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FIELD GRADING IN CAPACITOR MARGINS

Thomae E. springer, Walter J. Sarjeent, William C. Nunnally

Los Alemos National Laboratory
p. O. BOX 1663, Los Alamoa, NM 87545

This paper includes @ome of the reaulta of mod-
eling electri~ fields in the margin of a bogey plaa-
tic film liquid impregnant capaci:cm in which effects
of foil edge shape, different impregnanta, ●nd grad-
ing wires are examined. It will be concluded that
placement tolerance and connection problems make
grading wires impractical and that folded foil edgea
are still the beat solution to field grading.

High energy-density capacitor- for pulse dis-
charge are in general constructed cf cylindrically
wound plastic film, aluminum foil, and liquid impreg-
nant. When quality control ia exercised in manufac-

ture,
1-3 capacitm failurea tend to occur from corona

discharge at the foil edges in the capacitor margin.
Figure 1 ahowa a cross aec~ion of severol layerrn of a
plastic film liquid impregnant capacitur, The film
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FLS, 1. Cross section of o~vcral layero of cylin-
drically wound capacitor.

may be s~vcral layers of polypropylae, polyrnulfone,
or other similar material with ● hi~h dielectric
stronbth ●nd mod~tt di~loctric :onotant, Tha liquid
insulating impretnant necdad to diaplact ●ll ioniz-
ab)s ~sa in the capacitor may bt ailicono oil, fluor-
inert, uvmoisopropyl bi~honyl (HIPB), castor oil, or
uther fluids selected fer their dielectric otrcngth,
dial~ctric constant, ability to impregnate, chemical
compatibility in the preaanct of high ficlda, aalf-
twaling Ability, propwraity to form gao, ●nd the
Iiks. In ordar to dcv~lop higher .norSy-density
capacitor, it ●ppearad ●ppropriate initially to
carry out ● detailed #tudy of maximum fieldt dwcl-
oped for varioua foil adg~ ahapca with varioua im-
prqnanta in an otherwiaa Opecific bogey CQaCLtor

atructura.
The bogoy cspacitor goom~try that wac acl~ctod

had m solid dioloctric thicknoan of 1 roll, r@preasnt-
ing two0,5 mil polypropylene films, and ● 0,1 mil
impra.gnant layer next to tht foil. Tha foil thick-
ness waa fixad at 1 mill whirh could r~protwrt a ain-
UIQ cut foil or a 0,5 mil folded foil. Thus in tn~
bulk capacitor thart waa s 1,2 nrll spacing bctwoen
foils of oppoaitc p9tmttiakao

Foilo ara cut by shearing or by mclt~n$ with
iaaara or eiactrical diccharge, Figure 2 shows aix
ahapna for foil @dSea selected aa raprasantativo of
moat posalbld uuufigurationa. Each corner waa
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Fig, 2. Capacitor model with aix foil edgca.

rounded with ti known rud~us to allow exact ●p@:iiica-
tion of the ●lectric field on the foil edge, mince
pvrfectly aharp coraera lead to cingularitiea in the
surface fi~ld, Radii of 0.01 ●nd 0.05 milo w~re used
and the functional variation of field with radiut cm
the corners was ●lao detarminad. Thrr geometry for
modeling it shown with corner radii of 0.05 mila at
the top of Fig, 2. At the horizontal coordinate of O
mila, the field was forced to be vertical. At 30
mila, the potential wat aat to zero Jlong the verti-
cal boundary, representing the &rounded connection,
The potential waa aero well before 30 mila, so the
solution ia good for longer margin widths.

The ●nergy denoity achievable in the bulk plao-
tic fiIm has been shown to be limited by the maximum

2,3ulectric field present in tha impregnant, since
the sharpest ●dges occur on the foil ●dge. Fi~lda in
the impre~nant can be auppresmd to the ●xtent the
impr~gnant ’a diolcctric constant ia greater than that
of the plaotic film, Likewise. appropriate shaping
of the fi,il adgo or ●ddition of smooth conducting
mattrial in the margin near tho foil @dge can oerve
to grade the field. In ordar to model theso ~ffecta
in ● realiotic capacitor, it ia naceaaary to be ●ble
to calculate ~lectric fields in the dielactr~c maLe-
rialc preaent$

For tha rapreswttativa gaometriea aelact~d, no
analytic colution txiats for tho ●lacttic fields,
thu~ requiring comput~r aolutiona to the problem.
Fortunately in ● problann such ●a this, containing
multipls rssiono with uniform potmltivity in ●ach
rsgion, axperienca to date indicat~a tha maximum
fiald in ●ach r~gion must occur on thg boundary.
Thus it ia only nacoc~ary to compute t(,aclactric
fi~ld ●long ths foil ed&ts and ●long tha interface
batwam tht impregnant and plaatic film,

The solution Of th~ Laplace equation yialdin~
the potont,lal ●nd ~lcctric fielde inside tho capac-
itot aoction waa obtaingd uoing Gr@ar~lo third for-

mulQ,6 which givaa th~ potmtial, $, in a closed
reftion ●a a function of the potontial ●nd lta norma I
derivativ~ ●round tha boundary. S.

This work ia being periormod under tha auopicaa of tho US Department of Cnorgy,



Here r is the distance from the point x,Y to a
point on the boundary and n is the coordinate normal
to the boundary, The computer program (LILPLDDC)

5
written by John Hayes waa utilized to calculate the
fields on the boundary of each dielectric region,
where tne maximum field must occur. All boundary

oegmenta used were straight lines, circles, or area
cf circles. Potentials and their normal derivativea
were represented along the boundary at a fin;.te num-
ber of points. Typically several hundred points were
used on the boundaries to represent the complete
capacitor.

Fo- boundary conditions either the potential or
the normal derivative of potential must be speci-
fied. Where two dielectrics interface, the dielec-
tric conatante of each are needed to force the normal
component of displacement to be continuous. The code
appliea Equation (1) ●t every point slung the

boundaries to determine ~ if O is given
kJ-1

or @ if an

i~ given. Once $ and
a

+
~ are known ●t every point m

the boundaries, the potential ●nd the field COtupo-
a

nents - # +~ and - ay may be determined ●nywhere incide

● dielectric region. However, the fields ●icng con-

ductive boundaries, namely
a

2
~, ●re ●lready ●vailable

●nd the fields along dielectric inte~ faces can be com-

% and normal fieldputed from tile tangential field a,

To make contour potential plcte, the potential
*“
is evaluated at points on ● rectangular lattice from
which the contours ●re plotted.

To viaualizt @xplicitly the effects of different
foi! cages ●nd different impregnants in ● film capac-
itor, polypropylene film of 1 mil total thicknest
was uood with 1 mil fo’I thickness ●nd 0,1 mil im-
pre~nant between fi)m ~md foil. Impregnant also
filled the margin,

For each choice of impregnant there is ●n ao-
mumcd dielectric mtrength thet th~ maximum field
should not excwd, or breakdown occure. Thiu limit
sots the elccttic field in the polypropylene film,
wherrin the bulk of the ●ner~y is utortd,

Figure 3 shown ● potential map of Shapa 3, the

45° shear with 0.01 mil corner radii and ●howc r@pre-
oentativa firlds going around tha foil edg@ for 1000
V ●croon the oppomite foi18. The flrld Enhancement
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rilj. 3. Potentials and repre~vntativo fieldm near
foil eds? for 1000 V on Shape 3.

factor of the foil edge is defined as the ratio of
the maximum field to the field in the impregnant in
the parallel section. In Figure 3 the enhancement
factor is 7791/1092 or 7.13. Thie factor, an will
be seen, is useful in comparing different foil
edges in tile same impregnant but not in comparing
different fmpregnenta.

Calculation similar to those illustrated in
Fig. 3 were executed for the six foil edge shapes
with two different corner radii and for five repre-
sentative impregnanta: fluorinert, transformer oil,
HIPB, eilicone oil, castor oil, ana glycol. Figure 4
shown how glycol with a dielectric constant

EQUIPOTENTIRLS FOR 1000 v ON FOIL
POLYPROPYLENE FILM
GLYCOL lMPREGNRNT
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Fig. 4, Effect of ● high dielectric constant (K=39.)
on potential ●round Shape 3.

of 39 would reddce the field in the margin. Tables I
●nd IX thou the bulk field in the polypropylene and
energy density including foil mass but excluding

TABLE 1
rLuORINtRT TRANWORMIR OIL MIPB

. . ,*, ,., )0 , . ,,,

,,,,.,, I)*,

1 ,01 1580. 14,0

,05 2646. 39,2
2 .01 1844, 19,1

05 3112, 54,3

3 ,01 1143, 7,3

.95 2261 28 7

4 .0! 1609 14,5

.05 2669 59 9
5 .01 1164. 7,6

,05 N/A N;A
6 5297. 157.2

,,-,, ,/,,
159.9 ,146

267.9 .410
\77 7 ,18f)

299,9 ,513
113,2 ,073

224,2 , 287
163,0 ,1~~

2.70,5 ,418

121,8 ,0R5
N/b N/’A

548,2 1,715

TABIF, II

SILI(ON( OIL

,!, .

66,
111,

Cf)
113.

4s ,
90,

M
!12

55,

N,’A

232

I b“

,C?4
,067
,025
,073

,011
,044
.025

~069
,016
N,’A

,294

CAS?OR OIL
O.\t

0, ● Iw .-
*, ,,m,t4tgJ
M* Ildm!
* 1$1 C+** $1
., -!, ,,,,

805 >034
134,5 .093

7L,I >030
\2n.4 .08?

527 .01s
104 0 ,0s7

82.5 .036
136,4 t098

68,5 ,025

N !A N/A

265,9 >372

, !.,,

73,1

122,4

76,5

129,1
50,3
99,7

74,7

!23(8

580
N/A

2560

, .,
,030

,083

032
,092

,014

.055
,031

085
,(11~

N’A

362

GLY(OL

● *M
0, . $*, l!-

99$ <bDb *W
Wb I,loo.
1$1,c W*$*,
,, - 1! ,,,,

528 I I 29

812,7 3.07

302>1 ,42

5094 120

2S4,4 ~30

476,3 1>05

5543 143

849>3 335

929? 130
N/A N,/A

1032 2 4,94



margin and contaiuer mafia when the maximum impregnant
field is equal to the asaumed dielectric strength,

2
Da, indicated in the tablea. The bulk energy

density, W, can be shown to be given by

(2)

where the subscripts refer to p - polypropylene, I -
impregnant, and f - foil; c is the permitivity; t the
thickness; and E the field. The dielectric strength
of certain impregnants ie a strong function of

thicknens.
6

For example, recent experiment@ utiliz-
ing fluorinert yield data con.sietent with around
11000 V/roil breakdown tctre,:th in impregnar,t thick-
neasea of less than 1 mil ,. ,creaeing to 500 V/roil in

l-cm thickness .3)6 Standard dielectric etrength
tests with 1 inch epheree at 1 cm epacing are not

applicable for thicknesses leas than 1 roil. The data
used for dielectric $trengtha are what were available
then,

From the reeulte of Tablee I and II, the impor-
tance of a high dielectric strength for the impreg-
nant is clearly evident. Even with the beat impreg-
nant and the rounded Shape 6, the ultimate dielectric
strength of 9600 V/roil in polypropylene ie not ex-
ceeded, Note also that differencern between 0.01 and
0.05 mil radii of curvature on corncra on the differ-
ent ahapee can ●ffect the energy density by factorc
of 2.7 to 3.9. The folded foil, ●a wan pointed out

by Nandelcorn7
1

●nd Parker, haa a subetrnntial im-
provement in energy density over bare cut ●dges.

The energy deneitiet in Tables I and 11 ●re on
the order of a hundred times greater fu~ Iluorinert
than for the other impregnants bacauec of the high
dielectric strength aosumcd (11000 V/roil). Since
effective dielectric strengths for other impregnant~
iu Lhin thicknesaee may bo aubatantially higher than
bulk strengths, the effectt of foil ●d~ea ●nd dielec-
tric conntant were anal\’Ted arverul other waya. In
Table 111 the fivld in ,IIQ PPL film WMI taken to br
1000 V/roil, aa utr,d in many high-repetition-rate

TABLF. 111

ENERGY DENSITY IN PPL (J/kg)

for 4000 V/roil maximum !tnprcgnant flald

SHAPE ‘K,w =1,89
. ..——

22 2,66 2,8 3,7 39,

1 ‘,01’ 6,40 7,93 10,36 11,13 16,42 345,
.. . . ,.+—

,05 !7,94 22,25 29,05 31,20 45.79 819,
2 ,01 871 9,79 1133 11,79 ,4,66 113,

,05 24,82 27,89 32,28 33,39 {1,75 321,
3 ,01 335 3,97 4,90 5,\9 7,02 80,

,05 13.1~ 13,59 19,2!I 20,36 27,39 281,
,4 ,0 I 6 64 824 10,80 1!,62 17.23 381,

,05 !8,25 22,68 29,70 31,92 47,07 894,

: 5 ,01 3,47 4,60 6,53 Y,17 11,89 345,

,09 N/A N;A N/A N/A N/A N/A
6 71,9 93,2 127,0 136,1 179,0 1321-. .::.

RADiUS MILS....”—. . ....

plaatic film liquid impre~nant capacitor, Heru WQ
00C hou the maximum field in tile impregnant varieo
with tho dif[~rmtt ehap~n snd with different diolec-
lric conetanto, t4ev~ral ~untluaiona may be drawn,

Thw highe~t firld for ,1 given dielectric con-

ntantoccur- ●t th~ 45” an&I@ of Shapm 3. Slup@ 2
arte to reduco thv rnaxin,um fi~ld from that of ●

WJare Cut (shape i). The maximum field on Shape 2

occurs in the 90° corner in the center. The projec-
tion at the center of the foil ●dge in Shape 4 ex-

tending 0.1 ❑il ac 45° ●nd meeting in a 90° corner,
serves to elightly shield the charge build-up on the
two corners ae the projection iteelf ie ehielded by
the surrounding edge. Thue, the peak field, though
still at the outside cornere, ie reduced from that of
Shape 1 ●nd the PPL ●nergy density is slightly higher.

The 45° projection ●t the lower corner in Shape 5

makes the maximum field higher than on the 90° cor-

ner in Shape 1 but less than the 45° corner of Shape
3 where there are no nearby concave corners to shield
the tip. A. ●xpected, Shape 6 allowa the highest en-
ergy deneity.

TABLE IV

ENHANCEMENT FACTOR

———-—–——
SHAPE

r

—.———
K I* =1,89 2,2 2.66 2,8

~ 1 .01 5,16 5.39 5.71 5.80 6:;; 1;’5
—.. —___.,,_,_- .._. ._._-

.05
——> 2 .01—...

.05
— 31,01—-.---.>. ,,05

——-=
14 .01.—.—

.05

nd sol
~ .05

=:.- i
RAOIUS MILS

3,08
4.42
2,62
7.13
3,61

5.07
3.06
7,01
N/A
1,54

3.22 3:41
4.85 5,46
2.88 3,23
7.62 8.30
3>85’ 4,19
5,29 5.59
!,19 3,37
7,08 7.19
N/A N/A

157 1,63

3,46
5,63
3.34
8.49
4.29
5>67
3.42
7>22
N/A

1,66

3.78
6.67
3,95
9,64
4.88
6.16
3.72
7,41
N\A
1491

9.4
25.3
15.0
30>1
16.1
13,8

9!0
14.4
N/A

7,4

Table IV showe the enhancement fuctor, the rutio
of maximum irnprt!gnant field to bulk im,pregnunt field,
for thu various shapes. For a given dielectric cun-
stant, thi~ factor serves well to compare effectti of
foil ●dge shape; howavur, it giveo ● distorted vitw
of ●ffects of different dielectric constantu relct)v(,
to the plastic [ilm eincr tht higher dielectric cuN-
stant tends to @uppreaa thv imprtgnant field morr in
the bulk :han around the foil ●dge. A& the impr~,g-
nant dielectric constant increases relativu to tllmt
of thrn film, th~ field in LII? impre~nant in sup-
pressed, Thue for ● given di~lecttic ttrean, a
hisher impregnant dielectric constant will allow
higher ●neruy densitiec,

While twiximum field. in tile impregn~nt huvo b~vn
preeented for two radii of curvature and for mrvcrul
.pecific dielectric constantn, in exanlinin~ tilr ru-
Su~t9 for othrr radii and dielectric c~~natants, tli{
maximum field, E“lax, fcr Shapes I tu 5 could be

approximately exprensed Fe ● function

,,,,; (*,,) (i+-’ (L)

whare K ~
lmp’Kfilm io khe impre~nant LO film diirlertric

constant ratio ●nd r i. the radium of curvature in
mile. Table V givel vaiuoe of A, B, and et for the

five @hap@o. The fialdnon the 45° pruj~ctiorr of
Shapes 3 and 3 havo ● otronger inverse dep~ndcnee on

radiue (I@0,42) than on the 90t) projection@ of Shape@
1, 2, ●nd 4 (1’ 0.32).



TABLE

Parameter Value8

v

for Equati.wr 3

~ *
0.623
0.386 0:325
0.488 0.424
0.633 0.314
0.728 0.431

SHRPE 1 0.25 tllL GRP TO WIRE

POLYPROPYLENE + FLUORINERT
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While a high permittivity impregnant will grade

che field at a fail edge, such impregnants may not
have other necessary charscteristica. Glycol, for
instance, does not wet or impregnate Lhe capacitor
well (refer to Figs. 3 and 4).

The effect of placing a conducting wire whose
diameter equaled the foil thickneaa in the margin
parallel to the edge wae computed for Shapes 1 and 3
in fluorinert. Table VI gives the.maximum field on
the foil edge or wire aa a function of distance from
center foil edge to wire edge. Note that it would be
neceaaary to position the wire with a tolerance of a
few tentha of a mil to insure limiting the maximum
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