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;El ectric Conductors and} Cables This invention rel ?es- to electric

conductors for ‘use in cHBMeEscrption npaged paf-+-ite BREED| -y~+-] power cables with :
conduct ors conpri si ng ”Wﬁi?ﬁks)t hapaged .£®pas pageducliig at the operating 5

tenperature of the cabl g rel naf f o b eyiddy . ealll ed "superconducting
cables". It relates pri gr#?%’%@ﬁsé?ﬁﬂéﬁ-ﬁdq’ggg% mnductors%m%gﬁfs
conprising " h‘VBH"f’éﬁgera’@Lﬁ‘té a@er afi€ super¢conduct ing mat er an
operating tenperature over 15K.- It-al'so includes the cables 10 in which
such conductors are used. To achi eve adequate supercurrent capacity in such
conductors, it is necessary to formthemfroma plurality of elenentary

super conductors, normal |y in (HecEim Geadyehons, sad Laklespi cal |y
conprising a flatt e@ﬁﬂst%iﬁecrﬁéioﬂ lMQatls EONERIAAL RINLEEESs Yol NBe in

superconducting ceramc are
. cables and more particularly in power cables with conductors

comprising material that is superconducting at the operating
5 temperature of the cable, hereinafter for brevity called

"superconducting cables”. It relates primafily to

superconducting conductors for cables comprising "high

temperature' ceramic superconducting materials with an

operating temperature over 15K. It also includes the cables
10 in which such conductors are used.

To achieve adeduate supercurrent capacity in such
conductors, it is necessary to form them from a plurality of
elementary superconductors, normally in the form of flat
tapes and typically comprising a flattened tube of gilver

15 containing particles of the superconducting ceramic which are
anisotrobic and should as far as practicable be aligned with
their major faces parallel to the flat surfaces of the tape.
Such tapes will normally be associated with carriers of |
copper, primarily to prévide structural support and an

20 alternative current path of reasonably low resistance in the
event of a small portion of the superconductor losing its
superconducting character owing to localised high temperature
or magnetic field (or to other causes). '

Hitherto it has been the normal practice to bond the

25 elementary superconductor tapes solidly to the copper
carriers by brazing or soldering, which not only incurs

. manufacturing costs but also produces a composite conductor
which is relatively stiff and risks damage on flexing.
. We have now discovered that it is not necessary to
30 maintain contact between the tapes and the copper carrier at

every point along their length and that a robust and
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ani sotropic and should as far as practicable be aligned with their nmajor
faces parallel to the flat surfaces of the tape. Such:tapes will normally
be associated with carriers of copper, primarily to provide structural
support and an 20 alternative.current path of reasonably |ow resistance in
the event of a small portion of the superconductor losing it

super conduct i nYWQ4t#et er owing to Iocglised hi gh tenpergturzcyFBW@Bﬁ@tic
field (or to other causes). Htherto it has been the nornal practice to
bond the 25 el enentary superconduct or t apes folidly to the copper carriers
by brazing or soldering, which not only incurs manufacturing costs but al so
produces a conp@ﬁﬁ@mﬁdmdncmm der giadei vithout | 41ty malid bredimgnge

or- fl exi ng. EP- %3%95%6%}1@ g_g c*th%lfer c%k:!r@e t he use of holl ow 30
on nme

r
carriers, either Whi ch the tapes
In accordance with the 1nventlon, a conductor for a

superconducting cable comprises a hollow copper section
5 having at least one elementary superconductor tape loosely
housed within it so as to admit relativé movement with
respect to the copper section at least in the direction of
the width of the tape. '
To maximise contact between the tape and the copper
. 10 section, and between one ﬁape and another when there is more
than one, we prefer that substantial relative movement is
permitted only in that direction when the conductor is
terminated, but some freedom of movement in the directions of
the thickness and/or the length of the tape(s) is not
15 excluded and freedom of movement in the direcﬁion of the
length of the tape is desirable during assembly of the
conductor into a cable. .
Localised bonding of the tape(s) to the copper section
is not excluded provided that the required movement is
20 available for a 1arge proportion of its length; but it is not
recommended, except where external connections are being
made. o '
The hollow copper section may be a clogsed one (a tube)
or an open one (a channel) but should preferably extend
25 around at 1eaét three sides of the tape(s). If it is
initially an open section, it may be wholly or partly closed
either by changing its shape or by adding a separate closure
mewber after assembly with the tape(s). The copper section
preferably has at least one flat internal surface presented
30 to one of the flat faces of the (or a) tape to provide

opportﬁnity for face-to-face contact.
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_are to be housed and to which they may be secured by an 2 adhesive or by

taping; even if a non-adhesive securing tape is used, however, it is
required that the support and the tapes are so "conposed” with each other
as to integrally nove against t hermal expansi on and contracti on.

have nom1discq¥ﬁ g it is not necessary to maintain con}gﬁéﬁﬁaémeen
the tapes and er carrier at every point along their ’d t hat
a robust and effective conductor can be nmade wi t hout any solid bonding

bet ween the tapes and the carrier. 10 | n3accordance with the invention,

a conductor for a . .
: For maximum effectiveness, the section and any separate

closure member is preferably made entirely of copper, but the
inclusion of other materials (such as stainless steel for
mechanical support or tin to facilitate soldering if and

5 where required) is permitted, and in some cases a closure
member might be wholly mon-conducting.

Cooling requirements limit the cross-section that is
acceptable, and for use in cable of practical capacity it
will normally be necessary to assemble together several of

10 the conductors described. Preferably they are externally of .
a shape (or shapes) that can be assembled, longitudinally or
preferably with a helical lay, to form a tubular overall
conductor, with or without using a separate cylindrical
internal support. For use with a support, the copper

15 sections may be trapezoidal or segments of a cylinder (or if
the number to be asembled is sufficiently large, may be
square or rectangular). For use without a support, these
simple shapes are preferably modified to provide interlocking
formations on the contiguous surfaces of adjacent copper

20 segments: for instance, one face of each section may be
formed with a projection and its opposite face with a
corresponding groove, or {if the number of sections to be
assembled is even) half the copper sections may have
projections and the other half grooves on both the faces that

25 will be contiguous with the other type of section when
assembled.

. Any of the several known ceramic superconductor

materials may be used; at present we prefer to use "BSCCO"
superconductors of empirical formula Bi; ,Pb,Sr,Ca,Cu,0,0.3

30 (where & is less than 1) but this is rather on grounds of
better availability than of particular technical merit. The
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_superconducting cable conprises a hollow copper carrier having at |east one
el ementary superconductor tape housed wthin it, characterised in that the
tape is | oosely housed so as to admt relative novenent with respect to the
copper 15 carrier at least in the direction of the width of the tape. To
maxi m se contact between the tape and the copper carrier, and between one
tape and anot hWWOMES2there is nore than one, we prefer that PSHGBPSRIRRL
relative nmovenent is permitted only in that direction when the conductor is
20 term nated, but some freedom of novenent i4n the directions of the

t hi ckness and/ or t he | ength of the tap e L IS not excluded and freedom of
movenent in the igveasicsnmbght e IW@( ehementary supericenshctdur tapes

assenbly of the a 2 cal i sed bondi ng of the
o g’dgig t@é@exaiaci tte g. gf Nbsénq .

tape(s) to the cCopper _
When using ceramic superconducting materials, we prefer

to form them into tapes by a "powder-in-tube" process in
5 which a silver tube is packed with the superconducting
material (or a precursor that can be rendered superconducting
by subsequent heat-treatment) and the tube then converted to
a tape of much smaller cross-section by a process comprising
at least one of drawing, swaging, rolling (longitudinal or
16 transverse), rotary forging, or progressive pressing. The
last three processes, and more particularly rolling and
rotary forging, are preferred as they offer a higher degree
of particle alignment than drawing or swaging.
With current'superconductor tape technology, the number
15 of elementary superconductor tapes inserted in a carrier is
likely to be in the approximate range 5-20. If the copper
section is open, and the properties of the available tapes
vary (as is the case with current pilot production
superconducting tapes) it is preferable to select tapes with
20 the highest critical current demsities (J. values) for
location closest to the base of the copper section, since
tapes in this position may carry a disproportionate share of
surge currents on the occurrence of faults or switching.
Preferably the tapes are pre-assembled into one or more
25 than one bundle to simplify insertion into the copéer
section; such bundles may be secured by a closed or open
- wrapping of thin flexible copper (or silver) tape or by an
open wrapping of a suitable plastics material.
The cable in accordance with the invention includes at
30 least two conducters as described and means for insulating

them electrlcally from each other and thermally from the
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,ks not excl uded provided that the required novenent is available for a
~""‘Iarge proportion of its length; but it is not recomended, except where

external connections are being made. 30 The hol | ow copper carrier may
have a cl osed cross- section (a tube) or an open one (a channel) but should
AVENDED SHEET :ﬁreferably extend around at |east three SI%F% of

tape(s). If it WD/ ?%laJIy open, it may be wholly or partly 1 ther

by changing its shape or by adding a separate closure nenber after assenbly
with the tape(s). The copper carrier 5

environment (and will be associated in an installation with
‘means for cooling at 1e§st the conductors to a cryogenic
working temperature). Preferably at least two overall'
tubular conductors of the kind described are concentrically
5 arranged around a central coolant duct. '
Preferred electrical insulating materials are paper
(broadly following the practice of oil-impregnated paper
power cables, but with an insulating gas (or liquified gas)
and not oil as impregnant. The same insulating gas (or
10 ligquified gas) may also serve as coolant.
The invention will be further described, by way of
example, with reference to the accompanying drawings in
- which:
Each of Figures 1-5 is a diagrammatic cross-section of a
15 conductor in accordance with the inveption; and
FPigure 6 is a diagrammatic cross-section of a cable in
accordance with the invention.
Figure 1 shows a simple form of conductor in accordance
with the invention, comprising a copper channel section 1 of
20 rectangular overall shape within which is loosely housed a
bundle 2 of elementary superconducting tapes 3 enclosed by an
open helical wrapping 4 of polyimide (Kapton®) yarn or of
polyaramid (Kevlar®) tape. The bundle is made captive within
the copper section by a similar overall wrapping 5, but this .
25 allows the bundle freedom of movement of the order of 0.5mm
in the direction of the width of the tape (horizontally
. parallel to the plane of the paper as drawn) The resilience
and relatively low tension of the wrapping 4 also allows
comparable relative movements between the individual
30 elementary superconductors in the same direction. There is

no substantial freedom of movement in othexr directions.
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- 5 preferably has at |east one flat internal surface presented to one of the
“flat faces of the (or a) tape - to provide opportunity for face-to-face
contact. For maximum effectiveness, the carrier and any separate closure
menber is preferably nmade entirely of copper, but the 10 inclusion of. other
materials (such as stainless steel for mechanical support or tin to '
facilitate sol ¥ 9352 and where required) is permtted, andG/CEIM2Lses
a closure nmenber mght be wholly non-conducting. Cooling requirenents limt.
the ¢ross-section that is 15 acceptable, and §or use in cable of practical
capacity it will normally be necessary to assenbl e together several of the

conduct or s descrilidpughpr EpEr RBrposer\oh implecihinsyrafion siody Eonr
shapes) that carn é%&%”@hgﬁ?,' PREId M Yliiblehrs QFe PLERELAPIY LN @ helical

lay, to forma tubular over _
In first and second modifications (not illustrated

separately) the wrapping 4 and/or the wrapping 5 respectively

5 is replaced with a thin flexible copper tape, which may if
desired be wide enough to enclose completely the bundle or
the bundle and the copper section, as the case may be; if so,
there is an option to apply the copper tape longitudinally
instead of helically.

10 Figure 2 illustrates a number of modifications that may
be adopted independently; first, the tapes 3 are positioned
vertically rather than horizontally in the copper section 1
{(and are shown without the optional bundling tape); second,
the open side of the copper channel section 1 is closed by a

15 copper strip 6 secured by seam-welding or spot-welding to
form a closed hollow copper section (seamless closed hollow
sections can also be used, but insertion of the tapes is
difficult); and third, the side faces of the copper section
are inclined to give it a trapezoid section and facilitate

20 asembly into a closely fitting tubular overall conductor:
note that the inner side faces 8 remain vertical to permit
face-to-face contact with the tapes 3.

Figure 3 also shows a number of independently usable
modifications: more than one bundle 2 of tapes has been used;

25 the sides of the copper section have been formed with
potentially interlocking formations 9 (a xib) and 10 (a
groove) to allow the formation of a self-supporting tubular
overall conductor; and the bottom surface 11 of the copper
section has been concavely curved to conform to the intended

30 smooth bore of such an overall conductor.

e
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20 conductor, with or W thout using a separate cylindrical internal

support. For use with a support, the copper carriers nmay be trapezoidal or
segnents of a cylinder (or if the nunber to be assenbled is sufficiently

| arge,; may be square or rectangular). For use without a support, these 25

- sinpl e shapes are preferably nodified to provide interlocking formations on
' the contiguous WAMHEE®s of adj acent copper segnents: for instReREBIHIBLf ace
of each carrier may be formed with a projection and its opposite face with
a correspondi ng groove, or (if the nunber of arriers to be 30 assenbled is
even) half the copper carriers may have projections and the other half
grooves on both the frigmxret RaBhows how a copper section 1, initially of the

shape shown in dotted lines, may be deformed after insertion
of the tapes 3 (for instance by rolling) to make them captive
without using any other component .

5 Figure 5 shows an alternative way of securing the
bundle 2 by using a separate copper closure member 12 which
is initally curved but is flattened to enter grooves 13 in
the main copper section 1. It also shows an alternative
shape.for the rib 9 and groove 10 and illustrates the fact

10 that the curvature of surface 11 may be convex, so as to form
part of the outer surface of a smooth tubular conductor.

Figure 6 is a diagrammatic cross-section of a complete
cable in accordance with the invention. It comprises
concentric overall tubular inner and outer conductors 14

15 and 15 repectively. The inner conductor 14 is helically laid
on and suppqrtea by an open helix 16 of stainless steel and
comprises thirty-two conductors 17 of the form shoﬁn in
Figure 1, each conductor haéing a copper cross-section of
15mm’ and enclosing.ten élementary silver-clad BSSCO

20 superconductors each 3mm wide and 0.2mm thick and having on
average individual critical current (I.) values of about 10A
at 77K and about 40A at 40K under self-field conditions in
each case, corresponding to critical current density
(Jc)values of about 8kA/cm’ and 32kA/cm” respectively.

25 The inmner conductor 14 is enclosed in a conductor
sScreen 18 comprising.three carbon-loaded papers and one

. duplex paper (comprising plies of carbon-loaded and
insulating grades of paper laid and bonded together in the
paper-making process, the carbon-loaded ply facing the

30 éarbon-loadgd paper tapgs), insulation 19 comprising thirty-

four insulating paper tapes with an aggregate thickness of

HIIlIHIIII\ M
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4wl be contiguous with the other type of carrier when assenbl ed. Any of
" the several knomn ceram c superconductor materials may be used at present
we prefer to use "BSCCO' 5 superconductors of formula :
Bi[err]Pb[err]Sr[err]CaJerr]Cu[err]derr] where [err] is less than 1 but

this is rather on grounds of better availability than of p L G
techni cal nmeMQ 96" i nvention mght be used with eIenenta?gﬁgﬁggﬁé%hductor

tapes of netallic material (e.g. of No[err]Sn). 10 When usi ng ceram c
super conducting materials, we prefer to forfntheminto tapes by a
"powder -i n-tube" process in which a silver tube is,packed with the

super conduct i rRJWEARS i2adiEIPCETHT R 2% gompx i siag  Rkhery duplex
guper conduct | Migadytr SARP QANbnd Sl AN paBlr! Biipd DR TIMRA LG RKE" ! o0

usual practice for impregnated-paper insulated cables.
The outer coverall conductor 15 is helically applied

5 directly over the dielectric screen and comprises thirty-two
of the conductors shown in Figure 1 and described above (here
referenced 21) and six empty copper carriers (eveﬁly spaced
around the circumference) to complete the layer while keeping
the numbers of conductors and their dimensions the same in

10 both tubular conductors) and is surrounded by an outer
screen 22 of three carbon-loaded and one duplex paper and
outer insulation 23 consisting of twenty insulating paper
tapes again with an aggregate thickness of 5mm (individual
paper tapes are thicker than in the first insulatiqn layer) .

15 The remaining outer part of the cable is conventional
and comprises a corrugated copper sheath 24 surrounded by
*guperinsulation” 25 (thermal insulation based on metallised
foils under vacuum), further concentric copper tubes 26
and 27 defining an outer coolant duct 28 (maintained by

20 spacers, not shown), another layer of superinsﬁlation 29 and
an outer metal jacket 30.

The cable is to be cooled (for example) by helium gas
entering the central coolant duct at a temperature of about
25K and warming to about 58K by the time it reaches the other

25 end of the cable, from where it returns via the outer coolant
duct 28 where it will warm further, at most to about 230K,
before returning to the refrigeration plant for reuse.

" A short length of model cable was made in accordance
with Figure é, except that no empty carriers were used in the

30 outer conductor (so that the capacity of the outer conductor
was greater than that of-the inner one), the outer part (from

_;_________~§E§EE§;§3_outwards) was omitted-and the whole immersed in a

Sheet Has Been R

T mTu\



. 15 a tape of much smaller cross-section by a process conprising at | east
one of drawi ng, swaging, longitudinal rolling, transverse rolling, rotary
forging, or progressive pressing. The |last three processes, and nore
particularly rolling and rotary forging, are preferred as they offer a

hi gher degreevég f..particle. alignment than drawi ng or swaging. Wth
current superc 1CT6r t ape technol ogy, the nunber of el emenk 96/01321
superconductor tapes inserted in a carrier is likely to be in the

approxi mate range 5-20. If the copper carrie? is open, and the properties
of the availablfﬁ%ﬁges 25 vary (as is the case with current pilot

production supe fEMORGRLSp¥ersel . | Tymimatione werecmade (pwiaxr wiot h t he
hi-ah e . pes . |
i-ghest criti cajmpdhdiRiH) W&b&hgf%(e?&fdézlinﬁakﬂgsl:gia%%s*;{%%%i%g ?Cngg?;?,;{aéo

t he base of the copper carfier, sihce tapes-i hi
di spFfoporti onat eoppry eagfriers with an alloy of 95%In, 5%Ag. At an

operating temperature of 31K, this model cable was found

}

5 capable of sustaining a supercurrent in excess of 10kA dc in

its own self-field.

-
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30 surge currents o of faults or sw tching. 5 Preferably
the tapes are pre-a g@ IﬂEﬂ' : nore than one bundle to sinplify
i nsertion into the i uch bundl es may be secured by a cl osed
or open wrapping of thin erX|bIe copper (or silver) tape or by an 5 open
wrappi ng of a suitable plastics material. The cable in accordance with the
i nvention i nCYQMRA3%E | east two conductors as described an
insulating themelectrically fromeach other and thermally fromthe

environment (and will be associated in an istallation with 10 nmeans for
cooling at |least the conductors to a cryogenlc

CLAIMS

1 A conductor for a superconducting cable comprising a

hollow copper section having at least one elementary
superconductor tape loosely housed within it so as to admit

5 relative movement with respect to the copper section at least
in the direction of the width of the tape.

2 A conductor as claimed in claim 1 in which, when
terminated, substantial relative movement is permitted only
in the said direction.

10 3 A conductor ae claimed in claim 1 or claim 2 in which
the hollow copper section extends around at least three sides
of the tape or all of the tapes.

4 A conductor as claimed in claim 3 in which the cépper
sectién, having initially been open, is wholly or partly

15 closed either by changing its shape or by adding a separate

' closure member after assembly with the tapes.

5 A conductor as claimed in any one of claims 1-4 in which
the copper section has at least one flat internal surface
presented to one of the flat faces of said tape (or one of

20 said tapes) to provide opportunity for face-to-face contact.
6 A conductor as claimed in any one of claims 1-5 which is
externally of a shape that can be assembled with identical or
correpondingly shaped conductors, longitudinally or with a
helical lay, to form a tubular overall conductor.

25 7 A conductor as claimed in claim 6 having interlocking
formations on the surfaces of the copper sections that will
be contiguous when so assembled. -

8 A conductor as claimed in any one of claims 1-7 in which
the said tape comprises a ceramic superconductor material.

30 S A conductor ags claimed in any one of claims 1-7 in which

the said tape comprises a superconductor material of-
.
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\mokklng~rewp€T§fUF€7—“5F€?érabIy at least two overall tubular conductors of

t he klnd a“l“ﬂnrcentrlcally arranged around a central cool ant
duct . Eﬂ l insulating nmaterials are paper 15 (broadly

follomnng e pwacﬂlc% of oil-inpregnated paper power cables, but with an
I nsul ati ng gas i quefied gas) and not oil as inpregnant)

i nsul ati'ng gasw ﬂ?sauef i ed gas) may al so serve as cool ant. "‘Fﬁ'&“?ﬂf)g‘h i on
will be further described, by way of 20 exanple, with reference to the

acconpanyi ng drawi ngs in mhlch Each of Figunes 1-5 is a diagrammatic
cross-section of a conductor in accordance with the invention; and Figure 6

i s a di agrammat igmpirdcals E6tinela ¥i,d FRBEECA Tuld, ,a¢ AXhd28Cs ﬂ\étreééw

i nventi on. than 1} .
10 A conductor as claimed claim 8 or claim 9 in which the
tapes have been formed by a "powder-in-tube" process in which

5 a silver tube is packed with the sﬁpercdnducting material (or
a precursor that can be rendered superconducting by
subsequent heat-treatment) and the tube then converted to a
tape of much smaller cross-section by a process comprising at
least one of drawing, swaging, rolling (longitu&inal or

10 transverse), rotary forging, or prog:essive pressing.
11 A conductor for a superconducting cable substantially as
described by way of example with reference to one or more of
Figures 1-5.
12 A superconducting cable comprising at least two

15 conductors as claimed in any one of claims 1-11 and means for
insulating them eléctrically from each other and thermally
from the environment.
13 A cable as claimed in claim 12 including a plurality of
said conductors asssembled to form at least two overall

20 tubular conductors which are concentrically arranged around a
central coolant duct.
14 A superconducting cable substantially as described with
reference to Figure 6.
15 A superconducting cable installation comprising at least

25 one cable as claimed in any one of claims 1-14 and means for
cooling at least the conductors to a cryogehic working

temperature.
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.Figure 1 shows a sinple formof conductor in accordance with the invention,
conprising a copper channel -section carrier 1 of rectangular overall shape
within which is | oosely housed-a bundle 2 of elementdary superconducting 30
tapes 3 encl osed by an open helical wapping 4 of polyimde (Kapton[err])
yarn or of polyaramd (Kevlar[err]) tape. The bundle is 6 made captive
within the co é@ﬂl? Frier by a simlar overall wapping 5 BDGH/GB¥0I32] | ows
the bundl e freedom of novenent of the order of 0.5nmin the direction of
the wi-dth of the tape (horizontally para@bel to the plane of the paper as
drawn) 5 The resilience and relatively | o® tension of the w apping 4




Y

. also allows conparable relative novenents between the individual elenentary
superconductors in the sane direction. There is no substantial freedom of
novenment in other directions. Al though, for purposes of sinple
illustration, 10 only four tapes are shown, |arger nunbers are
contenplated. In first and second nodifications (not illustrated
separately) tNOW4Bi ng 4 and/or the wapping 5 respecti velRCIGBoseBRRECed
with a thin flexible copper tape, which may if desired be w de enough to

encl ose conpletely the bundle or 15 the dl e and the copper carrier, as
the case may be; if so, there is an option®to apply the copper tape
longitudinally instead of helically. Figure 2 illustrates a nunber of

modi fications that may be adopted independently; first, the tapes 3 are
pasitioned 20 vertically rather than horizontally in the copper carrier 1
. _
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(and are shown without the optional bundling tape); .second, the open side

of the copper

channel -section carrier 1.is closed by a copper strip 6

secured by seam wel di-fig or spaqt-, wel di ng to forma copper carrier of closed

hol |l ow cross-

25 section (sean1ess cl osed "hol | ow cross-sections can al so be

used, but insertion of the tapes is difficult); and third, the side faces

of the copper

carrier are inclined to give it a trapezoid. section and

facilitate assenbly into a closely fitting tubular overall .conductor: note

that the inner side 30 fBtegtgieccRopdugsprecand: apdesit face-to-face

cont act

10

15

20

with %Qfst% en iOﬁNEQQEQGSH %Telectrlc conductors for use in

cables and more partiCularly in power cables with conductors
comprising material that is superconducting at the operating
temperaéure of the ¢able, hereinafter for brevity célied
"superconducting Cables". It relates primarily to
superconducting conductors for cables comprising "high
temperature" ceramic superconducting materials with an
operating temperature over 15K. It also includes the cables.
in which such conductors are used. |

To achieve adequate supercurrent capacity in such

‘conductors, it is necessary to form them from a plurality of

elementary superconductors, normally in the form of flat

" tapes and typically comprising a flattened tube of silver

containing particles of the superconducting ceramic which are
anisotropic and should as far as practicable'be aligned with
their major faces parallel té the'flat:surfaces of the tapel'
Such tapes will normally be associated with carriers of
coppet, primarily to provide structural support and an
alterndtive current path Qf reasonably low resistance in the
event'of a small portion of the superconductor losing its

superconducting character owing to localised high temperature

- or magnetic field (or to other causes).

25

30

Hitherto iE has been the normal practice to bond the
elementary supérconductor-tapes éolidly to the copper
carriers by brazing or soldering;.which'no; only incurs
manufacturing costs but also produées a composite conductor
which is'relatively stiff and risks damage on.flexing.
EP-A¥0451864 préposes, inter alia, the use of hollow
carriers, either metallic or non—metallic, in Which_thé tapes

are to be housed and to which they may be secured by an
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7 Figure 3 also shows a nunber of independently usable nodifications: nore
-than one bundle 2 of tapes has been used; the sides of thé copper carrier
have been formed with potentially |nterlock|ng formations 9 (a ri-b) and 10 -
(a5 groove) to allowthe formation of a self- supportlng t ubul ar over al
conductor; and the bottom surface 11 of the copper carrier has been
concavely curved to conformto the intenfled snooth bore of such an overal
conductor. Figure 4 shows how a copper carrier 1, initially of the 10 shape
shown i n @8hesdvei pgsbyndbpriaicefesrared fafa aon rasthas bre cfecueingpeaps (for

LISLanCe, D4 8Lk, by gelR S AR e L@Esz;lrpa%oq“rxeaﬁnm 2 by
US'“Q a SEEﬁéétﬁrQOBBe“dSM§8§éa‘“¥§¥H e&%HMBéHEr as to 1ntegrally move '
agalnst thermal expansion and contraction.

5 We have now discovered that it is not necessary to
maintain_eontact between the tapes and the copper carrier at
every point along their length and that a robust and |
effectlve conductor can be made without any solid bondlng
between the tapes and the carrier.

10 In accordance ‘with the invention, a conductor for a
superconducting cable comprises a hollow copper carrier

-.having at least one elementary superconducter.tape housed

'within it, characterised in thattthe‘tape is loosely housed
so as to admit relative movement with respect to the copper

15 carrier at least in the direction of the width of-the tape.

‘To maximise contact between the tape and the ¢opper
carrier;.and'between one tape and another when there is more
than.one, we prefer that.substantial relative movement is
permitted only in that direction when the conductor is

20 terminated, but some freedom'of movement in tne directions of
tne'thickness and/or the length of the tape(s) is not
excluded and freedom of_movement'in the direction of the
1ength of the tape is desirable during assembly of the

. conductof into ‘a cable.

25 Localised bondlng of the tape(s) to the copper carrier
is not excluded provided that the requlred movement is.
available for a large proportion of its length, but it is not
recommended, except where external connections are being
made. _ - |

30 The hollow copperlcarrier may have a closed cross-

section (a tube):or an open one (a channel) but should‘
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15 is |n|t|aIIy curved but is flattened to enter grooves 13 in the main
.copper carrier 1. It also shows an alternative shape for the rib 9 and

.groove 10 and illustrates the fact that the curvature of surface 11 may be.
convex, so as to formpart of the outer surface of a snooth tubul ar
conductor. 20 Figure 6 is a dlagrannaglc cross-section of a conplete

cable in accordance with the invention,. conprises concentric overal
tubul ar i nner and outer conductors 14 and 15 respectively. The inn

- conduct or 1BTPEeKBRLYa ISPt RISV Pl iRt SR FLPrrheths E%P%l(s)
st ai nl ess s&@elltz"isa guq:q_rgir eospérpl ry ‘ﬁag}) gce?(r}gggis&toxﬂ "Q%t]tfgmr{err shown

in Figure 1;"edch Conductor Havi'ng ‘a ‘copp and

encl osi ng t eRtBeemyt dhangingeritd athdF0E paiddild WepLpsate JEToMLLE
and 0.2mm t hi ck and havi ng on average |nd|V| ual critical current (I'[err])
val ues of amgmbe;ogfter assembly with the tape(s). The copper carrier
s preferably has at least one flat internal surface presented
to one of the flat faces of the (or a) tape to provide
opportunity for face-to-face contact.
| For maximum effectiveness, the'carrier and eny separate
closure member is preferabiy made entirely of copper, but the
10 inclusion of other materials (such'as-stainless steel for' |
mechanical support or tin'to_facilitate soldering if_end
where required) is permitted, and in someé cases a closure
member might be wholly non—conducting. _ .
Cooling requirements liﬁit the cross-section that is
15 acceptable, and for use in cable of practical capacity it
will normally be necessary to assemble together several of
the conductors described Preferably they are externally of
a shape (or shapes) that can be assembled, longltudlnally or
preferably with a helical lay, to form a tubular overall
20 conductor, Qith or without using e separate cylindrical
internal support. For use with a subport, the copper
carriers may be trapezoidal or.segments of a cylinder (or if
the number to be assembled is sufficiently large, may be
square or reotangular), For ose without a support, these
25 simple shapes.are preferably modified to Qrovide_interlocking
formations on the contiguous surfaces of adjacent copper
‘segments: for instance, one face of each carrier may be
formed with a projection'and its opposite face with a
corresponding groove, or (if the number of cerriers'to be -
30 assembled is even) half the copper carriers may have

progectlons and the other half grooves on both the faces that
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. .
30.at 77K and about 40A at 40K under self-field conditions in AMENDED SHEET

8 each case, corresponding to critical current density 2 2
(J[err])values of about 8kA/cnferr] and 32kA/cnferr] respectlvely The
i nner conductor 14 is enclosed in a conductor screen 18 conprising three
car bon-1 oaded papers and one 5 dupl ex papeu (conprising plies of

carbon-1 oaded and insul ati ng grades of paper |aid and bonded together in

t he paper - maki rocess, the carbon-] oade faC| g _the,carbon-1 oaded
S e B S B R Fﬂ?’é typeobcarrict when

assembled.
Any of the several knoWn ceramic.Superconductor

materials may be used; at present we prefer to use "BSCCO"

5 superconductors of formula BJ.2 «Pb,Sr,Ca,Cu;054.5 where 6 is less

than 1 but this is rather on grounds of better availability
than of particular technical merit. The invention might be
used with elementery gsuperconductor tapes of metallic

material (e.g. of Nb,Sn).

10 When using ceramic superconducting materials, we prefer

to form them into tapes by a "powder-in-tube" process_in

which a silver tube 1is packed with the superconducting

material (or a precursor that can be rendered superconducting

" by subsedquent heat-treatmeqt) and the tube then converted to

15 a tape of much smaller cross-section by a process comprising

at least one of drawing; swaging, iongitudinal rolling,

transverse.rolling, rotary forging, or progressive pressing.

The last three processes, and more particulariy rolling and
' rotery forging, are preferred as they offer a higher degree

20 of particle alignment than drawing or swaging.

- With current superconductor tape technology, the number

'_of elementary superconductor tapes inserted in a carrier is
likely to be in the approximate range 5-20. If the copper .
carrier is open, and the prOperties.of the available tapes

25 vary (as is the case with current pilot productlon

superconductlng tapes) it is preferable to select tapes w1th

the highest critical current densities (J. values) for

location closest to the base of the copper carrier, since

tapes in this position may carry a disproportionate share of -

30 surge currents on the occurrence of faults or switching.

i\n&‘\"\:"\
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four insulating paper tapes with an aggregate thickness of 10 5mm and a
dielectric screen 20 conprising another duplex paper tape and one

car bon-1| oaded paper. tape, follow ng the usual practice for .

| mpr egnat ed- paper insul ated cables. The outer overall conductor 15 is
helically applied directly over the dielectric screen and conpri ses
thirty-two 15 of the conductors shown in Fiﬁure 1 and descri bed above (here
referenced 21) and six enpty copper carriers (evenly spaced around the

ci rcunference) toPEehprabdyt fle Sppesiitce eeeaaeHeduimkg ©rg or more

conductor s 0hahehp SLBFESL 00 05150 bR WS e dlster ) and 1
paper and outgfridsyl ahitANpaRdIRRSmEl Be Qe MU Yy S UMDY HARSSed aPeS
again wth an aggregate thickness of "5nm (i ndividual paper tapes are
t hi cker thamwrapphegf ofsthinsdlexible mppper (or silver) tape or by an
5 open‘wrappiﬁg of a suitable plastics material. - '
The cable in acéordance with the.invention_includes at
least two conductors as Qe5cribea and means for insﬁlating
them.electrically'frdm each other and thermally from the
environment (and will be associated in an installation'with
10 means for cooling at least the conductors to a cryogenic
'wbrking temperature) .. Pieferably at least two overall _
tubular conductors of the kind described are concentrically
arranged around a centrai c001aﬁt duct. . .
Preferred electrical insulating materials'are”papef
15 (broadly following the practice of oil-impregnated paper
power cables, but With an insulating gas (or-liquefied gas)
and not oil as impfegnanﬁ); The same insulating gas (or
liquefied gas) may also,sérve as coolant. _ _
The invention will be further described, by way of
_20 example, with reference to the accompanying drawings in
which: | | |
Eagh_gf;Eigurgs_l;i'is a diagrammatic cross-section of a
conductor in accordance with the invention; and
Figure 6 is a diagrammatic cross-secﬁion of a cable in
25 accordance ﬁith the invention. | .
.Figufé 1 shows-a simple form oﬁ conductor in accordance
with the invehtion; comprising a copper chanﬁel-sec;ipn '
carrier 1 of rectangular overall shape within'Which is
loosely housed é bundle 2 of'elementary superconduétihg 
30 tapes 3 enclosed by.én'open helical wrapping'4 of polyimide

(Kapton®) Yarn:or of polyaramid (Kevlar®) tape. The bundle is
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The remaining outer part of the cable is conventional 25 and conprises a
corrugat ed copper sheath 24 surrounded by "superinsulation" 25 (thermal
< nsul ati on based on_netal |l ised foils under vacuun), further concentric
copper 'tubes 26 and 27 defining an outer cool ant duct 28 (naintained by
spacers, not shown), another |ayer of supgrinsulation 29 and 30 an outer
metal jacket 30. AMENDED SHEET -~ 9 The cable is to be cooled (for exanple)_

Dy, oL SRR, LIS SR SSRhaNtc SUElo20d, {oTRal S, gLatiou
wrapping 5, but this allows the bundle freedom of movement of
the order of 0.5mm in the direction of the width of the tape
(horizontally parallel to the plaﬁe of the paper as drawn)

5 The resilience and relatiVely 1ow.tension of the wrapping 4
also allows comparable relative movements between the
individual elementar? superconductors in the same direction.:

There is no Substantial.freedom of movement in other |
‘directions. Although, for purposee of simple illustration,
10 only four tapes are shown, larger numbers are contemplated.
In first and second modifications (ﬁot illustrated
separately) the wrapping 4 and/or the wrapping 5 respectively
is replaced with a thin flex1ble copper tape, which may if
desired be wide enough to enclose completely the bundle or

15 the bundle'end the copper carrier, as the case may be; if so,
there is an option to apply the copper tape longitudinally
instead of helically.

Figure 2 1llustrates.a number of modifications that may

'.be adopted independently; first, the tepes 3 are positioned

20 vertically rather than horizontelly in the copper carrier 1
(and. are shown without the optional bundling tape) ; second,
the open side of the copper.channel-section carrier 1 is
closed by a copper Strip's secured'by seam-welding or spot-
welding to form a copper carrier of closed hollow'croes—'

25 section (seamless closed hollow cross-sections can also be
used, but insertion of the tapes is difficclt); and third,
the Side faces of the copper carrier are inclined to give it
a trapeZOid section and fac1litate assembly 1nto a closely |
fitting tubular overall conductor: note that the inner side

30 faces 8 remain vertical to permip face-to-face contact with

the'tepes 3.
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end .of the cable, fromwhere it returns via the outer coolant 5 duct 28
where it will warmfurther, at npbst to about 230K, before returning to the
refrigeration plant for reuse. A short |length of nodel cable was nade in
accordance with Figure 6, except that no enpty carriers were used in the
outer conduct or (so that the capacity of the;outer. conductor 10 was greater
than.that of the inner one), the outer part (fronlsheath 24 out war ds) mas

om tted and the mh@hgukgngrgqg %dsa %&%%g%@<iqﬁ§§%5%%§§ rm nati and

were nade (prior to fnmersion oca rrng

to the coppermodifieasiohth alorel It%azpfon%%mdl%%%gofAtt sﬂm@@fééﬂ Nfsed;
tenperature of 31K, this nodel cable was found capable of sustaining a -
supercurrent theesides of tbRACEOPDEF iCBTTiRF daive- foieeind £oawENDER tSHEET -

potentially interlocking formatlons 9 (a rib) and 10 (a
5 groove) to allow the formation of a self-supporting tubular
overall conductor; and the bottom surface 11 of the copper
carrier has been concavely curved to conform to the 1ntended
smooth bore of such an overall conductor _
Flgure_4 shows how a copper carrier 1, initially of the
10 shape shown in dotted lines, may be deformed after insertion |
- of the tapes 3 (for 1nstance by rolling) to make them captlve
without u31ng any other component ' _ '
Flgure_s shows an alternatlve way of securing the-
bundle 2 by using a separate copper closure'member”12 which
15 is initially curved but is flattened to enter grooves 13 in
the main copper carrier 1. It also shows an alternative
-shape'for the rib 9 and groove 10 and illustrates the fact _
that the curvature of surface 11 may be convex, so as to form
part of the outer surface of a smooth tubular conductor |
20 ‘Figure 6 is a dlagrammatlc cross-section of a complete
cable in accordance with the invention. It comprises
- concentric overall tubular inner and outer conductors 14
and 15 respectively. The inner conductor 14 iShhelicelly
laid on and supported by an opethelix 16 of stainless.steel
25 and compriSes thirty-two_conductors 17 of the form shown in
Figure 1, each conductor_having a copper cross-section of
15mm® and enclosing ten elementary silver-clad BSCCO
superconductOrs each 3mm wide and 0.2mm thick end having.on_
-average individual critical current (Ic) values of ébout 10A

30 at 77K and about 40A at 40K under self-field conditions in

AMENDED SHEET



10 CLAIMS 1 A conductor for a superconducting cable conprising a hollow
copper carrier (1) having at |east one el enentary superconductor tape (3)
hédused withinit characterised in 5 that the tape’is |oosely housed so as
to adnmit relative novenent with respect to the copper carrier at least in
the direction of the width of the tape. 2 ¢ A conductor as clainmed in
claim11 in which, when term nated, substantial relative novenent is

perm ted only, 4 diid Noc3pkdafbhBEhboo drfefRRIUGLOLAR GLALTEY N claim

or cIa|n12|
(J.) values of about 8kA/cm. and 32ka/cm’ respectively.

The inner conductor 14 is enclosed in a conductor
screen 18 comprising three carbon-loaded papers and one
5 duplex paper (comprising plies of carbpn—loaded and
insulating grades of paper laid and bonded together in the
paper-making process, the carbon- loaded ply facing the
carbon- 1oaded paper tapes) 1nsulatlon 19 comprising thirty-
four 1nsu1at1ng paper tapes with an aggregate thickness of
10 5mm and a dielectric screen 20 comprieing another duplex
paper tape and one earbon—loaded paper tape, following the
nsual'practice for impregnated-paper insulated cables.
The outer overall conductor 15 is helically applied
directly over the dielectric screen and comprises thirtyatwo
15 of the conductors shown in Figure 1 and described above (here
refereneed 21) and six empty copper carriers (evenly spaced
around the circumference) to complete the iayer_nhile keeping
the numbers of conductors and their dimensions the same in
both tubular conductdre).and-iS'surrounded by'an outer
20 screen 22 of three carbon-loaded and.one duplex paper and
outer insulation 23 consisting of twenty insulating paper
tapes again with an aggfegate thickness of 5mm (individual
paper tapes are thicker than in the first insulation'laYer).
The remaining outef part of the cable is conventional
25 and comprises a cdrfugated'copper sheath 24 snrreunded by
"superinsulation“ 25 (thermal insulation pased on metallised
foils under vacuum),.further eoncentric copper tnbes 26
‘and 27 defining an outer coolant duct 28-(maintained by
spacers, not shown), another layer of superinsulation 29 and

30 an outer metal jacket 30.
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the hol  ow copper carrier (1) extends around at |east three sides of the
tape or all of the tapes. 4 A conductor as claimed in claim3 in which
t he copper 15 carrier.(1), having initially been open, is wholly or partly
cl osed either by changing its shape or by adding a separate closure nenber
(6, 12) after assenbly with the tapes. 5 A %onductor as clainmed in any one
of clainms 1-4 in which the copper carrier (I) has at |east one flat

internal 20 surfa (8 resented to one. o e flat faces of_ said tape, or
‘one of said tapes, )aﬁééﬁn%ﬁdEﬁa%%p%??bﬁét;P?Bre¥%ﬂg-?b-bYaE%léBWtSéﬁ. 6 .

A conduct or eheehaiiiPdrid) AMARE SoLhit ude Saithl Céeén%e%&%g%kya%g%
shape that can be assenbled with identical or 25 correspondi ngly shape _

conductors, RSKgianddiwsaininrtavaltowt HB8K day thy, time f DE nreathibs! Bheo¥ehak

CQnductor. end of the cable, from where it returns via the outer.coolaht

5 duct-28 where it will warm further, at most to about 230K,
before returning to the reﬁrigeraﬁion plant for reuse.

A short length of model cable was made in accordance
with Figure 6, except th;t no empty carriers were used in the
outer conductor (so that the capacity of the 6uter éonductbr

10 was greater than that of the inner one), the outer part (from
sheath 24 outwards) was omitted and the whole immersed in a
large cryogenic vessel. Terminations were made (prior to
immerSibn)_by locally soidering the tapeé together and~to the
copper carriérs.with an allqy of 95%In, 5%Ag. At an

is opefating temperature of 3ik, this model cable was found

capable of sustaining a supercurrent in excess of 10kA dc in

its own self-field.
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’7 A conducror as crainmed in claim6 having interlocking formations (9,

10) on he copper carriers that will be contiguous when so

iassenbl “Tmll Wmm |“|ductor as clainmed in any one of clains 1-7 in which
he sal ape W conprises a ceranm ¢ superconductor material. 9 A

conductor as claimed in any one of clains 7 |n which 5 the said tape (3)

conprises a superconductor material of for

B|[err]Pb[ err]Calerr]Cuferr]Jerr] mhere [err] is less than 1. 10
A conductor:%éﬁ%$alned claim8 or claim9 in which the tapes (3) have been

formed by a "poveletonduétde” £BLOGCRpLR WRLEREINY LYBT ! Y ﬂrlé% gl with

t he superconducting .
hollow copper carrier (1) having at least one elementary

superconductor tape (3) housed within it characterised in
5 that-the tape is loosely housed so as to admit relative
movement with respect to the copper carrier at'least in the
- direction of the width_ef the tape.
2 A conductor as claiﬁed in claim 1 in which, when
terminated, substantial relative movement is permitted'enly
ld in the said direction. |
3 A conductor as claimed in claim 1 or claim 2 in which
the hollow copper carrier (1) extends around at least three
51des of the tape or all of the tapes. -
.4 A conductor as claimed in claim 3 in which the copper
15 carrier (1), having initially been open, is wholly or partly
closed either by changiﬁg its shape or by adding a separate
closure member (6, 12) after assembly with the tapes.
'l5 A conductor as claimed in any one of eiaims 1-4 in which
the copper earrier (1) has. at ieast one flat internal
26 surface (8) presented to one of the flat faces of said tape,
‘or one of said tapes, (3) to provide.opportunity for face-to-
face contact'. | |
6 A conductor as clalmed in any one of clalms 1 5 which 1s 
externally of a shape that can be assembled with identical or
25 correspondingly shaped conductors, 1ongltud1na11y or w1th a
helical lay, to form a tubular overall conductor. |
7 A conductor as claimed in claim 6 having interlocking
"formatious (9, 10) on the surfaces of the copper carriers

that will be contiguous when so assembled.

ARENDZD SHEZT



subsequent d the tube then converted to a tape of nuch
smal | er cross-se rocess conprising at | east one of -draw ng,
swagi ng, |ongi tudi nal r6||*ng, transverse rolling, rotary forging, or 15
progressive pressing. 11 A superconducting cable conprising at |east two
conductors (17, 21) as clained in any one of clalns 1-10 and neans for

| at t | f t h
envi ronment . 120 13 CoRddk A BERLRIHE o P bAG R A ing L1 Ep bt

of said ConduhEeOl’s&:Lﬂll,ap%l)(ﬁsiﬂjﬁﬂﬁbé@ 4 Fenrahid eﬁ&ﬁeié@n@ﬁ@t@f' t ubul ar
conductors (14,15) which are concentrically arranged around a central

cool'ant duct matg8riad.superconducting cable installation conprising at |east

10 naterlal a% a precu r that can be rendered superconducting by
CL

9 A conductor as claimed in any one of claims 1-7 in which

5 the said tape (3) comprises a sﬁperconductor material. of

formula Bi,. Pb,Sr,Ca,Cu;0,.5 where § is less than 1.

10 Y-\ condudtor as claimed claim 8 or claim 9 in.which the
tapes (3) have been formed by a "powder-in-tube" process in
which a silver tube is packed with the superconducting

10 material or with a precursor that éan be rendered
superconducting by'sgbsequent heat-treatment and the tube
then converted to a tape of much smaller cross-section by a
process comprising at leﬁst one of drawing, swaging, .
longitudinal rolling, tfansverse rolling, rotary forging, or

15 progressive pressing. ' '
11 A superconducting cable compriéing_at least two
conductors-(17. 21) as claimed in any one of claims 1-10 and
means for 1nsulat1ng them electrlcally from each other and
thermally from the environment.

20 12 ° A cable as claimed in claim 11 including a plurality of
said conductors (17, 21) assembled to form at[léast two
overall tubular conductors (14,15) which are concentrically
afranged arpﬁnd a central coolant duct;

13 A superconductingfcable'installation comprising at least

25 one cable as claimed in claim 11 or claim;lz and means for

- cooling at least the conductors.(17; 21) to a cryogenic

working temperature.

[MQ"‘\"‘)"-\ Fap A npes
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-,25 ‘one cable as cI aimed in claim1l or claim12 and neans P &eging at
| east the conductors (17 21) to a cryogem c working tenperature. -

o
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A conductor for a superconducting cable comprises a hollow
copper section, either open (a charnel) or closed (a tube) having at
least one elementary superconductor tape Joosely housed within it so
as to admit relative movement with respect to the copper section, at
Teast (and preferably only, once the conductor is terminated) in the
direction of the width of the tape(s). This provides adequate contact
between the tape(s) and the copper without giving rise to the stresses
end risk of damage on flexing a conductor in which the tapes are
solidly bonded to the copper.




