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A tis t r:ic t 

Insulation volds (hie to imprc:g~ution and potting fall- 
ure, and rlcrlamlnition of insulation due to magncxto- 
mec ha n IC a I :in d t hc r m om (*: Ian ic a I fo rc e s 1 ead 1 r equen t 1 y 
to coll dcficlencles such a s  corona, accelerated aging. 
e I cc t r Ica 1 1) rea kdr, wn bet wcxn con rJuc tor  s a nd ad j :le en t 
jnncakcs,  or flashover from coll to niakmet core or  
et ructu ra I I n r t s .  

T h e  prcvcmtlon and eva1u:ition of cavit ies and the 
deterrnlnatlon of thc*ir s ize  and distril~utlon over  the coil 
I s  a fcjrmlt~ible  h e k .  
mlnc the stresscs on the Inxulallon and corom. ioniza- 
tlon cflccts on tlie thermofiet, and reduction of the corona 
LhrcsIiOld due to cnvlronmen1:il influences is discussed. 
Methods of prevention, detection, and evaluation of 
cavltles arc’ glvcn. A nontlefitructlve coil tes t  program 
to evaluate the soundncss of Insulatlon 18 prolxised. 

Ilowevcr, an appro:ich to  tleter- 

I .  In1 r oduc t 1 on 

A H  recently 8 8  a fcw yea r s  ago, silicone varnlsh 
dlplwtl, g:]:IHs fLllMX1, hollow s q w r c  conductor C O I I S  wero 
fal)ric:itecl for :I numl)cr of powerfu l  c1ectrom:igncts. 
T h i s  insuhtion technique 1s now considered inferior due 
to t h e  lack of rlgitlity in the finished structure. The 
varnifih was found to soften at moderate operatiomil 
lcmlxraturcs ant1 Interturn sliorts :rppcared after all- 
~iroxlm:itcly three yea r s  o f  operation. In other C ~ R W I ,  

Ruth :IH a sm:i11 l ~ u l ~ l ~ l e  chamher magnct coil at CISItN, 
wh I C  11 W:I H in  su I :I le tl w i t h 13 - staged g 1 a s s -c I o t h eimxy . 
the coll f:iiletl :ifter less than one year  of operation duo 
to w:itcr penetration into the insulal.ion. CoiIa have 
failed tluc to C X C C H H ~ V C  clcctro- and m:igncto-mcchnnIc:il 
etrcsscs, nonuniform hc:iting, nonprofessional impreg- 
nntlon, or other C ~ U H C B  100 complex and numerous to be 
~ ~ K C U H H C ! ~  in a Ixlper o f  this scopc. 

functlons: 
nmlxrc- turns ,  I)c :tl)lc to withstand c1eclrom:i~nctlc and 
mccli:inlc:il forcca, rind not fatiquc over thc magnet life- 
t i m e  due to olxr;ition:il t  
ment where moisture,  c1iomic:il fumes, and dust may bo 
present.  The H ~ C C  for the location of the windings IS 
gencrnlly Iimitetl, and coml):ict colla with high current 
dcnaitics need cxtcknsivc cooling and good insu1:ition. 
Ilircct cooling IH c!ssc:nti;il for powerful e1cctrom;ignets. 
Ilollow roc.t:ing,ul:rr c~cin(luc~tors like tli:it shown in l i g .  l a ,  
nntl tiirccL rooicd multi-str:intl(*tl c.ontluc~toi-s (as In Fig. 
l b ) ,  or ctlgc-cooiccl coils lor Iiigti Ixjwcr densities, arc 
common. 

‘I‘hc: mwii:inical struc.turct nntl the H I U I J ) ~  of 1111, c o l j a  , 

nr(* i m p o r ~ i n t  ~ : I C C O ~ H  in I I I C ,  m:tgnctt. ‘rwo-tlimc~n~jon:iI 
coils lor i i t i c i  in ~ i - t y p e  ningnc*ts (I:ig, 2) :ire c.;irjiIjC r h v -  , 
taincd, l)ut cnnnot I)(* u s d  for : i l l  rn:ijinc.t types, lxtrtic; ,, 
u h r l y  w1ic.n high f i c * l t l H  in I h c .  g:ip lir’e I’cquirc*d. ‘I’hl’rx- ‘ 

clinic.nfiion:il C O ~ I H ,  IIH c;hown i n  t‘ig. :I for II I’;lnoIsky 
C ~ I I I ~ U ~ X J I C ,  nrc I J ~  l:tr more  t l i l l i c -u l t  t o  winri tint1 in- 
HI) 1:i t I.; L t1c.y o ( ’ ( ’ 1 1  p y  1 c s s  HI i ; i c c  t Iu i  n t w o  - ( I  in1 can sloiur 1 
coils, l iut r’c.qulrc0 high Iwwer t lensl ty .  

The exclting m:rjinct coil lxis to fulfill a number of 
I t  m u s t  provide the iil)proprJate number of 

irtis in :I radi:ition cnviron- 

* 
Work HupluJrtcd I)y [I. S. Atomlc 1:nergy Commission. 

An ever-present requirement in  all cases is that the 
co i l s  tie reliable, because any insulation failure means 
shutdown of the operation; replacement and r e p i r  a r e  
costly, antl the interruption of an  experiment ia frustra- 
ting and cum1)ersome. ?‘he coil insulation in 1x)werful 
e1cetrom:ignets kis to ~iroviti t~ electrical antl thermal 
insulation and niust withstand extreme mechanical and 
thermal stresses. 
energy laboratories may fatigue ear ly  antl lead to an  
elec t r ic breakdown. 

on coil toler:inces :ire high. Ilowever, tight tolerances 
may Icad to expensive roi ls ,  ant1 loose tolerances to 
uneven surfaces where high specific surface pressure 
can tCim:ige thc, Insu1:ition. 

I n  r w e n t  y w r s  coil winding :ind insul:ition techni- 
q U C H  have undergone consitleral)le clurngc. From ear ly  
cotton tape wr:iiqwd around conductor and diplxxi into n 
varnish, the modern C O I I H   its^ IiiRh tcwfiile glaea fiber 
cloth and thernioscttlng structures with ntltlitional elec- 
tric:il insulation m:itcri:ils, such :is nilcn i ind :isl)estos, 
with :idditivc?s such :is pigmonte and suitiiljle fillers and 
wettlng ngents present. 

strlngcnt, too. 
to show that the coil insulation is i)rctit:ntiy sound, but 
also must 11rovltlc ovitlcncc! tli:it tlic coil is re1i:tI~le and 
can witlistand a l l  strcssca common in jmwerful mngnets. 

l‘lie presence o f  V O I ~ H ,  c:ivitic*s, or fissures leiids 
to the dcveloi)nicnt o f  corona, jx)ciwts o f  corrosive 
gasses or ,  i n  the JJI’CH~’lit!C! o f  water vapor, of corrosive 
liquitls. The detection ant1 elimin:ition o f  a n y  insulntion 
tleficicnclcs is one of thc! most inilwrmnt unt l  difficult 
~ I H ~ H  o f  tlie magnet tlcsigiicr. 

Even motlorn insulation Used in high- 

l h e  to t h e  limitcd H ~ W X  for c ~ i l s ,  the requireniente 

‘I’cssts of thc new winding and lnaulation must be more  
Nondrstriietivc C O ~ I  testing h:is not only 

11. I l l t i U l ; l ~ ~ ~ J l l  St1-UCtllr’C 

The mxjority o f  coils l:iI~ric:it~tl for high-energy 
clectrom:igneta use ~ I : I H H  fi1:inicnt c l o t l i  11s structural 
mate r i:i 1 and rei nfo r’c e m  en t for the ini  jii%gtunt, n nd 
high tern pc r:itu re tlicrmonc: t ti ngs coni1 ) i  nett with elec - 
trical insuhtions s u c h  :is grountl mica, asljestos, : i d  

polyester wci). 
Ixtwccn ;itlj:icent contluctors : ind  in’ovitic>s s t ruc tura l  
rigidity to the coil wlien used :is : i~ ld t t i o i~~I  ground in- 
sulation. IT epoxy i s  used :is :I I,iii(ler in conil)ination 
with gl:isa fi i l)rks,  tlie coil st ructure i s  rigid and  the 
insul:tlion may ru l~ tu re  in  intern;il tr:insition areiis 
between inncalws due 10 h igh  shc;ir stressc~ti. 
c:~scs u more l‘lexil)lc : r i d  rugged insubation, M U C ~  :ie 
Mylar t:cpe coniljined with :itihesivca, i s  preferred; 
however, the coile niust be W ~ J ~ M J I ~ ~ ( X ~  extcrnnlly. In 
ureqtj wlic:re insulations :ire exjx)scd to high irixdiution 
le‘vcls, the binder mutit IJe 1o:itJ~~i with an  inorganic 
‘fillel., suet1 a s  gr:inulous :i luminn, to wititat:tnd ionization 
ckiniiige. ‘1‘0 irii1)rovc tlie r~i~~lunic;rl  prupcrticAs 01 the 
insula tion epuxy, l u n c  tiorlul 1n:i terin Is auc 11 :is glycidoxyl- 
pruj~yi t~~ i~ i~c .~ l roxy- s i l a l l e  (%-(jO4u), a r e  :Idded L o  the 
tlicrnioset. 1 ‘ ~ ’ o  ijrovi(ic long imt life to ii t~icrnioset, in 
order to use it for wet-winding tecluiiqucas, three- 
conllwncant elx)xIc.s arc  prclcrrcd. Acceleixitors a r e  

‘The g1:iss fal)ric acts  :ilso :is :I sl):~cer 

I n  some 
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added to the catalyst in order  to prolong thr uscful pot 
life of the epoxies. To provide slightly flexible s t rur -  
tures ,  appropriate " f lex ih i l izcr~ '~  a r c  added to thc 
thermoset, even i f  this reduces the deflection 
temperature. 

to their higher mechanical strcngth and ease in handling. 
Table I shows general properties of glass fiber- 

TABLE I 

Physical Properties of Glass Cloth 
Reinforced Thcrmosettings 

Generally, epoxies are prcfcrrcd over silicones due Property Epoxy a Silicone b 
. Tensile strength in warl) 

reinforced thermosettings, widely used in coil insulation. 
The glass fiber hpes applied around the cleaned 

and sandblasted conductor and the toroidnl ground wrap 
around individual double p n c a k e s  are medium -or opcn- 
weave high tensile E o r  S glass. The glass fiber must 
be heat cleaned in order  to burn the oil stnrch used in 
manufacturing the filaments (to make it compntiblc with 
the thermoset) and chemically trcnted to res tore  part 
of i t s  initial strength. 

Thc introduction of the thermoset into the coil in- 
sulation structurc i s  accomplishcd by one o r  a combina- 
tion of the following methods: 

Dip 2nd SL~clc: 'The dry taped and wound coil i s  
submcrgcd into thc liquid resin. To prevent the thermo- 
set  f rom drainage during curing, a shrinluible "sacri- 
fice" tape i s  wrappcd around the coil. 

b. "13-Stage": Epoxy-imprcgnated, s e m i c u r d  
glass tape i s  npplicd around the conductor and on ground 
insulation, 
must Iir applied to a l l  coil surfaces to realize a mono- 
lithic structure and guarantee the coil dimensional 
tolerances. 

c. IVet Lay Up: This method i s  uscd seldom in 
coil design, but is necessary in highly filled thermosets, 
where the viscosity of the thermoset exceeds several 
Poise and a uniform resin penetration into the glass  
fiber is doubtful by other means. In this case,  thcrmo- 
se t s  with a long pot life of several days a r c  employed 
and the use of an open-weave glass tape i s  necessary. 
Application of high vacuum prior to cure  i s  
recommended. 

d. Vacuum Irnprcgnation: This i s  the most re- 
liable impregnation method, where excellent mechanical 
tolerances may be achieved, and different vacuum im- 
pregnation techniques, such  as the closed mold method, 
open mold, and cocoon method, a r e  widely uscd. The 
t a p  insulation must he dried thoroughly a t  temperatures 
of 1 1 0 O  c minimum, evacuated until a vacuum of less  
than 0.5 mm i s  reached, and then the thermoset intro- 
duced to the dry tape under vacuum. Often after the 
vacuum i s  broken, external pressure is applied to all 
coil surfaces to insure dimensional tolerances and to 
prevent excessive thermoset buildup. Coil, mold, and 
vacuum tank should be kcpt a t  impregnation temperature 
in order  to keep the thermoset viscosity a t  a minimum 
and insure uniform wetting and penetration. 

a. 

During thc cure  cycle, external pressure 

111. Stresses  in Coil Insulation 

A. Stresses  Due to Electromagnetic Forces 

A general two-dimensional coil configuration i s  
illustrated in Fig. 4a. Any other shapes, cylindrical o r  
rectangular, can be derived from it as special cases. 
We assume in the treatment below that the force distri- 
bution per  unit length is uniform. 
due to electromagnetic forces can be calculated at any 
coil c r o s s  section from Maxwell's equations and applied 
to the stress calculation given below. Using Fig. 4b, 

flowever, the s t resses  

direction (~cg. cm-2) 4070 

Young's Modulus 
&g.cm-2) 1.95 Xl05 

Compression strength 
(IS. cm-2) 3500 

Flexural strength 
(kg. c m - 3  6900 

Spccific gravity (gr-cm-3) I. 9 

Spccific heat 
(WS. gr-1 O c - 1 )  0.75 

Thermal conductivity 
(w. cm-1 O c - 1 )  6 . 5  x 

Thermal cxpansio co- 

Deflection temperature 

Di elcc t r  ic strength 

Shrinkage during cure GI) 0.15 

Resin content by weight (5%) 30 

Water absorbtion 

efficient (0c-1) 8 (1.3-1.7)X10-s 

war tens)  (OC) 160 

(volt crn-l) 2.4 X105 

fi weight) f 0 .3 -0 .5  

1500 

1.8X10' 

1600 

2R5O 

1.6 

0.7 

2 . 3 x 1 0 - ~  

190 

1.5x10' 

0.12 

38 

0.1-0.25 

a m: Ciba 6005, Cat 906, acc. BDMA, wetting 
agent 26040. - 

Silicone: Dow Corning R-7521 and dicumyl peroxide. 

At 70° C. 

A s  comparison: Copper: 17.1 X 10 C . - 6 0  -1 

e 0.1-cm-thick insulation plates, Volan A-treated, 
medium-weavc plain g h s s  cloth. 

10 days immersed in water 60' warm. 

representing the coil neutral axis, the moment a t  a 
point B i s  given by:3 

2 

(1) 
pmb pm 

M B =  7 - 2s ( Ix+Iy)  

2 or 

pmb Pm 1; 1 ( ~ - ~ ) 3  + @-R)31 
2(a + b) +R( S-4) M B = - y j - - - -  

2 2  + b + 2R - 2R(a+b) 

(2) 

2 + a2@-R) + b2(a-R) + 2R (a+b-ZR) 
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and the moment a t  A: 

MA = MB + pm(a2 - b2) (3) 

The shear  force  at any c r o s s  section is calculated from 

(4) ' 

The shear  stress at a c r o s s  section A is accordingly 

(5) 
Pm * Y 

- -  
Tmean - A 

The maximum shear stress over the curved par t  of the 
coil is calculated from 

with the rat io  of the outer to the inner radii 

RO 

For  a s p r k  chamber magnet with the dimensions 

a = 3m b = 2m R = 0.5m 

we get: 

M = - 1.876 p B m 

MA = + 3.124 pm 

a 
5;nean = Pm A 

and for Ro/Ri = 2, 

The pressure  due to the electromagnetic forces  can be 
calculated from the electromagnetic energy density per 
unit volume: 

- =  dW l 3 . H  
dV 

The magnetic stress in the cavity inside the coil is 
given by 

" 

Assuming for  the above spark chamber nbgnet  a uniform 
field of B = 2 Wb/m2, the magnetic s t r e s s  is 

pm = 16.244 x lo4 kg m-2 

MB = 30.47 X 10 kg m 
4 and: 

MA = 50.74 X 10 4 kg m 

with a maximum shear s t r e s s  of 

T = 199.93 kg cm-2 on the conductor ~ max 

2 and coil c r o s s  section 
A = 0.325 m 

B. Equivalent Modulus of Elasticity 

A coil is a composite structure of conductor mater- 
ial and insulation. The insulation thickness between 
adjacent layers  is not negligible, and because of the 
bond between conductor and insulation, different expan- 
sion coefficients and shear,  tensile, and compression 
s t r e s ses  may act on the insulation. Assuming constant 
elongation per unit length, the forces on the coil may be 
written as 

(9) F = E (ti * Ei + tc . Ec) 

with the notations per  unit length (a E 1). 

The stress per unit length is given by 

F o=- 
ti + tc 

The equivalent modulus for tensile and compression 
Eeq is calculated in the classical  theory form: 

For  a coil with: 

t = 0 .1  cm i t = 5 c m  
C 

= 1.25 x lo6  (kg/cmy 

Eins - - 7.5 x lo4 k / c m 3  

Eeq 5 .1  
= 1. (5.1Xl.25XlO 6 + O . l X 7 . 5 X 1 0 5  
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For tho nbovo cnHc: 

14: c -I_ 2(L-I v )  

‘slli I 2 



With the numbers we obtain the equations for elongation: 

‘r u t  1 
(Y =thermal  exl,nnsioncocfficient.of copper- 17. OC-’ 

‘ r = q - q =  
r t  G 2 E : 1 . 2 5 .  10 kg cm- 

the maximum shear  s t r e s s  on the conductor is: 

T = 127.50  kgcm-’ max 

‘t ur 1 
E t = - - - = -  Er pE k2Er 

t 

and inside the conductor, and the main s t r e s ses  
2 Tmax, max = 191.5  kg cm- 

G On the straight sections, 

2 2  
IC v 

k v -1 
a,=-* 

du 
d r  

o r  calculated for our case ,  
Introducing the displacement u a t  r and u + - dr  

T = 1 4 . 2  1% cm-’ at the radius r + dr ,  the per unit length elongation, 
we get: 

dU 
dr 

The compressive stress in the curved par t s  
between adjacent turns can be calculated using the re- 
lation: 

Er = - 

and is illustrated for the coil considered in Fig. 8. 

F. Mechanical S t ress  Distribution in the Insulation 

With the s t r e s ses  calculated in Eq. (5) in the copper 
conductor, the boundary s t r e s s  values on the inner and 
outer insulation surfaces are known. The insulation is 
laminated and may delaminate under conditions of shear 
s t r e s s  higher than bond strength. The calculations of 
the s t r e s s  distribution for the curved par t s  are given 
below. 

4c is in  general  form: 
The s t r e s s  distribution in an  element shown in Fig. 

. rd$  + a t .  drd+ - (or + 2 dr) (r + &)d$ = 0 
O r  

Neglecting higher-order te rms ,  for a small  angle d+ 
we get: 

dor Ur - Ur 
- = -  
d r  r 

With the relations: 

Vrt Et = Vtr  * Er 

( v  = Poisson’s Ratio) and 

U 
E t  = -  

The stress equations can be modified to be 

k2v2 
u r = T  * k V -1 

ut =- k2V2 ‘ . d U + k 2 . ! !  
k 2 v 2 -1 * Er (F dr  r) 

Substituting Eq. (21) into Eq. (18), we obtain the 
equation 

- + - - - - u = O  d2u 1 du k2 

dr  2 r d r  r2 

with the general solution: 
u = C  . r  k + C z a r  -k 

1 
thus 

1 

k = (2)’ (23) 
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With the boundary conditions: 

(ar) = - Pi 
r = a l  

and 

(Or) = -Po  
2 r = a  

coil. The radius of the rounded corner  i s  gcnerally 
determined empirically in relation to conductor 
dimensions. 

conductor and from conductor to ground i s  determined 
by considerations of safety in case  of defects, voids, 
and pin holes in the insulation in order  to provide enough 
distance between conductors and to prevent electrical 
breakdown. In the following, a mathematical treatment 
is given to  calculate the electrical s t r e s s  distribution 
in the insulation as a function of corner radius and 
insulation thickness. 

in Figs. 10a and lob. 

(Fig. 1Oc) i s  found from the modified Schwarz- 
Christoffel transformation, which assumes that the 
potential in the interspace follows the Laplacian 
V2@= 0. The transformation equation from the t to 
the z plane is given by: 

The insulation thickness around each individual 

, 

2 

1 

a 

a 
a=- 

we get the stresses 
The conductor geometries considered a r e  illustrated 

The solution for the case  of infinite conductor sides 

2 

-k-l [ aik-1 - (pi a-k-1 -pol rk-1 
al 

, 
'r - k-1 

CY - a  

k-1 

1 - 1 

1-A) (t+a)2 + A(t+l) 
t(t-b) 2 

dt + c2 
k-1 . -Po) r z = cl/' 1 

2 k -  al 
-1 -k-1 

u =  
ak - a  

with A 2 0 as the parameter defining the contour. The 
solution of Eq. (27) is: 

The shear  stress is maximum at the inner radius: 

1 -k-1 

(25) 

The equation of the quarter-circle defining the 
conductor corner is calculated from Eq. (28) to be: 

1 

1 

(29) 

(26) 

In l a s s  fiber-reinforced thermoset structures,  the 
ratio k t -  Et/Er # 1. The s t r e s ses  Or, u t ,  and Tmax 
and the deformation u are calculated from variable 
values of a and k for the specific ase of a1 = 5 cm, 
v = 0.35 and Et = 7.5 X lo4 kg cm- l ,  and the boundary 

conditions (mag etic and thermal s t resses)  of 
pi = 100 kg cm-' and po = 80 kg cm-2 in Figs. 9a to 9d. 

G. Electrical S t ress  Distribution in the Insulation 

The conductor co rne r s  are rounded in order  to ease 

-1n 

manufacturing, handling, and insulation of turns in a 
Brechna-Oster - Page 6 (of pages) 



I 

The s t r e s s  on the conductor surface for various 

Calculations 01 electric stresses for symmetric and 
values of r /g  is shown in Fig. 12. 

perpendicular faces hive been performed by Dreyfuss. 
The brealcdown voltage according to his calculation i s  

-1 l+t  A 
(m) + .@,f *ln 

For  the corner  shown in Fig. 10d, 

x = r .  cos  I#J 

y-g = r . cos  I#J 

With the boundary values: 

$2 x = o  y = g  t = - 1  

I # J =  lr x = - r  y = g + r  t = - a  

we obtain a and b from the equation 

proportional to the 2/3 power of the gap: 

Figure 11 gives a and b values as a function of r /g  
and g/h. The electric s t r e s s  ac ross  the insulation can  
be  calculated from Eq. (3): 

dW z=$+JIL 

(33) 

The breakdown voltage between two 90' perpendicular 
conductor surfaces with r /g  = 0 is given as a modified 
Dreyfuss equation: 

If the corner  radius r # 0, Eq. (33) needs further 
correction: 

The constants C1 to C3 can be calculated from 
boundary conditions unique for a special configuration. 
Experimental data show that the Dreyfuss equation and 
the modifications yield high s t r e s s  vnlues. 
as a f i rs t  approximation, the equations are quite useful. 
For  more accurate data, the calculated values of a and 
b (Fig. 11) for different values of g / h  and r/g can be 
used in combination with Eqs. (29) and (32). 

However, 

IV. Insulation Deficiencies and Their Effects 

A.  Voids and Insulation Failures 

Voids in coil insulation may occur for different 
reasons. A common source is tlLTt the impregnant does 
not wet uniformly the glass fiber insulation and does not 
uniformly fill a l l  voids between conductors o r  in ground 
insulation, due to lack of peiietration of the thermoset 
into the glass fiber type, poor vacuum, trapped gas 
bubbles, high thermoset viscosity, o r  the tape itself, 
as shown in Fig. 13. With glass fiber tapes, the coin- 
patibility of the glass fabric with the thermoset is an  
important factor. The glass filanients have an oil dex- 
tr ine s u r k c e  finish and the wetting with epoxies i s  
insufficient. The glass fibcr must be heat-cleaned (to 
burn the oil starch finish) and treated chemically to re- 
s tore  part of the glass fiber strength reduced by the 
heat-cleaning process. 8 In case  of vacuum impregna- 
tion, special c a r e  has to be taken when the vacuum is 
broken in order  to reduce the jetting of air which can 
penetrate the thermoset bath and produce cavities o r  
gas inclusions. 

o r  B-stage insulation, the control of a uniform wetting 
throughout the coil is a difficult task. Common practices 
are preheating, application of vacuum (0 .3  - 1 mm), 
subsequent pressure  and a final pressing prior to curing 
by mechanical means, such as p res s  plates, fixtures, 
hydraulic and pneumatic presses ,  or collapsible moulds. 
Even under the best  circumstances it is difficult to pro- 
duce a completely unifarm imprkgnsltioh. 

In the case of wet winding, o r  the use of semi-cured 
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A fcs\v voids o f  ccbrtriin sizes mny I I C  h:irnll(.ss, I,ut 
conccnt rat ion : i n t i  di stril ~ I I  t i c i n  of vuitls i n  sl)c,r iiir ;I r c ; ~  s 

In gencixl, gas c ~ n r ~ l o s i r r c ~ s  concv11t1.:lic~ i w : i l .  the. r o l 1 ( l ~ t ~ ~ -  
tor  cornc'rs tluc. t o  s1irinli:igc o f  thc th r rmorr t  or i n  tlrtt 

prescncc of tr:Ipl)cd g:is. 
frcquently found tluit the iml)rcgiimt does not penetrate 
thoroughly and wet the g lass  fiber cloth, which in case  
of water penetration into the insulation may prove dis- 
astrous.  This  case  i s  often observed in bent portions 
of the coils, where the local surface pressure  between 
conductors balances the pressure  drop due to capillary 
forces,  the pressure  applied to the thermoset at the 
end of the imprcgimtion process,  and the finall applica- 
tion of pressure  by the mould prior to curing. 

The coil impregnation occurs in three stages: 
a. 

insulation. This penetration i s  due to a pressure  drop ,  
which may be expressed roughly as 

2 A p -  1 / 2  Y vo 

CIOSC' 10 t h C '  COllt~UC~l~r t'tlgc's l1I:i)' p l ' O V ( '  ( 0  I)<' t ~ ~ l l l ~ t ~ l ~ O i i S .  

13c~t\vec~n contliictors it is 

Penetration of the thermoset into the fibrous 

(36) 

where Y is the density of the liquid thermoset and vo 
the initial pcnetration velocity. If the width of the gap 
between fibers i s  A , the pressure  drop per unit width 
due to capillary forces is expressed a s  

(3 7) 

Therefore, 

where a i s  the capillary constant and 9 the brim o r  
wetting angle. 

b. Weight of the impregnant i s  added to capillary 
force. In this phase the influence of trapped a i r ,  which 
has to give way to the impregnant, i s  important, The 
trapped a i r  may delay the wetting and subsequently the 
impregnation process. 
in this stnge i s  quite obvious, Trapped a i r  which can 
not escape can cause voids. 

external applied pressure  (mostly atmospheric after 
breaking the \wxum) ,  and the viscosity of the 
thermoset. 

thermoset incrvrses  with time a t  the impregnation 
temperature. 
ferred.  The penetration process per unit width can be 
expressed a s  

The importancc of a good vacuum 

c. The last  phase i s  determined by the weight, the 

A s  may 11s en from Fig. 14, the viscosity of the 

Thcrmoscts with long pot life a r e  pre- 

and 

with Yair the density of a i r ,  Yth the density of the 
thermoset, and is the viscosity of the impregnant. 

The penctration vclocity may bc givrii from 15q. (39) : 

Thc importancc o l  Pc,t :ind Fe:l,) arc ol)vious. At :it1110~1- 
phcric prcssurc,  tlic othcr t e rms  o f  35q. ( I  I )  :ire sin:111 
comlxwed to Fcxt , which i s  shown i n  Vig. 15 :is tlit3- 
continuilics ol the vcloc ity vcrsii s 1)oict i x t  ion tlcl)th 
curvc for phases b antl c .  A t  imj)rcyyi:ttion plxise 1, tlic 
extcrnal pressure  i s  zcro. Thr tlicrmosct ~~enc~ti~: i tcs  
into the coil only by m c m s  of tlic c:ipilI:iry forc:c : inc l  i ts  
own weight. 

M'c calculate the pcnctr:ition lor diTlci-cnt g a p  widths 
A, with the viscosity :it GOO C of ; i n  :iluniin:t-lillctl 
thcrmosct of D =: 10 I'oise or 1. 07 A I.O-*'j [ { I .  

Tho dcnsity Y of ,the c p x y  7 c 2 gr em-". d( 
air = 1.10 x I O - , ~  g r  - cm-*' (:kt ;itmospiicric 1 
thc capillarity const:int N -z GO %IO-:: );r/cm, :in(I thc 
brim anglc i s  approximatcly zoo, i n  1,'ig. I(;. 

For largc coils with a long imprcgn:ition pcrir)tl, 
the brim angle Q and thc viscosity a rc  changing 
with timc. 
and integratcd for cach special C:LHC. 

Another source of void production is the intcrn:il 
s t r e s s  due to exothcrm reaction of thc resin.  
cffcct i s  enhanced when pure clmxy i s  :rccumiil:itctl in 
spots without thc rcinforccmcnt of glass 1il:imcnts and 
thcrc a r c  diffcrcnt expansion cocfficicnts of thc conduc- 
tor  material antl the imprcgnant. 
polymerization passcs through a critical ~ t a g c ,  :ind n 
sudden temperature rivc due to cxothcrm reactions can 
lead to local tension and cracks. Thc curing of large 
quantities of epoxy must he performed by :I prccuring 
a t  tempcratures equal to impregnation tcmpcr:iture o r  
lower until the thermoset i s  gcllcd, followed by a post 
curing. 

In a uniform casting, external s t r e s ses  clue to tlif- 
fercnt coefficients of expansions hctwecn conductor antl 
the thermoset, temperature gradient hetwccn adjacent 
conductors, temperature fluctuations (cycling), elec- 
tromagnetic and mcchanical forces, ant1 surface cor -  
rosion due to the prcscnce of moisture and nuclear 
radiation may lead to carly fatikwc and damage of the 
insulation. 
tion has been mechanically clamagcrl, the insulation 
resistance may he high and the coil can opcrate satis-  
factorily. 

Equation (39) may bc cx~xtndecl :tccordingIy 

'I'his 

miring curing tlrc 

In the ahsence of moisture, even if the insula- 

[towever, because some water is always 
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A s  I m i i n t c x t l  o u t ,  l h c .  ~ ~ ~ i r o i i ; i  l i ~ ( ~ q i i c * i i ( ~ ~ ~  i f i  ol tlic CJI'fk31. 
or nic~g:lc-y(~ IVS.  i I I I \ W V ( ~ ~ ,  (IIC f txqutwi  ('H : t t ~  11 n h n l  I 31 
tlisti.ilnit(ttl : iw l  111(*1i.  l i l t c ~ r l n g  i c i  n c i t  i w ~ s t i i i ~ l ( ~ .  \ \ I ( ,  k n c ~ w  
th: i1  I t  is lir:i(-ti(~:illj~ i i i ipossi l i lv  to c~limiii:1lc~ :ill vi i i t l s  i n  
ti coil ,  Init \YO c:in tk~si~:n t h e  n i : i R n c s t  RO th:it thc :ilipli(d 

is  lower th:in the coron:i tlircsholtl. Ilowcvcr, i n  C:IRCS . 
of surge voltages, corona may occur, and due to the fact 
that a l ter  the initial corona discharge the corona thres -  
hold value is reduced, the coronn discharges may con- 
tinue even a t  operational volhge. 

(i. e., medium-weave, g lass  fiber, Volan A-trcatcd, 
Union Carbide EItI, 2256 epoxy and MPDA hardener) of 
0 . 1  cm thickness between two conductors gave a corona 
threshold value of 14 kV/cm 5 8'%, in dry  conditions and 
10.8 kV/cm f 13'1, af ter  24 hours immersion in tap water. 
Where voids (0.01 cm gap width) were present, the 
threshold value measured was 2.52 kV/cm 
al ter  a 24-hour immersion, 1.17 kV/cm 5 22%. 

The evaluation of the corona threshold is c h r a c t c r -  
ized by a sharp  knee in the charge versus applied voltage 
curve. Oscillograms of corona measurements are illus- 
trated in Fig. 18. 

Thc co rom threshold is observed on the oscilloscope 
a s  high frequency pulses o r  a s  "grass." If the npplicd 
voltiige i s  gradually increased, the pulses have higher 
energy lcvcls and lnr t ia l  discharges can be observed. 
If the applied voltnge is further incrcascd, the discharges 
becomc dense and insulation breakdown may occur. 

volklgc' t(1 t h ( ~  ( S l l i l  : 1 n t l  sul~sc~qrlc~lllly lhr inlcrtut~n v0ll:Igo 

Corona measuremcnts with glass fiber epoxy matrices 

18'1, and 

C. Dclamination 

Dclamination of insulation may occur for several  
reasons; high shear s t r e s s  may be produced between ad- 
jacent conductors, which may exceed the bond strength 
of the thermoset. Generally, the thermosetting i s  
sheared off from the conductor surface, causing cavities 
and initiating corona around the conductor edges. If 
moisture is present in the coil environment, water can 
penetrate the insulation and fill the a rea  around thc con- 
ductor. If the conductor is heated by Joule's losses,  the 
water may evaporate and cause further opening of the 
f i ssures  and cracks,  which gradually may lead to insula- 
tion breakdown. 

elasticity modulus a t  high temperatures (Fig. 5) and re- 
duction of the bond strength. Ionization caused by i r r a -  
diation and corrosion in the presence of moisture may 
also CBUBC delamination. Delamination occurs due to 
la rge  deviations in the values of elastic moduli E r  and 

Delaminntion may occur due to the reduction of the 

Et. 

V. Snsulation Testing 

Generally, powerful dc mngnets a r e  low-voltage, 
high-currcnt devices. Alternating-gradicnt ac  mngnets 
UBC high voltagc, and their insulation prolilcm therefore 
is more complicated. A test  program covering all  pos- 
slble Insulation fallures for dc or ac  magnets, rcspcc- 
tively, will be beyond the scope of this paper. Ilowever, 
thc most imlmrtiint nondestructive tes ts  for both magnet 
categories are discussed below. 

A. lligh Frequency Tes t  

The voltage npplied to the coil terminals, o r  induced, 
has a frequency of about 400 to 800 cps. The reason for 

lhc high frcqucmcy is to strcvsrs tlic tu rn-lo-turn insulation 
clcctrically to : i l i out  50-200 VtJltS h t w ( - n  turns.  'rhis 
tcst has thc. following I(~: i turc~s:  

a. I n  case oi ititcarturn s l i o i t n  O I '  insul:tticin r:Iilurc~s, 
the siwcilic troll scction is Iic:itcd. 

b. l'hc coil manukicturcr may conlrol the soundness 
of insulation during thc winding and insulation 
process,  prior to and after the impregnition and 
curing. 

B. High Voltage Ground Insulation Test 

A high dc o r  ac voltage is applied to the terminals 
while the insulated portions of the coil are covered by 
shot , metallic foil, o r  tap water. If the coil has been 
immerscd in wnter for several hours, the latter test  i s  
very effective in detecting any surface corrosion, ground 
insulation voids, o r  other deficiencies. 

C. Circuit-to-Circuit High Voltagc Test 

Coils of large e l ec t romape t s  a r e  multifilar-wound. 
After the thcrmoset i s  curcd, high voltage i s  applied to 
one circuit with thc second circuit grounded. This 
method i s  extremely uscful in finding any insulation 
damage in the transition a rcns  bctwccn pancakes, where 
the insulation is easily ruptured during manupactwing. 

Larger coils a r e  mostly multililar-wound in order  
to reduce the water pressure drop across  each hydraulic 
circuit. The circuits can be connected electrically after 
the high voltage tcst. 

D. Insulation Thiclwess Test 

A number 01 dcvices kzvc been developed recently 
to check the ground insulation thickness without cutting 
through the insulation. Common devices are: 

1. Etldy currcnt device. 
2. Radiation back scathcr device. 
3. Ultrasonic device. 

E. X-Ray and Betatron Tes ts  

Although this is quite a complicated and, in large 
coils,  an impractical process, x-ray pictures can be 
h k e n  of coil portions in ordcr  to detect voids. 

F. Impulse Test 

The rcnson behind introducing impulse testing in 
de magnets is only to have a highly scnsitivc mcthod to 
mensurc iailure in coil insulation, which can not bc de- 
tected by means of the classic:tl high-frequency and loss 
factor measuring tcchniqucs. 
npplicd to dry o r  wet coils, a s  desired. 

can be dcrivcd from mcasuremcnts and calculations 
with transformer coils, 

The impulse test  con be 

The voltage distribution in magnet double pancakes 

Tlie winding diagram of Wagncrlo is used as  a basis 
when studying the behavior of thc inlpulse wave in a 
magnet coil. Although wc know that this diagram 
ncglccts the influence of the mutual inductance bctwcen 
turns and bctwccn coils and thc core,  it gives :I qualitit- 
tively good picture which corrcspontis with mcasurcd 
results. 

with onc nnother. 
The turns of n magnct coil a r e  capc i t ivc ly  coupled 

F i p r c  19 illustrntcs the cquivnlent 
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diagram of the winding. 
fringes upon such  n winding, it is possiblc to differen- 
tintc hctwecn thrcc diffct-cnt phascs in Lhc hchavior of 
the impulse wavc: 

\ \ l lcn an i i n p ~ l s e  WRVC in- 

1. The initial distribution caused by the steep front 
of the impulse wave. 

2. The final distribution, which i s  produced by the , 
weak voltage changes at the end of the impulse 
wave tail. 

3. Transient oscillations, as phenomena from the 
initial distribution to the final distribution of 
the impulse wave. 

For a coil with one terminal grounded and the im- 
pulse voltage applied to the other, the voltage distribu- 
tion follows the equation: 

(48) 

The equation describes the transient phenomena of 
the impulse wave in the interior of the coil. I ts  solution 
is known to be: 

The differential equation of the initial distribution, 

vi = V(x, 0) (50) 

is obtained when the inductance L per unit length in 
the equivalent circuit diagram, Fig. 19, is not 
considered. 

When L+m, Eq. (48) becomes: 

2 c  q = _ g . v ,  
a x  

At the high voltage end of the winding, 

x = I and V = V. 
' 

When the coil is grounded, 

x = o  v = o  
We obtain from Eq. (51) the equation for the voltage 

distribution along the coil: 

The voltage gradient amounts to: 

r -i 

The maximum voltage gradient occurs at the terminals, 
i.e., at x = I :  

where 1 

(55) 

Curves of initial voltage distribution are given in Fig. 20. 
The final distribution of the impulse wave appears 

when the voltage changes a t  the wave tail a r e  small. In 
this case  no current flows through the capacitance 
elements and the inductive elements control the current.  
The conductor resistance i s  neglected. The differen- 
tial equation for the final distribution is obtained from 
Eq. (48) : 

a2vf 
a x2 

0 - =  

Vf = Ax+ B 

with x =  I, V = VhP, x =  0, V = 0 ,  

X Vf = v. imp ' P 

(56) 

(5 7) 

The current flowing through the coil is obtained from 
Fig. 19. 

(5 9) 

The transition from initial to final distribution takes 
place in the form of transient oscillations. The energy 
of these oscillations i s  the difference between the elec- 
trostatic energy of the initial and final distribution. 
The voltage to ground reaches i t s  crest during this 
transient period. 

When we proceed from the rectangular i m p l s e  
wave, we obtain from Eq. (48) the expression for the 
sum of all free  partial oscillations: 
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n =  1, 2 .  . . 
we get the equation of the free  oscillations: 

2 sin - c o s w  t n 
n =  1 

and the equation of the envelope: 

Figure 21 illustrates the calculated transient oscillations 
and the envelope. The calculated curves can be com- 
pared with experimental tests. 

In all the above equations (Y o r  the ratio of the 
ser ies  to the ground capacitance is of primary 
importance. 

These r i e s  capacitance of a coil is defined as the 
capacitance which would store the same electrostatic 
energy as the coil itself. Assuming that the voltage 
distribution over a double pancake is linear, the series 
capacitance of a disk coil winding with N double pan- 
cakes connected in series is given by 

+ +  - €2 CpF) (64) 

h 

d e  (n-l)N 
c, = 8.859 

'l'lic ground capacitance tlrtpcnds on t h r  coil g w m -  
e h y  and tlre rc ln t ivr  dielcctric const:tnl surrounding the 
coil: 

where all  linear coil dimensions are in meters.  By 
means of the above treatment, we can calculate the 
voltage and current distribution for an  impulse voltage 
of rectangular shape or a steep front and long tail. The 
advantage of impulse testing magnet coils i s  in detec- 
ting even small insulation failures. Partial  shorts 
covering a fcw percent of the coil length can be detected 
using sensitive measuring and detecting methods. The 
experience gained in testing transformer coils can be 
adapted in magnet coils in full. The impulse methods 
described below give qualitative results and are not 
necessarily due to subjective experience and judgment. 
The impulse testing can be performed on the whole coil 
installed in the magnet; however, we suggest testing 
each coil section separately. The coil can be placed 
between parallel plates and the impulse circuit shown 
in Fig. 22 may be chosen. When plates and one te rm-  
inal are grounded over high precision shunts, current 
and voltage oscillograms will indicate sound coils, 
corona, and insulation defects. Current oscillograms 
from a magnet coil taken with the impulse tester a r e  
shown in Fig. 23. 

The impulse testing will be performed in the 
following way: 

1. Impulse voltage of reduced amplitude i s  applied 
to each coil terminal, grounding the other. 

2. Full impulse voltage is applied to each coil 
terminal, grounding the other terminal. 

3. The voltage and current oscillograms a r e  com- 
pared, as well as the oscillogram of current 
flowing through the plates, which will reveal 
any insulation failure. 

At present the impulse testing of magnet coils is 
in a preliminary stage. Acquisition of an appropriate 
impulse tester,  and standarization of the shape dura- 
tion and maximum amplitude a r e  necessary. But from 
past and present experience with the highly-alumina- 
filled thermosets used in SLAC coils, we feel that the 
impulse testing is essential. SLAC specifies a maxi- 
mum impulse voltage of 20 t imes the operational volt- 
age with an  impulse wave of 1 HS risetime and 50 pa 
half decay time, 
a rb i t ra ry  and need further detailed investigation. 

However, these values may seem 

G. Corona Test 

Besides the measurement of the insulation loss 
factor with a Schering bridge to determine the tan d 
values of dry and wet insulation, and the impulse test- 
ing, the measurement of the corona threshold has been 
introduced in judging the soundness of coil insulations. 

the apparent intensity of the reoccuring pulse in the 
oscilloscope. The pulse height i s  converted from 

The corona avalanche intensity can be defined as 
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FIGURE CAPTIONS 

Insulation Structure and Coil Reliability 

Cross section through a double pancake, The hollow conductors wrapped in 
medium-weave, Volan A-treated glass cloth are impregnated in alumina- 
filled epoxy. Ground insulation is an open weave. 

la. 

lb . 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9a. 

9b. 

9c 

9 d. 

10. 

11, 

12. 

13. 

Cross sectional view through the 0.1" pulsed magnet coil. The coil is im- 
pregnated under vacuum in two stages. The cable is impregnated under 
v~cuum with an epoxy campsite of low viscosity. The coil is cast in highly 
filled thermoset in a,n open mold. Both thermosets a r e  cured in the same 
process . 

L/ 

Two-dimensional double pancake for the 3' SLAC bending magnet, manufac- 
tured by General Electric. 

Three-dimensional coil for the Cornel1 University Panofsky quadrupole. 
(By courtesy of Pacific Electric Motors) 

Two-dimensional coil geometry: 
a. Cross section through a cornm 

1. Insulation 
2. Conductor 
3. Coolant passage 

b, Coil neutral axis 
c. Stress distribution in the insulation. 

Variation of the modulus of elasticity for tension of a glass fiber, asbestos, 
epoxy matrix as a function of temperature. 

Insulation tester. A coil section is held in the test fixture and the insulation 
sheared by the ram head. 

Pancake to test mechanical and electrical properties of the insulation. 

&Stress distribution over a double pancake due to thermal gradient between 
acljac ent conductors, 

Radial stress distribution in the insulation for various insulation thicknesses. 

Tangential stress distribution in coil insulation. 

Shear stress a s  a function of k = (q /Er)". 

Radial insulation deformation. 

Model for calculation of dielectric stress in insulation. 

Parameters a and b as function of r /g  and g/w 

Dielectric stresses over the conductor corner. 

Cross section through a pancake. Voids due to impregnation deficiencies are 
clearly visible. 



14. Viscosity curve8 as  a function of temperature a@ time. 
1. DER 332 LC; Hardener: MDA;" p. p. wf%PDA&, 11 y. p. w; 

Alumina filleq 325] 100 p. p. w; Cab-o-sils 1 p. p. w; Zr-6040) 1 pop. w. 

2. As h case, (1) wit11 bath temp, 6tPC + 1QC. 
3, AB fn cm5gf3 (1) with bath tamp. 56%? 7 l%, 
4. A s  in case (1) with bath temp. 5QoC +' l°C, 
5. A s  in case (1) with bath temp. 3806 7 3OC. 

~ o ~ l  temperature maintained throughout t e h  7 0 0 ~  L. - 

6. A~+aldit,e 6005 (33) 180 p. J?. ~~IIlarsl&T 906 (NNXJI)~ 80 p. p. W. 
Accelerator 062 ~.~~~ 2 p* p.w. Cibs Corp. 1 

15. Speed o f  thermoset as function of penetration depth. The ga,p width is used 
as parameter. The epoxy IwnlallaLion used was: DER 332 180 p. p. w. ; 
Hardenei? M D R )  7 p. p. we ; Accelerator5 MPDAj 11 p. p. w. ; &k?@Suminat 
325 mesh,) 3.10 p. p. w. , 

16. Thermoset penetration as a function of impregnation t h e  for constant and 
variable vi sc osity . 

17. Model to determine corona threshold. 

,18. a. Corona tlxeshold measured in a dat~ble pancake. 
b, CQL-OXX~ discharges ;in a double pancake with several randomly distributed 

small voids, 

19. Equivalent diagram of a double pancake alter Wagner 
j!: Length of a double pailcake (or a coil) 
L: 1ntiuck~:lce per wit length 
C,: Scricr; capacitance s f  a double gaiicake 
Cg: 

Cbrouiid OT shunt capacitance of a double pancake. 

21. 

22. 

Transient oscillations and the voltage envelope. 

Impulse tester according to Hagengggth (Ref. 14). 
C1: Charging capacitance 
SC: Spark gap ox ignitron. 
R1: Damping resistance. 

C2: Laad Capacitance. 

RZ: Discharge resistance, 
CGC: Coaxial cable. 
R3: High precision shunt. 

I 

23, Current oscillograms taken with the l i a g e n g ~ t h ~ ~  impulse tetester over a coil. 
a. Current through the coil w i t h  reduced voltage. 
b. current with full izllpulfie valhge, 

1. @carom diachrgcs. 
2. Insulation breakdown, 
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