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A I0 m ~ b - ~ n  cable for 60 HZ power transmission 
has been const&xted. The coaxial cable i s  of f lexi-  
ble,  multiple helix,  tape wound form. It has been de- 
s i m d  and instrumented for short  c i r c u i t  current 
tes ts .  The inner aad outer conductor diameters are  ap- 
proximately 26 and 30 ma respectively. The cable i s  
ins ta l led  in a horizontal c ryor ta t  with its ends fixed 
t o  room temperature supports. Measurements have been 
made of ac losses, f au l t  currents, current sharing, and 
recovery frca~ local  quenches. 

1 
In a recent review plans have been described for  

the completion of a 100 m outdoor t a r t  f a c i l i t y  and for 
t e s t s  on 138 kV, 4 kA single and three phase cables. 
The rat ings correspond, on a three phase basis ,  to  a 
circuitl crapaoity of M V A .  Tn order t a  d e t a m b e  
the f ina l  design of t h i s  cable, a amber  of shorter  
LO m cables of similar  ra t ing  a re  being made and tes t -  
ed. The f i r s t  rmjor t e s t  of one of theae is described 
i n  t h i s  paper. It i s  concerned with the c u n e n t  car- 
rying components of the cable. 

The design of t h i s  type o able has been discus- 
sed i n  several publications. 2rjs4 B e  ccnducta  con- 
f iguration i s  i l l u s t r a t ed  in  Pig. 1. Flexibi l i ty  and 
the a b i l i t y  to  taka up loagitudinal cmmact ion  a re  
prwided by hel ica l  tape construction, but double 
layers of opposite he t i c i ty  are  required i n  order t o  

ra t io ,  rrr, of 150. The cladding bond is a tin alloy 
solder which is nua-suparconductiag above 5K. The ca- 
b le  is w d  with the s ta in less  s t e e l  surfaces of the 
tapes facing the high f i e l d  side.  h e  tapes are  6 mm 
wide. As they were s l i t  from a wider s t a r t i ng  tape, 
the edges are  str ipped of Nb Sn. This leads t o  a type 
of ac loss which i s  d i scuoea  balm.  

The al*slaLrmm tapes are  200 ym th ick  and 6 mm wide. 
The nwsured rrr (prior t o  winding) was 2500, so  the 
tapes a re  approximately one skin depth thick. The 
tapes are  coated vith a th in  flaah of copper t o  f ac i l -  
i t a t e  end coaarctions. 

Polypropylene tape, 90 &m thick by 22 am wide is 
used for che insulation. The expamion ceeff ic ient  is  
such tha t  the radia l  contractioa of the wrapped insu- 
l a t ion  metches tha t  of the metal layers. 

The branza core is of double he l ix  form in  order 
t o  be mechanically stable.  It i s  constructed of 1 nm 
thick by 11 mm wide tapes. 

The cable is held tosether radia l ly  by nylon lac- 
ing rather than by the compression layer shown in  
Fig. 1. 

Dtmansions . The principal  dimeorions a re  surmaa- 
r ized in the following table. 

TABLE I 
10.6 m Cabk Parameters 

$onductore: Double Helix h 3 s n  & A 1  

mi&nize  the-ef fec ts  of axia l  magnetic flux. Layers 
of high puzity  aluminum back up the Nb Sn kt order t o  lo .  of 6mnTapes 

. share current  during transient  werloaas or quenches. Dlame t e r  b y  h u l e  i n  Each HeFix 

Star t ing  with the c ~ r c i a l l y  fabricated f lexib le  Inner 21.5 nun 43O 9 
broaze c o r d ,  the conductors and l i e l ea t rdc  ware wound Outer 7CI.k nun &O 11 
using a modified cable winding machine. The resul t ing  
10.6 m long cable i s  ins ta l led  in  a horizontal dewar It, (60 Hz): 1.6 x 10" Q/m (t = 4.3 x 10" ~ / m )  
with its ends fixed t o  room temperature supports. The u 

flow of supercr i t ic r  1 helium ref r igerant  is through the JMU1atFon: PolyproPY1ene 

core. The cable i s  short  circuited a t  one end a s  i t  is m: Bronze, Double Helix 
intended for current t e s t s  only. 

The t e s t  period lasted two months. During the 
f i r s t  few weeks minor ref r igera tor  problems necessi- The lay angles of the superconductor and aluminum lay- 
tated cycling t o  room temperature three times. This ers were chosen as close t o  f 45' as feasible as  t h i s  
produced no adverse ef fec ts .  During the f i n a l  run the angle leads t o  nearly cclllplete cancellat ion of axia l  
cable was cooled continuously for a period of two flux and, therefore, t o  small electromagnetic intarac- 
weeks . t ion with dewar walls or  other -tarnal s t ruc tures .  

The butt  spaces bemeen tapes are 0.2 mar wide, This 
EXPERIMENTAL DESCRIPTION 

t e r i a l s .  The superconducting tape was obtained 
f r c .  h e  Sb3Sn t a p  is clad with 25 p thick 
s ta in less  s t e e l  ofi one surface and 50 vm thick copper 
on the other. The s ta in less  s t e e l  is a var ie ty  of 
type 302 verif ied t o  have lw magaetic loss a t  helium 
temperatures. The copper has a residual  resistance 

Note: i n  contrast  with European terminology we use the 
term "core" for the inner support s tructure and "ca- 
ble" for the coaxial cable exclusive of f ts dewar en- 
closure. 

Manuscript received September 28, 1978. Fig. 1. Schematic of cable construction. c ,  f lexib le  
bronze core: a ,  aluminum s t ab i l i ze r  Lavers: s .  suner- 
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. . - . .  . 
conductor layers;  d ,  p l a s t i c  tape insulat ion;  d ' ,  
d i e l ec t r i c  screen - not included in current t e s t  cable; 
k, canpression layer - replaced by nylon Lacing -in 
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would permit a 50 mn d ia  cable to  be reeled on a 2 m 
drum wfthout edgewise overlap of tapes. 

f Comectionp. A detailed description of the manner 
i n  which terminatfour were made is not possible here. 
Briefly, a t  the input end, 10 m wide Supetcond~t ing 
tapes are indium soldered to  each superconducting lay- 
e r  of the cable. These links, lying para l le l  t o  the 
cable axis, are soldered to  the leads of a low temper- 
ature transformer. Copper s t r i p s  are  used to  l ink the 
aluminum layers to the input transformer. A t  the short 
c i r cu i t  end similar l inks are used for the superconduc- 
t ing layers. These are coanectad t o  a thin copper 
ring. The alwfnum layars are  extended and joined be- 
yond the supercoducting ones. The space between these 
separate joints was mda in order to  locate there a 
current monitor for the LMar alwixium layers. 

Instrumentation. Ac loares are measured by an 
electronic wattzmter technique. The t o t a l  cable loss 
is determined by maam of a voltage probe acrosr the 
input. Fran t h i s  is subtracted the loas read by a 
probe across the short c i r cu i t  joint. This correction 
is about 167. a t  4000 A. In order to  monitor the super- 
conductive material loss, as opposed t o  the cable 
loss,  voltage pick-ups running along the surface of 
individual tapes of the inner conductor are installed.  
Total cable current and inner a lum~mn layer current 
are measured by means of Bogowski coils. The voltage 
waveforma which are i l lus t ra ted below are compemated, 
i.e., the inductive cornpowat has baa subtracted. The 
deriGative si-1 from the Bogwskf co i l  is wed t o  do 
this. Care was taken t o  ensure that  the phase of th i s  
signal i s  correct to  bet ter  than 10'~ rad. 

In order to  study the response of the cable to 
thermal quenches a surface heater fa wrapped over the 
inner conductor surface, under the die lect r ic  wrap. 
It is made of aluminized mylar, low temperature resis-  
t tv i ty  0.3 ohmlsquare ( r r r  = 3.). The heater length i s  
285 nun. It is located approxbately 3 m from the 
shorted end. Usually, 70 W pulsar were used t o  pro- 
duce the local  quenches. 

Current to  the cable is supplied through a tranr- 
former located i n  the cold box clr sa* end af the dewar. 
This transfowar has an iron core and tib3Sn tape wind- 
ings. The s tep  d m  ra t io  Fs 82:l. Cw excitation was 
available t o  7000 A. Higher currents are  obtained by 
resonant discharm of a 2000 LF capacitor bank. Q is 
about 50 up t o  15 kA and f a l l s  thereafter due to  trans- 
former loases. 

Tamperatures are maasured by means of calibrated 
carboa thennaneters located every 2 m both in  the core 
and outside the cable. - - - .  

Refri seration. The supercri t ical  helium pressure 
was generally 12 am. While the h i d e  and outside of 
the cable are i n  pressure equilibrium. the flow af 
refrigerant is forced to  take place through the core, 
entering a t  the short circuited end and leaving a t  the 
current input (transformer) end. 

The available refrigeration was about 0.4 @/set 
corresponding to  a flow velocity of about 1 cm/rec a t  
7.5K. This was much lower than expected and provided 
an unplanned worst-case t e s t ,  i n  effect .  

RESULTS 

A r  l o r s ~ r .  Tn Pig. 2 the rum of the inner and 
outer conductor losses per meter i s  shown as a function 
of temperature for I 3850 A (500 A/cm) rms, f - 60 
Hz. The peak near 9K has been discussed previously3*6. 
It i s  due to  components of the current which c i rcula te  
around the indivfdual tapes and pass through the nio- 
bium substrate. A s  present plans c a l l  for l ine  opera- 
tion a t  approximately 6 to 8K, the effect  of this peak 
w i l l  be small. The loss a t  7K is approximately 0.2 
W/m. This is about three times greater than expected 
from previops short cable experiments and i s  a matter 
of some concern. The observed current dependence up 

t o  6000 A i s  12.2. Eddy current losses i n  normal metal 
parts of the cable and dewar appear to  be ruled out by 
the frequency dependence, $07, up to  110 Rz. I n  addi- 
tion, the axial  flux, measured by a c o i l  wound around 
the cable, i s  too small t o  produce appreciable loss i n  
surrounding pipes. Current flow i n  the aluminum layers 
is too small to account for the loss. The sp i ra l  sur- 
face probes s h w  that  losses in the Wb Sn tapes are 
about the samr as for the as-received L t e r f a l .  Thus, 
the tapes w r e  not degraded by the cabling process - 
a t  leas t  not those monitored (5 m length of tape). The 
observed loss voltage waveform has a large sfnusofdal 
coinponent which together with the preceding facts in- 
dicates an ohm;ic loss mech.nism. G. Morgan has sug- 
gested tha t  current flow betwaen the suparconducting 
helices,  passing through a layer of s ta in less  s t e e l  
may be the source of tho obrerped dissipation. Pre- 
liminary camputer modelfag supports th i s  poasibil i ty 
and tndicates that replacing the stairrless by copper 
would great1 reduce the loss. Previous 1 m model X t e s t  resul ts  wing  copper clad tapes a re  consfatent 
with th i s  conclurion. Some s ta inless ,  howaver, i s  
needed for strength. 

Fault currents. A t  high currents the supercon- 
ductive hysteretic loss waveform becomes much larger 
than that  due to  the previously discussed effect .  The 
omet  of the res is t ive  t ransi t ion can then be readily 
defected by deviations in  the voltage waveforms. Fig- 
ure 3 is an example of th is  behavior. Inspection of 

Ts K 
Fig. 2. Ac losa, inner and outer conductors. 
I * 3850 A (500 A/cm) mur , f = 60 Hz. Horizontal bars 
represent temperature extremes along the cable. 

Fig. 3. Pulsed fault  current and cable loss voltage. 
Bus values of the f i r s t  three f-cycles of current are 
21.9 kA (2840 ~/cm), 17.1 kA (2230 A/cm) and 10.0 kA 
(1300 ~ / c m ) .  T = 6 -  7a 



the sp i ra l  surface probes shews that  not a l l  parts of 
the cables are  resirtima a t  this point. It can be seen 
that  f o r d l s  s i n g L e c y c l r o f ~ L s r d ,  tbraprcoedPcr 
t ing waveform is ful ly  recowred a f t e r  one cycle. Val- 
ues of the res is t ive  onset a t  T = 5.3, 6.7, and 8.3K 
were 22 kA (2850 ~ / c m )  m s ,  20.8 (2700) and 19.3 (2500) 
respectively. Tttese valuer are  in l ine  o i t h  previous 
data for lab ~ornp lea .~  Aa was expected, placing the 
copper cladding ant i re ly  an tha low f i e ld  side of the 
tapes provides adequate flux jump s tabi l i ty .  

Tha cable wan purred to  greater currents than the 
above. The wlmm + cycle current applied was 27.7 U 
(3600 Alcm) ma. Recovery again occurred in one cycle, 
when the current had fa l len  to  8.4 kA. 

Current in s t ab i l i ze r  layers. The normal s t a t e  re- 
sistance of the Nb Sn tapes when quenched by a suff i -  
c ient ly  large currant i s  much larger than that of the 
alumfntao - 40 timer a t  8K. In t h i r  s t a t e  current f l w  
i s  mostly through the aluminum. This is obrerved i n  
measurements a t  elevated temperatures (1. 25t) and 
serves to  shov that the co i l  sensing the aluminum cur- 
rent works properly. In the superconducting region, 
current distr ibution among the various layers can be 
calculated by mans of the model equations described 
in refereases 2 nnd 3 ,  It Cs W c e r o w  t o  assume an 
ef faf t ive  ohmic res istance for the superconductive 
loss, and to a e  a computer to  solve for the eight 
complex currents. The resul ts  of the calculation can 
be surrmatized as fo l lws :  

1. A t  Iw currents the fractioq carried by the 
aluminum i s  small, about 1% of the to ta l ,  and shifted 
by -lad)- i.o., there i s  a return f l w .  

2. As the supercorductive loes increases, current 
transfers to the alltmfnun, atcatt in$ t o  approximately 
25% of the to ta l  whea the layer resistances are equal. 

3. Tha phase of the alaminum current sh i f t s  from 
-180~ t o  0' as it increases i n  mpg~itude. These pre- 

dietioris are in reasonable accord with axpertamnt, the 
main disagreement being that  a t  LOU cable current the 
&action carried by the aluminum is less  than calcu- 
lated by a factor of 2 t o  3. Figure 4 sham cable and 
aluminum current waveforms for an F a i t h 1  current 
pulse of 21.2 trB. rms. The f i r s t  alumirmm peak is 196 
A m. The phase angle behavior dascrtbed abwe is 
apparent. A plot of the alwtfartm current magnitude 
and phase vs cable current i s  show i n  Fig. 5. The 
high cuttarif pbZrtf$ PP.4 U&t%V6U Trm CratlYLrur data 
such as Pig. 4, while the lwer p o h t s  are from cw 
measurements. 

Fig. 4. Total cable current and aluminum stabi l izer  
current. Current pulse ( f i r s t  t o  peak) i s  approxi- 
mately same as Aluatimtm current values are 
gives i n  text. Note phase s h i f t  t o  1800 a t  low cur- 
rents. T = 8.5K. 

0 
.phase angle 

Cable current, U rms 

Fig. 5. Magnitude (0) and phase (1 ) of current i n  
aluminum s tab i l i ze r  layers vs to ta l  cable current. 
Vertical bars represent uncertainty in  phase angle 
dere&aation.T = 8K. 

Recoverv from local tauenches. Cryogenic s t a b i l i t y  
of the cable was touched ck in early work.8 This re- 
f e r s  t o  the property by which a local normal region of 
the cable does not grcw i n  extent while current i s  be- 
ing carried, A similar though uot exactly the same 
property i s  the respoase of a region which is ther- 
mal ly  quenched while the cable i s  carrying current. 
A complete investigation of this phenomenon has not 
been carried out but rather we have demcnstrated that  
the cable w i l l  perform adequately i n  th i s  respect. 
The method i s  described by reference t o  Fig. 6. The 
upper trace shows the loss voltage from a 1 m long 
surface probe located i n  the heated ragion, while the 
l w e r  trace ahws the current detected i n  the aluminum 
monitor. Destruction of superconductivity and trams- 
f e r  of current t o  the underlying aluminum occurred 
1.31 sac a f t e r  the heater was turned on. With cable 
cusrent l e f t  on,the heater war cursed o f f  a t  1.61 eec 
and the noma1 zone collapsed withim 0.07 sac. h e  
maximrna current transferred t o  the aluminum was 200 A 
ma, indicating that  the norraal region remained small 
in  extent thrcughout. The effect  is dependent on the 
length of t h e  the 70 W heater remains on a f t e r  quench 
begins. A t  2300 A, recwery occurred for the longest 
such time t r ied ,  2 sec, but forthe highest cable cur- 

--- -Heater ON, ----.--... -4 OFF 
Fig. 6. Quench in i t i a t ion  and recovery experiment. 
I = 2.3 kA (300 X/cm) rms. T = 8K. Upper curve: 
superconductor loss voltage for heated region; the 
cursor indicates the point a t  which this region of the 
cable goes normal. Lower curve: current i n  aluminum 
stabi l izer .  The sinusoidally varying signals in  the 
normal region have a patterned appearance due to  the 
choice of sampling ra te  and scale. 



r e n t  t r i e d ,  3850 A (500 A/cm) nus, recovery occurred 
3 ?Zvr h e a t w  -times up t o  abuut 0, & .oec. It .&add REFERENCES 

be noted t h a t  in view- of the lov helium flow ve loc i ty  
i n  these experiments, hea t  t r a n s f e r  between the inner  
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SUMMARY 
2. G. H. Xorgan and E. B. Forsyth, Advances i n  Cryo- 

genic Engineering 22 434 (1976). 

Tests have been described on a r e a l i s t i c a l l y  con- 
s t a c t e d  f l e x i b l e  cab le  i n s t a l l e d  i n  a hor izon ta l  3. 

dewar with ends f ixed t o  room temperature supports.  , 

Performance as  regards f a u l t  cur ren t  and quench re- 
covery i s  very good. The cab le  remains e n t i r e l y  super- 
conducting for  s i n g l e  cycle  pulses of cur ren t  up t o  
19 kA (2500 A/cm) rms. I t  has been run continuously 4. 

f o r  periods up t o  an hour a t  3850 A (500 A/cm), behav- 
ing q u i t e  s tab ly .  A t  t h i s  cur ren t ,  when i t  i s  thermal- 
l y  quenched i t  rzcovers t o  the superconducting s t a t e  : s' 
without disconnecting the cur ren t .  The cable  has been . 
pulsed or quenched i n  the above ways more than 100 

' . t i m e s  without ill e f f e c t .  The ac l o s s  i s  l e s s  s a t i s -  ' 
fac tory ,  being two or th ree  times l a r g e r  than expected. 

' Ih r  extra l e s s  io rooioti.v.ve Ian nature and does not seem 
t o  be due t o  the superconductor which appears t o  per- 6 .  

form well .  The e f f e c t  was not  observed i n  previous 1 m 
models and can, we bel ieve,  be eliminated. . . 7. 

The 10.6 m cab le  has revealed no obstacles  f o r  the 
design of the fu ture  100 m prototype and is an encour- 
aging precursor t o  i t .  1 8. 
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