
IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-19, NO. 3,  MAY 1983 341 

A 25 kA, 2T,  78 kJ, 52 LITRE  SUPERCONDUCTING  TEST  COIL. 
STRENGTH  CALCULATIONS  AND  CONSTRUCTION. 

H.H.J.  ten  Kate,  A.H.M.  Holtslag,  J.  Knoben, 
H.A.  Steffens  and L.J.M. van  de  Klundert 

Twente  University  of  Technology 
Dept.  of  Applied  Physics 

P.O.B.  217,  7500  AE  ENSCHEDE 
THE  NETHERLANDS 

Abstract 

Within  the  scope  of  our  research  program  for a 25 kA 
superconducting  rectifier, we have  built a 25 kA S.C. 
coil  being a single  layer  solenoid  with a bore  of  0.45 
meter  and a volume  of 52 litre.  The  starting  point  for 
the  design  was  to  avoid  any  metallic  structural 
material.  This  unique  coil  consists  of  26  turns  of a 
Rutherford  cable  in  one  layer  covered  at  the  outside 
with 6 millimeter  glassfibre  reinforced  epoxy,  in  order 
to  lower  the  azimuthal  and  axial  stresses  in  the  con- 
ductor to  acceptable  values.  The  coil  has  been  vacuum 
impregnated  with a glassfilling  factor  of  0;529.  The 
paper  describes  the  strength  calculations  and  the 
construction  details. A theoretical  analysis  of  the 
mechanical  behaviour  of  the glassfibre-epoxy-conduc- 
tor  lamination  is  given. 

Introduction 

It  is a challenge to  construct a high  current  super- 
conducting  coil  which  consists  with  exception  of  the 
conductor  itself  of  nonmettalic  parts  being  glassfibre 
reinforced  epoxy. In this  concept  all  possible  objects 
of  the resin and  the  glassfibres  such  as  potting-,  in- 
sulation-,  and  reinforcing  material  are  integrated. 

The  coil  has  been  built  in  order  to  test  our  25 kA 
S.C. rectifier ' 9 ' .  For  this  purpose  it  was  important 
to  create a simple  coil.Limits  were  set  by  the  ope- 

rating  current (25  kA),  the  Length  and  critical  current 
of  the  conductor  (26 kA/3 T)  and  the  available  space  in 
the  cryostat. 

The  following  points:  the  coil  data  and  geometry, 
the  Lorentz  forces  in  the  coil  in  axia1,radial  and 
azimuthal  direction,  the  desirable  thickness  of  the 
glassfibre-epoxy  reinforcements,  the  determination  of 
the  constants of elasticity  of  the  glassfibre  epoxy, 

the coil,  will  successively  come up  for discussion. 
the  vacuum  impregnation  process and  the production  of 

Coil  data  and  geometry 

The  solenoid  is  build  up  with  26  turns in  one  layer, 
has a bore  of  0.45  meter, a length  of  0.34  meter  and a 
volume  of 52 litre. 

The  inductance  and  energy-content  are  0.25 mH and 
78 kJ respectively.  The  central  field  is  1.45 T, the 
maximum  field  at  the  windings  is  2.45 T at  25  kA. A 
24  strand  MCA  Rutherford  cable  (26 kA/3 T) 
(1 2,3 x 2.05 m2) has  to  carry  the  current.  The  strand 
conductor  is a 1.05 millimeter  diameter  MCA  367  fil. 
of  36.5  Vm  diameter  NbTijCu = 0.8 wire.  The  cable  has 
not  been  soldered  in  the  windings.  The  data  about  the 
forces  and  coil  reinforcements  are  discussed  below. 
The  finished  coil  is  shown  in  fig. 1 .  

Lorentz  forces 

In order  to  calculate  the  Lorentz  forces  in  the 
windings  the  26  turns  are  replaced  by  the  windings 
cross-section  with  an  average  current  density 
5 = 944 A/m2. The  current  density  in  the  strands  is 
5s = 1200 A/m2. 

Axial  forces,  The  radial  component Br(r,z)  of  the 
magnetic  field on the  volume  element  2~rrdrdz  in  the 
windings  causes  an  axial  force  dFz = Br(r,z). 
J.2~rrdrdz. In the  case  of  thin  solenoids  the  field 
component  Br(r,z)  at a certain  position z is  nearly 
independent  of r (rl 5 r <_ r2)  (see  fig.  2a).  The 
axial  pressure  force  increase  steadily  from  zero  at 
the  end  (z = 0) to  Fzo(t/2)  at  the  centre  plane 
(z = R/2). We  assume  the-average  values 

rl 
and 

Er - R i'/f.(z)dz = 0.43 T. 

0 

The  axial  pressure  force F,' and  stress a,' can  be - Fig. 1 .  The  finished  25 kA superconducting  solenoid. written  as: 1 
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Fig.  2.  Longitudinal  section  of  the  coil  with  axial 
forces (a) and  radial  forces (b). 
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Fig. 3 .  The  radial  component  of  the  magnetic  field 
averaged  over  r  and  with  the  force  and  stress  in  axial 
direction. 

o O ( z >  = 3 Br(z)dz , (0 5 z 5 -). r 2. 
2 

0 

Their  maxima  are Fz0(9./2) = .rrWIBr = - 198 kN 

Fig. 3 shows  the  z-dependence  of Br, F Z o  and azo. 
E 

o2 ' = 812 5 Sr - 70 MPa 

Radial  force, A s  a  consequence  of  the  axial  com- 
ponent  Bz(r,z) of the  magnetic  field  the  volume  ele- 
ment 21~rdrdz ezperiences  a  radial  force 
dF:= BZ(r,z) J 21~rdrdz. 

perience  a  positive  force  and  those  at  the  outside 
a  negative  force  (see  fig. 2b). We  again  assume  the 
average  values 

volume  elements  at  the  inside of the  windings  ex- 

- 
B ( z )  = 

I ir; (r,z)2nrdr 

r1 r 

n(rzz-rlz) 

E z  = 2 R I BZ(z)dz. and R/2 r1 

0' 

The  net  radial  force  and  pressure on the  winding  ele- 
ment  Znrdrdz  are 

dFro = 5 dz BZ (r,z)Znrdr 

= n(r2*-rlZ)  BZ(z)dz 5 2 2nR Bz 3 hdz 

and 

PrG(z) = J B Z ( z )  h 
- -  

Fig. 4 .  The  axial  component  of  the  magnetic  field (a) 
and  its  average  value.  The  peaks in (a) at  both  conduc- 
tor  sides  are  determined  by  the  not  uniform  current 
density  in  the  computer  calculations  and  in  the  real 
conductor.  These  peaks  do  not  influence  the  stress 
calculations. 

Fig. 4 shows  the  r-dependence  of B, at  two  values  and 
the  z-dependence  of B,. 

Azimuthal  force.  The  net  positive  radial  force  is 
compensated  by  the  tensile  force Feo in  the  conductor 
in absence of any  reinforcement.  The  azimuthal  tensile 
force  and  stress  are  described  by: 

Feo = 7 R K AC ; A = area  conductor s z  C 

The  maximum  tensile  stress D e o  (R/2) = 180 MPa; the 
total  force  in  the  circumference  of  the  windings  is 
Fe0 = 90 kN. 

Glassfibres-epoxy-conductor lamination 

The  stresses  calculated  above  bring  about  a  strain 
up  to 0.2% which  is  unacceptable.  To  reduce 
this  the  windings  have  been  reinforced  with  glass- 
fibre-epoxy.  The  mechanical  behaviour  of  the  glass- 
fibre-epoxy-conductor  composite  can  be  described  by 
four  equations: 

d ag = d ue + t  ueL ; d = N.A /R=1.62 mm ( 1 )  
oc C 

C 
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than 8.  The  buckling  resistance  of  the  fibre-epoxy  part 
has  been  checked.  The  buckling  stress4  ab  is  a  factor 
20 larger  than  the  normal  axial  stress azL = - 12.8 MPa 

These  equations  divide  the  previous  stresses  in 0 and 
z direction (oe°C, ,zac) between  the  conductor (Ogc, 
U Z ~ )  and  the  glassflbres-epoxy  part (ogLy azL) being 
conditioned  by  equal  strain in  both  parts.  This  des- 
cription  is  only  valid  in  case  of  thin  wall  coils! In 
other  cases  the  situation  is  more  complex  because  of 
the  strong  r  dependence  of  all  stresses. 

the  constants  of  elasticity  are  equal  for  both  di- 
rections (EeC = EZCy v e ~ ~  = V z e c ) .  Generally  this  is 
not  true  if  some complicated cable  structure  is  used 
as a  conductor.  The  constants  of  elasticity  of  the 
glassfibre-epoxy  part  will  be  calculated  below.  Con- 
sidering  the  value  of U e ° C  with  regard  to uzoc and 
oez  the Poisson  ratio vez can be  neglected in  equation 
( 3 ) ,  not  in (4). Equations ( 1 )  and ( 3 )  give  then  a 
simple  relation  which  illustrates  the  reduction  of  the 
azimuthal  tensile  stress  in  the  conductor  as  a  result 
of  the  glassfibre-epoxy  reinforcement  with  a  thickness 
t: 

Further  it  is  assumed  that  in  the  conductor  part 

u oc 

u c  
0 t EoL - -  - I + -  (5) 
e d Eec 

A large  value  of  EoL , the  azimuthal  modulus  of  elasti- 
c?  of  the  glassfibre-epoxy  part,  has  been  achieved  by 
winding  the  glassfibre  tape,  i.e.,  the  long  warp  fibres 
in  the  azimuthal  direction. In conclusion  the  maximum 
stresses (z = P.12) in the  conductor  decreases  by  means 
of  the  reinforcement  (t = 6 mm) as  follows: 

u O C  = 180 MPa 

uzo = - 70 MPa o = - 31.4  MPa 
e E = 0.07% 

t = 6 m )  
e 

C 
Z 

la: = - 12.8 MPa 

\E = - 0.045% 2 

Several  hypotheses3  are  known  which  predict  when  mini 
cracks  between  the  fibres  and  the  epoxy  appear  depend- 
ing on the  constants  of  elasticity,  the  angles  of 
direction  of  fibres  and  stresses.  Fig. 5 shows  the 
predictions  for  this  coil.  The  current in the  coil  may 
increase  until 30 kA before  mini  cracks  appear.  The 
safety  factor  according  to  this  criterion  is  about 1.5. 

until : 
Before  the  fibres  crack  the  forces  may  increase 

Fe (fibre  crack) = 860 kN >> 90 kN 
FZ (fibre  crack) = 1.6 MN >> 198 kN 

So the  safety  factor  with  this  criterion  is  greater 

coil 3 I \ 

\ I  I 

Fig. 5. The  maximum  stresses  in  the  glassfibre-epxoy 
part  before  mini  cracks  appear. 

u > -(E .E ) z  . = 260 MPa 1 ' t  
b - 4  0 Z 

Fibre  reinforced  plastics 

The  mechanical  properties  of  a  homogeneous  material 
can  be  described  by  the  E-modulus  and  the  Poisson  ratio 
v. It is  a  task  for  the  designer  to  find  these  quanti- 
ties  at  cryogenic  temperatures in order  to  secure  safe 
operation  of  the  product.  The  shell-shaped  construction 
(lamination)  of  the  fibre  reinforced  epoxy  resins  con- 
sists  of  multilayers of resin (R) and  fibers (F) with 
relative  thicknesses ti. Each  layer  of  glassfibre-epoxy 
can  have  a  different  angle  of  direction Bi. If  a  layer 
is  deformed  at  first  the  strain  of  resin (ER) and 
fibres (EF) will  be  the  same. For the  parallel  (to  the 
fibres)  direction  holds = EF = E / /  and: 

The  E//  increases  linearly  with  the  fibre  filling  factor 
4 .  

If ER and gF are  the  maximum  strains  without  fracture 
of the  resin and  fibre  part  respectively  mini  cracks  in 
the  resin  will  occur  at  the  stress 

The  fracture  stress  of  the  total  composite  will  be 
a / /  (fracture) 5 ?F . $EF (see  figure 6). 

Fig. 6. The  relation  between  E//, E, and  the  fibre 
fllling  factor $(a)  and the  stress-strain  curve  for  a 
composite. 

For  the  transverse  direction  the  experimentally  de- 
termined  relation3  holds: 

The  deformation  of  each  layer  i is now  described  by: 

For  each  layer 
8 and Z of  the 

i the  stresses  in  the  relevant  direction 
coil  can  be  added: 

t. U I l i  cos2 Bi 

ti '//i sin2 Bi 
t. alii sin B .  cos Bi = T ze 
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wherein Bi  is  the  angle  between  the  fibres (11) and 
the  relevant 6 direction. 

The  constants  of  elasticity  for  our  lamination.  In 
our  case  the  lamination  has  been  build UD with  alass- 
fibre  tape.  The  long  warp  fibres  make an  angle = 1.4O 
with  the  relevant  direction. So in  this  case 
(cos2 1.4O = 0.999)  the  model  of  the  glassfibre-epoxy 
composite  can  be  simplified  to a two  part  model re- 
presenting  the  warp  fibres-epoxy  part in6 direction 
(6) and  the  weft  fibres-epoxy  part in the z direction 
(90° + B ) .  The  relative  thicknesses  of  these  parts  is 
t// = 0.535 and tl = 0.465 respectively.  With  the  for- 
mulae  above,Table I and  the  substitution  schemes  of  the 
9 and Z parts  (fig. 7 ) ,  the  constants  of  elasticity  in 
both  directions  can  be  determined: 

--- ~ ~ 

Ell = 0.42 MPa 

veZL = tllvllL+tLvll, = 0.250 v = 0.232 

v = 0.270 

EzL = t E+t E = 38.8 MPa  EL = 36.1 MPa 

= t E +t E = 39.3 m a  I /  I1 1 I 

* 
I l l  

111 

v L =  ze ' / I ~ ~ I / + ~ ~ ~ I I ~  = O *  253 

4 

... 
w a r p  
fibres 

r e s i n  

2.. d=O.531 =0.469 

weftfibres =0.531 

resin =O. 469 
... 

Fig. 7 .  Substitution  schemes  of  the  glassfibre-epoxy 
lamination  in e direction (a)  and  in z direction ( b ) .  

Thermal  contraction.  The  integral  thermal  contraction 

6 = r 2 a  dT = AL/L 
T1 

for the  substitution  schemes  in  fig. 7 are  calculated 
to  be  6, = 3.12 and 62 = 3.45 IOd3. 
Comparison  with  the  thermal  contraction  of  copper 
(3 .24  shows  that  as a  consequence  of  the  great 
fibre  concentration  the  integral  thermal  contractions 
of  all  parts  are  nearly  the  same.  The  resulting  mechani- 
cal  stress  between  the  conductor  and  the  glassfibre- 
epoxy  lamination  due  to  the  thermal  contraction  is  given 
by 

hEL 
luic = 13.2 MPa 

these  stresses  are  quite  low  compared to the  Lorentz 
forces  and  can  be  neglected.  In  absence  of  any  glass- 

would  be 

Production  of  the  coil 

Glassfibre  tape.  Several  tests  were  done  with  a  fine 
woven and a  coarse  woven  glassfibre  tape.  The  best  im- 
pregnation  results  were  obtained  for  the  coarse  woven 
tape  because  of  the  greater  fibre  filling  factor,  the 
lower  epoxy  flow  resistance  and  the  more  homogeneous 
weave  (see  Table 11). Both  tapes  are  made  from  the 
same  VETROTEX'  E-glassfibres. 

Table I Properties  of  relevant  materials. 

0.0032 

NbCuTi 92000* 

* 300 K 

Table I1 Relevant  data  about  two  glassfibre  tapes. 

t y p e  weft warp 6 glassfilling 1 thit?ss % %  measured d calculated 2;s "c 
f i n e  

46.5 5 3 . 5  0.529 0.531 1354 70 170 coarse 

37.0 63.0 0.454 0.451 1150 30 80 

Epoxy-resin.  The  epoxy  acts  as a  binding  agent, 
between  fibres  and  conductor.  For  this  case  a  well 
de~cribed~-~ epoxy  CIBA CY221HY379 was  choosen  from  the 
many  epoxies  available  in  order  to  be  able  to  compare 
test  results.  Important  for  the  working  up  of  the  epoxy 
are  a  few  physical  properties:  working  temperature 
(40 OC), potlife (1.2 hr), curing  temperature (70 OC) 
and  the  starting  viscosity '10 (40%) = 0.17 P a s .  

Vacuum  impregnation.  The  coil  winding  is  surrounded 
by a  vacuum  seal  which  is  stiff on the  inside  of  the 
coil  and  flexible  on  the  outside  (Mylar  foil).  This 
last  concept  allows  to  reach  the  maximum  possible 
glassfilling  factor 0.53 because  of  the  air  pressure  on 
the  glassfibres  via  the  flexible  foil  (see  Table 11). 
Fig. 8 shows  the  vacuum  impregnation  installation.  The 
epoxy  is  supplied  at  the  bottom  and  then  rises  through 
the  windings  up  to a  height R(t). 

Fig. 8. The  vacuum  impregnation  installation. 

The  epoxy  flow  through  the  glassfibre-conductor  packet 
can  be  described  by: 

in  which  d!L/dt  is  the  average  velocity  of  the  epoxy, 
reff the  effective  radius  of  the  pores, Ap the  diffe- 
rence  in  pressure  between  coil  and  epoxy  container, 
T- = n o  etjT  the  time  depending  viscosity  of  the  epoxy. 
The  height R(t) is  given  by: 

If  the  visocity  is  constant (t < t ) then R(t> is  pro- 
portional  to V?(diffusion). P 
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The  maximum  height  that  can  be  reached  is  given  by 
%,,2 = Ap r2eff ?/4170. Equation (6) describes  the  pro- 
cess  adequately. 

An a  reement  has  been  found  with  the  data  of 
Hartwigg  concerning  the n / n o  in our  case  determined 
from (6) (see  fig. 9). Becauseof  the  short  potlife  of 
the  epoxy  used,  the  coil  has  been  filled  in  two  stages. 
In stage  one  the  lower  half  has  been  impregnated  from 
the  bottom. In stage  two  the  upper  half  has  been  impreg- 
nated  with  fresh  epoxy  supplied  through  a  ring  at  the 
middle  of  the  coil.  The  filling  proces  is  shown  in 
fig. 10. 

," .. ~ 

Q OUT measurements ' 

- data Hartwig' / .- 

/ 

1 
0 roo 

Fig. 9. The  time  dependent  relative  viscosity  of  the 
epoxy.  Comparison  of  measurements  with  data  of Hartwig. 

Fig. 10. The  measured  double  stage  impregnation  process. 

1 heat-ing  inside 
r start  curing 

1 ,+heatma outside 
'ooLaown 

Fig. 11. The  cure  cycle. 

Curing.  Cracks  caused  by  chemical  shrinkage  have to 
be  avoided  by  curing  the  coil  with  a  temperature  gra- 
dient.  This  gradient  is  achieved  by  a  heater  at  the 
inside  of  the  windings.  The  mimimum  curing  time for 
this  epoxy  is 4 hr at 400 and  8 hr at 70 OC. The  cure 
cycle  is  shown  in  fig. 1 1 .  
After  the  cure  cycle  is  completed  all  vacuum  seals  and 
coil  former  are  removed. 

Former  winding.  The  next  layers  have  been  wound  succes- 
sively: an  underlayer  of  coarse  glassfibre  tape 
(0.68 mm thick);  26  turns  of  the  conductor  (2.7 mu); 
20 layers  coarse  tape (6.8 mu); and  one  layer  fine  tape 
(0.16 mm). The  glassfibre  tape  in  one  layer  has  been 
wound  with 200% overlap. The  conductor  has  been  wrapped 
around  with  one  layer  fine  tape.  After  the  fourtienth 
layer  one  connection  terminal  is  led  back  to  the  other 
terminal so that  both  are  at  one  side. Two heaters,  two 
quench  sensing  coils  and  two  voltage  centre  taps  have 
also  been  placed. 

Final  remarks 

The  coil  has  been  finished.  Visual  inspection  of  the 
cured  glassfibre-epxoy  lamination  showed  no  faults. 
Tests  with  positive  results  were  done  with  many  samples 
concerning  tensile  strength,  thermal  cycling  between 80 
and 300  K,  glass  filling  factor  and  the  method of 
vacuum  impregnation.  Our  method  brings  about anexcellent 
volume  glass  filling  factor  of 0.53. A  describtion  of 
the  vacuum  impregnation  process  has  been  given. Itshowed 
good  agreement  with  data  known  from  references.  The 
superconducting  properties  of  the  coil  will  be  measured 
if  the  25 kA S.C. rectifier  is  tested. 
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