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1 ,wu ivuu Title:Superconducting cabl e DESCRI PTI ON Fi el d ofsz jongkoes S5 In
a general aspect thereof, the present invention relates to a cable to be
used to twanemsggiel ectric current in conditions of so-call e&T/EP99/10443
superconductivity, i.e. in conditions of alnost null electxpo gl stance.
Mare particularly, the invention relates to a 10 superconducting cable (1)
havi ng at | east one phase conprising 1a)y a |layer (20} of tapes conprising
superconducting nmaterial, b) a tubular element (6) for support,ing said
Layer (20) of 15 tapes conprising superconducting material, said tubular

el ement Tonpei sEngeatcdrenstt ione quirltd on made of metal lic mmm‘mm’mwmmmrj

being in electrical contact with the (20) |ayer of tapes
superconducting nmaterial; c) a cooling circuit adapted to cool.
superconducting 20 material to a working tenperature non hlmher than its

critical tenmperature, conprising a fluid at a predeterm ned mm“ﬂwumwmmm
pressure rangi ng between a m ni MDASCRIPE Tanid a naxi num val u e

deformati on of said tapes conprising 25 superconducting nmateri alcgooo2*

consequ t e vari ati on between the roomtenperature and the
morklngqﬁgﬁ%grgFu?gggbﬁgﬁé cable is lower than the critical deformation of

the sanme tapes. In the follow ng description and the subsequent clains, the
30 ter mInupedemsdadt igpeet ekhareof ndroat psesemit dnivantisuchreld8e3UNE

2003 WO Q01 3981211 e2 BCTAEPAYL0443 as-dnithskaace $peCiglrent in

ni obiumtitaniumalloys or ceranlcs based on m xed oxi des of copper, barium
and yttriRRLBioBs b|§ﬁuthsor§aa edt r oTHRYARORIM €F Litd Eoppek ; €t hal £Rum and

Mer cury,c&odpPtish8god &llﬁ@)rs(tomﬁilu.qt ieN@ cpiRase rhavish@nae .

More particularly, the invention relates to a
10 superconducting cable (1) having at least one phase

comprising:

a) a layer (20) of tapes comprising superconducting

material,

b) a tubular element (6) for supporting said layer (20) of
15 tapes comprising superconducting material, said tubular
element comprising at least one portion made of metallic
material, and being in electrical contact with the (20)

layer of tapes comprising superconducting material;

c) a cooling circuit adapted to cool the superconducting
20 material to a working temperature non higher than its
critical temperature, comprising a fluid at a predetermined
working pressure ranging between a minimum wvalue and a

maximum value;

wherein the deformation of said tapes comprising
25 superconducting material, consequent to a temperature
variation between the room temperature and the working
temperature of the cable is lower than the «critical

deformation of the same tapes.

In the following description and the subsequent claims, the
30 term: superconducting material, indicates a material, such



5 substantially null resistivity under a given tenperature, defined as
critical tenperature (in the follow ng also shortly referreggJgNe200%). The
term superconducting cable, indicates a cable to be used to transmt

el ectric conprising at | east one 10 conductive ele includi ng a
| ayer of gﬂ%é@%ﬁducti ng material. The term conventi onal gf%%ﬁét“?‘ge
cabl e, or conducting material of resistive type, indicates a cable
conprising non superconducting conducting material, i.e. enploying 15

el ectrical conductive elenents having non null resistance. Finally, in the
foll ow ng_d ri.ptd | n..the qﬁjs_- lent, cl ai s he term cable for

hi gh povvgrs, %?)%dlj“g{gttggmgen%gbel&el%lo rﬁle ugglg ‘T‘b?ak{lra[%inrl]s?r%i?YﬁgoEurcreéﬁtmlcs

quant i ti essgehenaldixkek ceetiag 8f000pPersubhrihat drhe yieuces, magneid c
field 20 r to uce val e t Ximum current_ .density

achi evanggﬁﬁkgﬂpe%%ggﬁu_c?le%}?rtl?P%Aghd?{%loér}?&gr PR | “ﬁ}glﬁ% ¢t

super con@e&cury  calsiamp 1Rl ¥ obd enfepeprondotiingdt heotcadd e haotmighe short
circut QyeLcuntenti 25 Ehus assukiggeihat, whengvey; h ircuit occurs
t he super cor??fucti ng terj[:lal s mai nt a?nzﬁcfll n c%ngj’[viaeorﬁsgé%‘p%ra HEe

super condeétingdt yagndcrihhfal s Tmmena twes ow iint s téve t fodll omwdmuer atlsae, , s
particul apbythel e FERGRf QY A& tfrguggests to face this problem by proposing
a 30 series of "stability criteria having as cormmon base that of mmintaining
the cable belowits critical tenperature after the short circuit transient.
An over vilBf ofede SHBBFFPRFUEEILfEr iRRfe supBféBREESt idhgcablelztguke 2003

WO 001 39832dPCEoT/ EP994iPd43 1ecBricaldd@sdrt ddmPaibigyl ak, CLasstedut by
E. \e/¥ Col | :13?&35 " Fl ux; Lump stalenlctﬁy and cy ost abi |flt in cergm’ C,
supertonGRBEHFEFEr BETREDEVREGTHIAINT M. LBHCAdVO T Mt WP P Bt iggo

Mat er i al mResednth Society, and "Conductor 5 Design with Hi gh-Tc ceramc --
a review', 2d Int. Synposium on Superconductivity, Nov. 1989, Japan. In

h DUbLLCati ans. Looe . ot Cahili Sl q
U UEB oy [ PhoEhRTbRAT (o CRERSRELIRPLAIES B R EL i o The
st abi | i zagiterist 1@3/ t HesSdgpaNeorttiRa i ngneapbrEesf tr cRbdge peakprdséogri ng

therein. gba PanbbeHbAliuctRRGCr ¥OstigbELhEY itdLrig, disch ps%e%f\g:ﬂgﬁﬁgabove

i ndi cated_publications are in their turn distinguished in f rmted
stabil it plepEadGel sRNENCAdFquELemenESohedingr RN dBHducts TS halerial is
associated to the superconducting one, which allows to recover the

super congugkiing, stat @nhaf fen 1bke nevaesuright dhas nlr aughitnd heuisspenearduct i ng
material to.the normal state ole length or for alimted | ength

i fi)r its m . g
t her eof , Sr8PEet N8 VB SoRRLEr FPEr PAISF BUST andPAFAREES & yoRPaBi 1ity
have as tomin haséd tfat ofansmhgtangr edetrernt ngedaanbunesof geméablileg

mat eri al _| 2 _ca ayin ti of; r .Qr kng the
short ci ?ggﬁ%g??éng’:c’nq&aﬁd g%‘li%}gb{tgg%otﬁp? ormagfrog\?\% nrgggﬂé%[g)%ssggéig
t herZd hr stightsf tichereduce the value of the maximum current density

achievable in superconductivity conditions.
Prior art

In the field of superconducting cables the problem of
protecting the cable from the short circuit overcurrent,
25 thus assuring that whenever a short circuit occurs the
superconducting material is maintained in conditions of
superconductivity and, that is to say, below its critical

temperature, is particularly felt.

The prior art suggests to face this problem by proposing a
30 series of stability criteria having as common base that of
maintaining the cable below its critical temperature after

the short circuit transient.

An overview of the stability criteria of superconducting



25 short circuit overcurrent, and for elimnating the heat generated during
the short circuit itself limting the tenperature increaseq§yuyNE 2003
superconducting material in such a way as to renain below jts critica

t enper at WY@0034812 act, during the short circuit the super coRGUEPPHIPIBD
material |ooses its superconducting abilities and beconmes a bad electricity
conductor so that the overcurrent passes through the normal conductor. Such
a current transport carried out by thé Aormal conduct or i nplies an energy
di ssipation within the conductor itself that - in the 35 presence of a

sati sf a@@®rheanbant i6f perbicular| omanted JuiOyOrB98W2 -CAlliBgdlUNE 2003

PCT/ EP99/ Qgg% ercon i ma i al r.eturn ; its superconducting
st at e, og?é the s ortgc?ygﬁ%?gtraﬁgéentC%goggﬁghpék n eﬁﬂf Iné%ﬁgméﬁove
ment i onSYPRAATITAGoRES Begi s Khe MRS eFnfl' 6f Milg. soml Ridvi.t edassability,

criteri gl damggandyacad abatiLsslpbhl idycarey al smylesaiibed. 4 further

criterion of cryostability, described in the secohd of the above nenti oned
publ P catbesigrandwiBhT. Hige—disd Kenamigha, ~Cr ydgemssierd!, 6227624111 089), is

the so R4k G L& | Olp OF cShabet i¥yryel Rbed haglighe saiainTal propagation
zone (MPZ).” 10 Al so such criterion provides for the association of a nornal
conductaor to the superconduycting material and allows the stabilization of

the supéfcondbeRi n@UCHHE MY r & pelt SEIDCHd Tondtet | FPEF al R een

| O_rlgi t P@r@&istﬁ%kﬁﬁ&%&?nc@f.pég@?m?ﬁr i"alslx—ljang@es_a@@yma?sw idlmdu strbility
criteria may also applied.to super conducting cabl.es alone or_in
Conbi natiRPRE G o Bt LA Bt o HBBF BEFon NEDS FIBIAEF BT (He nane
of tLhe Ap@ i campedtsndasesngupenbarducitay t afesx wheaksar efueoimpded to
netalli§¥ioilf having a maxi numtensil e deformation greater than 3::. The
Applica eﬁﬁ%‘%bticed that the application of the criterion of full and

adi abatic stability to the superconducting cables and above all to those in
whi ch hilgh @&t bopeaat ukbesgpyossabadtiitng gmtteerd sdagseleaptoyiad, themplies a

series aof, drawbacks; cLpefact pubiRadebn0 fulty copply whiht hategtability

criterion it is necessary to use a remarkable anount of metallic materi al

(nor mal EEtdaawrshed t Hran f8ddui 9 sekmbteds IradbhEkE WHHIEERE ®Eirel at ed
on 39 theiRpmtEnd £60188 Rbehaleicahiduritd nepl makepiat hescals v wdy render

troubl esone t he manufacture thereof, limt its maxi rum|ength and .render
more di f0 oBRE 119PFFRIRATSE 1% OBRd, BRLERe DHIRFS hhfd, TTCOTRE Hilth
overal | se@sdrafndiec Ded| ecahe ciirf et | Olvs. overcurrent has brought the

superconducting material to the normal state for its whole
length or for a limited length thereof, respectively.

20 Such criteria of full and limited cryostability have as
common base that of using a predetermined amount of
metallic material in the cable, having the function of
normal conductor during the short circuit transient and
suitable both for allowing the passage therethrough of the

25 short circuit overcurrent, and for eliminating the heat
generated during the short - circuit itself limiting the
temperature increase in the superconducting material in
such a way as to remain below its critical temperature.

In fact, during the short circuit the superconducting
30 material looses its superconducting abilities and becomes a
bad electricity conductor so that the overcurrent passes
through the normal conductor. Such a current transport
carried out by the normal conductor implies an energy
dissipation within the conductor itself that - in the
35 pre_sence of a satisfactory amount of metal - allows the



WD 00/39812 - 5 13 JUNE 2003 PCT/ EP99/ 10443 Furthernore, the Applicant
percei ved that the use of a netallic material as supporti ng%gmmaggojor t he
superconducting material causes the set up of stresses which tend to deform

t he supergeysheking material during 5 the cable cooling be%ﬁ*@%e@fo‘t@e
different thermal expansion coefficient of the nmetal used with respect to

that of the superconducting material itself. In fact, the Applicant has
found that during the cable cooling-fgomthe roomtenperature to the
tenmperature of the 10 cooling fluid enployed (for exanple liquid nitrogen)

in the wordd N adiepgrEea itk 1¢] @oped chigadsyo t hesel '
consti tutéﬁhe supercoﬁguctLi n& cable are subm%tggstgﬁggm\grys 0

stresse$§taGh Q-2 abliP8l SBPFECELBRYEBeEaBEE 16Nt RE gPMPeitontrceeld.i ci ent s
of thermal expansion of the 15 materials which constitute the sane) and in

| ongi t udinnadhdli beieoNméRecanse shotheaeliammed J@ﬁ%ﬁesarﬁﬁgg%'ﬁ%l)rf hat risk
to danage the_superconducti n(g material. In this respect, particu ari y
har nf ul O&r efthd stPEssedmthad FERjeidrat eGrdlterdaa Pbnglnaiial adid ect i on

on tde hayenhaA0 of seupereendueti agsaatestal belecaugart Ry Y eayse the
occurrence of superficjal cracks hgg: vwoul cLaffect its ability to transport

current 9tn EGHGSGASHS WY sufESESH i Y1t VRN SEFARAg @b ithe T APSeaspect

t he i nverintdrored at pebl dcat25nsupandondrct Tng cabl eanél t He abketeuandi cat ed
type which is characterized iy t pr edet er m ned unt of. . conducti ng
mat er i a TSP FEE ST i %g’t ye’zngl iénﬂel Q@ar?)c’al léoﬁglaects%vi ?%f}t) R FAYEFTES8) of
super corducttiaigl it er ralatsgiptestahe, msugbmaﬂ.hatophganhahnnnsntaerfpié’lzat.u_r e

" eaghied i 4 NG RUPSIAAUAIYNIoIB RSN | Bh -l NefaSE ool Ifhl 1 5

| ower than the mnimumtenperature between the critical tenperature of the
super congueEdIncordertar hadthheswberrapduehpigalaterddlsand eddbwag fl uid

at the g rgttratvpiﬁagi@ﬁeéfuweoéu%keoaaueéin ScEp et egabhy rekBacamount  of
netallic naterial in electrical 00139812 13 JUNE 2003 PCI7 EP99I 10443

- 6 cofCackh ERPSMF VAT BRPS n? paPriddbrad nede HrsEH Pt eREnthen the
support imlag liement of the |layer of superconducting material is determ ned
by applying the criterion of full and adiabatic stability reported in the 5

fol] owi ng description. Accarding.tqo . the i.nvention, it. is possible to reduce
e onhen P68 S AB g o R e A e o RBRLEEHS

mat er i akkodwtaegsupercoakdungihgcaadd eaf allvmd nposs btdmbinatianf weéeh

shri nka%%,e %rg)q:ehéjj__m ting the

Patent application EPS7202433.5 in the name of the
Applicant discloses superconducting tapes, which are

20 coupled to metallic foils, having a maximum tensile
deformation greater than 3%.

The Applicant has noticed that the appiication of the
criterion of full and adiabatic stability to the
superconducting cables and above all to those in which high

25 temperature superconducting materials are employed, implies
a series of drawbacks. In fact, in order to fully comply
with that stability criterion it 1is necessary to use a
remarkable amount of metallic material (normal conductor)
with an ensuing series of drawbacks which are correlated on

30 the one hand to the high weight and volume of the cable
which render troublesome the manufacture thereof, limit its
maximum length and render more difficult its installation,
and, on the other hand, to the high overall cost of the
cable which follows.



10 occurrence of a damage of the superconducting material and accordingly
limting the decrease of its transmssion ability in condi{3 JONEC5003
superconductivity. In a second aspect thereof, the invention relates to a
conduct i wgo@b/svgent for superconducting cabl es conprising apckmpheagis one
| ayer of superconducting material incorporated within a netallic coating,
supported by a tubul ar el enent conprising a predeterm ned anount of
metallic material with which the sareSis in electrical contact, said |ayer
of superconducting material is cooled by neans of a cooling 20 fluid to a
t enper atrure: Hodmdd ghercHehaRptls cemitt | pakcbempear athae, €har agdLrigged,i n t hat
a predeterm.ned amount of fonducting mat eri,al of resistive type is present
in el ecfieH ont 4t5F tH1 t he?Payer YUBPOT tdfiGer cGidiRathg nEPEri afhesuch
that theupdidamadennes atites feachedyed hendS super gpndyet i Bg-gBEEEi al in
case of %[hort Ei r uitt ianlcower t.han t he m ni rum tenperature between the
criti cali&mbeF§hbr & Df TRRET8UPET o RHREECRG GBI 2k fiRd bBHFing
t enper atcliee ofalshéd coolliimgy f|bkca@set he fm MaIM Workere R eSeEenof sai d
fluid. 30 In a third ﬁgpecte t‘_hergof,c t he gr sent_invention relates to a
met hod FEPATHYT nGOPRE StrEss o35 it eBaREng 25% o HhdF RSPt € on i n
a tape dahasupet ddreluipecondect ahgohasesupér ¢aselddt.i ng cabl e conpri sing
the steps of: 35 - providing at | east one tubular elenment for supporting a
WO 001 39812 J 2 R 99/,104 p S .cond in terial
conpri si%glg ga%?éd% m%g%dl lgrrgorﬁﬁt ﬁg% rré?%‘lt‘?l gth?rgart e%gglrl,%%gaﬁgtet u %r@er
el enent dosiligng rf xirecthd cadomohemeeraktheat papbeott epearadoncitice f nche
matef i al..~1 S04 ral, |y Wind aj a u ductd er onto
t helec'gsur fcggel%g s%iddlda;/l4 eaés]?e%nkeggs%pggﬁa?%g ?S%&?gr %31%%%?} -{%?oq$ng t he
super coW@FeHint Fereryemerd HitBnpdemRnck Hdhi ghke eHemants crhigheal
terme,rawr@,ﬁtayc%@n&h]gf @upgelc%ﬁauétghlq, dfbp@arﬁgt e][shmg_ﬂﬂe}d _hiab id f
conpri ses e steps . - coupli at | east .one reinforci oil made o
rotal | EURRES of L c30FREacEe BA t hpe GR L el CATIELR nd DREBISAIOE
det er m iheg dHhiE feakalt agoedfiafiemetsal bifc tméemahl éxpghetdni cafF cd act
w th the | ayer_ .of supercaonduct. 15 terli in_such a.way that. the
max e é‘raeetsur‘éﬁggécﬁeod’ls;{/l{l%ee sﬁgger csoénrﬁéu)ct Fﬁl& r’rla?erlio ng%uz%J%ag of
short cidic@dtiion | tnecathan otheehe nclrampednperaataur arbengementtie tratt i cal
t enper at yr, t J i al : boi li ng tenperature of
e G T T S R L B 1

sai d codling I'ng pressure of said fluid.
According to a first enbodi ment of the present invention, the deformation

of sai d Inapdslcafanatthg BPekcoRIkLY | hgrRbver faR, thenSEqRSHReY Flat

tenperabyee yaidAl+on hebween roone i ednesat uue -are ithe QI kihag tLmerature
of t(Fe 1(5:) le 25 is | ower than the.cthlcaI deformation of the sa t apes,
o] e

dué? PBEFSPBAYGE IRFarRatRiahitd (RFEFIHIT CHEY nBA¥ed eEFes al ong a
| ongi t udicealr rinect b@n saptbé€ikapdr okaskpertiomducidud ned £féat whisch

S?g});ir Z%’ﬁ)&itigyeasttgne rt%iarr]lfs%%(}:itng fC?LilJ:rgrtlt met glnl e ggrtlglr.jc‘fillon‘%oumo%d’
superconé&ctivi;y.

According to its first aspect the invention relates to a

25 superconducting cable of the above indicated type which is
characterized in that a predetermined amount of conducting
material of resistive type in electrical contact with the
layer (20) of superconducting material is present, such
that the maximum temperature reached by the superconducting

30 material in case of short circuit is lower than the minimum
temperature between the critical temperature of the
superconducting material and the boiling temperature of
said cooling fluid at the minimum working pressure of said
fluid.

35 Preferably, the amount of metallic material in electrical



30 in a substantially irreversible way, to the netallic coating of the
superconducting tape and in electrical connection with the1?ﬁw|-§ggg§1cti ng
e

material. In this way, during the short circuit transient, UNE
2003 wo o 9 g _ PCT/EP99/ 10443 overcurrent is split ween t he
metallic ﬁéggﬁééprof the tape, the netallic material of thegEE%%%yWﬁﬁg
tubul ar elenent and the reinforcing foil, electrically connected in

parallel to the superconducting materialg and constituting a 5 resistive
type conductor, by-passing the latter. At the end of the short circuit

transi ent, rr ma t ranspor agai n_by,_1he. superconducting
mat eri al i%&lgtgapcg?co‘ggégti é??é c%% ;%?I o%fgg 99 n Fb%h}%'ﬂﬂ'%‘?, Fhe t rmount
conducti vepeteamnt time etlketrscgpor@icgnnedememtof dhe greal g dratesFal  of

the tape w . 1i.c ri.al, of _.the supporting tubul el enent on
t he one h\é\én@eéggngﬁ{:glbﬁe ggitt%fﬂol?ac]‘l n%sfo%t%%gfﬂ%dot r ?F?ﬁ{i%’l?% et
ei ther placihgeribe afforbshl damet erdigbatiie divectlicont agbowttl ame @0wt her
or int§rp0§$?%onﬁ¥‘E§QSEQ§ t#% conductive el enents known per se.

Y, 0

Pr ef er abl erernforcin 1" has a thickness not hi gher than half of
the thickness of the netallic coating and advantageously contributes to
i ncrease theceoedirgarkce bhet AVt i ik el enpoissab liehet calbkduat tiree

various 20 grehagheakior Lhecdslsstranses, LAl Gbdditele dWdng oy

installation Or use. Sti nore preferably, such | ckness i s conpri sed
bet ween 0.9 aRECVIVELART M3tk F4eierifodi oot ing Preabaeemti dhe t he

resi stancejggo9éihheiegndygeti ye ekesendnofnit Laléadd thenMAdPUShe
stressss inparted thereto be advant ageously further increased
in

submi t-i ‘HérE%%?c&ﬁdti’ct_ Hat e i’éll‘etBu%eﬁ?%‘agP%FWﬁea‘aﬁﬁéétarleﬁcb_egr ee
along a | cnged i mal vdi Leptitang 3@hluchlearpaest r egs it spr efremaflis sakiai ned
by coupli lr}%?t{hﬁetrei nforcidn%ﬁf oi | tfo t he coati ng.ma%:eri al of the tape of
super condu Bt Tyt Yret Br FEPALGAPRE SnTPEREBUERG 48P Ying to the foil a
tensile stress substantially oriented along a | ongitudinal direction. r
WO 001 3981n 13 J&iNEoRB03aspect thereof, the invention relates to a
conductive element for superconducting cables comprising at
15 least one layer of superconducting material incorporated
within a metallic coating, supported by a tubular element
comprising a predetermined amount of metallic material with
which the same is in electrical contact, said layer of
superconducting material is cooled by means of a cooling
20 fluid to a temperature not higher than its critical
temperature, characterized in that a predetermined amount
of conducting material of resistive type 1s present in
electrical contact with the layer of ' superconducting
material, such that the maximum temperature reached- by the
25 superconducting material in case of short circuit is lower
than the minimum  temperature between the critical
temperature of the superconducting material and the boiling
temperature of said cooling fluid at the minimum working

pressure of said fluid.

30 In a third aspect thereof, the present invention relates to
a method for 1limiting the stresses 1induced along a
longitudinal direction in a tape of superconducting
material of a superconducting cable comprising the steps
of:

35 -_providing at least one tubular element for supporting a



PCT/ EP99/ 10443 _ g _ Advantageously, it has been found that such a
prestress or the superconducting material is able to parti qbl‘wrﬁprﬁggsate
the tensile effect applied on the superconducting nmaterial I n the clanped
heads arr sngeg®eiz S of the cable when the latter is cool ed dFo8pooI64¥s
tenperature to the tenperature of the cooling fluid. Mre particularly, the
Applicant has found a snaller decrease in the transport capacities in
conditions of superconductivity of the,superconducting nmaterial used in 10
the cabl e than a superconducting cabl e provided with tapes which are not

ded it : . . . . h toricl h
Phe coet FRRGTS o Tre BAREELna e sAF o nEOBErL P TRdna P S Lt  and.
t he saneaterper adflireeredddtc o tduriiadg cedld noibube Prefenahty baieendyct i ve

el ement prRQW it L pf or.¢ of -t he _above .mentioned type.is
obt ai nedgé%dggt&%yawng@%ﬁ?éeﬁéi nggt %ggS%o%r%g%%rggﬁ{ggﬁl§g4mf6§$§.l(,3_ 5
kg/ mm2) and 34 . 3*10' Pa (35 kg/mm2 ) to the reinforcing foil by neans of

appar at usessrhdadhl pervisedingclsaas fapexafiplsaigsr Qhaeanisnef mawe 4@ill S, one
for w ndi ngdy & he Qther, f i,ndj ng i.ch i s, suitably braked.
25 D\lljge tgggt??hgkt\ensi e g-{er egg, %{%\#g Séu%e%%%én%\s,gh%ng%%ﬁla’?goig r

rei nf or ceéde@iEs so obtai ned has a % prestress. degree al ong a | ongitudi nal
direction or "y", defined as follows: Y = ( (L~ - Lt) /Li] * 100 wherein:

Li = initi@dodan@f hid dhsetapgiuttimgihd@dri£N0tH thEH?eEQEﬁr%fh%E
prestress; conprised between 0.05 and 0.2 % 30 In an alternative
enbodi neRtInSte thefhsihdapred sl CAMPeFREVFRd Ve ettt esEs2arerd iag
| ongi t udifnalidli rection in the 13 JUNE 2003 WD 00/39812 - 10

PCT/ EP99/ 10443 | ayer of superconducting material may conprise two
rei nfor cich% foils .coupled to opposite faces tqtflethe rretg]lfl ic

racterized i1n tha t comprises steps
- coupling at least one reinforcing foil made of metallic
material coupled to said tape of superconducting material,

- determining the total amount of metallic material in
electrical contact with the layer of superconducting
15 material in such a way that the maximum temperature reached
by the superconducting material in case of short circuit is
lower than the minimum temperature between the critical
temperature of the superconducting material and the boiling
temperature of said cooling fluid at the minimum working

20 pressure of said fluid.

According to a first embodiment of the present invention,
the deformation of said tapes comprising superconducting
material, consequent to a temperature variation between
room temperature and the working temperature of the cable
25 is lower than the critical deformation of the same tapes,
due to the provision of means adapted to limit the induced
stresses along a longitudinal direction in the layer of
superconducting material which comprises at least one
reinforcing foil of ‘metallic material coupled, preferably
30 in a substantially irreversible way, to the metallic
coating of the superconducting tape and in electrical

connection with the superconducting material.

In this way, during the short c¢ircuit transient, the



coating. Preferably, the reinforcing foil and the netallic coating 5 are

reciprocally coupled in a substantially irreversible way by rmﬂ@é 290
wel di ng or brazing and in such a way as to guarantee that tﬁe esi rea

prestress uper conducting material be nmaintained oncg the coupling
i s made. A‘géé)h}t?%ééousl y, the desired electrical contact betﬁ%’éfﬁ"?%’é"“%o

reinforcing foil and the netallic coating of the superconducting materi al
is automatically ensured in case of cogpling by nmeans of welding or
brazi ng. Advant ageously, the cable of the invention conprises a plurality

of superc j a i yal n the 15 surface of the supporting
t ubul ar ec?)‘ggngg‘#g%%%rg%zg ofg \l/‘}}én\c’ﬁ%#g%ae%glYtéhgorrrnpei'ria;ﬂe]dl%emgﬁlélarﬂPGO,
and pref ertabl yabet wedre T0eandl 40. ménesiieh afwenhe i suppoadyant ageausd v

possi bl e h r C I ni cal stresses generated inside
each of t%gerg%%é e%gtclid]?ﬁgpg%?gggk&rz g?étg?y,e?ﬁg%FéFﬁigryci%ﬁ@“fe&qe%rlff oils
and the mstedlliel coatthg sipsacdnatct eagtmaver sapernaanduwelsitig dtaRgy cONSi st
of a get f up.co I Si DO, copper, alumnum  silver,
magnes] UB ST eeS broase e P TR B a e RR R B G et cof
25 Still afbretpeef ehabky, cikeuidi nftaecisignftoi | wre f ochsrentpl edyt 0 Hehe
metal I'i c ot d th uper ggnd in consi .Qf. a .netal
sel ect ed frorr% e@étg?ou%?%gﬁprﬁgi ng?ltestgil Iess&g%ﬁﬁ%reﬁ%?g%ﬁ%la r‘}ﬁbneti c,
bronze, bBEIBAFIWRAIGF L RYNTORGHC B Dys t hereof, whereas the 30 netallic
coating of the tapes consists of a nmetal selected fromthe group

conpri si @i plakr¢@eulm@gneshUrghed! dohaust itk Ckelemane alHOys1kkengefs)

According to a second_emnhodi ment. of the _present invention, the nmeans
et T tneh TSR oot e e bt cRar BRESE o4 5 SBnESHs0 3 b 06 Rs0812 -

11  PCT/ b9 1044 3nb vagi s Udbbakhdi seppoating tditbhdlayere Démsupebaordiect i ng
materi al conprises the aforesaid _supporting tubul ar element. which in this
enbodi meriid B8iSn SiBsPAR: 5IPy TEORBOEEaTt yoa (i che CHRBFI ORRGYa 111 st
net al | i ¢ it eedal edridhar SpSecong mheerd fdresssiot| abed rie lsai th f distectnt eri al
and havi r Xp o, saefficlent; hi n said first
mat eri al %&%ﬁa%ﬁgl y?rp%heé}éuppo%t idnLS tlurggu?grgégl{gﬁen%gg%em%h agg‘%ﬁsl y

act slas &t dptbeents i kiQwn ey idiced 10 stresses along a
| ongi tudinal direction in the |ayer of superconducting nmaterial and as a

means adanteek {4, IEChand Caddve SHPRY tedihe ruper conduchbBg ABLERlgher

providing at the_sane tinme a netal ‘quanti t%, in electrical connection wth
t he super ubithg PRt &hical thigkress oFf sthei Femlidbr SaHiingi agdt he
cabl e durddighdtheyshosly Ciebabiri blueapsitNt indbeadppl t€antrdasddigaedofound

that the yse of a substantially co Si suppor.ting tubul ar el enent and
not excl f1%el SPEBRSF£YF ngeﬁ?m%ﬁaln??c {Frﬁ?eriggg’,leall fus t5’(5'3 20"PEHEEE t he
stre88es mantmriieth i 0 crhetBepma £ onttusts & natiewiaadt dabt khiemwertadi dlirdngecti on
and al ong&,{&q@g%r@ fidection . In particular, it has been found that

such conposite supporting tubular elenent, thanks to the presence of the

Still more preferably, such thickness is comprised.between
0.03 and 0.08 mm.

In a preferred embodiment of the invention, the resistance
25 of the conductive element of the cable to the various
stresses imparted thereto may be advantageously further
increased submitting the superconducting material to a
predetermined prestress degree along a longitudinal

direction.

30 Such a prestress is preferably obtained by coupling the
reinforcing foil to the coating material of the tape of
superconducting material, while simultaneously applying to
the foil a tensile stress substantially oriented along a
longitudinal direction.



25 above indicated second material having a higher thermal expansion
coefficient, has an overall thermal expansion coefficient {4 gORE 248 t hat
of the superconducting nmaterial, and therefore during the cooling step of
t he cabl ewiooabsie to shrink in radial direction to a great aicofpg)beat W th
respect to entirely netallic supports. In this way, the conposite support
according to the invention allows the superconducting material to shrink
itself to a greater extend along a lengitudinal direction and, hence,
allows to reduce the stresses along a 35 longitudinal direction inside the
super condughinta qesesi@l it 18ad UbEeR0@3uNE OOA30832ch A2 AU A4 Nes
so-cal l ed constrai ned shrinking. PCT/EP99/10443 Additionally, the use of a
conposi t €'§uppSPPERG LGN %l eRRRhErddvant a§eoudPieal It tRAFEeBULLYi n a

subst ant alpeais AdS0 thaest r esses lxer t e MANg aabengiskudi ngh 5 digection
by the ends of the superconducting cable on the terminals with respect to

the tubuF4Peel S i PRF§ThAte 10 Rt ac hifhifsh efedfe saumnementi al of

the conpegit ersdippekbiag el arcred eneattakso ihas doypemg’ %_r@?rfjpli{?orﬁ E)
| ower than that of the first netallic mat 10 _The | ongi tudi na

rial. [
st r esses LEBPRFAG Ehet ¢ dbte Ti"sm%ftﬁ?rﬁlﬁ%dofntﬁﬁe%?iléﬁg Ut , are
proportional to the product of the thermal expansion coefficient and the
respect i Mer¥oumg = imdid nisy ( E)ttaf tAmp Idbd#nt al habi clioaadst iat utesa 1her

supporti tubul ar .el enent. 15 Additionally,..it has been ohserved that by
nmeans of chﬁ?’latsaebl e'si zing, ttrﬁélsggﬁ%osf:faga)sé&ﬁgploersti ng t T8 tjeci>ré‘?“r13ncflgjl

conpr i sesuperamnyhictofviiet abfi chentsrpeatcondtchyngs madrammla kondedt ain and i n
el e iC c cli ith cti ' t [ ufficient
For b sths! AR Platca,hPgrSURANERIALT O I SRELy e Bkn Saes
particul whictur&ng thet siporavigedcuvithr asigERntreimeopvbngurfeht , witdrch

cannot bgstpansppet eda by the SYRAr ceduct h BgcBRt €44 alos MY bass

C
t enpor ari Fy I"ost its characteristics OP superconductivity, passes tchfrough
the 25 nEh&FMad matRAnIon) ethktIIRal IEORRERY i Wit €dlklsupadcdiduct ing

mat eri al saf@r th®dHHRNSe S Ludhien @(ﬁf&tﬂ@%oébfn?irﬂ metallic material
for the manufacture of the conposite supporting elenent is a netal

B Bk ek R AT FFED Car D79V KISTs A =PI Rt ar
the firstapetsalblfi theataydvad menttibeecbrpgss tis soppaihedgbel eppityiing el ect ed
{1 om t he, gLQYR COUPELSL "LorkRAREL BLUTLOH™ el 27 O¥3 IIRI$00eg /O
and 34.3*107 Pa (35 kg/mm?) to the reinforcing foil by
means of apparatuses known per se, such as for example by
20 means of two coils, one for winding and the other for

unwinding, of which one is suitably braked.

Due to such tensile stress, the superconducting material of
the reinforced tapes so obtained has a % prestress._degree

along a longitudinal direction or "y", defined as follows:
25 Yy = ((Li - Lg)/Li] * 100

wherein:

Lj initial length of the tape;

Ls final length of the tape after prestress;

Il

9

comprised between 0.05 and 0.2 %.

30 In an alternative embodiment, the means adapted to limit
the induced stresses along a longitudinal direction in the



- 13 13 JUNE 2003 PCT/ EP99/ 10443 Preferably, the aforesaid second materi al
is anon netallic material and has a thermal. expansion co% ‘{ng%ogl gher
than 17*10- C ', preferably higher than 20*10-6 C- 1, and st

pr ef er abl y“&fﬁwg ed between 40 and 60*10- CG1. 51n a preferr

enbodi ment oresai d second non netallic material is afS{TASPPEY
material. For the purposes of the invention, the plastics material is
preferably selected fromthe group conprising: polyan de, such as for
exanpl e nyl on, polytetrafl uoroet hyI ene (IIQTFE) 10 pol yet hyl ene. The val ues
of the per ¢ ent thergﬁ shri nkarg bet ween the room tenperature and 77K
and of the ‘Wﬁﬁg sC frodut WRE (T FHIE of TSSRE Lfdt erf@ays SIRE etk f otwase

when manuf aet HEbRE ity mm%d@pwmtwgogi@@emca@@fdtﬂa fn@t%’i?iléE’
invention, are.indicated in the following table. Materials (%

(GPa) Cu0. 3BIBBATE.3977Ag0. 361 00PTFE2. 005 I n an advant ageous enbodl nment, the
aforesaid first and second materials are forned as adjacent annul ar

sectors. 2@r§ﬁélﬁad>&iy,gntﬁél @%nfbmcmat;tImpramﬁOthamrdéttaaMelé hgogt epgof
manuf acsturl % t he co 'tsLe t ubul r el.enent. For the ggr poses of the
e tda

i nvent i"on, rrﬁﬁ‘rb%F @ctcoor%p 39 sdld §i FEPSEARB ¥d +RFEFPAFL1AAE the

arrangementtrapf byumfeam:t@fswehgubg easblyzdegyeandnde Ryich nanvseki bkedoi n
t he 13 JULI}IaErgLRQSeV\QhQJEE%Slz 14 . PCT/ P99/ 1046%??# %%%%sn asj s _of the
e

construct i OA-Fequrrements or t e issd eprﬁe?eesf%b‘? FeseBPors
for manuf asatierngla coepogidiatsuipEat ti agceubulh®r etemehings denprised.

bet ween 3 pg egﬂtég o'dkdﬁ; pr@rt@faggiﬁ@é?ogwﬁ@hcamomg%%f érb&? Fengs a
function o e ot aneter e CO osite sup ortin enent
and ofl0t herehnérnedaof fRélsecanfts fcﬁesuche‘éal«\hycth&toatﬂie‘lq at iod " Kthe

bet ween th@@@keba@ﬁ& "g qﬁa&@&ﬁctl@r ANchi 4t v 1 C}h é&sukédccﬁpré§§g 10
bet ween 0, 4 _and Prefeerably, the sectors of said first and second

material 208 SPPEF-ﬁé‘tgeltW é‘lﬁ‘faé]r?g&if e BB OF RFAFAIRE-. Such arr angenment
allows in fact to make a supporting tubul ar el enent having rel atively

homgeneowd@ﬁhaqb%aisﬂﬁb ClﬂﬁéaC&@bléti&ﬁ wWhieChialbavwiba ogdam Bigéstéh a
sati sfactor% gﬂa jgabl of, the strandi ng _machi Te used
- the 4

manuf act urf rﬁuﬁﬁ Sﬁlﬁilugttléllgen%‘?ﬁes angfad Pfec?f‘%lm%ap c oYt uence
of théScomsfaeeSLqu@orthlengsLtpﬁmﬁ‘amgel tubnlaas ed enfealte atronginde toodd i ng

O e £ BT A N e LG AU B0t o a0Kose! d.1d Kole Altbustsond

material are Spi Tng angle conpfise vveen
50. In sucdbetwean, LG°iangoddi’bl dnt oSenBure waYsatisf st wmqmsm

clanpi ng betweeniadj @6eNfyurther reduce possible mechanical stresses
generated inside each of the aforesaid tapes.

20 Preferably, the reinforcing foil or foils and the metallic
coating of said at least one superconducting tape consist
of a metal selected from the group comprising:' copper,
aluminum, silver, magnesium, nickel, bronze, stainless

steel, beryllium and alloys thereof.

25 Still more preferably, the reinforcing foil or foils
coupled to the metallic coating of the superconducting tape
or tapes consist of a metal selected from the group
comprising: stainless steel, preferably amagnetic, bronze,
beryllium, aluminum, and alloys thereof, whereas the

30 metallic coating of the tapes consists of a metal selected
from the group coinprising: silver, magnesium, aluminum,

nickel, and alloys thereof.

According to a second embodiment of the present invention,
the means adapted to limit the induced stresses along a



sectors. 25 In an alternative enbodi nent, the conposite supporting tubular
el enment . of the superconducting material nmay conprise an |n¢§rLﬁuﬁng

el enent essentially consisting of said second material onto whic

foils or WOre8g982senti ally consisting of said first netal | iPCTrRR9®104a3 are
30 wound. Also in this case and as expl ai ned above, the foils or the wires
may be advant ageously spirally wound on the inner tubul ar el enent. WO
00/ 39812 - 15 13 JUNE 2003 PCT/ EP99f 10443 According to a third enbodi nent
of the invention, the nmeans adapted to limt the induced stresses along a
| ongi t udilealgidiueThadn HmréhﬁlbﬁyEinOftﬁ&p@ngnﬂUQFing g@ﬁﬁaﬁauéﬁi Ry i ses
t he above descriped co 5 at st one netallic
rei nf or cfRg F0id -+ coOUPPE SFS éﬁg ?gﬁéeéﬁlgaﬁego8ft§@ﬁeFB HEmfdtteri al .
The supemmnnﬂuctnngﬂuablem@bduhenmnvemtbﬁnanayubetQ@tbaBl?oéﬁmﬁoéﬁﬁ%fi

non- coaanI ab#g n. t eofo .ow ng description gg in the subsequent
claims, IF&FHe Pﬁl b2aXPRPTEaBRE. 7 nbit bt eSh2ddble MR 13} nghd
suppdi t i sgdartll aratedeneht , aas@dnaaSEedonmlctszrlccoawﬁd yrr&lﬂeer.LEldl Rghd he

supporti t.ubul ar Iene of l ectric teri ext aI o the
Shace CoRBICTLE Anbns B OOt crotumser b Btk Faphr o tdicd ectric
15 mat er isalidanfthi coaxmaketrdaihe phase conductor. For the pur poses of t he
invention, inside the return conductor a current flows which is equal and

opposi t e pl ating ¢ysi de ﬂnﬁ cond so a ner at e
a nagnetlggﬁ%ﬁgpéﬁﬁngand opggglte %gﬁ) at%gb eng@g t%& gﬁ%&ent
C|rcuIatﬁmeLtanﬁp%ﬁhEeaéeﬁdaétérmeéﬁsaédﬁétéénﬁpnélmhé ﬁﬁgnendyqe¢ﬂd in
the portisenfsdde qahle aomudpiad:detaeen; thectwa clqndsaﬁteorﬁaf@.# lgduce

the presence of dissipative currents .in the cable portions externally
suppor t e§URSHEIRdpeEingo Miderdadet (A% cobBlucBor NGANS eraBRptedhe bt ur n

conduct opmeeHE1S£81 9t | eaphpoate swconﬂt@r@@na@@em@cl Uﬁ't'a"tl@r&a'layer of
super conducti ng naterial incorparated a netallic, co

pr edet er RGP ﬁ%ﬁn?tthﬁeﬁﬁqq(F%ﬁﬁeﬁlQﬁt?%t%%??F&F%g 3P ﬁé flcﬁl
el ectri calbonmtiasd mwtbhtheheetahbeece@amcﬂgn@ndmbayrnglthethunctuen of

al | ow ng _t stabilization_ of the su onducti.n terial .in cq i ons of
shor]\tl\‘é’ tsb%l% SISk er %Fy, %ae%li(}ezslm? e\/eraal leqnglﬁalﬁtmgf lﬁg stsgﬁ’lrftl zing
met al |samﬁqumnrtxhnylapply|ng the sane criterion of full 13 JUNE 2003
WO 00/ 39812 PC T/ EP99110443 - 16

The Applicant has indeed found that the wuse of a
substantially composite supporting tubular element and not
exclusively consisting of metallic material, allows to
20 reduce the stresses imparted to the superconducting
material both in radial direction and along a longitudinal

direction.

In particular, it has been found that such composite

supporting tubular element, thanks to the presence of the
25 above indicated second material having a higher thermal

expansion coefficient, has an overall thermal expansion

coefficient higher than that of the superconducting

material, and therefore during the cooling step of the

cable is able to shrink in radial direction to a greater
30 extent with respect to entirely metallic supports.

In this way, the composite support according to the
invention allows the superconducting material to shrink
itself to a greater extend along a longitudinal direction
and, hence, allows to reduce the stresses along a

35 longitudinal direction inside the superconducting material



and adi abatic stability which is applied for the phase conductor and which
will be reported in the follow ng description. Preferably, 3 hgNg Ebbfgi Zi ng
metal is split upin a5 plurality of straps or tapes, having a thickness
conpri sed bet 0.1 and 5 mm in direct contact with the [ oati ng
of the suﬁg§é@§§ﬁ%ting tape, far exanple wound thereon. In]gﬁ&§#¥gﬁﬁétive
enbodi nent, the return conductor may 10 conprise at |east one netallic
reinforcing foil coupled, preferably iﬁ a substantially irreversible way,
to the netallic coating of the superco auéting mat eri al and interposed
between the latter and the stabilizing netal. Simlarly to what happens to
the phasedE&ndfcttde SHEatsdedeCoRs tEGAMESt S igY<eY i ts conductive
capacities during the short circuit transient and the current passes

t hrough t hedstrakinailziyng feéalddec g8t &f i dbmpbla teel 8Hi9p5ERINE0I L L]
present) and the netgPlic coatj ng ?f t he tgpes (if p?%gggffg t%uéPganack
in the superfERduc R FREERYSY adl20WEheendediicehe shar tS&r$eantial

Sui tably, wbhe siedi|igheg Betakseb thadmidd N §0PAYCt ar, 1B DEuSPhLY UP in
straps. or wires,, for exaﬁél | e of c%pp?éhor ot her suitable netal, associated
to the suféresidedt itg tapetPandCfadisucH P SR % pFRRILEY aBUBTeas t he

sarrF (215bt @EQminBIlf%f eﬁii@hy,rbets@ﬁl cHUPES CaTHh dcth?gll@gblgmﬁeh{ag i?‘r_\lﬁm:ifa_{l??. ids ,
cool e y nmeans ui tabl e pressurized and . .under,coal ed coolin uid, in
Coon s gt B ks RgeRel: Tascnara nesetaAl i T et of

t he cabl esapppogudahanttes il Slerentenpbsat baes sui Yabhy ' sowedutlhen (b
critical r e.of .t e uct.i r.i.al_.i mai nt ai ned, al so
for high F§ﬁ§§h§5§ Fﬁ@tc§§|§ggoﬁggﬁg %%Eg?%gaéggﬁérfﬁafact, t he cooling

fluid is 13 JUNE 2003 WD 00/39812 - 17 PCT/ EP99/10443 si nul t aneously
subj &t edThet hlang idimdimerleasi rRe Rt FagWhasha fhesutabbe flhe hemitipedr bed

by the el : C t} e ) t30 LRSI I o) of
pressure,ggﬁgh%% t]gnhyggguF%§§1oéggs%%ﬁkﬁgtggg?ﬁhéﬁ?h?@ﬁg%%%kﬁﬁg!ﬁz | e and
to the noFBeor Fhegdalyr RHRANS H9ow FeiHeckIoF i n§nf| uFhei t FEFPeThkvehoi ce

of the wovkipg condidiians of) t&e €nbl adtertikar efiol en Meda stakiuRe s uehe
phenonena into account. I n particular, working conditions are preferred
whi ch mai AERPRTEENEhE URNSRENGLEMERE - as far away as possible fromthe

tenperature and pressure values of its own curve of saturation. Such

wor Kirtg chddiitiiensldye cbuptiasedbeasi debddmeved daldtedbywomkang wohAdow

whi ch del im.ts portj.on i e .dia A | 4 fluld i.nside
whi ch saf gflf/‘ttagﬁgon%ﬁ]i%“fsn%%(?sféﬁéﬁl%sg{eﬁgo%t e ggg%ig\g céolo 1-?enl{g@t he
super condaotprg sest @m amdweitow §i teet@likiic anatenpel at ackingi B medrmad ni ng

the cool i Egnfdlug:itgri n Liqguid;gtate; .Ad¥aphageoushyecthgnuse Qf Hor essiu i zed
and undercool ed cooling flurd allows, furthernore, to reduce the anmount of
20 net al | PEPRECORAHICtERF| oy 83 tEF 18t abi | iy netdl . THELHBLENEhe BT i ng

fluidds peagsurii-zed ank undercoghetngt Reesmidel Esréhet amawits oinyet al

enployed.In particular, during the short circuit transient, the
overcurrent, which cannot be transported by the
superconducting material, which has temporarily lest its
characteristics of superconductivity, passes through the
25 metallic material in electrical connection with the

superconducting material.

For the purposes of the invention, the first metallic
material for the manufacture of the composite supporting
element is a metal preferably having a resistivity at 77 K

30 < 5*%10™° Qm, a specific heat at 77 K > 10° J/m’K and a heat
conductivity at 77 K > 5 W/mK.

In particular, the first metallic material of the composite
supporting element is selected from the group comprising:

copper, aluminum and alloys thereof.



Preferably, the superconducting material is of .the so called "high
tenmperature” type (Tc of about 110K) and is 25 cooled to aqi gUNE 2bose
conpri sed between about 63K and 90K. Such cooling is preferably achieved
usi ng |i quva onBesibgen as cooling fluid at a worki ng pressur ecemrpy/i@es
between 10 and 20 bar. 30 According to the invention, the enbodi nents of
the previously described superconducting cable nay be various. In
particular and as illustrated above, -t hé8 eable of the invention nay be
coaxi al or non-coaxial, the phase or the three existing phases my be
nmonoel enept e rabllyi, elkéaentfore sE3d) WD MR D B98423- nd8 metallic

PCT/ EP99110443 .t he el ectri cal iq§ulatLon may be both in cryogenic

envi ronmefit &G diY el cf ot B™F voMPERT At uFe SEfdiThtitel detatia) , the
thermal i nhahatibnl 0ty °0& magdeebarenth $iirgles pbasa oz0enotthres!| oingd
phases. 5 _Bri,ef description,qf the dr.aw ngs Further characteristi,cs,and
advantageggﬁﬁﬁtﬁ@rSr8§§hfﬁ%§i¥ﬂ39ﬂ?ﬂﬁﬁﬁJ] é@@qné% %T%agb§lpr%nﬁi e
foll owi ng detail ed description of sonme preferred enbodi nents, made

her ei rtbel @w, Wit lprecfearmete ¢mbodiemant achededr adiongssaildy 10etbaddr awnings: -
Figure 1 p hVe& View,i tial .0sssection section, of a
coaxi al nﬁ??%gﬁgﬁeﬁéigggéﬁagg Su éﬁ%ﬁﬁ'&%?ﬁﬁﬁﬁéﬁb e according to a first
enbodi ment of the present invention; 15 - Figure 2 shows a perspective view
in an enl &cgedhscalepasdsi v ipahe dnvendssonsedthiecoml adt hos eerentiadf itshe
coaxi al cahl f e i i g 1 .- FI .a_per i Vi ew in
an enlargggeggg gggngﬁgﬁﬂgg%%igﬁggrggfi5%%?#2n§O§$9§§§éé§ndggggég¥§§ht of
an 20 el esegh &fs tier comdrle caplenof Peletedirad Liauasthylemer dPAEBOLh t he
phase condugtarnydnet he return conductor are provided with a reinforcing
foil; - Figure 4" shows a perspective viewin an enlarged scale and in
partial cross-section, of a nonophase, nultiel enent 25 non-coaxi al
supercond@é?iﬁ&lééﬁléfa5@8rﬁQﬁ§QH§zﬁHQHWQkN;HﬁﬁﬂEﬁ%%nfsbfb?ﬁﬁeﬁpe§€ﬁt

i nventi onrobat &lehgd rdeseel RHdM W el f rege embatdgmentnmpdWidd (Ef emence to
Fig. 1, a7ggaxi I triphage sugerconductin cable 1 gfcording to _the present
i nventi on S smAE S TP € oRAGYEERG LR ol RSy RHYTEACEHTBI2,
conpri si ngha plcombos yrof caphoottiivey el edenest3, bhdoedtied; by tda, Bhe 3c

for gach phagey;fQusgd.- ;RueLerabl ¥l QR 110uwing table.

Material e (%) E (GPa)
Cu 0.30 100
Al 0.39 77
Ag 0.36 100
PTFE 2.00 5

In an advantageous embodiment, the aforesaid first and
second materials are formed as adjacent annular sectors.
20 Such design allows, in particular, to facilitate the step

of manufacturing the composite tubular element.

For the purposes of the invention, the number of sectors of
said first and second material and the arrangement of such

séctors may be easily determined by a man skilled in the



13 JUNE 2003 WO 00l 39812 PCTI EP99/ 10443 - 19 wthin a tubular containing
shell 9, made e.g. of nmetal, such as steel, alum num and ttigj' £-20 gch of
t he conductive elements 3 conprises in turn a couple of coaxial conductors,
respective conductors 5 4 and return conductors 5, i i ng
at | east okg)ﬁgégg of superconducting material, as wl|l appé@?nﬁggé&@Searly
in the follow ng. The coaxi al phase conductors 4 and neutral conductors 5
are electrically insulated fromone anofher by interposing a IO layer 8 of
dielectric material, onto which the return conductor 5 is directly
supported. The cah lsQ ¢ i ses _a_suitable cooling circuit for
circulatiﬁéI% %%orh%g%?$%%§ éﬁggﬁ%% ?8“8%5chﬁ8nsu53?t AR higRéortd=2 to a
t enper at ucebdeequately | ower 15 than the critical tenperature of the chosen
superconducting material, which in the cable of Fig. 1 is of the so-called
hi gh-tenperature type. JThe r ntjoned cooling.circuit conprises
sui t abl e %U%ptéiéﬁgbr%&ns,tﬂgeno%ngnﬁlgg?sedgncfeﬁ%&r& or Oho@%ﬁ’oﬂ%{?@%%pﬁl yi ng
a suitabl ecogalsirig fduprbhzfongi hisbahee klguedtniitr ageprdtsea- beemmeenatur e
typicad |l y_ofy ferrom- 65 t o] Lt hLn. ea f the conductive elenents
Y P i L AR (5 i % oSt e SRR PoE A oS kS arel 1 o,
25 In order tlinefier asfnuchhas pussrbl diemeterer mef dibsi pabmpositewar ds
the exter gl RN MeNibu 1110 SURREGRNUNEL | RfE CRER 2chSopACLOSL | 9ya

cont ai ni ng ructure or cryostat 10, conprising a thermal insulation,
forned fofeiCir@ncénbySECPl upal ¥&y dhadupEhpnpb3Edol aVieT s bedtvead &hel east
one prot eghii@knei@atis Ao er ¥ast afe kBIWRADN ithe A deh SrdescLi Begdy fiQky
instance, in an article of | EEE TRANSACTI ONS ON PONER DELI VERY, Vol . 7
4, octbbePetyssn Pp 4 AAsd1753. 13 JUNE 2003 WD 001 39812 - 20

PCT/ EP99/ 10443 More particularly, in the exanple shown, the cryostat 10
conpri sespaelfayablll, ofhénseladdryy ot esidl fiketnethd foscomst aaeeriby

sever al surfacejﬁetaILEz§d tapesI&;o instan%g some .tens made o% a

pol yest er 2F&si i L KHOWATThY t h& T A"KE 5 “Ther ARF S Supdithsut Hior , FBolel y
wound, wi tlrrbingepessi bhélbelsp bh ifrtcdr posedadpacer sughorducty t apbslare
housed in ul ar | sp 4 i m a .t.ubul 14, in
whi ch ~ vgggﬁ%ﬁgn thgg8¢6§¥/ofq%%ﬁ%%ﬁfﬁgJis hggﬁ épﬁgggby ﬁégﬁégg¥g§%omm
apparkl usebare@ ey sduppor t i gl eubul aklew ene® 149vwadenbee et Bpths capabl e
of DVOV'deQi%E%c%%&%!aHy%%hhgyl§E§B§113¥“‘6@ Hﬂﬁad%%k%%@iBbU'HaEhgﬁé
characteristics, and’is_Covered b¥ an external sheath 15, for instance nade
of ponetH?F@nébr manufacturing the supporting tubular element, and

the mechanical congruence of the composite supporting

, nr.

tubular element as a whole during the cooling of the cable.

20 Preferably, the annular sectors of said first and second
material are spirally wound with a winding angle comprised
between 5° and 50°. In such a way, it is possible to ensure
a satisfactory and lasting clamping between adjacent

sectors.

25 In an alternative embodiment, the composite supporting
tubular element of the superconducting material may
comprise an inner tubular element essentially consisting of
said second material onto which thin foils or wires
essentially consisting of said first metallic material are

30 wound.

Also in this case and as explained above, the foils or the
wires may be advantageously spirally wound on the inner
tubular element.



Preferably, the supporting tubular netal elenent 14 is 15 formed by a tape
bent in,tubul ar fornland | ongi tudi nally wel ded, nade of stq?kuﬂ@g@mgg,
aIun1nun1qLO&@§ or by an extruded tube or the like

flexibility ﬂ? enents of the cable so suggest, el ement 1XCHEFIBO443
corrugated. 20 In addition to the described el enents, cable traction

el enents may al so be present, axiallx_g; Qgripherally | ocated according to
t he construction and use requirenents the sane, to ensure the limtation

of the meghanic stresses, a ied to the superconducting el enents 3; such
25 tracti®h© Qléﬁéﬁﬁ n%tgghggn él%%nFo?EeHRea&BBPBtﬁ@“bot$écW@ﬁqu%s

vel | knowadaptihe @t 11 hytpehlephezr@dexd af ff Bngsls NBLahqr 8l QE%Q%W%%%l for
i nst ance %éﬁroged steel wires one_or nore axial metal ‘ropes, or by

rei nf or ce F§“ﬁ%ﬁaoﬁjﬁle?@%tri?Wﬁﬁer?sl ST TRl BF anf@ite riiiaBer s.
30 Severatomummmanuhhﬁ|ampeée®@m¢516é@ @6@@@@&tEOEuBaQErpQQ%%enLnan

parti cul ar wn_ by e in Fig each phase (a

conprﬁ%es n%r%%ﬁdﬁ“?¥n318|é ?rcﬂg§bééﬁﬁveT?“? c%@eébﬁytﬁ@@
subscrlpterlta@e&onx@a&&peﬁc¢tmn¢tmmﬁemitusiaated super conducti ng el enents
3a, 13 JUNE 2003 WO 00/ 39812 PCT/ EP99/10443 - 21 3b, 3c, so that the

current of,ea a Lit up, anDn ever.al conductors (t in the
exanpl e s %wm)ghégEﬁgnduE%gn % %Gctfﬁgrrﬁéﬁght@ag %Fyﬁﬂﬁt 08xi a
super condacaixng lcabick a rmmd:mazpraebemhmlgefl gl is shown in 5 perspective
and enl arged scale. To make the description easier, in the present figure 2

and the foh! @eenged] gy fﬁ?3d899ﬁogg&Bﬁ %H@ﬂqﬁ S Lhescablerstigpdral ly

or functionally equivale revi ous escri erence to
Fi g. £%i | Fhpe toEmeatep b2k héaméesarﬁéﬂ@@?%ﬁc@ nGaBee s camP i dindeano

| onger dl§ﬁg%§%lnﬂﬂet@%@q@@ 051@&\6%nt §aﬂpha8§é3waohaufclt%r ecdaxEQMPYi Ses a
conposite tubul ar, el enrent 6 |nclud|ng U£a|lt of annul ar _.sectors” |6, 17
|,

respect i Ve TAHAE IS plthSt i EYPRAFELD t?%? xarfpteeent, a  layer of
pol yt et r adii d0eeettiyd eneteansdl obxtBrarlaldd ot phiak, cb@ﬁu@t@fmlaaq@oaper

alternately,_arranged after the othe spi aII ch_of the
coaxi al pﬁ%EB Bon& QLY d%é?qfhaﬁHpPQF&Fﬁ bﬁdugp r?g déeg?ﬁF5+Fty of
supeﬂﬁbndnatbmgaﬂa@e&iM%axﬂuﬂ:mﬁxthexyhﬂﬁa\@ﬂg@ustmralIy wound on the
conposite tubular 20 elenent 6 and onto the layer 8 of dielectric material,

ti h ] 1 b |
of  Super chatuct iy BurBlehs B nERd cthiln} 2085 (25480 EREPILSRGR L E!
return copenenetos f%urlcﬁélre@@npfrlloé@s whprhur aisi t§Qwtl 28ndompraossitreapto 7

acting astﬁsebl &%bﬂqa@h@l , 1hB18kECEKE CAnLANT aGdndMdidd 4, he saet gkl i €6
coating 19 of the supercond uctln%éta pes 18b_onto which t he ey are wound in a

way knowPSPRETEES | & t AING iRer FeRbEdi REHRELof 2Rfe EBﬂﬂﬁEFFvet%Ié%%%Fs 3 of

the cabl egdnehawad n Byg %het heceopenitll phaseleaididct oin4 IheandohiL£selr n
conductor 5 fur%her i ncl ude %} Iurallté of  netallic relgfor%heg foils 21
r f

coupl ed | F°RIEGESFant PRI 1571 rTevEPEFBPE welS FHIE&pI & 65y s Ote
brazi ng, porthenneifal the caatlengor® mifsadhebsupesnonteacttweg ¢apdsctidas 18b.

and reduce the presence of dissipative currents .in the
cable portions externally supported with respect to the
25 return conductor.

Preferably, the return conductor comprises at Least one
superconducting tape including a layer of superconducting
material incorporated within a metallic coating and a
predetermined amount of metallic material (stabilizing
30 metal) in electrical contact with the metallic coating and
having the function of allowing the stabilization of the

superconducting material in conditions of short circuit.

Preferably, besides, the overall amount of the stabilizing
metal is determined by applying the same criterion of full



"13 JUNE 2003 WO 00139812 - 22 PCT/EP991104a3 Preferably, the reinforcing
foils 21 of the phase conductor 4 are coupled to a radially3ijynNe 2088e of
the netallic coating 19, so as to be interposed between the conposite

tubul ar elwgmoBofizand the tapes 18a and act in this way as pcpkesRipus of
mechani cal protection for the latter. In such way, the foils 21 are in

el ectrical contact both with the netallic coating 19 of the superconducting
tapes 18a and with the annular sectorde6l? of netallic material of the
conposite tubular element 6. 10 Preferably, the reinforcing foils 21 of the

return cemductkerpaalies ant@BQthlyn vahmttrqrs—l bbgttéah'%\rwémerf&ga |
| a

t hose of the hase c is, they are coupled
out er faGémij Her neacrhq? E?lEBat i”hg 1Pf FROFRsds 108bLtheo &9 lilowiag

i nt er pos e st Meeod 5 the copper straps 7 and the tapes and act in this way
as el enents of rrechani cal protection for the latter. In this way, the foils

21 are | flectrl cggta b%‘lEWththe rr&talllc coating 19 of the

super con b anbeRithZtRe8 sPERAL zitfg MRt (ceBpernst rraps 7).
20 ACB/antpagﬁmﬂsityy 6ﬂr heepsr er theesei nfaaricinta feni skd s 6f cbhe 6o al
phase co% ctor 4. and rn conducéor 5COﬂtI’Ibt€Int{\a$V\la lg{othto
ensure t RS SE8t Abi Ilatn@ Wbl & 19 heChs §°8F 28 ho M T t g
adequatelcpartedtg;e dthe thenssipe stordsesiappltiase t 0 fiohe teERiNA S wefineabl e 1
25 when tt[& L]‘ As are coupled to the superconducting tapes 18a, 18b in such
a way as to |rrpart to the superconducting nmaterial a predeterm ned

prestress degree. In the enbodi ment shown in figure 4, that illustrated a
non- coaxilal and ebhephaséevsupameontuenrt ng tdebl e’exuirnsteadduaﬁtctmemay

condygt \e%meﬁrgeet §t3|le§’.<!tl one metadhlic Ofkl.i/nf&@ﬂx&e 78, plaxpﬁgl%%“duct or

4 which, inthis case Includes superconducting tapes 1 spira
t he conpe§etf@rsqtpbsortwgatumh%ﬁaret%ﬁ Gragesginis r vegs at@ablael,

i nst ead, meRlay 1GOAPrE68c 1R case, thacl ydes rebndie tearPOoSidtee ri YO 09139812 13
JUNE 2003 PC T/ EP99I1 10443 - %'H;" In this further enbodi nent, the cryostat 10

conpri ses L HEAIHRE RRTED? Tt A THET iaqd i F 130G Be 4L - def i ned

bet ween the tubul ar sheII 9 and a supporting tubular elenment 23. 5
Ext er nal bymid a4y nen- ehaxi ahappeaophase sueerpbaéactd:@@daabbe 1 ahbayer of
di electri rraterlal 24 i rowded r the el.ec ulatign_of the
supefscc:on l(,lé(!::tl ng Egﬂpgcmgcg'ropoosra 9 Wit nr?LtC\A%l‘% ubu?g? fﬁ‘éﬁgnt 4550926 of
sem condbbe rhaowt eciakbuit tranSLent and the current passes through
the stabilizing metallic material, the reinforcing foil (if
present) and the metallic coating of the tapes (if
present), to flow back in the superconducting material at

20 the end of the short circuit.

Suitably, the stabilizing metal of the return conductor,
may be split up in straps or wires, for example of copper
or other suitable metal, associated to the superconducting
tapes and, as such, also being spirally wound as the same

25 tapes.

Preferably, the superconducting cable of the invention is
cooled by means of a suitable pressurized and undercooled
cooling fluid, in such a way as to ensure the heat exchange
necessary for the operation of the cable and guarantee that

30 a temperature suitably lower than the critical temperature
of the superconducting material is maintained, also for
high lengths of the cable.

During its flowpath, in fact, the cooling fluid is



10 Wth reference to what has been descri bed herei nabove, sonme exanpl es

w L1 be. provided hereunder by way of nonlimtative indicat{9QuNE 2003
illustrate the behavior in short circuit conditions as well as the

mechani cal W6t4088%ds of some enbodi nents of the superconduct iPag/Erabh &=3
according 15 to the invention and of cables according to the prior art.
EXAMPLE 1 (I nvention) According to an enbodi nent of the invention, a

prot ot ype of high power triphase coaxi &’ superconducting cabl e was made 20
of the high tenperature and cold dielectric type, conprising a (plurality
of conductilveltaiementy sabherhedubdipfh &opair iofcphasengndlemetinng) as
conductorsg ¢ I Std n f e fo s r uct.i ng teri.al spirally. wound
on respect%i vg%s%l%tgorﬁ]ﬁg tte englr?%g l5@%Ic>(r]\1t%%a(glirt|E)Lc"ul gr%% tﬁé‘e&? ° coMor is
suppor t edCloypr st ittudig artkéensablent i Baly fede aof netateabengas Udes redirn

conduct or | s'y&%_prt yier j el i Lerial _external an
coaxi al tglfehe p dse%ﬁ%%g%%%ﬁﬁgé%g%grg%% u%t‘?ﬁgj?teassgsd‘flgbo%qqﬂg" phase
and retur #h80 cahbactiors &P e theoviared] aFt Besst aturicutennf dilsingofoidtse

havi ng a thjgoknesssafi @ O5s&1x . coupled to the netallic coating of the sanme
t apes. WO 00/39812 - 24 13 JUNE 2003 - - - PCT/EP99/10443 The return

conductor is also provided with copper straps (stabilizing net alﬁﬁi n
el ectri cafPContCRELGH t Rt hEDRet BPFRENY ei FHBHG ¥RNT 0195 dd\D| exrhle t Hes

netal lic epaiddihf thaisURSNGoRIUGIcRY baBASmeBaTNe neUPLIRG §Eep ofy the
reinforcing foil to the superconducting tapes was carried out by

subni t ti ng25M AT stV (FRNGEF AL @Ry RigiTereed vRhsh madpteda in a
substint i atﬂey | g frugli r%]lumrezcii ofeanchweupld ng pbssfanﬁ, IER ok S%?ﬁd
step, to the tapes in order to obhtain _a . 10 prestress of the superconducting
Tt or i al . CPRESRAGIRR artiq 151 T e GUBIRS t &F t oF 26 ¢ eRLT o CEFEes oG

about 15. §5tQiraRa onl5. Bukly/ mP)kidgscohtathong aaps eslomes’ isalbgrieeiafk t he
super condugt | LAl w o] w0, s netal used for the
Suppor t1 LD A o e FOB R phiov a8k CuliBn Sat R £388ek 2omna®

wor ki ng chieactt@rtisstdtagramkenfi hhe consider §Lhsn figrside wmbhohasafesyof the

cabl & ProLBLYNG MBIE Lhest ol sy OVEs OcfleCffedoBnaloypliagese

(phase-phase) 132 kV20 - nom nal current3d70 ~1- critical current
| engt h50 REPERE@EME ks dedicgiéd i Redarh bt famycrbticabe SembpEastirehe

fol | owi NgwshRAld mElin®H itn IGRNAIHd Udplidy £1SHQN tirCiriciiiy caseat 1 cc 50 KA -
short circuit duration [err]Jtcc 0.5 s further assum ng:

Advantageously, the use of pressurized and undercooled
cooling fluid allows, furthermore, to reduce the amount of

20 metallic material employed as stabilizing metal. The more
the cooling fluid is pressurized and undercooled, the
smaller is the amount of metal employed.

Preferably, the superconducting material is of +the so
called "high temperature"” type (Tc of about 110K) and is

25 cooled to a temperature comprised between about 63K and
S0K.

Such cooling is preferably achieved using liquid nitrogen

as cooling fluid at a working pressure comprised between 10
and 20 bar.

30 According to the ‘invention, the embodiments of the
previously described superconducting cable may be various.
In particular and as illustrated above, the cable of the
invention may be coaxial or non-coaxial, the phase or the
three existing phases may be monoelement or multielement,



1) that the power dissipated during the short circuit transient is wholly
converted into a tenperature increase W O 00/39812 - 25 1§3lﬁH§§P% 03
PCT/ EP99/ 10443 of the | ayer of superconducting material, of fLe metallic

coating tIvad od/meer porates the superconducting material and gpérhpR grial in
any way in electrical contact therewth (supporting tubular elenent,
netallic reinforcing foil and S copper straps), 2) that the dissipation is
resistive with passage of all the sherfi8circuit current through the
metallic material in electrical connection with the superconducting

material,tB} telldgtdiddie maxkOUETLEAPEmAIUT ebseagat byid heci0oqenic
super conductin of .the short circuit well below the HEX|num

at %he eqq .

al | owabl eSPEHPRAEENFe FOLYeF ALt EE T hehi AtMARIRNEERRS £ & bRt WeahMt he
critical despecartice,ofthbe thigreradonduetiingiand hhe b | higet %IH)E&Q.%HI‘E of

t he cooli ng fb}ui d, _at the m ni.num wor Ki r&géﬁ{essure, assum ng that the 15

t enper at u? E"PhEr BREES-P i@ (B HS%e IS &t is given by the following
relation: L~, T~ S (T~ - TNO kiaq nax) ~f wherein TWO=kiaqg ,~ is the nmaxi num
wor ki 39 tBnpefatieserapd ifon o hhesafretwimeeef ficient. 20 A cable nade with
the aforesaid working characteristics has the foll ow ng working tenperature

and pressur ges..for e.liquid nitrogen; - mnimumworking tenperature
= 63.2 K.Euﬁ%&?%un?%ggﬁfﬁgrﬁgﬁ%gfht3?%{:%§955Eﬂ5?5nn. nUEQ%Dﬁ%?%ggﬁ?essure
- 20 bar inventhom weikilngappessurmeorelOcbhearAgsuficng t hla¢ af BSCEA hype

hi gh tenp Sypes i n Lal. . #gg havyi Liti

tenperatdgéeéyiggout f%gﬂﬁyfékdggﬁﬁigﬁéhgﬁsﬁ |réFtéﬁ%€?gF§Pg%ﬁ 4%éfliquid

30 nitrogearainkelpsr prsurefesengealtq othed K tanpkedmAiratinglsl-owkbl e

t enpapat uf e Tardsh hggQi Nncide with this val ue. .13 JUNE 2003 _ ;..- ,~.

WO 001 39812 - ~ - PCT/EP99/10443 ' - 26 The determ nation of the ampbunt of

netallic naterial far ggsuring the stability of the cable in_conditions of
r

short ci rcuitt L car r PEAYSut FaREF RS LG t 501 I'Gwi RGE YRRt i OPSS

section section, o©of a coaxial multielemnent triphase
superconducting cable according to a first embodiment of

the present invention;

15 - Figure 2 shows a perspective view in an enlarged scale
and in partial cross-—-section, of an element of the coaxial

cable of preceding figure 1;

- Figure 3 shows a perspective view in an enlarged scale
and in partial cross-section, of a second embodiment of an

20 element of the coaxial cable of preceding figure 1, wherein
both the phase conductor and .the return conductor are
provided with a reinforcing foil;

- Figure 4 shows a perspective view in an enlarged scale
and in partial cross-section, of a monophase, multielement
25 non-coaxial superconducting cable according to a further

embodiment of the present invention.
Detailed description of preferred embodiments.

With reference to Fig. 1, a coaxial triphase
superconducting cable 1 according to the present invention
30 comprises a superconducting core, globally indicated by 2,
comprising a plurality of conductive elements 3, indicated
by 3a, 3b, 3¢ for each phase, housed - preferably loosely -



5~T~-_[ ( ER,I=-mZ2 ) [/ ( Wecpi ) | * ~t (I ) wherein: .~ T~ represents
the allowabl e tenperature increase due to short circuit, RBJUNE@O6Ats the
resi stance of the i-th elenent of the 10 superconducting cable, |~~i
represent® 00R813hort circuit current o the i-th el enent &CTERS/10443
superconducting cable, m represents the mass of the i-th elenent of the
super conducti ng cable, 15 cpi represenis t he specific heat of the i-th

el enent of the superconducting cable, "=.t~~ represents the duration of the
short circujit. It results: m =si.* Vi _=Dbi * S * 1i (I 1_) 20

wher ei n:"6?‘Féb?e?en%ggHiagnsqqrﬁlta&fmt“r?ei §Fﬁl«?zl ererfadf r Bpfesétfi sPREFSI une of
thei -t h sheneas, Siteslr esdninsirhecrass ectippef the i-th

el enent, lirepresentsthelength of thei-th elenment.25 Italso results:R =Pi *
(ri/zsi)y( 1l | % %3 JUNE 2003 WO _00I 39812 3 27 PCT/ EP99I 10443 wherei n pi
repr esent3 PheSpetii CRIMGTHVE r ESFTEN% y 3of CPRRT 1585 difendNED SPnce t he
val ue Ofc&lIELeSKE ldoaxikl lenidudinids ~toespast teblyashihe €6Q85c88¢ki ons of

t he supefconducting tapes, .of the metal l.ic.reinforcing fqQils and of the
copp8r s{raﬁﬁ&]arrg CRRENGTOEAt 22 by A Ubs PTGt t‘?g: eg&é’ﬁtono(llel) and
(I'11) inléyeritofs possibbedtotiegemdinervdli hee<r 0dd 1sesppearof mbhe

netallic ,al; of_.the supperting tubular el ement. 10 The structural
char act e??%%?gg ot ttﬁlée é‘ailieotzﬁﬁi(ye' according to the aforesaid criterion of

full and adiabatic stability and the tenperature increase DT of the

super corftivet cegxiatlephalise wauletofr ssHorandineut r2 hreondporeesl $natel | ow ng
Table I, d S = indic | &, an .- _0obt ai ned
assum nge%%?réﬁéggg e%tgs%£§¥§?ci%§r?{n f&lqés %Elgjglhté%/ro %4%%%[}?%%1“9‘) .
resplctib@ygr |% paftidiflactomt y mefesialuct @dC chalabt ekhst i estwEnt he

phase congugheroar e riepertedhtis Ree structural characteristics of the
return conductor may be determ'ned 20 in a quite simlar way, in view of

the fact that e same_short circuit current 1?asses throu%lr_lr bot h ?f t hem

As it meyPBeCAGliccel fLoth SOPRTEA6Fe 2 tTRIEABIE SOCHLAInG S e FPFention

all ows toeirtulatiagdbC dcaseodnin@nd flMhiE (casiadd®d respectoykl y,thde

tenperature increase.DT of the,25 super.c I mat.erial _kn se_of short

B S T s e M s oL

st aBbl i tyhaf the caliltécal temperature of the chosen superconducting
material, which in the cable of Fig. 1 is of the so-called

high-temperature type.

The aforementioned cooling circuit comprises suitable
pumping means, known per se and therefore not shown,

20 supplying a suitable cooling fluid, for instance 1liquid
nitrogen at a- temperature typically of from. 65 te 90 K,
both within each of the conductive elements 3 and within
the interstices between such elements and the tubular shell
9.

25 In order to reduce as much as possible the thermal
dissipations towards the external environment, the
superconducting core 2 is enclosed in a containing
structure or cryostat 10, comprising a thermal insulation,
formed for instance by a plurality of superimposed layers,

30 and at least one protection sheath.

A cryostat known in the art is described, for instance, in
an article of IEEE TRANSACTIONS ON POWER DELIVERY, Vol. 7,
nr. 4, October 1992, pp. 1745-1753.



EXAMPLES 2 - 3 (Invention) 30 According to further enbodi nents of the

i nventi,on, two further prototypes of coaxial cable were meJUNE200FI ng 3
conductive el ements, each including a pair of phase and return conductors
consi st i MjOIPMpes of superconducting 13 JUNE 2003 WO OPCBEBI21044328

PCT/ EP99/ 10443 material spirally wound on a respective supporting el enent,
in this case consisting of a conposi ts tubul ar el enent for the phase
conductor and of the | ayer o~ dielect Pc material for the return conductor.
S In particular, the conposite supporting_tubular el enent was nade with
annul ar %@E?or%aﬁﬁ%lﬁuéﬁngﬁppéf“ (319 sEXABPAR| ishawit-er tAR) cubstat 10

pol yt et r abhpereeiyhenaye ter nakelﬂﬁﬁlra%ngﬁ;d PR ALLEr thgpidher -and

having an inner diameter equal to 38.7 mmand an outer’ dianeter’ equal to
48. 5. mm LB§§ERGSal IRY ﬁﬁ‘fehfaolr FRBIT H8G CHRAAL Wi 29 erfigeeffoy andteonaki ng

constrai gbge Py efhgaée@fnlan‘%qy@fst%&ntﬂe?sruﬁecma@nf% %ﬁ@ f apgement.

has heen found equal to 14. The crosssectional area of singl eé Séctor is
equal® to’ E?eg‘m«ﬁ%{g supetiBFAEr hel RaERL Bf WﬁF’é@edVﬁGhBGe{‘rQ)I@O‘ﬁslbhe return

15 condugkQp &S Jm@éfr%sgiecw shacopper3stsaps tspabi hiral HpURIR! Jni 9n
el ectri cal c&nt ag’é]&vié t he super co%w t apes. The superconducti ng
t apes wefB? " PREGRRt I Ahé fRuled f kement t hé.
met al | i Clﬁoalﬂ’ill'tg’l of trheuaﬁ snpeheorditetd ngf t aped BriRPodeusnd tnt Hakeaf
Exanpl e ver e not. praovi ded with such foil (Exanple 3)

rI%)éla_rl_rlpl or 4 2 ;-
Furt her n%?’e, Skullx ’V‘?dl ¥ %45 >6F "precedi ng Exanpl e 1, the coupling
step of the reinforC|ng foil to the 25 superconducting tapes was carried

out 18y sDbei sipppriing fubstastepmartie 4indde coagmeaall tics acapmslée _
stress 1gesubobantir ! ¥nbondhbudknabidblee.an andl coup! kag e sarg, 10 a

second step, apes In such a way in"a prestress o
super conﬂh@ﬂ-dn&l@@tter¢faara<3(¢qlr$tp§|5tll @mdarls tﬁ@v¢0¢<li sls a@umﬁtt@erdalo a

tensile shegss o, Ao Hdhid-rBae( L3 AoKGLERD)LARLAI NI Ng a prestress

| evel of the superfconducting material equal ‘to about 0.1% The_structural

characterlstlcs %f the two cable protot)ép WD 00/39812 - 29 =
Preferab the supporting tubular meta element 14 is

15 formed by a tape bent in tubular form and longitudinally
welded, made of steel, copper, aluminum or the like, or by

an extruded tube or the like.

If the flexibility requirements of the cable so suggest,

element 14 may be corrugated.

20 In addition to the described elements, cable traction
elements may also be present, axially or peripherally
located according to the construction and use requirements
of the same, to ensure the limitation of the mechanical
stresses applied to the superconducting elements 3; such

25 traction elements, not shown, may be formed, according to
techniques well known in the art, by peripherally arranged
metal reinforcements, for instance by roped steel wires, or
by one or more axial metal ropes, or by reinforcements made

of dielectric material, for instance aramidic fibers.

30 Several superconducting elements are present for each
phase, in particular, as shown by way of example in Fig. 1,
each phase (a, b, <¢) comprises two superconducting
elements, respectively indicated by the subscripts 1, 2 for
each of the three illustrated superconducting elements 3a,



are reported in the followng Table I. 13 JUNE 2003 PCT/ EP99/ 10443 By

anal yzing the data of the aforesaid Table I, in case the HaxJUNEZ030Wabl e
tenperature increase is 10C, Exanples 2 and 3 provide the s r l1s of
Exanpl e 189 0PA%81hat the 5 contribution of the reinforcing fggﬁpcgﬁﬁﬂ% t apes
of superconducting material was found to be negligible with respect to the
tenperature increase. 10 15 20 ( Conpar :Zg_or_l_) ne characteristics of preceding
"ever designing the sane without stability criterion during the The results

obt ai ned are reported, EXANPLE 5 (Conparison), Still wth the purpose of

maki ng a rrpé?rsgﬁ, %gacyamohee v%%‘(%% $RR 2R SAnePLhEr BBt @RPSEi cs of
pr ecedi ngsExanpl ectndencrepts f(arwd hiem alisenseamdl & hehswhnforcing foil
externally to the tapes of superconducting material, by adopting the

criterion of .full ,and adiabatic stability. AS to the_cahle geonetry, it
turns ou?‘[q hﬁf‘gt'h@ac%rh%ogf‘t tk‘ieub%?réu qle‘%%n?%‘i“eﬁﬁanﬁl & Ztl'g&hdcgaﬁaéla

hi gher t higkeessnthanine aaitlia el yofret Akl peetwbuhar fekhenents ohébg ¢abl e of
Exanp%e | b, _due %o t he _need .of ngr vi di,ng a suitable anount of copper for

assurPng R RGBT Pt § 75 THETEMH €93 Tondi ti ons of short circuit in the

presence of a suitable amount of polytetrafluoroethylene. EXAMPLE 4 A cable
havi ng t ko sea Ezxahpkede swad prade daeg,ent,akimghatoreoaoting i quiye Shoahd

[ it t =Rt J. ] [],. Ln_th ti d
publ 1 cat IG0E oF SEXA/ RS ERerBe B! | b Rt B BRI ap7PIEy i n
ceran c sifpercondasior oof SLNGEKONANRY leauivakent div Adwesdvppseviolislg, 1989
13 JUNEZQHEEE¥%QQ|§g§%2ﬂ%%g£§§gg1@§4§ig.l will be indicated by the

10 same reference numbers and will be no longer discussed.

The conductor element 3al, shown in figure 2, comprises a
composite tubular element 6 including a plurality of
annular sectors 16, 17 respectively made of plastics
material, for example polytetrafluorocethylene, and of
15 metallic material, for examp;e copper, alternately arranged

one after the other and spirally wound.

Each of the coaxial phase conductors 4 and return conductor
5 comprises a plurality of superconducting tapes 18a and
18b, respectively, spirally wound on the composite tubular

20 element 6 and onto the layer 8 of dielectric material,
respectively. Each of such superconducting tapes 18a, 18b
comprises a layer of superconducting material 20 enclosed
within a metallic coating 19.

The return conductor 5 further comprises a plurality of
25 copper straps 7 acting as stabilizing metal, in electrical
contact with the metallic coating 19 of the superconducting

tapes 18b onto which they are wound in a way known per se.

In the further embodiment of the conductive elements 3 of
the cable 1 shown in fig 3, the coaxial phase conductor 4
30 and return conductor S5 further include a plurality of
metallic reinforcing foils 21 coupled in a substantially
irreversible way, for example by means of brazing, to the
metallic coating 19 of the superconducting tapes 18a, 18b.



- 30 5 10 15 Materials Research Society, an equation is reported that
correlates the ratio "Rs" between the sumof the areas of {3n$UNEZ003 zi ng
nmetal and of the metal of the metallic coating of the superconducting tapes
and the twotoadosasiea of the superconducting material only toPEaENeleE such
as the electric resistivity p of the stabilizing nmetal and the critical
current density J~ of the superconducting tapes. Substituting those val ues,
t he above nentioned equati on becomes~RB2* ~(RS+1)=9. 27*1 ~ (1V) Knowi ng the
rati o between the area of the netallic coating of the superconducting tape
and t he t8ralfeaedd wf the mmigefeoriductiaid svetlerafalthé tphsspossinBhe oy
obtain thg value ragi o, bet h Q the stabilizin tal and
that of tﬁe %J%ercgour#dl}gc% i gé ?raat gﬁﬁg%ﬂlﬁfhgnﬁ{é&i‘l ?Fsacgr eofe%' ?eﬂ‘eit%]‘{lﬁé: sane
Tabl e |1 . CEXANMPIE B9( Cowpaad sba) bA datiierpuesscdheldet aeear difg eblpotsa te
constructi.ye' d/ oy eeh ogl ca ui s, that is with the

addi t i ona:t\ﬁgéltlg:} heglvel'rgn%n%nfy&?%e%hn% é%% (i)éggggéoratcgcndq he pha¥8YcBriduct or
and ofS pr eflesentg tde meghani eohdursttect itre faesuiites Iobtteéned are reported
in the following Table I1. 25 EXAVMPLE 7 (Conparison) Wth the sane

pr ocedur egnofs,ﬂ:rrgcggi[yng dreanpl £1 4, %i\gﬁf%at Idasef@cggjo_lcgg \Q%rgtgggeb\é@%éei n,

as a consequence of ﬁe I NCrease o e anount o super ponductl n
mat eri al , W36ht s ametplihfgicRardddadsurRll Bagalswpe opdugiing 2tapes JUNE

2003 WO 09839843 with the annular sectors 17 of metallic material of

the composite tubular element 6.

10 Preferably, the reinforcing foils 21 of the return
conductor S are arranged in a mirror-like fashion with
respect to those of the phase conductor 4, that is, they
are coupled to a radially outer face of the metallic
coating 19 of the tapes 18b, so as to be interposed between

15 the copper straps 7 and the tapes and act in this way as
elements of mechanical protection for the latter.

In this way, the foils 21 are in electrical contact both
with the metallic coating 19 of the superconducting tapes
18b and with the stabilizing metal (copper straps 7).

20 Advantageously, furthermore, the reinforcing foils 21 of
the coaxial phase conductor 4 and return conductor 5
contribute in this way both to ensure the cryostability of
cable 1 in case of short circuit and to adequately reduce
the tensile stresses applied to the terminals of cable 1

25 when the foils are coupled to the superconducting tapes
18a, 18b in such a way as to impart to the superconducting

material a predetermined prestress degree.

In the embodiment shown in figure 4, that illustrates a
non-coaxial and monophase superconducting cable 1, instead,

3V, only comprise the

30 the conductive elements 3%, 3%, ...,
phase conductor 4 which, in this case, includes
superconducting tapes 18 spirally wound on the composite

supporting tubular element 6.



- 31 respectively. The results are reported in the sane Table I1.

PCI/ EP99/ 10443 By analyzing the follow ng Tables | and I, 43 juNE 2609ut
that the g@?b dee according to Exanples 4 and 6 are nOtﬁ%ﬁ%hﬁﬁthﬂfar
practical appl1cations, because of a too high tenperature increase (OI) in
case of short circuit. Instead, the cables made according to Exanples 1-3
guarantee the stability of the supergoggugting material at high tenperature
and to maintain nitrogen in liquid phase 10 with an overall anount of

metallic fat rial in ﬁb%ctri al connecti%n with the superconducting
material fBwer thafUFRESEabt B OF B Al 18 antY AP FACant AnsipRPLses a
super condnollog maperieal 220wen t kdwichhe 1¢ahlies #a@nshd® ofiExampkes?, With

an ensuin congmi cal savin IS LE al yation of nmechani cal
stresses)Sefﬁnsadegekgeggnpgps tﬁ%@%ﬁanﬁ%ﬁst es?Rd | AduBBBPYFEAFTa

| ongi t udi tabudeareeflearnitn 2Bhe superconducting material as a consequence of
its cooling by neans of liquid nitrogen in 20 the operating arrangenent

w th ¢l anped he cabl rototypes_according to Exanples |b, 2 and 3 were
coma&ed%gﬁrpﬁgi(gab&g g?kpléxa%ﬁecgéxﬁa i H?C?‘%?ﬁrt‘%?‘él r%}%%ggg%{lpghgg ar ea
of netal | cebhat érial lagenl of0d288e2tmine trarteriaf uRd asd @thwdbdéd cfor
stability,] frcyit . -C | tiqQBs d. er._was ed as
first net%#$i§§ﬂ%$§%%% ifdghﬁgﬁﬁﬁg%}ugﬁngygﬁeq$§%uf% n%ﬁ%gégﬁfecgggﬁorting
el enent s, inperpasapelyt etitdfiruorved hytehelans wdeherstsecdnd ndie nevédl lic

material . s30; IBR4aHPRAGT AG LYYl ar el ement of Exanples Ib and 5 was nmade
with nmetal sectors, In-particular with copper sectors, 13 JUNE 2003 WO

00139812 - 32 PCTI EP99110443 in a nunber equal to 14 in such a way as to
geomelri cALFY BBEBFRNERe COalBast Past BEBNoACERE LBDEFh dsinas mapp6e t | HYRE ubul ar

el ements okafxaepl ewidanthe3. é:)-lﬂlﬁvﬂlfé@ff othes et £ then sulm tded fona
?Egber Ofligfggtﬁvghaingkégggontcbﬁ?gﬂlR?fiJ;¥}£¥g(”t élogghggggiatfg 'n
short circuit conditions as well as the mechanical stresses
of some embodiments of the superconducting cables according

15 to the invention and of cables according to the prior art.
EXAMPLE 1
(Invention)

According to an embodiment of the invention, a prototype of
high power triphase coaxial superconducting cable was made

20 of the high temperature and cold dielectric type,
comprising a  plurality of <conductive ° elements each
including a pair of phase and return conductors consisting
of tapes of superconducting material spirally wound on
respective supporting elements.

25 In particular, the phase conductor 1is supported by a
tubular element entirely made of metal whereas the return
conductor is supported by a layer of dielectric material

external and coaxial to the phase conductor.

The superconducting tapes of both the phase and return

30 conductors are provided with metallic reinforcing foils
having a thickness of 0.05 mm, coupled to the metallic
coating of the same tapes.



superconducting material, the traction force applied by the cable to the .
termnals as a reaction to the constrained shrinkage, and {30)fNg 2068 .
amount of conducting material used conpared to that necessqLy to ensure the
full and Aoaghgpatic stability of the cable according to tberabeyWRass -
described criteria. The results of such tests.are reported in the follow ng-
Table 111, wherein the value of the critical deformation is also reported,
that is the value of deformation above @ieh 15 fractures and grain
separation of the superconducting material were detected, with an ensuing
decrease afhd heeeurnentohdansper ticapnsbt proafrideel Mieni doddesel e Yhth
respect to, the val ue of c%iaical deformatiqgn, it is inmediately clear from
the val ues! 9f2 1Y) PERAL )t BB 50 SCIEILEE RS TR W r BhRiBRERRLLE oI | |
Exanpl es |deanfh2cihaveEc lgr eabepledl us thee tlee agablescaat ipgo\gdeghyi th
such foil;_this may be.substantially ascribed to the prestress effect of

t he Iayer%ﬁp%ﬁﬁﬁﬁ%%ﬁﬁhegi gPhaterial consequent to the coupling step of

the foil to the nmetallic coating of 25 the tapes. Fromthe results of Table -
111, i% i <THeairtbeupidssi bl etép ohfer vehe hatte ihdo ridimcabFeidof Bwanptige5 the
deformation of the sugercoqguctin mat erial has . a reatgr.%gLue t han t he
critical OHPCEGRFPRrSTRBuISEEETT e13° t KETEARECIO dFY t REDBE S4B coftidt i ng
of transmflizstg suepentthen sejmefcontugt Evily toorali tennsleAdvamrisageolsd y,

i nstead, i y I 3 r [ ich the
supercondﬁ%#%ﬁ%nﬁg%%%?glEgggggﬁﬁégggdgggécgggpdgéﬁgégﬁgggﬁgi“%%%i%%T%’Iomer
than the ir3aJUNECROQ3 WOe®O| 39812the3Fargsd tildal orslare, tar echtasdnclaarly
for the protatynes of 8@%&% eshBertBadakieny venass: of .t e conf ebergnt in

reduci ng the magnitud S quaééudlnal direction i npartec material.
PCT/ EP99/ T3 Abler W3an THRBECERY ect@d s %Prﬂ-‘a?gﬁﬁft i DRSS Hr odf ctbeit e
supporting g upulgh® f (e, ptkgreas) atRAY abteihhegsuPe rotticdd Nllagrds JUNE

2003 WO 00/ 39812 -
oégt e superconducting material equal to about 0.1 %.

The metal used for the supporting tubular element of the
15 phase conductor was copper.

The working characteristics taken into consideration for
the manufacture of the cable prototype were the following:

- power 0.7 GVA
- nominal voltage (phase-phase) 132 kv

20 - nominal current 3070 A
- critical current 5210 A
- length 50 km

The cable was designed in such a way as to be stable at the

following short circuit conditions:

25 - short circuit current I 50 ka
- short circuit duration Atec 0.5 s
further assuming:

1) that the power dissipated during the short circuit

transient is wholly converted into a temperature increase



TABLE | | NVENTI ON PCTI EP99/ 10443 netal lic material o~ the supporting

tubul ar el enentinternal SCDT (C)Ex.|asect. mR254588. 65Cu/ S§3. AINE 2003

, EX. | bseg o stk 88. 610Cu/ SC3. 8Ex. 2sect . nan~33588. 610Cu/ S . ~233S
88. 61001% %&ﬁgt ernal SC - | ayer of superconducting nat ?FEIE&(%?%

i nternal 5 conductor (phase conductor? DT a tenperature increase,of the
super conducting materi al . 13 JUNE 2003 W O 001 39812 PCTI EP99/ 104~t3 - 35
TABLE Il COVWARI SON netallic m~terial of the supporting tubul ar

el enmentinternal SCDT (' Q) Ex.4sect. meG- . ) ,

56, 6600CHF S, LRUEF R 1590 LTINS ChE EASE Bhe c? £ M Bodis B8l 3 cu/ sc2
. 2Ex. Taseottimi]l 4645 SOuLEERoF2Ee s7hdect s upe +89330L0CH4SHR 62 ilant eral SC ~
| ayer of ugﬁgcondupting mat eri al of. the.internal 5 conductor (phase
conduct o?? S FEhser atfr T hcF8dsd b SLRE St coRERFhg TREE N 13

JUNE 2003supporting tubular element, metallic reinforcing foil and
S copper straps),

2) that the dissipation is resistive with passage of all
the short circuit current through the metallic material in

electrical connection with the superconducting material,

3) to limit the maximum temperature reached by the

10 superconducting at the end of the short circuit well below
the maximum allowable temperature Tamm, defined as the
minimum temperature between the critical temperature of the
superconducting and the boiling temperature of the cooling
fluid, at the minimum working pressure, assuming that the

15 temperature increase AT due to the short circuit is given
by the following relation:

ATa.mm < (Tamm - Tworld.ng max) /£

wherein Tuorking max 1S the maximum working temperature and £

is the safety coefficient.

20 A cable made with the aforesaid working characteristics has
the following working temperature and pressure ranges for

the liquid nitrogen:

- minimum working temperature = 63.2 ¥

- maximum working temperature = 82 K
25 - maximum working pressure = 20 bar

- minimum working pressure = 10 bar

Assuming that a BSCCO type high temperature superconducting
material is used, having a critical temperature of about
110 K, and since the boiling temperature of the liquid
30 nitrogen at 10 bar pressure is equal to 104 K, the maximum
allowable temperature Tum will coincide with this value.



WD 00139812 - 36 TABLE Il PCT/EP99/ 10443 Ex. | DbEx. 2Ex. 3Ex. Sdefozna.tioas -

on superc

(20) of t

mat eri al |

to cool tHESUPRYc

onduct orm (~) 0. 310. 180. 190. 31critical deformati om3 JUNE 2003

(99 0.50.50.290. 29traction forces (Kg)11700141001370040000¢cqpper anount

(% 100100%9083089512 13 JUNE 2003 WD 00/ 39812 - 37 CLAIMS PCTHERRPIHIAES 1-

Super conducting cable (1) having .at 1east one-phase conprising: a) a |ayer

apes conprising superconducting 5 material; b) a tubular el enent

(6) for supporting said |layer (20) of 2@pes conprising superconducting

said tubul ar el enment conprising at | east one portion nade of

met al | i ¢ Tred ete@lernaith Mok N teleeCind Gt 6@NtRGta Wit hheckayer 49, (20)

of tapes conprjsing superconducting material; ¢) a cooling circuit, adapted
gﬁ&uéﬁ%ﬁj

YerQfalthe 0wk khgCPefAbEEaliar @ nothargher

than its gGrddigal weEpered tf fad COBRE I ShRGoadilngl d ©8 arREedeiprig

wor ki ng pressure rangi ng between a mninum val ue and a 15 nmaxi num varl ue;
wher ei n (383t OPmati on of said tapes conprising superconducting material
consequent to a tenperature variation between the roomtenperature and the

wor ki fig .
def ormat i
of conduc

t enper at u

tenperat i, f LNe.g

t enpATatyE=e (QfZR, he; eppl Emjcs; ) pwerathan the criticakr0

on of the sane tapes, characterized in that a predeterm ned anount

%%perconducting material is present, such that the

%{ve material of resistive type in electrical contact wth the
| ayer (2(5‘5 TFe

maxi mum

re reached by the superconducting 25 material in case of short
circuit iwweeptdaanthe thieni aliowamiper aenperbetiveennidreeaye t duoal to

said cooling flurd a?gfhe m ni nrum wor ki ng pressure of said fluid
Super conducting cable (1) according to claim1, characterized in
| ayer of Riape@PFesSen&6r poiat s@swsthAnfAea afet ANei ¢ tidat ehgmeng) . of the

10 superconducting cable,

I.ci represents the short circuit current of the

element of the superconducting cable,

m; represents the mass of the i-th element of

superconducting cable,

erconducting material and the boiling tenperature of
. 30 2.

that said

the

15 cpi represents the specific heat of the i-th element of the

superconducting cable,

At.. represents the duration of the short circuit.

It results:

mg =8 *Vy =28 * Sy * 1 (II)

20 wherein:

Sy represents the density of the i-th element,
Vi represents the volume of the i-th element,
Si represents the cross section of the i-th element,

1; represents the length of the i-th element.

25 It also results:

Ry = pi * (1i/S;i) (IIT)

i3



13 JUNE 2003 WO 001 39812 3. Superconducting cable characterized in that
conprises at |least one netallic material. PCT/EP99/10443 433%NE 2003
according to claim2, said superconducting material reinforcing foil (21)
made of 5 WO 08ap8Ieconducting cable (1) according to clai m 3PCEREYHAIHGK | zed
in that said superconducting material conprises two reinforcing foils (21)
made of netallic material coupled to oggosite faces of said | ayer. 5.

Super conducting cable (1) according To“clainms 3 or 4, 10 characterized in
that said superconducting material is essentially prestressed along a

| ongi t udi WRELBiPedtl GIEPIS T LB S Subb? cB8AGGEXILEy 1ol L1 tacobr di ng
to clai megpecharactardZas in that the |ayer (20) of superconducting
material of said at | east one superconducting tape (18a, 18b) has a
prestress degree along_a |ongitudinal direction (y) conprised between 0.05
and 0.2 9%BiFCesibsr cohbuet PAg datl ed(1) lacchw diag t Gocl abhrd, ahavatlerized
in that i4sCERRricsRssf phuEabhd YOﬂf;ﬁé‘pgﬂéé’ﬂgéﬁbh%iﬁépec%gﬁe]@,&O%SP})ie
spirally moung on the_sgrface of said at 1east one supporting tubular

el emert ~ (BFCAcLsFdi FgtE6CWFRET nd argl e oRpr i BRE RPN 5tai@se0are.

Super condugdwAg el én ( Hatacc i @b ©i eheig her ghasact@ri)zeghgn that
t he reinfﬁif%ﬂg foil,6 (21), and the negﬁllic chtiqu( 9) o sgid

super cond g 12pestl 18% 4BbPoSSiSie ©F SATRAEMRRI &t e8Pfr oFFPHE group
conpri si ngectoppenf athuri metalBid vied e nbghest urheniseielo r N zeub st @ nl ess
steel, berylliu and alloys thereof. 9. Superconducting cable (1)
accordinge %mspg}ns 1, 3 or 4, characterized in that said supporting
tubul ar elenment (6) is essentially conposite and conprises a first netallic
mat edilal Bmel &tsecdnd avatehrd zdctasicdiiatsedf otkai dabilesmass exdeadbrdiavg ng a

t her mal apsLo | o epts i ghet at ,9f i, _fdirst i al, . WO
00l 39812e%(d‘?38%13%J":JEUENz‘tEéé‘zjgé(i)3‘9’%}(5%,EF>99/°;1‘#t1>f‘1§1]%i o?“%usé*?é%ﬁ &cctsisn%@%:gb_ 24 (1}
accor di ng2RE® cthe miempasrBeEer ilXedeiaget hah saf d §19 stSURRF st md er i al

are fornmegaeeradiagentcanyrasheeet 058c(16, até) reported in following
Table I, with respect to the cases - indicated by la and 1b

15 - obtained assuming that the safety coefficient f is equal
to 4.4 and 2.2 respectively.

In particular, only the structural characteristics of the
phase conductor are reported, since the structural
characteristics of the return conductor may be determined
20 in a quite similar way, in view of the fact that the same

short circuit current passes through both of them.

As it may be noticed from such Table, the cable according
to the invention allows to limit to 5°C (case 1la) and 10 °C
(case 1lb), respectively, the temperature increase AT of the

25 superconducting material in case of short circuit, thus
fully complying with the criterion of full and adiabatic
stability of the cable.

EXAMPLES 2 - 3
(Invention)

30 According to further embodiments of the invention, two
further prototypes of coaxial cable were made, comprising 3
conductive elements, each including a pair of phase and
return conductors consisting of tapes of superconducting



11. Superconducting cable (1) according to claim10, 5 characterized in
that said annul ar sectors (16, 17) are arranged one after q3hsUNEZ003 12.
Super conducting cable (I) according to claim 10, characterized in that said
annul ar sWOt08B¥1216, 17) are spirally wound according to aPalA&PHP44ngl e
conprised 10 between 5 and 50. 13. Superconducting cable (1} according to
claim9, characterized in that said fijrst nmetallic material is a netal
having a resistivity at 77 K < 5*10-9°Wn, a specific heat at 77 K > 106
J/mM K and a heat conductivity at 77 K> 15 S WnK. 14. Superconducti ng
cabl e (MatREebrHi pgiralévaraidd eRara&espierdd vien IURRO BRI NG sektemenmat eri al
is a non i t erdals i ans ficlent.higher
than 17D 6 C 15238 1or dimar shaduct !‘ﬁ“%%ﬁ?égﬁbz%@%ln%ﬁ B i m 14,
char act g h 3 st aandygtarsaegnaf nbhendeyeln ¢ hetialiedtiisc anptestis

mat eri alr sel et edaf oM EBRGAESYR, CONpri sing: pol yani de,
pol ytetrafl uoroet hyl ene and pol yet hyl ene. 16. Conductive el enent (3) for

superconducti ng. cabl es le) 25 conprising at | east one |ayer (20) of
supePcondudd gt Fat 8Fr aF LPnEBTPOF At 8 dSWPPRIEH 1@ Indtdiuliar cvlrment ()

support eghdy @itubW@fuBAENBRELEBl GRAY | SENGGhg¥ LdgkerEinatb @MU of
netallic material wth V\/ﬂlchth | ayer 529) isin.electrical contact, said
8 gl e

| ayer (RALDF-BD sEPEr RBAUGEEFAGINBF.RF e oG F B\ TRah 2 oFangebol i ng
flhui d tm@tﬁﬂperatume d’tﬂieﬂ;igﬁtﬁr}}ihgﬂgi =5 qrm}éﬁahémgp@&atelqrum_ tlo f
char act in_that a predeterni ned anount _of ,conducting mater 0

ool ot 1 vi8 1 bt 1 auaRREER A HEL SERCBURET 6 ¢G0Ty EhapneTally
PCTLEP99/r 0443 deect rticcal conplgct with t hendayeer{29) oinduperadndiecting
mat er| a'cor?é‘&hafﬁ@% A %f@&f@ﬂﬁ}l%‘é&e %?a%hﬁl%l%yr FQE@??BEV GQducting
material"1'h case ol short TITCUIt I's_Tower than the m ni mum tenperature
bet ween 2Uh cpErREger®ttenpes abgea ofoud sgpercohdudtd-ngThat eyicss-and t he

boi |'i ng d&ampesad Ur 88k 82 8h£00] hdbe fEbibdoat 15he yHiani FUMaworKkinR@ pressure

of said fluid. 17. Method adapted to limt the induced stresses along a

| ongi tudinal direction. in a tape_(18) of supercondycting 10 material of a
5L e by EX2BR]

super conddttdgt $abPe WHhpFREEn f EXappd@ dingtie IT&R¥one

t ubukar c&ir&mﬁo:g 6)wdor ;smd Qtdd ngri];&ht anaﬁpb&) @ftr&mlerqmémtﬂmln@ateri al
conpri sin predet erm ned. anpunt of netal || erial, sai ubul ar 15

el enent “t%a ei myfi neg??EEﬂ?%gl CURTATY V\H‘hgangéﬁe ELEE TSP (%’L&S’nducti ng
mat eri algapespirally winding said tape (18) of superconducting nateri al
onto the surface of said at | east one supporting tubular elenment (6) , 20 -

cool i ng 'Er{‘ée 3RS %E&Ie MRLSLL Al At IR Ul e ROt highen jhhan its
critical te egaturg‘ y r%er}%ns o§ a~gocﬁq’;.ﬁg fl wegf c%araq erlzeé’ in that it
conpri seek E3Epg dfoll coupled to the metallic coating of the
20 superconducting tapes analogous to that of Example 1
(Example 2) or were not provided with such foil (Example
3).

Furthermore, similarly to the case of preceding Example 1,
the coupling step of the reinforcing foil to the
25 superconducting tapes was carried out by submitting, in a
first step, the reinforcing foil to a tensile stress in
substantially longitudinal direction and coupling the same,
in a second step, to the tapes in such a way as to obtain a

prestress of the superconducting material.

30 In particular, the foil was submitted to a tensile stress
of about 15.4*107 Pa (15.7 Kg/mm?) obtaining a prestress
level of the superconducting material equal to about 0.1%.

The . structural characteristics of the two cable prototypes
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S to the cable geometry, it turns out that the composite

tubular element of Examples 2 and 3 has a higher thickness

10 than the entirely metallic tubular element of the cable of
Example 1lb, due to the need of providing a suitable amount
of copper for assuring the stability of the cable in
conditions of short c¢ircuit in the presence of a suitable
amount of polytetrafluorocethylene.

15 EXAMPLE 4
(Comparison)

A cable having the same characteristics of preceding
Example 1 was made, however designing the same without
taking into account any stability criterion during the

20 short circuit transient. The results obtained are Feported
in following Table II.

EXAMPLE 5
(Comparison)

Still with the purpose of making a comparison, a cable was
25 made having the same characteristics of preceding Example
1, except for the absence of the reinforcing foil
externally to the tapes of superconducting material, by
adopting the criterion of full and adiabatic stability.

In the above mentioned publication of E.W. Collings, "Flux-
30 Jjump stability and cryostability in ceramic superconductors
for 80K", MRS Int'I Mtg. on Adv. Mats. Vol. 6, 1989
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The results are reported in the same Table II.

By analyzing the following Tables I and II, it turns out

that the cables made according to Examples 4 and 6 are not
5 suitable for practical applications, because of a too high

temperature increase (AT) in case of short circuit.

Instead, the <cables made according to Examples 1-3
guarantee the stability of the superconducting material at
high temperature and to maintain nitrogen in liquid phase
10 with an overall amount of metallic material in electrical
connection with the superconducting material lower than the
cable of Example 5 and with an amount of superconducting
material lower than the cables 7a and 7b of Example 7, with

an ensuing economical saving.
15 EXAMPLE 8
(Evaluation of mechanical stresses)

In order to compare the mechanical stresses induced along a
longitudinal direction in the superconducting material as a
consequence of its cooling by means of liquid nitrogen in

20 the operating arrangement with clamped heads/ cable
prototypes according to Examples 1b, 2 and 3 were compared
with the cable of Example 5.

A minimum total cross-sectional area of metallic material
equal to 298.2 mm? for the full and adiabatic stability in

25 short circuit conditions was assumed.

Copper  was used as first metallic material for
manufacturing the tubular composite supporting elements,
whereas polytetrafluoroethylene was used as second non

metallic material.

30 The supporting tubular element of Examples 1lb and 5 was
made with metal sectors, in particular with copper sectors,
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cable to the terminals as a reaction to the constrained
shrinkage, and finally the amount of conducting material

used compared to that necessary to ensure the full and

10 adiabatic stability of the cable according to the above

described criteria.

The results of such tests are reported in the following
Table III, wherein the wvalue of the critical deformation is
also reported, that is the value of deformation above which
15 fractures and grain separation of the superconducting
material were detected, with an ensuing decrease of the

current transport capacity of the material itself.

With respect to the value of critical deformation, it is

immediately clear from the wvalues of Table III that the
20 cables provided with reinforcing foil, Examples 1lb and 2,

have a greater value than the cables not provided with such

foil; this may be substantially ascribed to the érestress

effect of the layer of superconducting material consequent

to the coupling step of the foil to the metallic coating of
25 the tapes.

From the results of Table III, it is further possible to
observe that, for the cable of Example 5 the deformation of
the superconducting material has a greater value than the
critical one, and this would affect the capacity of the
30 superconducting of transmitting current in

superconductivity conditions.

Advantageously, instead, in both prototypes of Examples 2
and 3 the deformations which the superconducting material
is submitted to, besides being substantially lower than the



| 9$10%p" p" & ()- L1 10% & () - SL0% & () - 3+4" dadbicdpd| 44~_@
101 |104 ' ()-F109% & ()-"y10% & ()- 10" 10" 10"s=!10% & (13 JUNE 2003

1> +$10%" b" &0(0) 44| 5@677 <~ @101 x'°  &$10% & ()-s!” &$10%(c(& ()-s
83109 & () WO BIBog (& () - g! LFLOK (& () - g#10% & () - 788<99": |PCARPIY@4D! !

7H109(h(& () -1~ F.$100("(& ()-! F, $1o%(&()V§*llé?T/4&()--l}
9 1 1$10% (c(& ( u
53%8{@8(% (12)%&() Fmgg(lo%&() Ylo%%?(y 110%\ & ()-t 10h(h( 10h(h(

V7 10! | pl S$10% \ |k s$1004\ & ()- 1ts$10M\& ()- |°
éggg/&hf & ?(?fﬂt%i@ﬁ;& & @reiSL% ¥ (C?i() BEV‘JChan( those detected

10! ! pl * F4A0QPA €he) proithd¥rd OF fﬂﬁ&&@lé’e(ib *as1Q% &4 o Ay P EP0T _of
Clm 11 109 & vl &5 - 210
10% & () éhelsgégg%%§vg%esA7AY- e ”X@mg%sﬁéé suoportlng ?tuEZlar

element in reducing the magnitude of the stresses along a

5 longitudinal direction imparted to the superconducting
material.
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metallic macerial of the internal AT (°C)
supporting tubular element sC
Ex.la | sect.mm? 545 88.6 5
Cu/sc 5.6
Ek.lb | sect.mm’ 335 88.6 10
Cu/sC 3.8
Ex.2 sect.mm’ 335 88.6 10
Cu/sC 3.8
Ex.3 sect.mm’ 33s 88.6 10
Cu/sc 3.8
Internal SC = layer of superconducting material of the internal

S5  conductor (phase conductor)

AT = temperature increase of the superconducting material.
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3. Superconducting cable (1) according to claim 2,
characterized in that said superconducting material
comprises at least one reinforcing foil (21) made of

metallic material.

5 4. Superconducting cable (1) according to <claim 3,
characterized 1in that said superconducting material
comprises two reinforcing foils (21) made of metallic

material coupled to opposite faces of said layer.

5. Superconducting cable (1) according to claims 3 or 4,
10 characterized in that said superconducting material is

essentially prestressed along a longitudinal direction.

6. Superconducting cable (1) according to «claim 5,
characterized in that the layer (20) of superconducting
material of said at least one superconducting tape (18a,
15 18b) has a prestress degree along a longitudinal direction

[

(y) comprised between 0.05 and 0.2 %.

7. Superconducting cable (1) according to c¢laim 1,
characterized in that it comprises a plurality of
superconducting tapes (18a, 18b) spirally wound on the
20 surface of said at least one supporting tubular element (6)

according to winding angles- comprised between 5° and 60°.

8. Superconducting cable (1) according to claims 3 or 4,
characterized in that the reinforcing foil (21) and the
metallic coating (19) of said superconducting tapes (18a,
25 18b) consist of a metal selected from the group comprising:
copper, aluminum, silver, magnesium, nickel, bronze,

stainless steel, beryllium, and alloys thereof.

9. Superconducting cable (1) according to claims 1, 3 or 4,
characterized in that said supporting tubular element (6)
30 is essentially composite and comprises a first metallic
material and a second material associated to said first
material having a thermal expansion coefficient higher than

that of said first material.
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10. Superconducting cable (1) according to claim 9,

characterized in that said first and second material a

~
(D

formed as adjacent annular sectors (16, 17).

11. Superconducting cable (1) according to «claim 10,
5 characterized in that said annular sectors (16, 17) are

arranged one after the other.

12. Superconducting cable (1) according to «claim 10,

characterized in that said annular sectors (16, 17) are

spirally wound according to a winding angle comprised
10 between 5° and 50°.

13. Superconducting cable (1) according to claim 9,

characterized in that said first metallic material is a

metal having a resistivity at 77 K. < 5*10™° Qm, a specific

heat at 77 K > 10° J/m*K and a heat conductivity at 77 K >
15 5 W/mK.

14. Superconducting cable (1) according to claim 9,
characterized in that said second material is a non
metallic material having a thermal expansion coefficient
higher than 17*10°% °c™t.

20‘ 15. Superconducting cable (1) according to claim 14,
characterized in that said second non metallic material is
a plastics material selected from the group comprising:
polyamide, polytetrafluoroethylene and polyethylene.

16. Conductive element (3) for superconducting cables (1)
25 comprising at least one layer (20) of superconducting
material incorporated within a metallic coating (19)
supported by a tubular element (6) comprising a
predetermined amount of metallic material with which the
layer (20) is in electrical contact, said layer (20) of
30 superconducting material is cooled by means of a cooling
fluid to a temperature not higher than its critical
temperature, characterized in that a predetermined amount
of conducting material of resistive type is present in



XA c"10% & ()- XA c"10% & ()- kx|[: M31010 y&#10%/x$Y&' ()- & x# L10IXX$X&' () -
X LIOYXX$X& ()- X3MLOMKX$X& ()- XYLOYXX$XE& () - 13 JUNE 2003

XY", 109X $X&' % 39/1 [: MB1O10 x* $9ST0NIXE () - - $ISTOMSE ()-
x393100%x $X8 PP 3° $1006& () - 3" $109K$& () - x&#109Xx SXSPEVERPYIUA4D
x31099$&' ()- XxY'S 109@$&" ()- 10x$10x$10x$ } 98$109%x$&' ()- }° +9$10%<$&' ()-9
+9$109K$& ()-9 VG [:vU4A10 x x| &$L109R$& ()-x N3#L109R$& () - @ x3109R$& () -
XFMLOY®R$&' () - x#109%@$&' ()- Xx: 10%7$&' (')%l(% VU410 x x!109%8$& () - x

XYBLO9®$E () - XY/ 109@$E. ( ' 109988 () - x109@$& ()- 1&$10% & ()-avu4lo
x| NIlO‘Vd?$&eé')3Ct>FY‘f@‘]96>$§P(‘)- ‘ié?ﬂ@*’m@% 5&/@60/@@@ ()m‘2 xSrﬂlEke%z$&d@)Ct1ng

X#! 10%?$&né):e|r|l[alVU4§-@cP£ Xﬁ§ﬁo%ﬂ$&n{a)xﬁﬁiuﬁd:t by o) 1%% 4 g)

X, #1092 $& éé '10%7$&r$§l 3E"f MLOY®S& () - @ Fprs] | NA41010 03$15%8x
Y,/ $1098 e(f)cond“@‘? OORGRE 151 l%vCﬁSﬂ@cﬁ&ﬁ&O(r)t cuq¢®1@ws&'lpyer

X 0UPS ko7 YBNALOALHLBIE kit e b0ORISRRY - ol e et
XIMOY% L% & () -~ xY10% L% & () - -1 %4 GIY40%) LAS L9, ( )& NATTOT

' L$10 %&"—%‘5“ e%altiJo%L 82“(% ‘{P%V%fi %%W)matsﬁff%al DR Ehe boiling

3 38$10%_€/&n{3)3ra3:$&@%9’&'s(a)rd0 ¢OOLHAY HYEUL O SR e S & i h)imk Ok Y81 QLY

} AMB10%. Y&, %) Jfgo AR, () x @ 9%$10% L% & () -
' 10% L% &EEPHEENT Y| a]b ol 1098R 2& ()- . “Fys' 10%& ()-S Fys' 10% R
&' ()-S xF 109%R 2& ()- xlI'10%R 2& ()- x3Fs! 10%2R 2& ()-gM[: bu410

x9I 1092R RR. ()Method:ys'da@%‘d( B FymitO%hR Bdycssi xFr109RBs2& (Jng a

1 $10MR 13" di 3l¢" ng .2
" Headl ng %ﬁ%u%'pﬁé?%qﬂ?d%%&fq&ga? %%ae Plg%)zladlk%g 8§i%9é llg—% glhagn] c"
"HeadPng fB%]:éTl'alllea@lf-n mcermé@@mﬂgpaﬂa@g}rea ool iR+ Fhe8>steps
F{ MI'Y gn%f\. 1/ 317 rM " $&(* . 02468: <>@DFHILN) Fo& 1t : YAW OS[ hqzS. OMb$)
m FP"% ., -,/ 347]; ; ?AACHPI ) NkPP
VWY * Y[\]cd k b&O> 7p! 2b. D<+b25Ea06l b 1Zk/
L@} ]C g ?\é)éz}gt %ea)stg pe tu%< ar ealoemenl{:X forMsupDortJ_ng
a tape (18) of superconducting mater:.al comprising a
predetermined amount of metallic material, said tubular
15 element (6) being in electrical contact with a tape (18) of

superconducting material,

~ spirally winding said tape (18) of superconducting
material onto the surface of said at least one supporting
tubular element (6),

20 - cooling the superconducting material to a temperature not
higher than its critical temperature by means of a:cooling
fluid,

characterized in that it comprises the steps of:

- coupling at least one reinforcing foil (21) made of
25 metallic material coupled to said tape (18) of

superconducting material,

- determining the total amount of metallic material in
electrical contact with the layer (20) of superconducting
material in such a way that the maximum temperature reached
30 by the superconducting material in case of short circuit is
lower than the minimum temperature between the critical
temperature of the superconducting material and the boiling
terhperature of said cooling fluid at the minimum working
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pressure of said fluid.

18. Method according to claim 17, characterized in that the
superconducting material of said tapes (18a, 18b) has a
prestress degree along a longitudinal direction (v)

comprised between 0.05 and 0.2 %.

19. Method according to claim 17, characterized in that
the tubular element is substantially composite and
comprises a first metallic material and a second material
associated to said first material and having a thermal
expansion coefficient higher than that of said first

material.



