and the surface of each wire to less than about 100 um.

5. Minimum permissible dimensions for cryostabilizer to avoid increase
in low-temperature resistivity due to size effect and impurity diffusion.

This requires minimum cryostabilizer dimensions of 2 to 5 mean free paths and
effective, unbroken diffusion barriers. A cryostabilizer dimension of 10 um
should provide an adequate safety margin, but the minimum practical barrier
thickness remains to be determined.

6. Optimal location of cryostabilizer to dynamically damp gross wire
and cable motions or distortions. It is 1ikely that requirements 3, 4, and 5
above will automatically help in meeting this goal.

7. Sufficient strength or intentional strengthening of the composite to
avoid breakage of the brittle Nb3Sn during cable manufacture and installa-
tion and consequent degradation of critical current.
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5.3.1.2. Internal Layout of Composite Superconducting Wires. Composite

mf Nb3Sn superconducting wires containing protected (copper) cryostabilizer
can in principle be designed with many different geometric arrangements of the
bronze, niobium, and copper. We prefer those with essentially cylindrical, or
finely grained hexagonal, symmetry to preserve electrical and mechanical iso-
tropy and thereby minimize the possible effects of mechanical stresses. There
are four basic arrangements or building blocks which can then be combined into
more complex structures:

1. Niobium tubes containing bronze rods and embedded in a copper matrix.

The Nb3Sn layer is formed on the inside of the niobium tubes which also
serve as diffusion barriers to protect the copper.

2. Niobium tubes containing copper rods and embedded in bronze matrix.
The Nb3Sn diffusion layer is now formed on the outside surface of the niobi-
um tubes which protect the copper.

3. Surface-diffused niobium filaments in a bronze matrix surrounding a
large copper core, which is protected by a separate diffusion barrier.

4. Surface-reacted niobium filaments in a bronze matrix which is, in

turn, surrounded by a diffusion barrier and then by a high-purity copper shell.

The details of the various billet arrangements have been worked out
analytically and graphically. However, of all the possible arrangements, only
the first and the Tlast (when multiply stacked to 1imit the size of the high-
resistivity regions) meet the previously listed dc SPTL requirements. Figure
5-24 shows a sample layout of the wire (or of the extrusion billet). The
small circles marked Nb can be either niobium tubes or tungsten diffusion bar-

riers, containing pure bronze (BRZ) or bronze with many fine niobium filaments.

5.3.1.3. Conductor Design and Procurement. The wire differs from the
more conventional mf Nb3Sn in that it has a large ratio of high-conductivity-
copper to .superconductor-plus-bronze (8-to-1 and 5-to-1 for two different de-

signs) and that the Nb3Sn is in close proximity to the copper so that cur-
rent sharing is enhanced in case of some kind of fault. A procurement request
for the manufacture of three batches (~ 36 kg total) of such material in the
fofm of 0.25-, 0.5~ and 1-mm-diam wire was issued early in FY77. Bids were
received from three vendors. Because of technical differences among the vari-
ous bids and the desire to test several design concepts, a proposal from the
Supercon, Inc. and a portion of a proposal from Airco, Inc. were accepted.
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Fig. 5-24.
mf Nb3Sn conductor proposed for dc SPTL. Large cgpper to superconductor

ratio limits dissipation during faults to 1 mW/mm° at a current density of
100 A/mm2. Nb3Sn “filaments" have a current density at 14 K of 1000

A/mmZ referred to the original Nb and bronze. For adiabatic stability, the
regions of high electrical resistivity and of low thermal conductivity must
have diameters of less than 55 m at 10 K or 35 m at 8 K.

The Supercon design uses single stacking of 37 bronze-filled Nb tubes
arranged to form diffusion barriers preventing tin contamination of the high-
purity copper matrix while keeping the stabilizing copper near the supercon-
ductor. Photomicrographs of the wire illustrating this design are shown in
Figs. 5-25 and 5-26. Items (1) and (2) of the order have different copper-
matrix-to-bronze-plus-nicbium ratios RM = 8 and 5, respectively, while item
(3) has RM = 8 but a different geometric layout, the filaments being uni-
formly distributed throughout the inner 80% of the cross section of the wire
jnstead of occupying only the inner 35% of the area as in items (1) and (2).
Item (3) also has 37 filaments per wire. The different geometric layouts have
helped us to evaluate the bending performance of the three wires at several
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fixed diameters. Originally the billet for item (3) was to have an aluminum
bronze alloy shell which would later form an oxide surface layer on the wire
during the heat treatment and would be evaluated as a means to insulate elec-
trically adjacent wires in the cable to minimize transient and ac losses.
Later it was decided to test this insulating scheme on less costly and more
predictable mf Nb-Ti wire.

Wires drawn to several sizes by Supercon from items (1) and (2), as de-
scribed in Table 5-III, were received and have undergone a series of heat
treatments to determine the proper time-temperature schedules for obtaining a
satisfactory combination of critical current, critical temperature, and mech-
anical properties.

Airco's proposal was divided into two phases. In phase (1) a bronze-
niobium composite billet containing 109 niobium filaments distributed evenly
in a copper-13 weight percent tin matrix was assembled and extruded. 1In phase
(2) this "core material" was assembled with tantalum diffusion

Transverse sectjon of Supercon, Inc., mf Nb3Sn
wire 256XE-40-1A, 83% copper, 2.7-mm diam.
Magnification is 50X.
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Fig. 5-26
Transverse section of Supercon, Inc., 256X3-40-1A
after reduction to 0.25-mm diam. Magnification
is 1700X.

barriers and high-purity copper to produce five different wire configurations,
three of which have an 8-to-1 Cu-to-(Nb + bronze) ratio and two of which have
a 1-to-8 ratio.

5.3.2 Heat Treatment (HT) Optimization. For heat treating a procedure
was selected in which 66-cm lengths of wire were heated in a 150-cm-1ong tube
furnace with the temperature controlled to + 29¢. Upon completion of the
heat treatment the IC of each sample was measured as a function of tempera-

ture between 13.8 K and Tc using a bath of pumped liquid hydrogen as the
coolant: The results of the Ic measurements on four of the wires at 14 K

for various HT's are shown in Fig. 5-27. These plots show the JC (IC

divided by cross-sectional area of niobium + bronze) at 14 K for a given reac-
tion temperature as a function of the square root of the reaction time. Be-
cause, at a given temperature, the diffusion distance of tin into the niobium
is roughly proportional to the square root of the reaction time, the abscissa
for each of these graphs is a relative measure of the Nb3Sn thickness.

Another way to consider the data is to plot Jc vs the HT temperature for a
fixed reaction time; this is shown in Fig. 5-28. We concluded that the
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TABLE 5-I1I
SUPERCON mf Nb3Sn WIRE

Wire Diam No. of Twist Filament Bronze-to- Filament
Designation (cm) Filaments (turns/cm) Diam (um) Niobium Ratio Distribution
1)  83% OFCH Cu Matrix
256 XE~40A-1A 0.10 37 0 76 .5:1 a
256XE-40A-18B 0.10 37 1 76 2.5:1 a
256XE-40A-2A 0.05 37 0 39 2.5:1 a
256XE-40A-28 0.05 37 2 39 2.5:1 a
256XE-40A-3A 0.025 37 0 19 2.5:1 a
256XE-40A-38 0.05 37 4 19 2.5:1 a
2) 90% OFHC Cu Matrix
256XE-41A-1A 0.10 37 0 66 2.5:1 a
256XE-41A-1B 0.10 37 1 66 2.5:1 a
256XE-41A-2A 0.05 37 0 33 2.5:1 a
256XE-41A-28B 0.05 37 2 33 2.5:1 a
256 XE-41A-3A 0.025 37 0 16 2.5:1 a
256XE-41A-38 0.025 37 4 16 2.5:1 a
256XE-43A-1A 0.10 36 0 66 2.5:1 b
256XE-43A-1B 0.10 36 1 66 2.5:1 b
256XE-43A-2A 0.05 36 0 33 2.5:1 b
256XE-40A-18 0.05 36 2 33 2.5:1 b
256XE-43A-3A 0.025 36 0 16 2.5:1 b
256XE-40A-1B 0.025 36 4 ‘16 2.5:1 b

dF{laments close packed over inner 35% of the cross section of the wire.
Filaments spread out over inner 80% of the cross section.

highest JC (at 14 K) s obtained with a HT schedule of 64 h at 750°C. A
similar maximum was observed for all of the types of wire tested; however, at
lower HT temperatures the peak was not determined because HT times in excess
of 128 h were not considered useful. The slope and JC values found in Fig.
5-27 do indicate that some further improvement in JC is possible over that
obtained at 750°C with even longer reaction times.

T: is a measure of the highest temperature at which the wire starts
to carry a practical amount of supercurrent. It is defined as the Ic =0
1ntercept of the nearly Tlinear portion of the I vs T curve. We had hoped
that T could be increased by some combination of HT temperature and re-
action t1me. Although we did observe small variations in T (higher T
for longer reaction times at a given temperature), there was no reaTTy signi-

ficant increase.
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Graphs showing the effect of reaction time in hours for reaction temperatures
of 7000C (A), 7259C (B), 7500C (C), and 7759 (D) on critical current

density at 14 K. The current density is plotted as a function of the square
root of the reaction time because the Nb3Sn thickness is proportional to

this quantity. Sample characteristics are described in Table 5-III.
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Fig. 5-28
Critical current density at 14 K as a function of reaction temperature for
reaction times of 16 h (A) and 64 h (B). For all four samples and for both
reaction times, the critical current density was a maximum for a reaction tem-
perature of 7500C. Sample characteristics are described in Table 5-III.

In an earlier study17

we had found that TC was significantly reduced
by strain in the Nb3Sn caused by a mismatch between the coefficient of ther-
mal expansion (CTE) of the Nb352 and the substrate material. Thus we as-
sumed that the relatively tow Tc's (15.0 to 15.5 K) measured in the pres-
ent wires are also the result of compressive strain in the Nb3Sn, induced by
the difference in CTE between the Nb3Sn and the bronze cores of the Nb3Sn
filaments. The combinations of reaction times and temperature that produced
thicier layers of Nb3Sn (and thus somewhat less strain) tended to have high-
er Tc'

We also produced a series of samples reacted at 750°C for 16 h then
annealed at lower temperature. A typical sample reacted in this manner has a
T: of approximately 15 K. 1In Table 5-IV we list the T:'s obtained
for samples that received an additional anneal.
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The anneals tended to increase Tz, but the changes are relatively
small. Further discussion of the annealed samples is given in Sec. 5.3.3.

5.3.3. Mechanical Properties of Supercon Wire. As mentioned above, the
mechanical properties of the superconductor play an important role in the de-
sign of the dc SPTL conductor. The amount of assembly that can be accom-
plished after the Nb3Sn is formed in the conductor depends on the amount of
strain and minimum bending radius that the wire can withstand without degrad-
ing the superconducting properties of the Nb3Sn. In order to find these
limits and to understand and, perhaps, modify them, we designed and performed
a series of tests to determine the effect of bending on the critical current.
These and tests on a related quantity, the effect of strain on the critical
current, are described in Sec. 5.3.3.1. In order to understand the HT mea-
surements, we made pinning force measurements on bent and as-reacted (not bent)
samp]es.24 These measurements are discussed in Sec. 5.3.3.2.

5.3.3.1. Results of Bend Tests. The samples subjected to bend tests
were several types of wire, as well as similar wire with different HT's.
12 and the IC of the
as-reacted sample was measured. Each sample was then warmed to room tempera-
ture; one end of the sample was unsoldered from the current contact hlock and
bent 180° around a certain cylinder, straightened out, and resoldered to the

First, a sample was mounted in the IC holder-probe,

contact block. We then remeasured Ic’ This procedure was repeated 5 to 13
times on each wire. The results of these tests, showing the effect of bending
on Jc at 14 K, are shown in Fig. 5-29, where Jc has been plotted against

the number of bends and bend radius. On each graph the sample type and HT
schedule are shown. Using the information in Table 5-III, the sample type can
be inferred from the last five alphanumeric characters in the sample number.

TABLE 5-1V

Té FOR SAMPLES (256XE-41A-1A) REACTED AT 7500C FOR 16 h
FOLLOWED BY VARIOUS ANNEALING SCHEDULES

Anneal Time Anneal Temperature T:
(h) (o) K).
0 0 15.0
96 400 15.25
84 500 15.50
87 600 15.20
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By comparing Fig. 5-29A with 5-29B and Fig. 5-29C with 5-29D we see that
the effect of bending is independent of filament twisting. However, for smal-
ler radii bends, a different amount of degradation might be expected for the
twisted wires.

After the initial increase in the critical current, common to all wires,
we observed degradation to be more severe in the 43-series wire than in the
40- or 4l-series wire; that is, if the filaments are concentrated near the
center of the wire, less damage occurs for a given bend number and radius. We
expected this result because less strain is introduced for a given bend radius
when the filaments are nearer the neutral axis; this is demonstrated by com-
paring Fig. 5-29A with 5-29C and Fig. 5-29B with 5-29D. It should also be
noted that the increase in Jc for the first bend is greater in the 43-series
wire.

In Figs. 5-29E and 5-29F the results for two similar samples are plot-
ted; the difference is in the HT given each sample. The relative effect of
bending is greater in the sample heat treated for 16 h at 775°C than in the
one heat treated for 64 h at 750°C, indicating that the sample with the
shorter HT (less Nb3Sn) is affected more by the bending than the sample with
the larger percentage of Nb3Sn. Because the ratio of Nb3Sn to bronze pre-
sumably determines the amount of initial strain in the Nb3Sn, the sample
having the shorter HT initially should have more strain.

A similar comparison can be made between two wires of different diameter.
In Figs. 5-29E and 5-29G, the HT times are the same and the HT temperatures
are similar, so the Nb3Sn-1ayer thickness in each wire should be similar.
However, the percentage of Nb3Sn relative to the bronze is smaller in the
larger diameter wire. We assumed that the larger wire had larger compressive
strain on the Nb3Sn, which should result in a greater initial rise in IC
with bending than that found for the smaller wire; such was the case.

In all wires and for all temperatures at which IC was measured, IC
increased with the first few bends. At 14 K the relative increase ranged from
1.25 to 2 times the value for the as-reacted wire; at 15 K this increase was
as high as seven times the as-reacted value. Of course, the increase is mag-
nified both by the intrinsic increase in IC and by the increase in IC
through an increase in TC.
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Fig. 5-29.

This series of graphs displays the effect on J. of bending the superconduc-
tor around various diameter cylinders at room temperature. J. is plotted as
a function of the number of times the sample was bent at a given radius. In
all cases the initial bends caused an increase in Jc, indicating a relief of
the compressive strain in the virgin wire. Note that only the most severe
bends cause large degradation in Jc (see Fig. 5-29G).

For sample 256 XE-41A-1A, after an HT of 64 h at 775°C, we reduced the
bending radii from 7.5 to 1.25 cm in several steps. These bends produced a
maximum strain on the outside of the bend of 0.4 to 2.4%, respectively. Al-
though the bending at the intermediate smaller radii caused reductions in Ic’
only the bends at 1.25-cm radius caused large degradations.

We performed two more sets of bend tests consisting of a series of mul-
tiple bends at the same radius and a series of bends at decreasing radii. The -
first series of tests was performed to determine whether multiple bends in
different directions would relieve more strain in the wire and thus increase
Ic even more than single bends or multiple bends in the same direction. The
tests were also designed to simulate the series of bends a wire might be
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Fig. 5-29.

This series of graphs displays the effect on J. of bending the superconduc-
tor around various diameter cylinders at room temperature. J. is plotted as
a function of the number of times the sample was bent at a given radius. In
all cases the initial bends caused an increase in Jc, indicating a relief of
the compressive strain in the virgin wire. Note that only the most severe
bends cause large degradation in J. (see Fig. 5-29-G).

subjected to as it passed through a cabling machine. The results show that
IC does not depend on the direction of the bends for a given radius but de-
pends only on the number of bends. In all cases IC increased for about the
first 4 to 5 bends and then remained reasonably constant for at least another
7 to 10 bends. Reacted wire of this type has a good chance of surviving a
cabling process.

The second series of tests involved bends where the radius was decreased
after each bend. We performed critical current measurements to determine the
degradation produced by a decreasing radius. Figure 5-30 shows the results of
these tests on a l-mm-diam wire with the filaments concentrated in the inner
35% of the cross-sectional area. Bends as small as approximately 1.9-cm
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a function of the number of times the sample was bent at a given radius. In
all cases the initial bends caused an increase in Jq, indicating a relief of
the compressive strain in the virgin wire. Note that only the most severe
bends cause large degradation in J. (see Fig. 5-29 G).
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radius reduced Ic only 15% from that of the as-reacted wire. For this wire
the 1.9-cm bend produced a strain of ~1.6% in the Nb3Sn filaments near the
outside of the bend. We therefore determined that a bend of approximately
2.5-cm radius does not reduce Ic‘

In bend tests, the outside of the wire is placed in tension while the
inside of the wire is under compression. This produces a complex strain con-
figuration in the wire, which is difficult to analyze quantitatively. In or-
der to get quantitative data on the strain effects, we initiated a testing
program in collaboration with the National Bureau of Standards (NBS) at
Boulder, Colorado. In these tests we applied a pure tensile stress to the
samples and measured Ic under several strain conditions. Magnetic fields to
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This series of graphs displays the effect on J. of bending the superconduc-
tor around various diameter cylinders at room temperature. J. is plotted as
a function of the number of times the sample was bent at a given radius. In
all cases the initial bends caused an increase in Jc, indicating a relief of
the compressive strain in the virgin wire. Note that only the most severe
bends cause large degradation in J. (see Fig. 5-29 G).

7 T were applied. A plot of the results is shown in Fig. 5-31 for one sample.
For zero applied field there is essentially no effect on IC to approximately
0.7% strain. For the applied fields of 3 T and 7 T there is a slight increase
in Ic with applied stress; the maximum occurs at about 0.35% strain. The
critical current drops to a value equal to that of the as-reacted state at
about 0.7% strain. These measurements strongly suggest that the Nb3Sn is
initially under approximately 0.35% compressive strain. This is in reasonable
agreement with the results of the bend tests.

The compressive strain in the as-reacted wire reduces both T: and

IC. However, this strain does allow the wire to bhe stressed somewhat more
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Critical current of a l-mm-diam mf Fig. 5-31.
Nb3Sn wire as a function of the bend Critical current at 4 K as a function
radius. The Nb3Sn filaments are lo- of strain for three magnetic fields
cated within the central 35% of the of 0, 3 T, and 7 T. Data were taken
cross-sectional area. at NBS, Boulder, Colorado.

during fabrication and under operating conditions without deleterious effects;
in fact, one might expect some improvement of T: and Ic' We now be-
lieve we can control the preloading in the wire to optimize its superconduct-
ing characteristics for the final working conditions.

5.3.3.2 Pinning Forces Measurements and Stress Effects. In order to
add another dimension to the critical measurements and to further elucidate
the stress effects in the Nb3Sn IC measurements as a function of applied
magnetic field, tests were made on as-reacted and on stress-relieved bent sam-
ples. The measurements were performed at 4 K in fields to 10 T. In all cases
the field was perpendicular to the direction of current through the samples.
The sample holder provided mechanical support and prevented Lorentz forces
from further straining the samples.

Past measurements of Ic in as-reacted and stress-relieved samples were
used to determine the relative amount of strain-relief achieved by a sequence
in which the wire was bent over various-sized mandrels and then straightened a
number of times. We found for all the samples that a single bend over a 3.8-
cm-radius mandrel was sufficient to increase the critical current in zero
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magnetic field (ICO) at 14 K by ~ 30% and to increase T: by about 1 K.

While the exact amount of enhancement of Ico and Tc depends to a limited
extent on the HT of the wire (tzat is, on the thickness of Nb3Sn), in no

case was a decrease in ICO or TC found using this bending procedure.
Therefore, we concluded that this procedure did not break filaments nor place
the filaments under tensile stress but did reduce the net compressive strain
in the Nb3Sn.

To determine the effect of this procedure on the flux-Tine pinning prop-
erties, curves of pinning force Fp were determined on some of these wires as
a function of applied field at 4.0 K from the relationship Fp = IC x H.

The bending procedure had an apparently unpredictable effect on the Fp vs H
curves measured at 4.0 K. From the results for five different samples in the
as-reacted and bent states given in Table 5-III, the effective upper critical
field HC2 shows an increase after bending and straightening in all cases
except for the sample that was given a low temperature anneal to relieve some
of the initial compressive strain. Such increases in ch are expected be-
cause HC2 should be sensitive to strain relief, just as TC should. How-

pmax and hp = H/HC (the

reduced field at which F occurs) do not correlate with chaﬁges in Hc2'

o5 Pmax
model of flux pinning, increases in ch should cause

ever, changes in the maximum pinning force F

Based on the Kramer
Fpmax to increase and hp to shift to a lower reduced field if we assume

that a single, uniquely valued flux pinner is acting in these samples. There-
fore, it appears that bending the sample not only relieves strain but also
alters some other parameters that affect the pinning of flux lines.

Because bhoth grain boundaries and strain fields are known to pin flux
lines, we considered a model with two pinners, each having its own distribu-
tion in effective pinning strength. Kramer‘25 has calculated the pinning
force in such a case, assuming a Poisson distribution for each of the pinners.

The result is given by
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where h is the reduced magnetic field H/ch, KS is the flux line lattice
(FLL) shearing parameter, and Kpm = K (l-h)4
strength below which flux motion occurs by a pin-breaking mechanism and above
which the FLL will shear around the strongest pins. The mean pinning strength

<Kp> in the sample is given by

represents a pinning

2 2

<Kp>=C1<Kp> + Gy <Kp> , (5-2)

where C1 and C2 are normalizing factors such that
Cl <Kp>1+C2 <Kp>2=1 . (5"3)

In the 1imit of h ~ 1, Eq. (5-1) reduces to a good approximation of the
expression for a single-line pinning mechanism, namely

Fo = K ht/2(1-n)2 . (5-4)
We have used Eq. (5-4) to extract values of the effective upper critical field
H* c2 by fitting measured pinning force curves for h <0.5 to Eq. (5-4) with

the stipulation that Fp 0 at h* =1, where h = H/ﬂ:z (H:Z will coincide
with a resistively measured upper critical field only for a completely urniform,
defect-free samp]e.26) Values of sz for the various samples are given

in Table 5-V. We have used these values of sz and Eq. (5-1) to analyze
the flux pinning curves in an attempt to describe the ob- served changes in
Fp(h) through changes in the distribution of the effective number and
strength of active pinning sites.

Figure 5-32 shows an experimentally determined normalized flux pinning

(F p/Fpmax) curve as a function of reduced field for a sample reacted for
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128 h at 700°C; this sample exhibited a 20% increase in HZZ, yet only

an " 3% decrease in FmaX on bending. Also in Fig. 5-32, we show curves cal-
culated using Eq. (5-1) for the two data sets. The calculated curves are in
good qualitative agreement with the experimental data. The theoretical curves
were obtained by varying only the effective number of active pinning sites of
each species, that is, C1<Kp>1 and C2<Kp>2 such that Egq. (6-3) is

satisfied, by varying the ratio <Kp>/KS, and by changing the effective
strength of each pinning species (C1<Kp>§ and C2<Kp>§), such that

Eq. (5-2) is satisfied. These parameters were adjusted to give the theoreti-
cal value of reduced field at maximum pinning force hp that corresponded to
the experimentally determined hp and so that the relative increase or de-
crease in Fpmax corresponded to experimental observation. While the exact
values of these parameters are important for obtaining quantitative compari-
sons between the two data sets (it should be emphasized that they are physi-
cally reasonable), trends in changes of the parameters can tell us what effect

bending has on the distribution of number and strength of pinning sites.

TABLE 5-V
MEASURED PINNING FORCE DATA ON FIVE MF Nb3Sn SAMPLES. SAMPLES ARE LISTED IN
APPROXIMATE ORDER OF THE Nb3Sn LAYER THICKNESS STARTING WITH THE THINNEST
SAMPLES.

% *

Heat treatment H. AHco2  Max. Pinning  AFpmax *

hours @ °C (ké3 (%) Force A-kG % h  Mechanical State

16 @ 700 143 3 337 0.23 as reacted
157 9.8% 3736 11.7% 0.24 after bending

16 @ 750 204 2 983 0.19 as reacted
204 0% 3 983 33.5% 0.19 after bending

24 @ 750 183 1778 0.16 as reacted
202 7.4% 2 757 55.1% 0.15 after bending

128 @ 700 153 4 709 0.24 as reacted
184 20.2% 4 570 -3% 0.21 after bending

64 @ 750 165 3 120 0.26 as reacted
193 17% 2 764 -11.4% 0.19 after bending
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Fig. 5-32.
Reduced pinning force vs reduced field curves for a sample reacted 128 h at
7000C: + = as-reacted sample, W= after bending sample over a 3.8-cm-radius
mandrel and straightening to original position. Also shown are calculated
reduced pinning force curves based on Eq. (5-1) with parameters chosen so that
the calculated curves are in good agreement with both sets of data. Note the
vertical displacement of scales, done to show the data points more distinctly.

For this particular sample, we found that in the as-reacted state the
mean pinning strength Kp was higher (that is, Fpmax is higher), because
of a relatively large number of weak pins. After bending, the effective num-
ber of weak pins decreased dramatically, the number of efffective strong pins
increased somewhat, and HZZ increased. The net result was a slight re-
duction in Fpmax’ a slight narrowing of the normalized pinning force curve,
and a shift in hp to Tower reduced fields. These results are consistent
with what we would expect physically by noting that strain fields are much
less effective flux pinners than grain boundar‘ies.27 (Typically we find the
effective strength of the weak pinning species to be approximately 10'2 to
1073 times less than the effective strength of the strong pinning species.)
In the as-reacted state, strain fields act to pin flux lines and to decrease
the number of effective grain boundary pins by smearing out the discontinuity
of superconducting properties at the boundary. When some of the strain is
removed by bending the wire, some of the strain-field pinning is lost and the
number of grain boundaries that pin effectively have been enhanced.

220



In Fig. 5-33 we compare a sample heat treated for 128 h with a sample
heat treated at the same temperature but for only 16 h. The Nb3Sn layer in
the second sample is only approximately 1/3 that of the former. Consequently,
it should have smaller grains and be under greater compressive stress. As
indicated in Table 5-V, strain relief resulted in an ~10% increase in
HZZ, an increase of Fpmax by “v12%, and a slight shift in hp toward
higher reduced fields. Theoretical curves calculated in the manner described
above also are displayed in Fig. 5-33. While it is not entirely evident in
this reduced plot, the theoretical curves well describe the qualitative fea-
tures observed experimentally.

By analyzing the trends we found that the strong pinning species (grain
boundaries) are more effective pinners in the sample heat treated for 16 h
than they were in the sample reacted for 128 h., This is expected because the
shorter reaction time should produce smaller average grain sizes that, in turn,
would increase the effectiveness of grain boundary pinning. After bending,
the number of weak pinners (strain fields) decreased but not by as

™
- o - Magsn,
) .. 16 - 700°C 8.8
T + AS REACTED
® AFTER BENDING

]
w8
o
a
L
2
—a.8
=z
=
.
o
.y
v
pan |
S
[¥9)
o

n.z2

fa

a a.2 Ba.y B.6 n.8 i

REDUCED FIELD

Fig. 5-33.
Reduced pinning force vs reduced field curves for a sample reacted 16 h at
7000C: + = as reacted sample, M= after bending sample over a 3.8-cm-radius
mandrel and straightening to original position. Also shown are calculated
reduced pinning force curves based on Eq. (5-1) with parameters chosen so that
the calculated curves are in good agreement with the data. Note the vertical
displacement of scales, done to show the data points more distinctly.
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large a fraction as in the previous sample. Such a result is consistent with

the smaller increase in H:2 for the 16-h sample if we ggsume strains are

partially responsible for the depressed values of Hc2° Also, the ratio

of <Kp>/KS was lower for the 16-h sample after bending, indicating that

flux shearing is playing a more dominant role. This is in agreement with the -
Kramer model, because now the more effective grain boundaries suppress flux -
motion by pin breaking, enhancing flux flow by the shearing process.

Similar analyses have been performed on the other samples and results
are tabulated in Table 5-V. 1In all cases qualitative changes in pinning char-
acteristics, that is Fpmax’ hp, and HZZ’ could be accounted for by
using Eq. (5-1). The changes could not be explained on the basis of Kramer's
mode125 for a single, uniquely valued flux pinning mechanism or modifica-
tions thereof.28 While the concept of a distributed effective number and
strength of flux pinning sites is very appealing intuitively and could be used
qualitatively to explain trends in the data, it should be emphasized that we
found an interdependence among the various parameters. Therefore it is dif-
ficult to determine unambiguously the real physical cause that produced the
observed changes in the samples.

5.3.3.3 Discussion of Mechanical Tests. The Supercon wire is made of
four component materials, the major one being the copper matrix, which consti-
tutes between 83 and 90% of the total material. Niobium tubes filled with 13%
bronze are embedded in the copper matrix, extruded, and drawn into wire.

After heat treatment, a Nb3Sn layer a few micrometers thick is present in
the wire at the niobium-bronze interface, and the copper is fully annealed so

that it has very little strength and exerts a minimal compressive stress on
the Nb3Sn. In their free states, there would be a change in length A% of
approximately 0.75% for Nb3Sn, 0.70% for Nb, and 1.80% for bronze on cooling
from 1000 K to 15 K. The greater contraction of the bronze causes compressive
loading of the Nb3Sn that, for an infinitely small cross-sectional area,

would produce a strain of 1.05% in the Nb3Sn. For a finite cross-sectional
area of Nb3Sn, the strain would be reduced almost to zero as the Nb3Sn

content approaches unity. Thus the strain in the Nb3Sn is not only a func-
tion of the difference in CTE's but also of the Nb3Sn-to-bronze-area ratio -
and is determined by balancing the forces among the component materials. Ap-

proximately 75% of the material contraction takes place on cooling the samples

from the reaction temperature (1000 K to 1050 K) to 300 K, so that even at
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room temperature an infinitely thin Nb3Sn sample would be under approximate-
ly 0.8% compressive strain. For the Supercon wire with a Nb3Sn-to-bronze
ratio o of about 0.4, this strain would be reduced to 0.5%, assuming a linear
relation between strain and a. o is a function of the HT and the cross-
sectional area of the filaments for a given HT, so the strain in the Nb3Sn
samples will have a range of values. The compressive strain in the Nb3Sn
will be relieved to some extent by bending the sample. The initial bends on
each of the 40- and 4l-series wires produced approximately 0.4% strain in the
filaments on the outside of the bend. In the 43-series wire, where the fila-
ments are dispersed over the central 80% of the cross section, the maximum
strain was 0.6%. The larger radii bends probably relieve part of the strain
induced by differential contraction but do not introduce any tensile strain,
at least in the 40- and 4l-series wires. Indeed, we always find Ic in-
creases for the initial large radii bends. For the smaller radii bends the
tensile strain in the Nb3Sn will be several tenths of a per cent for por-
tions of the wire near the outside of the bend and should cause some degrada-
tion of Ic.

When a sample is bent, both compressive and tensile stresses are in-
volved. This complicates any quantitative analysis of the results. However,
a qualitative picture of what takes place can be deduced from the measurements
and from an understanding of the material properties of the wires. The
Nb3Sn is placed under compression by the bronze on cooling from the HT tem-
perature because of the difference in CTE's of the materials. When the sample
is bent, the compression is relieved in the Nb3Sn on the outside of the bend,
and the bronze plastically deforms so that when the sample is returned to its
straight position the net compressive strain in the Nb3Sn is partially re-
lieved. On the inside of the bend, the Nb3Sn is further compressed, and the
bronze, which was under slight tension from the Nb3Sn, is elastically com-
pressed. On straightening, the Nb3Sn on the inside of the bend is also
strain relieved because the bronze was partially deformed on the outside of
tze bend and so does not return to its original length. Increases in IC and
TC were observed for all samples that were strain-relieved. Such obser-
vations are consistent with results obtained by others on similar material.
Furthermore, increases 1in HZZ were observed for all samples after bending,
except one that was given a strain-relieving anneal before bending. This is
consistent with the higher TZ's of the annealed samples. However,
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changes in the flux-pinning curves measured at 4.0 K could not be correlated
directly with changes in Ic, T:, or HZZ. We found that changes in
Fp(h) curves depend in a complex way on differences in the effective numbers
and strengths of two separate pinning mechanisms identified as grain bounda-
ries and strain fields. These changes in the flux-pinning curves because of
strajn relief are a result of competing mechanisms. Increases in H:2 act
to increase Fpmax‘ However, bending also produced a redistribution of the
relative number and strength of flux pinners, causing Fpmax and hp to
either increase or decrease depending on the distribution. To our knowledge,
no previous measurements of the flux-pinning curves in strained and strain-
relieved samples of mf Nb3Sn have revealed such a complex interaction of
competing mechanisms.

5.3.4. Conductor Stability

5.3.4.1. Theoretical Study of Conductor Stability. The theoretical
study of the superconducting operating mode discussed in Sec. 5.2.8.1 conveys
clearly the advantages of operating at currents corresponding to less than
full stability. The study further shows that the conductor reliability can be
expressed in terms of a stability margin and suggests a program of the experi-
mental research to be implemented.

A superconductor is "fully stable" if it can carry all the current in
the copper matrix without causing a thermal runaway. In its most economical

form, the conductor, being a composite, contains only enough superconducting
material to carry the fully stable current at or near its short sample criti-
cal current density. Typically, copper-to-superconductor ratios of approxi-
mately 10:1 are fully stable. This is somewhat dependent on the quality of
the copper, but by using more superconductor and less copper the fully stable
current Timit can be exceeded. Thus it should be possible to carry consider-
able overcurrents without losing the superconducting mode. The reliability of
such an operation is adequately described by a "stability margin," defined as
the difference between the effect of real disturbances present during opera-
tion of the device and the effect needed to create minimum propagating zones
(MPZ's). In order to determine the stability margin, we must study the likely
disturbances. Some sources for such disturbances have been identified as
plastic deformation, friction, and ac losses or flux jumps during current re-
distribution. The latter is 1ikely during fast changes in overall transport
current, such as might happen during any overcurrent condition. These
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potential disturbances should be studied, preferably experimentally, to help
us develop countermeasures. The energy needed to create MPZ's can be calcu-
Tated; however, we are seeking techniques to produce a system that would tol-
erate larger disturbances. One such technique consists of subdividing the
conductor along its length into modules separated from each other by high-
stability barriers (similar to firebreaks) to stop the spread of a normal zone.
Another technique would improve the heat transfer temporarily by changes in
coolant operational parameters such as pressure, mass-flow rate, or tempera-
ture.

5.3.4.2. Wire Design and Stability. The Supercon wire design was de-
scribed in Sec. 5.3.1.3. The two most important stability features of this
design are the high copper-to-superconductor ratio and the geometric arrange-
ment of the component materials. In this unique design, current can transfer
from the superconducting material into the stabilizing copper without going
through any high resistivity material; also, the separation distance of the
stabilizing copper from the NbsSn is quite short (on the order of 2 to 3 um).
For this type of conductor, the current transfer length is only 1 to 2 mm; in
some of the other bronze-process Nb3Sn conductors we have measured, the
transfer lengths were as long as 10 to 15 cm. The short transfer length re-
duces the amount of 12R heating that takes place when the current transfers
into the stabilizer and thus reduces the likelihood of producing a MPZ. The
high ratio of copper to superconductor also reduces the heating that takes
place when the current is flowing outside the superconductor. The ratio of
the resistance of the copper at 300 K to the resistance at 4 K (RRR) also af-
fects the amount of IZR heating produced. By increasing the RRR of the cop-
per, the amount of heating can be reduced or, alternatively, the amount of
copper can be reduced for a given heat level. One method of increasing the
RRR is described in the next section.

5.3.4.3. Oxygen Anneal of Copper-Stabilized Multifilamentary Nb

20 3§ﬂ
Wire. Experiments by Steyert

and others have shown that the RRR of copper
can be greatly increased by annealing the copper in oxygen at a reduced pres-
sure. It would be most desirable if this procedure could be combined with the
HT to form Nb3Sn by the solid-state diffusion process without the oxygen
degrading the superconducting properties of the materials. If so, a signifi-
cant reduction could be made in the amount of copper needed to effect cryo-
static stabilization in the material without increasing the complexity of the
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HT process. We have performed a series of oxygen anneals combined with the HT
of the highly copper-stabilized Supercon wire. Both the oxygen pressure and
the reaction temperature were varied in order to study effect on the RRR of
the copper and on the superconducting properties. The reaction temperature
was varied between 750° and 780°C. The higher temperature was more suit-
able for the oxygen anneal because the oxygen diffused more rapidly into the
copper; however, the higher temperature also caused degradation of I_ rela-
8C gave
high Ic and a reasonable RRR of " 550. The partial pressure of the oxygen
over the range tested (10'5 to 5 x 107° torr) did not have much effect on

the critical current of the wire, but the improvements in RRR were quite sen-
sitive to the pressure. A1l oxygen anneals were for 24 h at temperature. A

tive to samples reacted at lower temperatures. A temperature of 750

partial pressure of 1 x 10'4 torr gave the best results, but we do not feel
that we have optimized the conditions to give the highest RRR.

The RRR is affected by mechanical work hardening of the copper. In or-
der to illustrate the degradation of the RRR from mechanical hardening, a
l1-mn-diam sample of mf Nb3Sn with an RRR of 490 was bent around a 7.5-cm-
diam tube and then straightened four times. This caused the RRR to drop to
350 and caused Ic to increase, an increase observed in similar bend tests in
the past.3
evacuated to a pressure of 10'5 torr. After this treatment the RRR in-

The sample was then annealed at 400°C for 24 h in a chamber

creased to 400, but Ic was reduced to almost half its previous value. We
believe, however, that most of this decrease was the result of sample handling
damage because the I-V curves showed a slope even at low currents. This type
of I-V curve is usually indicative of broken filaments in the wire.

Even though we do not believe we have maximized the RRR, we consider as
significant the increase in RRR from approximately 80 for the non-oxygen an-
nealed samples to about 500 for the oxygen-annealed samples, accomplished
without a reduction in Ic' If an RRR of 500 or more can be consistently
obtained, then the amount of stabilizing copper can be reduced by about a fac-
tor of five with no change in safety.

5.3.5. Wire Joints and Transfer Lengths. During cabling, the need will

arise to join wires from different spools. Several methods of joining the
wires are under consideration; some methods have been tried and the electrical
characteristics have been measured, including electrically heated butt welds,
cold-welded butt joints, and overlapped solder joints. So far, heated butt

226



welds have not been very successful. The resistance at 15 K of several such
joints tested was approximately 5 x 10'6 Q for 0.5-mm-diam mf Nb3Sn wire.
Spot-welded mf Nb3Sn wires also produced joints with a resistance of about 5
X 10'6 £ but seriously reduced Ic' Superconductors of 0.l-cm diam were

cold butt-welded together to produce joints which are mechanically strong.
The cold welds were tried on both reacted and unreacted mf wire.

Probably the easiest type of joint to make is the overlapped soft-solder
joint. We have tested a series of these joints formed between 0.2-mm-diam mf
Nb3Sn wires having a RM of approximately 1:1 joined together over a 5-cm
length with 50/50 In-Sn solder. The average resistance was found to he (8
+ 1) x 10'7§2. A similar type of joint connecting four wires from each
direction, overlapped for 6.5 cm, gave a total joint resistance of 5.8 x
10'8 £, or 5.3 x 1077 @ per single joint overlapped 5 cm, a value in good
agreement with the previous measurement. These measurements indicate that it
will be possible to make solder joints over modest overlap lengths with a
resistance sufficiently low for a dc SPTL.

At the electrical terminations of the dc SPTL, current must pass from a
normal (resistive) metal to the superconductor. The transition is usually
accomplished by soldering a length of the superconductor and its copper clad-
ding to a terminal block of the pothead, the temperature gradient being taken
over the normal metal only. The actual path of the‘current from the terminal
block into the superconductor depends on many factors but for the steady-state
condition is related to the relative resistance of the various alternative
routes. The losses depend, of course, on the effective resistance of the
junction. One readily sees that once the entire current is flowing in the
superconductor, additional soldered contact length is of little value. The
joint length necessary to introduce a fraction of the full current equal to
(1-1/e) into the superconductor is called the "transfer length."

We have studied experimentally the current transfer into copper-clad
Nb3Sn tapes and into bronze-matrix multifilamentary Nb3Sn wires. A short
transfer length is associated with the former, while a greater transfer length
is associated with the latter because of the high resistance bronze matrix in
parallel-series with the high conductance copper terminal block. Calculations
verify the qualitative behavior observed, namely, that the transfer length for
copper-clad superconductors may be 0.1 to 1 mm, and for the bronze clad super-
conductors it may be 5 to 10 cm.
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Joints within the dc SPTL will probably involve a normal metal; the cur-
rent will pass from the superconductor through its normal metal cladding into
a solder joint and back into the next conductor section. Thus the transfer
length question applies to both in-1ine joints as well as the dc SPTL termina-
tions.

Transfer lengths and the associated resistance are also important within
conductors, where a broken filament or cracked tape will force the current to
flow into the normal stabilizer, possibly through a high resistivity material,
and then back into the superconductor. The losses associated with such a de-
fect will be greatly influenced by the design of the conductor, i.e., whether
the current must flow through a high resistivity material or not. Recently J.
Clem, consultant from Iowa State University, has used a conformal mapping
technique to address the question of a joint or a damaged conductor. His
theoretical results of transfer length and power dissipation agree with our
numerical results for these quantities.29
5.4. Conductor Development

After establishing the properties of mf Nb3Sn wire, optimizing the
heat treatment and measuring the mechanical properties the performance of the
wire in cable configurations was tested. The following sections discuss the
development of a cable that was ultimately tested in the cryoflow loop. The
cable could be used in the small line design or the subcable components could
be used in a coaxial design. Initially three- and seven-wire cables were
tested, and finally 275 m of a 19-wire cable were made and used for a proto-
type cable.

5.4.1. Subcable Measurements. Three- and seven-wire cables were made
from l-mm-diam Supercon wire (256XE-41A-1A) and, after cabling, reacted at
750°C for 24 h. Single wires of the same type were also reacted at the same
time for later comparison. After being heat treated, the cables were impreg-
nated with 50/50 In-Sn solder. Current measurements and bend tests made on
the cables are reported below.

5.4.1.1. Critical Current Measurements of Three- and Seven-Wire Cables.
At 14 K we found the critical current Ic of the three-wire cable to be
184 A, that of the seven-wire 332 A, and that of a single wire 75 A. Based on
the single-wire value, the three-wire cable carried 82% of three isolated

wires and the seven-wire cable carried 63% of seven isolated wires. We assume
that these reductions of Ic arise from the increased magnetic fields imposed
on a given wire in the cable by current in the other wires.
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To determine the plausibility of such an assumption, we calculated the
current in the cable using an iterative process. We first calculated the mag-
netic field at each wire, assuming a value of current in all the wires. We
then adjusted the current in each wire using the relation between the critical
current density Jc and the local magnetic field B: JC = K/ VB, where K is
a constant determined from self-field measurements of Ic on a single wire.

The equation is a low-field approximation based on the Kramer pinning

mode].25 This procedure was iterated until the current change was Tless than
0.5%. The results of the calculation are shown in Fig. 5-34, which shows the
magnitude and direction of the field at each wire in the cable due to the cur-
rent in the other wires. The current carried by each wire is indicated numer-
ically. We assume the current in the center strand to be that of an isolated
wire because the field is essentially zero at this location as a result of
fields generated by the other six wires. The calculation does not take into
account the fact that the cable is twisted. The twist adds an axial component
to the field, which is relatively small in this case. The sum of the currents
in the seven wires gives the total cable current and is 67% of what seven iso-
lated wires would carry. This value is in agreement with the measured value
of 63% and strengthens the assumption that the reduction in current in the
cable from that of the same number of isolated wires is caused by the in-
creased magnetic field experienced by the wires in the cable.

We note from our calculations that if the constant K is increased, that
is, if an increase in the pinning force is effected, the cable reaches a high-
er percentage of the multiple of the single-wire values. This can be antici-
pated from the above relation between JC, K, and B, where increases in K may
influence Jc more strongly than increases in the field experienced by each
wire, leading to an increase in JC. Thus K should be as large as possible
in order to minimize the current reduction in a cable.

The value of K depends on the heat treatment given the wire and is a
function of the strain on the wire and its temperature. As we discussed in
Section 5.3.3, the critical current of a wire increases with modest bending,
an indication that K is being increased. The critical current capacity of the
cable is also increased on bending and reaches a higher percentage of the mul-
tiple of single bent wire (Sec. 5.4.1.2).
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Fig. 5-34.
Schematic representation of seven-wire cable showing the
magnitude and direction of the magnetic field at each
strand and indicating the current in each strand.

In Table 5-VI the critical current of the seven-wire cable is listed for
four temperatures. Also included are the average current per strand and the
comparison with isolated wires. Table 5-III shows that as the temperature is
decreased, the current is increased; and the current carrying capacity of a
wire in a cluster approaches that of our isolated wire, in agreement with the
above discussion.

5.4.1.2. Seven-Wire Cable Bend Tests. After measuring the critical
current of the seven-wire cable, we removed it from the sample holder and bent
it over a 7.5-cm-radius tube, straightened it out, remounted it in the sample

holder, and remeasured the critical current.

Table 5-II1 compares the critical current of the as-reacted sample with
that of the bent sample for several temperatures and shows that the critical
current increased after the bend; this indicates that strain was relieved in
the Nb3Sn. The sample did not degrade on bending and the cable did not act
as a monolithic conductor even though it was impregnated with solder. Had the
cable behaved as a single wire, the portion on the outside of the bend would
have been subjected to a 2% tensile strain, an amount far in excess of the
0.7% 1imit established earlier for the onset of damage to the wires.
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TABLE 5-VI
CRITICAL CURRENT OF SEVEN-WIRE CABLE

I
I Per Strand
As-reacted As-reacted I
Temperature state state Bent State Efficiency*
(X) (A) (A) (A) (%)
15.0 56 8 132 42
14.5 173 24.7 280 59
14.0 330 41.7 460 63
13.8 410 58.6 540 71

*Comparison of I. of seven-wire cable to seven isolated wires, all in the
as-reacted state.

5.4.2. Nineteen-Wire Subcable. A prototype subcable was designed in-
corporating the information from the previous tests. The cable was a 19-
strand concentric design with the 7 inner wires made of copper and the 12 out-

er wires made of l-mm diam Supercon mf Nb3Sn wire, The superconductors were
placed in the outer shell in order to reduce the magnetic field affecting them.
Also by keeping all the superconductors at the same radius in the cable, each
strand had the same self inductance, thus assuring equal current sharing. The
stability of the cable was guaranteed by the large copper-to-superconductor
ratio provided by the inner seven copper wires and the copper incorporated in
the Supercon wire. The overall ratio was approximately 13 to 1.

5.4.2.1. Cabling. The wire was cabled by New England Electric Wire Co.

of Lisbon, New Hampshire before the Nb3Sn-forming heat treatment was applied.
A total of 275 m was cabled. In this length of cable, approximately 10 wire
joints were necessary in the superconducting strands. These were made by butt
welding the wires. The later heat treatment forming the Nb3Sn caused the
joints to have a negligibly small resistance. In fact no effect of the joints
was seen in all of the critical current tests.

5.4.2.2. Heat Treatment of 19-Wire Cable. On the basis of our short
sample heat treatments of individual wires and of short sections of the
19-wire cable, a heat treatment schedule of 64 h at 750°C was chosen for the
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cable. In practice however the temperature was held to 740°C to reduce the
chance of an "over temperature" during the run because it has been shown ear-
Tier that an over temperature for any great time was very detrimental to the
Ic of the wire.

We first attempted to have the heat treatment done commercially, but we
could not conveniently find a furnace that had the size, temperature range,
and vacuum or inert atmosphere condition necessary for the heat treatment.

For this reason and because we could have more control over the work, the heat
treatment was performed at LASL, although this required several additional
preliminary steps.

A large, steel vacuum-tight drum 1-m in diameter by 0.75-m high was con-
structed. A copper spool 1-m in diam with the cable on it was placed in the
drum which was then sealed. The drum was then evacuated and flushed with ar-
gon gas, and placed in a large (1.l-m-diam by 1.5-m-long) furnace. The tem-
perature was brought up to 740°C and held there for 64 h during which time
argon gas was continually blown through the drum.

Two heat treatments were made, one first on a 20-m length of cable in
order to check out the system and then a second to process the remainder of
the 275 m of cable. In both cases the reactions were successful.

5.4.2.3. Critical Current Measurements of 19-Wire Cable. Short sample
sections of the 19-wire cable were reacted for 64 h at 750°C in the small
tube (1.5-m-long) furnace. The critical current of these samples averaged
about 900 A at 14 K, or approximately 85 A per superconducting wire. A single
isolated wire with a similar heat treatment carried about 90 A at 14 K, so the
wires in the cable are carrying approximately 83% of their isolated value.
This is consistent with our previous measurements on cables. Also short sec-
tions of the cable that were reacted in the large heat treatment furnace, de-
scribed above, were tested. The Ic of these cables, approximately 1000 A,
was slightly higher than the previous short sample results. This is probably
due to variations in the reaction parameters; for example, the temperature is
not known as well as in the big furnace.

5.4.2.4. Short Sample Mechanical Tests of the 19-Wire Cable. Bend )
tests were made on short samples of the 19-wire cable before heat treatment of
the larger samples. The bend tests were necessary in order to insure that the
diameter of the heat treatment spool was large enough to prevent damage to the
Nb3Sn when the cable was removed and straightened after the heat treatment.
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Also it was important to know the bending limits for assembling the cable and

pulling it into the cryogenic enclosure. Two different radii were tested, one
of 7.5 cm and the other of 30 c¢cm. For a bend of 30 cm, no degradation of the

critical current was observed; however, for bends of 7.5 cm radius, the criti-
cal current was reduced by approximately 50%.

5.5. Cable Joints and Splices

Generally, joints or splices in composite superconducting materials in-
volve normal metals (e.g., copper) and solder connections. Superconducting
joints are possible in certain materials but probably will not be possible for
mf Nb3Sn wires and cables. Because the LASL coaxial cable design utilizes
mf Nb3Sn, we have initiated a program to study joints and splices. The pro-
gram addresses not only the question of minimizing the resistive joint losses
but also the constraints imposed by the wire and cable vendors, the mechani-
cal, cryogenic, and high-voltage insulation aspects of proposed concepts, and
the ease of field installation. We will employ the convention that a "joint"
refers to the connection of a pair of superconducting wires and a splice re-
fers to a connection of subcables composed of many wires or of the full cable
composed of many subcables, dielectric insulation, armor, etc.

The practical maximum unit length of fabricated cable for the LASL de-
sign is about 600-900 m. Such lengths can be spooled and shipped and, fur-
thermore, can probably be designed to sustain the forces of pulling the cable
into the cryogenic envelope without damaging the superconductor.

5.5.1. Coaxial Cable Splices. Two cable splice concepts are shown in
Figs. 5-35 and 5-36. Either splice could be accomplished in the field. It is
necessary to prepare in the field the cable ends for the former design by
carefully dissecting the end of the cable and peeling back the various layers.

For the case shown in Fig. 5-35, a preformed copper collar is used to align
and join the two sections of the inner former of the coaxial cable. The col-
lar also serves to form a smooth tapered transition region from the inner con-
ductor diameter up to the proper diameter for interlaying the subcables side
by side. The overlap length, determined to be adequate for acceptable ohmic
losses, will be specified lTater. By using a clam-shell heater jig and a Tow-
melting (150°C) solder one should be able to obtain a smooth, uniform splice
ready for handwrapping the semiconducting layer and the dielectric tape. The
splice in the outer conductor is similar, having a tapered copper sleeve to
provide a uniform surface on which to lay out the subcables and a solderable
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Fig. 5-35.
Cable splice design showing overlapped subcables.
This design requires only one solder connection
between each conductor.
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Fig. 5-36.
Cable splice design with copper/superconductor
connecting collars. Two solder connections are
required for each conductor.



solderable conductor to assist in the current transfer from subcable to sub-
cable. We note that the splice areas provide a periodic radial short to all
the subcable conductors. For the case of individual wires electrically insu-
Tated, this should allow some equalization of current should there be occa-
sional defective wires or subcables. The alternative of not insulating the mf
Nb3Sn wires or subcables is also being investigated. Soldering the outer
splice is somewhat complicated by the presence of the wrapped dielectric un-
derneath but is not viewed as an insurmountable problem. Finally, the cable
armor is joined to provide both a pressure-tight seal and good mechanical
strength.

The scheme shown in Fig. 5-36 is similar except that the cable end is a
series of stepped (or pencil-point) diameters which could be prepared by a
special machine. The complication of handling individually large numbers of
somewhat fragile subcables is avoided. In this case it is necessary for the
current to pass wholely into and out of the splicing collar. Therefore, we
propose the splicing collar itself be a composite of copper (to allow solder-
ing) and superconductor (to reduce the effective resistance).

In either of these splices we believe the ohmic heating at the splices
can easily be accommodated by the refrigeration system.

5.5.2. Subcable Splices. In the manufacture of the coaxial cable from

subcables of finite length or for field installation it will be necessary to
splice the subcahle. An additional constraint is involved - the diameter of
the subcable must be maintained through the splice region. Also the spliced
subcable would have to match the lay of the cable if it were rigidly soldered
together. An effective splice could be made by staggering the corresponding
wire joints to distribute any ohmic losses over a long conductor length. A
pair of wires butt welded end-to-end would depend on solder connections to
neighboring wires and on the weld itself to provide the through current path;
some reduction in IC for the subcable is expected. This method was used
without the solder in the 19-wire cables, described above, with very Tittle or
no degradation of IC.

Joints between mf Nb3Sn wires with different overlap lengths have been
made and tested and support the view that adequate, low-resistance splices can
be made using simple soldering techniques.
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6. SYSTEM STUDIES

Even well-designed equipment may fail to function properly when in-
stalled in an electrical system because of incompatibility. Compatibility can
best be insured if application studies on actual systems are performed. In
addition, it is necessary to know the degree to which a new type of system is
economically competitive. Although circumstances can arise which make the use
of a new technology imperative, such occurrences are rare, and new develop-
ments should include efforts to determine system costs and to make the systems
more economical where possible. Again, application studies on actual systems
are the best solution.

General application studies were made to optimize the dc SPTL design.
This study is described in Sec. 6.1.

In FY 1976, we participated in a DOE-sponsored study to transmit 10-GW
of electric power for a distance of 106 km in the Philadelphia Electric
Company (PECO) system. This study was completed during FY 1977 and is sum-
marized in Sec. 6.2. We are also preparing for participation in a second
study to be done by the PECO.

We found that the coaxial 1ine design was not cost competitive for the
required contingencies of the PECO study. Consequently, we have completed the
conceptial design of a small line design that would be more competitive, as
described in Sec. 6.3.

6.1. General Application Study.

We have made a generalized study of the design and cost for the LASL dc
SPTL concept. The study incorporated the electrical, mechanical, cryogenic,
and systems design considerations into a computer program to permit a rapid
solution for many of the numerous design options. A wide range of parameters
was considered: powers of 1 to 10 GW transmitted over 50 to 2000 km with line
voltages of 100 to 600 kV and refrigerator spacings of 5 to 25 km. A sampling
of results of the study are shown in Figs. 6-1 and 6-2; more details are pre-
sented in earlier reports.1
6.2. Study for the Philadelphia Electric Co. (PECO).

The PECO has completed a study (PECO-I) to compare the costs of various

methods of transmitting, by the year 1990, 10 GW from a power park on the
Susquehanna River into the center of the city of Phﬂade1ph1’a.2 The Tine

route traversed about 96 km of private right-of-way and 10 km of city streets.
The normal system ratings, as well as first and second contigency specifica-
tions, are given in Table 6-I. 239
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The fundamental design assumptions for the proposed dc SPTL are shown in

Table 6-II and the associated electri

It was clear that, with the relatively short (106 km) transmission dis-

cal ratings in Table 6-III.

tance considered in the PECO study, the converter terminal cost would be a

significant part of the total cost.

mized with respect to the terminal converters.
converter stations were obtained from a study under contract from LASL to the

General Electric Co.3

6.2.1. Converter Design Study.

Therefore, the dc SPTL design was opti-
The data for the thyristor

The converter design study, performed

by the General Electric Company, determined costs for converter stations in
1977 dollars for 2.5-, 5.0-, 7.5-, and 10-GW designs for dc voltages of 100 to

TABLE 6-1
TRANSMISSION REQUIREMENTS - PECO STUDY

Normal power rating
Total distance

Private right-of-way

City streets

1st Contingency rating (continuous)
2nd Contingency rating (4h)

10 GW
106 km
96.5 km
9.7 km
10 GW
7.5 GW

TABLE 6-I1

FUNDAMENTAL DC SPTL DESIGN ASSUMPTIONS FOR PECO STUDY

Maximum dielectric stress (kV/mm) 20
Fanning friction factor inside cable 0.005
Fanning friction factor in annulus 0.010
Heat leak of cryogenic envelope (W/m) 0.20
Average energy losses in cable (W/m) 0.05
Current density in cryostabilizer (A/mm2) 141
TABLE 6-1I1I
DC SPTL RATINGS - LASL PROPOSAL FOR PECO STUDY
Number of parallel lines 3
Normal power loading, each line (GW) 3.33
1st contingency power loading, each of 2 lines (GW) 5.00
2nd contingency loading, one line (GW) 7.50
(can continue for 24 h or more)

System voltage (kV) 300
Normal current, each line (kA) 11.1
1st contingency current (kA) 16.7
2nd contingency current (kA) 25.0
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6.2.2. Cable Design. A cable and refrigeration system similar to that

shown in Fig. 1-1 was selected. Helium gas at 16 atm (1.6 MPa) and a tempera-
ture of 10 to 12 K flows through the central cooling channel defined by a thin
spiral tape former. This former is covered by a layer of 40 to 50 closely
adjacent spiraling subcables of copper-stabilized mf Nb3Sn superconducting
wires. The cable design current was chosen as 80% of the critical current of
the superconductor at 14 K, which is the maximum operating temperature.

The inner conductors of the coaxial cable are enclosed by a 0.1-mm-thick
layer of semiconducting tape and then by layers of Kraft paper dielectric
tapes (permeated by helium gas). This is followed by another layer of semi-
conducting tape, and then by the subcables forming the outer conductor of the
coaxial cable. These subcables are similar to, but of smaller diameter than,
those used for the inner conductor. The pitch angle designed to minimize
axial magnetic fields (and cable inductance). A gas-tight bronze armor shell
1 mm thick and with 3-mm-deep corrugations, completes the cable, which would
be manufactured in 500- to 1000-m lengths. Table 6-1V shows the dimensions
and weights of the dc SPTL cable design.

6.2.3. Cryogenic Enclosure and Refrigeration. The cryogenic envelope

accommodates the cable and provides for the return flow of the helium gas re-
frigerant in a somewhat distorted annulus between fts inner surface and the
outer diameter of the cable armor corrugations. The size of the annulus is
chosen to match the pressure drop in the cable bore, including the increased
friction because of the corrugations. A total allowable pressure loss of 1
atm (0.1 MPa) has been chosen in order to avoid overly penalizing the refrig-
erator efficiency.

The compressor power expended at ambient temperature was taken as 150
2R los-
ses, and ripple current losses. This value corresponds to a mean temperature

times the sum of the heat leaks into the envelope, joint resistance I

of 12 K and a refrigeration efficiency of 16%.

Compressor stations and main heat exchangers are spaced at 10-km inter-
vals and deliver refrigerant helium gas to the line in two streams flowing in
opposite directions. Two turbine expanders are located at each halfway, or
5-km, point. Some of the cooling of the line is provided by the expansion of
the 16-atm (1.6 MPa) go stream to the 8-atm (0.8 MPa) return stream. A
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TABLE 6-1IV
DC-SPTL DIMENSIONS AND WEIGHTS (PER LINE) - PECO STUDY

Central channel (mm) 34
i.d. of dielectric (mm) 39.2
o.d. of dielectric (mm) 84.3
o.d. of cable (mm) 96.9
Inner subcable diam (mm) 2.5
Number of inner subcables 43.
Outer subcable diam (mm) 2.2
Number of outer subcables 120
i.d. of enclosure (mm) 109.8
0o.d. of enclosure (mm) 330
Mass of superconductor (kg/m) 4.0
Mass of dielectric (kg/m) 4.8
Mass of armor (kg/m) 2.5

redundancy in refrigerators (four refrigerators servicing three circuits) was
assumed at each station. The refrigeration and hydraulic parameters for the
final design are shown in Table 6-V.

6.2.4. Electrical Characteristics and Performance. The electrical
characteristics of the dc SPTL are given in Table 6-VI. It is possible to
increase the inductance and surge impedance by less effective compensation of
the axial magnetic fields arising from the spiral pitch of the subcables.
Although this may provide system benefits under certain circumstances, the

present analysis omits consideration of this possibility.

TABLE 6-V
DC SPTL REFRIGERATION PARAMETERS FOR PECO STUDY
(FOR 10-km SPACING OF REFRIGERATORS)

Cryogenic heat Toad (W/m) 0.25
Thermal conductance of dielectric shell

(W/meK) 0.164
Helium mass flow rate in each line (g/s) 47
Helium mass flow rate in compressor ?g/s) 94
Compressor power (kW) 375
Remote expander work (W) 250

Total power at each refrigeration station (kW) 1125
(Normal operation - 3 refrigerators)

Total power at each refrigeration station (kW) 1500
(fault recovery and cooldown modes -
4 refrigerators)
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TABLE 6-VI
ELECTRICAL PARAMETERS OF 7.5-GW DC SPTL CABLE FOR PECO STUDY

Operating voltage (kV) 300
Maximum dielectric stress (kV/mm) 20
Minimum inductance (H/m) 1.5 x 10"7
Capacitance (F/m) 1.8 x 10'10
ZO(Q) 29.0
Circumferential magnetic field

at inner conductor (T) 0.26

at outer conductor (T) 0.12
Axial magnetic field (before compensation)

at inner conductor (T) 0.093

at outer conductor (T) 0.043

The response of the cable to ripple and fault conditions depends on the
overall system configuration and, specifically, on the type of converter (6-
or 12-pulse) and the size of the smoothing reactors at each end of the dc line.
In all cases, 12-pulse converters give the better performance; they will be
used as there are no economic gains to be had from 6-pulse units.

Computations for the case of a 12-pulse converter and a 0.1-H reactor at
each end of the dc SPTL showed that the ripple losses were 29 mW/m for the
300-kV system. This value is well below the thermal allowance given in the
cryogenic design (Table 6-1I).

Computations were also made for a ground fault of the line-end terminal
of the smoothing reactor near the inverter. This was considered to be the
most severe fault condition for the dc SPTL. As was discussed in Sec. 3.1.2,
this fault current has two components: 1. a rectangular traveling-wave cur-
rent caused by the discharge of the dc SPTL, and 2. a half-sine current wave
caused by the voltage source behind the rectifier.

The temperature rise of the copper cryostabilizer caused by the rectan-
gular traveling-wave fault current was found to be negligible--0.09 K for the
300-kV system.

For the half-sine fault current, the control system was simplified by
assuming that it has a delay equal to the nth multiple of 1/720 s (for 12-

pulse operation). Table 6-VII gives the maximum permissible delays, LI
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TABLE 6-VII
HALF-SINE WAVE COMPONENT OF FAULT CURRENT - PECO STUDY
(NORMAL LINE OPERATION)

LT (H) 0.1
Ly (H) 0.015
Mmax 7
Peak current (kA) 35.3
Fault duration (ms) 29.2
ATCu (K) 1.5
ATHe (K) 0.010

where the copper temperature is just below 14 K, for normal or noncontingency
conditions. It is expected that the converter control will be faster than the
values of Mmax shown in Table 6-VII.

6.2.5. Results of the PECO Study. According to the estimates made by
PECO, the dc SPTL system designed for this study will cost $1.69 x 109. of
the 15 underground transmission systems studied by PECO, the highest and the
Towest cost estimates were $2.69 x 109 and $1.31 x 109, respectively.
While it is very difficult to estimate the cost of a developmental system that

has never been manufactured on a large scale, several suggestions were made to
PECO showing how their cost estimates of the dc SPTL system could be reduced
considerably.

Most important of the suggestions was the elimination of the dc circuit
breakers, which are not commercially available at the ratings needed for the
dc SPTL. PECO used dc circuit breakers at the terminal converter stations for
the dc SPTL application. Two schemes were proposed to PECO for eliminating
the dc circuit breakers, thus taking full advantage of the blocking capahility
of the thyristor valves.

In Scheme 1 (Fig. 6-4), all the converters are blocked when a fault oc-
curs in one of the three cables. The faulted cable is then isolated by open-
ing the appropriate isolators of the ring bus. Once the faulted cable is iso-
lated, the converters are deblocked and full power commences to flow through
the remaining two cables.

In Scheme 2 (Figs. 6-5 and 6-6), each dc SPTL is connected to two con-
verters through isolators. When one cable is faulted, the two converters
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connected to the faulted cable are blocked and the isolators connected to the
faulted cable are opened. Subsequently, these two converters are connected to
the remaining two cables, one converter to one cable.

In Scheme 1, all the power has to be interrupted during the process of
isolating the faulted cable. In Scheme 2, full power can be maintained
through the remaining two cables during this process. Another advantage of
Scheme 2 is that the power flow through the three cables can be individually
controlled. The best compromise can be obtained by applying Scheme 1 on the
rectifier side and Scheme 2 on the inverter side.

Although the PECO study c1osure2 does not agree, we believe that we
can conservatively estimate the savings from the elimination of the dc circuit
breakers to be at least $50M.

Another area where a significant cost saving appeared was in the cost of

the cryogenic enclosure. We arranged for an independent study by a
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manufacturer in this field, Minnesota Valley Engineering Co. (MVE).4 Al-

though we believe the results of this study still to be high, they neverthe-

less predict a lower cost than that used in the PECO at a saving of approxi-

mately $35M. This saving arises from a better knowledge of the reduced costs
realized from large scale production of identical units.

A third area that seemed worth while to investigate was that of the cost
of the superconductor in the cable. Another independent study was contracted
to Airco Inc., a manufacturer of superconducting wire. The results of this
study5 showed a reduction in the cost of the superconducting wire, which
when applied to the previously submitted cable design, produced a saving of an
additional $25M.

The above savings, when totaled are not enough to change the relative
ranking of the systems considered,2 but they are significant. This should
enable us to propose a better system in the next study, which will consider a
Tonger distance transmission of electric power (Sec. 6.3).

6.3. Small-Line Concept

6.3.1. Introduction. The use of superconductors in electrical power
systems is predicated on their ability to carry electrical currents with es-

sentially zero power dissipation. Thus for power transmission applications
the net effect is to replace ordinary copper or aluminum conductors, operating
at current densities of 1 to 2 A/mm2, with a material that is intrinsically
capable of sustaining 1000 A/mm2, but that actually operates at "only" 100

or possibly 200 A/mm2 when the area of the stabilizer is included. From a
cable designer's point of view, power levels of 5 to 20 GW per circuit become
possible. The only significant additonal expense over ordinary transmission
systems will be the cost of the refrigeration machinery and of the cryogenic
envelope or Dewar system. Neither of these are a strong function of cable
size or current so that the designer's tendency to suggest very high power
levels is further reinforced.

Unfortunately, the near term needs and procedures of electric utility
systems, even for a 10 GW power park, preclude individual circuits rated much
above 5 GW. Moreover, the usual specifications on contingency performance
favor a larger number of parallel (low power) circuits so that the maximum
loss because of 2 nearly simultaneous failures is no more than 25% of the to-
tal capacity. The net effect then is to make the use of only 2 or even 3
parallel very high (5-10 GW) power circuits noncompetitive under the
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transmission scenarios appropriate to the present century. Thus we will have

to answer the question as to how dc superconducting transmission cables can be

scaled down economically, so as to operate competitively with existing tech-

nology in the 1 to 5 GW range. Therefore, we wish to evaluate the concept of

a "small" bipolar superconducting transmission line and compare it with con- -
ventional power transmission methods.

6.3.2. Characteristics of the Small-Line Concept. With the parallel -
pair of bipolar concept, Fig. 1-2, it becomes possible to place the dielectric
insulation on the outside of the cryogenic envelope, thereby reducing the size
of the envelope and making it independent of the transmission voltage. The
smaller cryogenic envelope then makes it practical to consider a flexible and,
therefore, coilable design that can be fully vacuum tested during manufacture
and installed in relatively long lengths. This, then, is essentially a self-
contained cable. Nevertheless, the conductor inside the cryogenic envelope is
replaceable. Because heat Teaks scale as the area of the cold surface, re-

frigeration requirements (per Tine) are lowered and the spacing between re-
frigeration stations may bhe increased. At the same time one avoids the un-
certainties and costs associated with the development of a competitively
priced high voltage insulation that operates at cryogenic temperatures. In
effect, current, voltage, and the size of the cryogenic envelope being now
"decoupled" are independent parameters. This concept had been considered ear-
T1ier in the SPTL program, but was discarded because of mechanical and super-
conductor stability difficulties inherent in implementing it at the 50-kA
Tevel. Such difficulties, however, do not exist at currents of 2 to 10 kA.
Compared to ordinary resistive cables, the small-Tine superconducting
cable places less severe demands on the dielectric. There is no resistive
heating so that operating temperatures will be between 0% and 25°C rather
than 0° and 80° or 90°C. Nor will there be large cyclic temperature
gradients and associated thermochemical stresses across the dielectric and,
particularly, across joints in the dielectric caused by cyclic changes in the
line current, including turn-on and turn-off. All of these facts should in-
crease the 1ife of the dielectric. As a further consequence of the lower and .
more stable temperatures, maintenance of the pressure of the oil impregnating
the dielectric will not vary with the power carried by the line, as in conven-
tional cables. As a result, smaller pumps and flow channels are required and,
indeed, simple pressurized oil reservoirs may suffice. Nor need the oil be
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selected on the basis of a low thermal resistivity; viscosity and dielectric
properties can now be primary criteria. Lastly, it should be noted that joint
failures from thermal stresses will be absent.

6.3.3. Application of the Small-Line Concept to the Original PECO Study.
Although the primary purpose of examining a small-line concept is to prepare
for the forthcoming Long Line Study (known as PECO II), it is instructive to
see how the small line concept would alter the costs of PECO I.

The specific system carrying 10 GW over 106 km is implemented with three

bipolar cables at +300 kV and a single cryogenic neutral conductor insulated
for 20 kV (seven cryogenic enclosures with superconducting cables). Normal
operation would be at 1.667 GW per pole, i.e., at 5.56 kA. First contingency
ratings would be at 2.0 GW or 6.67 kA and second contingency at 1.875 GW or
6.25 kA. The size or ampacity of the conductor is therefore determined by the
first contingency requirement.

In the comparison of costs of the coaxial and small, bipolar line con-
cepts it again became obvious that a considerable saving would be possible in
the refrigeration system cost by using fewer, larger refrigeration stations.
However, such savings are equally applicable to both systems and therefore we
will not consider them further here. Similar conclusions apply to the super-
conducting wire. Hence, the major costs to be considered here are those of
the cryogenic enclosure and of the cable.

6.3.3.1. Cryogenic Enclosure. In addition to the larger, rigid cryo-
genic enclosure needed for the coaxial system, the MVE study also considered a

smaller, flexible cryogenic enclosure, and some cost breakdown data were made
available. Although the MVE estimate was $170/m for this enclosure, using
their data plus some material cost data obtained from the Vacuum Barrier Co.
we estimate that the enclosure could be built for closer to $100/m (1977 dol-

1ar's).6

More recently acquired, actual cost data from Cablewave Systems

Teads us to believe that modification of the manufacturing process for air-
dielectric coaxial cable (vacuum tight, concentric flexible tubing) could lead
to even less expensive, but satisfactory cryogenic enclosures. We intend to
investigate the possibility further. Pending results from this investigation,
the $100/m figure given above would result in about a $35M saving in the
PECO-I system. A similar saving is anticipated in the enclosure installa-

tion: however this needs further study.
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6.3.3.2. Cable Fabrication. The simpler cable (possibly a single stan-
dard cable, or perhaps even superconductor simply plated on the inner wall of
the cryogenic enclosure) will undoubtedly allow a saving in cable fabrication.
The Phelps-Dodge Cable Co. is currently studying the cost of insulating the
outside of the cryogenic enclosure, and the results of this study are needed
before a meaningful cost comparison can be made for this item,

6.3.3.3. Cost Summary. The cost saving of the small line lie in the
less expensive cryogenic enclosure and the simpler cable. The evaluation of
these savings to date show that, while significant, they are not sufficient to
change the ranking by cost in the PECO-I study. However, work is continuing
and further savings are still possible.
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7. CONCLUSIONS
7.1. Summary of dc SPTL Program Results

During the course of the LASL dc SPTL development, the dominant modus
operandi was: first, to formulate and define the problems that would be met
in our pursuit of program objectives; second, to seek, where possible, both
analytic and experimental solutions to those problems; and third, to direct

and relate those solutions toward achieving optimal operation of dc SPTL com-
ponents within the integrated dc SPTL system. In carrying out this program,
clearly a number of new, unforeseen problems surfaced--some of these were sig-
nificant, while others could be dismissed as trivial, hut the program retained
sufficient flexibility to allow pursuit of all relevant problems. As a result
of this philosophy and the efforts to implement it, we believe that this pro-
gram has identified and found solutions for the essential problems in the de-
velopment leading to a practical dc SPTL system. That is to say, should it be
desired to construct a dc SPTL now, we believe we would know how to do it suc-
cessfully. To justify this statement, we recapitulate below the major techni-
cal accomplishments of the LASL dc SPTL Program.

7.1.1. Cable Design. Two conceptual cable designs have been completed:

o A coaxial cable, incorporating complete refrigeration and
electrical circuits in a single envelope; most applicable
where high-capacity (5 GW or more) single-circuit is required.

o A pair of monopolar cables with dielectric insulation at am-
bient temperature (i.e., outside the cryogenic envelope);
single circuit capacity can be 10 GW, but this design is most
useful when contingency requirements indicate multiple cir-
cuits.

7.1.2. Conductor Development.

e Superconducting material selection for cable operation at
high temperature, high current density, and low magnetic
fields (conditions not heretofore met in applications):
studies on various high-TC superconductors; studies on var-
ious superconductor configurations; discovery of current and
field distribution within superconducting tape; selection of
mf Nb3Sn.

o Design of mf wire strand to optimize mechanical and electri-
cal stability.
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o Determination of optimum heat treatment for forming desired
mf wire characteristics.

o Testing of strands and cables for JC(T), stability (normal
zone propagation), effects on J. of bending (as might occur
in cable fabrication) and of cable configuration vs indivi-
dual wires; discovery of asymmetric (with respect to current
direction) normal zone propagation velocity.

® Design and construction of superconductor joints and testing
of current transfer across joints.

e Production and heat treatment of 300 m of 17-strand mf
Nb3Sn in copper-bronze subcable and of cable composed of
three such subcables.

7.1.3. Dielectric Development.

o Establishment of high-voltage testing laboratory: 300 kV dc
supply; 600 kV impulse; screen room; clean room; two high-
voltage cryostats (100 kV and 300 kV).

e Development of thickness monitor and pin-hole detector for
dielectric tape samples.

o Dielectric material selection by screening tests and analyses
of approximately 16 dielectric materials (sheet-form) at low
temperature and under helium pressure; development of six-
electrode testing apparatus for rapid data accumulation.

o Cable-sample tests of three most promising materials (tape-
form); electric stress calculations and stress-cone develop-
ment for rapid, reliable testing.

e Experimental determination of resistivities of dielectric
materials.

7.1.4 Termination Development.

® Generalized electric and thermal analysis of high capacity
current lead design and performance.

® Design, construction and testing of high capacity liquid-
cooled and vapor-cooled current leads.

¢ Design, construction, and testing (temperature cycling and
operation at voltages up to 300 kV) of epoxy and of novel
composite (Mylar/epoxy) high-voltage bushings for cryogenic
service.




e Design for high-voltage, high-current cryogenic cable termi-
nation, made on the basis of successful experimental testing
of component parts.

7.1.5. Refrigeration System Development.
e Installation of a cryogenic refrigerator (100 W at 4 K), used

in conjunction with either (1) a test bed incorporating 500 m
of 0.25-1in. o.d. copper tubing as a 1/10-scale simulation of
a transmission line flow path, or (2) a 17-m length of 9-in.
0.d. commercial cryogenic envelope (cryoflow loop).

e Determination, both analytical and experimental, of
transmission-line cool-down methods and kinetics for uni-
directional cryogen flow; thermal stresses in cable during
the cool-down process have been studied analytically.

e Theoretical and experimental analysis of thermal wave prop-
agation in cooled cable systems.

¢ Calculations and experimental verification of cable tempera-
ture and pressure profiles (i.e., as a function of distance
along the cable) for a variety of coaxial cable cooling modes.

e Analytical and experimental determination of cryogenic re-
frigerator response to thermal upsets (faults).

e Measurement of thermal conductivity of oil-impregnated paper
dielectric material.

e Development of flow meter technology.

e Analysis and experimental confirmation of operating char-
acteristics of 100-W-at-4 K refrigerator when run at 10 to
14 K; provision of modifications to allow effective operation
at the higher temperatures.

e Thermal and heat-leak measurements of a 17-m commercial cryo-
genic envelope.

7.1.6. Cryoflow Loop Test. A successful high-current (7 kA), zero-
voltage test was made of dc SPTL components assembled in the cryoflow loop and
operated in the temperature range from 8 to 14 K. These components included:

e The 100-W-at-4 K refrigerator.

e The 17-m cryogenic enclosure.
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7.1.7.

A remote expander to return cryogen to refrigerator and pro-
duce additional refrigeration at the far end of the cable.

A conventional, self-contained, oil-impregnated-paper insu-
lated, copper cable (obtained from Phelps Dodge Co.) placed
in the cryogenic envelope; helium cryogen was passed down the
central bore of the cable and returned in the annulus between
the cable o.d. and the envelope i.d., thereby simulating the
cryogen flow in the LASL coaxial design. The thermal impe-
dance of the Phelps-Dodge cable was measured.

Three subcahbles of 17-strand mf Nb3Sn superconductor,

twisted to form a cable, passed down the center of the Phelps
Dodge cable (higher-current-capacity superconductors provided
the return current path to allow critical current tests of
the three subcables).

High capacity vapor-cooled current leads.

System Studies

Analytical determination of the coaxial dc SPTL performance
under: overcurrent fault conditions; transient overvoltage
conditions; and superposition of harmonics on the dc.
Analytic studies of load flow and stability for the dc SPTL
in several transmission situations.

Cost and system studies on dc transmission terminals, per-
formed for the dc SPTL Program by General Electric Co.

Cost study of mf and tape Nb3Sn made with cooperation of
superconducting wire manufacturers.

Cost study of cryogenic enclosures performed for the dc SPTL
program by Minnesota Valley Engineering Co., also with input
from Kabelmetal and Vacuum Barrier Cos.

Participation in a refrigerator reliability study made for
DOE by AirResearch Corp. and Air Products and Chemicals, Inc.
Analysis of refrigeration cycles, including spacing of re-
frigerators, heat inleak, refrigerator efficiency, operating
temperatures, operating pressures, pressure drop, cryogenic
envelope (flow channel) sizes, etc.

Provision of dc SPTL specifications and cost estimates for
reanalysis and inclusion in a comprehensive study of a




106-km, 10-GW transmission system, made by Philadelphia
Electric Co. for DOE.
7.2. Future Program

When the dc SPTL Program began operation in late 1972, most predictions
of electric power consumption growth in the U.S. indicated a need for doubling
power plant capacity each decade. This, in turn, implied a commensurate
growth of transmission systems and, in particular, a requirement for high-
capacity underground cables of considerable length. The dc SPTL concept was
geared to meet such requirements. Since late 1974, however, the growth in
power demand has fallen far below earlier expectations, and the probable need
for very high capacity underground transmission systems has been considerably
deferred. Hence, the case for urgent development of the dc SPTL is rather
weak, and this has been a primary cause of the cancellation of the dc SPTL
demonstration at LASL. On the other hand, the case for development of the dc
SPTL is not dead, but, rather, the time-table requires adjustment.

Under these circumstances, and given the successful initial results enu-
merated in Sec. 7.1, it is appropriate to ask, "What next?" Although a work-
ahble and respectable dc SPTL could be constructed now, it is clear that this
is a young technology and that significant improvements in it can be expected
from continued research. In effect, we don't know all the "answers™ and we
don't know how far the technology can be pushed to provide competitive alter-
natives to other underground transmission modes. Research directed toward
those general areas is timely, insofar as the lead time is extremely long for
incorporating the results of such work into practical systems.

Specific areas for research, which could promote application of the dc
SPTL, and some other advanced transmission systems as well, include:

. Development of higher-temperature superconductors: the higher tem-
perature buys more efficient refrigeration and greater thermal/
electrical stability of the conductor. For ac systems, reduction
of ac losses can be expected. One goal of this work should be to
achieve systems that can be cooled by hydrogen rather than helium.

° Development of more efficient, less costly refrigeration and cryo-
genic envelope systems. These systems account for the major cost
differential between conventional and superconducting cables; for-
tunately, considerable room exists for improvement and innovation

257




in the technology and economics of cryogenic systems. At the same
time, cryogen flow phenomena require additional study to assure
optimum effectiveness of cryogenic hardware use.

Development of dc cryogenic dielectric systems. Polarization and
space charge effects, in particular, are not well understood for
conventional dc systems, so any work here would contribute imme-
diately to useful applications. As aging problems are minimal in
cryogenic environments, fundamental studies of dielectric breakdown
at Tow temperatures permits the worker to isolate and focus atten-
tion on the basic electrical processes in breakdown. Recipes for
reliable high voltage operation of cables and terminations should
result from research in these areas.

Development of dc switches and inverter/rectifier equipment. Impe-
tus for this work has been provided by the emerging realization of
the usefulness of HVDC transmission. Significant advances here
appear achievable by the power industry.

The facilities and staff at LASL are well positioned to conduct productive
research in important topics of the first three items above. Current plans
call for a continuation of the dc SPTL program along those directions.
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8. PRESENTATIONS AND PUBLICATIONS

During the course of the dc SPTL project over 250 presentations discussing
the program were given at LASL. An almost equal number of presentations were
given at places outside LASL.

Approximately 10 utility companies were briefed on the dc SPTL project.
These included Arizona Public Service, American Electric Power, New Mexico
Public Service, Consolidated Edison (NY), Commonwealth Edison (Chicago), and
Philadelphia Electric Co.

Also about 15 congressmen were given tours of the dc SPTL project.

Thirty-eight papers dealing with different aspects of the project were
published. Also quarterly and annual progress reports were written.
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Power Transmission Line," Proc. 1976 Underground Transmission and Distri-
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