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ABSTRACT

Fl-ashover across the surface of specimens of poly-

methylmethacrylate ( perspex ), polyethylene and tetrafluoro-
ethylene ( Teflon ), inserted between eLectrodes which estab- ;,,.

lish an approximate unj-form field in üransformer oil, vüas

investigated under standard inpulse voltages. Successive

breakdowns u¡ere applied across the specimen surface without ,,,.

restoration of initial experimental conditions, in order Èo

establish the effect of the rate of deterioration of the sam- '.'

ple surfa.ce on the subsequent dielectric strength. The effect
of electro-conducbive paint applied to the ends of cylind-
ricaL specimens were also considered in this thesi.s.

The present experirnents showed that the flashover values

falL into regions. Those corresponding to cLean surfaces and

those corresponding to surfaces subjected previously to

breakdown. lrhen the speciments surface is cl-eanr Do signifi-
cant difference could be observed between breakdown values 

,¡,¡;.for perspex, polyethylene or Teflon. After a track formation 
.

onthesurfacethebreakdownstrengthforperspexremained
higher than in the case of polyethyLene and Tefl-on with

Teflon giving the lowest val-ues.

In general breakdown volÈages across the sarnple surface 
,,,,,,,

with ends painted vrere lower than those for Fpecimens wÍthout

painted endsr âs long, as the surface was c1ean. In the Latter



cases without paínting the ends consecutive breakdowns

followed the same tracks along the surface, but with painted

ends multipì.e track marks vùere observed,o
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C}IAPTER Ï

rNTROÐUClIOI\¡

Most high voltage apparatus consist of solid insulating

structures supporting conductors, immersed in a vacuum, 8âs

or Iiqid med.ium. fn such complex insulating systems, the

weakest tink ís usually the interface of the solid insulator

and the medium. Ih order to investigate this problem and

establish design criteria, surface flashover across cylin-
drical solid dielectrics inserted between uniform field
electrodes have been the subject of many investigationsl '2'3,

With the occurance of a flashover across the solid

dielectric surface in an¡r rnedium, changes occur in the pro-

perties of the sâräple surface, moisture content of the medium,

and the electrode surface. These factors generally reduce

the dielectric strength, unless the initi¿l- experiniental

conditions êre provided.

In breakdov¡n studies of composite insulating structures

such as solid-gas or solid-liquid the ends of the test samples

are usually coated with a conductive film. The purpose of the

film is to eliminate possible discontinuities in el-ectric

field distribution which might arise in voids situated at

the electrode-sample interface.

fn vacuu.m it has been found that the paint or metal

coating on sample's encls reduces the insulating strengthS.



As far as liquid insulating system is concernedt

however, compårabIe investigations and data are Limited to a

few statements in books and Papers which discuss surface

discharges êcross solid-l-iquid interfaces usingÔLichtenberg
,.Ã/

Figure4, Dust I'igure) and. high speed camera techniqu"":.

The rnajority of these j.nveStigators dealt predomínantly wit'h

simple insulations inserted between rod-plane electrode

systems and did not consider the effects of the electro-

conductive paint.

The present investigations were carried out with cylin-

drical shaped polymer samples placed betlgeen electrodes

which produce an approximate uniform field, and the whole

assembly was i-mmersed in transformer oil The deterioration

rate of solid insulators and extent of reduction of flash-

over voltage due to successive breakdowns without restorêtion

of initiaL experimental conditions were investigated. Also

the effects of conciuctive paint on tþe ends of samPles were

compared with fLashover voltage obtained when sanples were

not painted.

1-1 SOLTD TNSULATING I4AT]IRIÂL IN TIIANS}'ORI.ER OÏL

HistoricaLJ-y, .transformer insulation consist of a

composite insulation system which is mainly oil, pressed-

board and craftpaper. The change from cel-l-ul-ose to other

insuLants l¡as been mainly a question of econornics and lack



'4.,.:t.

of reliable information of performance under heat and oil.
Polymer science has been developing rapidly, and some of

the new plastics have far better dielectric characteristics
in air ühan papers; namely power dissipation faetor and

tracking resistance. these plastics êre finding wide appli-
cation as electrical insulants. As far as insulation system

in transformer is concerned, holvever, plastics are rarely
used. This is mainly due to economical reasons and aLso

because of lack of information concerning behaviour of

composite insulation systern of oiL and plastics.
In generaJ-, once flashover takes place along the oil-

soLid interface, changes occur in the insulat,ing systemrsuch

as raoisture contenÈ of oiL, the electrode surface and the

sol-id speeirnen surface. These factors make it diificu-lt to

obtain consistent flashover data. In this present investi-
gation, flashover voltages across the oi1-solid interface

v\¡ere measured for poJ-yethylene, perspex and TefIon specimens

without controlling the above factors.

'j1..;.,:,.r:'
\¡"i.\:::1¿

?
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C}LAFTER IT

EXPERTI\'IENTAL AFPARATUS AND FROCEDURE

2.7 Ti{E TEST CELÏ,

The test cell is shorvn in Fig "2-Ln It consisted of a

pyrex-gIass cylinder, 34,6 cm (centimeters) in height and

?ô ôrn in inna¡ dianreter. The ce]l housed two nickel-coated)v v!11 ¡¡¡ ¿¡u¡ç

electrodes and their holding system made of plexiglass, sholn

in Fig, 2-2

The shape of electrodes is shown in Fig. 2-3 in fult,'
sca.1e" This electrode configuration was proposed by BrucuT.

to produce a uniform field for spacings up to 2,J4 em" The

upper el-eetrode used in this v¡ork has a small projection at
its centre, the pu.rpose of which was to hold the sample

inserted into the gap between the el-ectrodes in posÍtíon. At

the begining of this work, neither electrocles had a projec-
tion. vühen fl-ashover occured along the intårface, the shock

following the discharge tended to blow the sample out of the

gap. If the discharge current r,¿as small_ enough, the sample

might have remained in positíon, but tlie smaller current
means the higher ]imiting curr.ent resistance, and thus the

time constant of the high voltage circuit becomes longer
a.nd this causes error in measurement of fl-ashover voltage.

Therefore, the small- projection was made at the centre of
the upper electrode, as shown in Fig.2-3, The dimension of
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this proiection is 1.5 mm (mil-limeters) il diarneter and

0.8 mm in heíght, and it has round edge so that it is
considered not to distort the field around the sanrple sur-

face"

The cell was filf ed with transformer oil-, Esso Voltesso ,;..,. ,,,;

35, which passed a minimum breakdolvn voltage test of 30

kilovolts using ASTIVï method DB77 and is regarded suitable
for use in switchgears and transformers. 

,, 
:;,;1,,,

.t:t..:The method adopted for filling the test cel_l- is shown 
,,...,,,,,:,,,¡,,

in Fig.2-4. The oil enters the cell through a 10 micron ',1:.:'1::,

sintered grass filter at ::ate of approximately 1 ml (mirlí-
litre) per second" The cel-1 was fil-1ed from the bottom to
prevent the formation of air bu-bbJes. When a sol-id sample '

was cìranged, oii was changed and bottr eiec'tr.c-rcies were

polished with a metal polish 1Íc1u5d and cleaned with accetone.

The cell- housed two stirrers but only one of thern is
shown in rig. 2.-7, They were nnade of prexiglass ancr v¡ere

operated manu.ally. Their function was to drive bubbles from
.l--. ._:'.'r.'

the undersides of the electrodes after each breakdor^,¡n and ''¡""''"'"''
:-,,_. .: .,1..
''.:-t

aid- in CircU.f ati nø tho oi I in the cell : ,,::::,'::

2-2 TEST SFECIT/iENS

since the diameter of the flat portíon. of the el-ectrode

is 2,54 cïI, tire sample diameter and its height must be

chosen to be less than 2.54 cm such that the electrode system

procluces a unlform fierd in the €,ap7. The ma-terial for test
samples used j.n this work were perspex, poryethylene and



Teflon supplied by Johnson Industrial Pl-astics Ltd., Toronto, ,

Cana.da

fn the initial stage of the experiments, the sample

size was 7,27 cm in diameter and 1cm in height, and all
samples had both ends painted with a conducting sil_ver paint 

,r.,,.(G. C. No. 2LI made by G.C.EIectronics). Experinrents were

tried with the same size samples which were not painted, in
order to check the effect of the conductive paint. But

before the impulse voltage reachecr the required varue to ',

cause breakdorvn across the sample surface, flashover occured 
,,.:,

along the outside of the test celI from the bushing to base

p1ate. Fol-l-owing thjs observation, the sample height was

red.u.ced to 0,635 cm in ord.er to mea.sure the flasjrover
voltages of the unpainted sarnples. Therefore, as far as l- cm-

high samples v/ere concerned, flashover voltages *ei" rneasured

only for painted samples.

Al-1 samples were cut from 1o.ng cylindrical rods,

ma.chined anci sanded with No. 6oo sandpapers so that the sam-.

ples measured to 1.2? cm in diameter and l- or 0.6)J cm in ..,.,,,.

height accu.rate to within t J/o error, and v{ere cleaned with i,

,ì
Accetone" The ends of the samples were carefully painted

with silver paint and. dried in air, and -care was taken to
prevent anJ¡ settlement of dust.

,,r... i r

2-3 THE HIGH VOLTAGE SUPPI,Y

The experimental circuit for obtaining surge voltages

is.shown Ín Fig, 2-5, A conventional lviarx type impulse
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aolc.

generator of 24 stages with 100 KV per stage was avaíIable

for the experiments, a.nd the first B stages u¡ere used.

A capacitance clevider of 0.OO1try yta y¡as used for
voltag:e measu.rement in all- tests. The desired voltage wave-

shape was obtained by using appropriate external wave front
ancl wave tait resistors ( Rf and R1 ). In this work, ân

approximate standard impulse (I "? / 45 ¡sec. ) was mainly

used, and in this case R¡ and Rtr were j00 ohms and Z3OO ohms,

respectivel-v. Several tests were carried out with ZO/LZO

FSec. waveshape in addition to the standard wave, in ord.er

to compare the effect of the waveshape upon the breakdov¿n

value. For the 2Oh2O fsec. impulses, a 14 kilohms ancl a Bs

kilohms resistor were used as a. wavefront and a wavetail

resistor. respectivel¡r

The sÞecimen's surface d.eteriorates gradu.ally by surface

fl-ashovers. Thus the subsequent flashover occurs under cliffe-
rent circumsta-nces from the previous surface condition. As

the surface condition changes from breakdown to breakdovun,.

neither the 50% breakd.own valu.es nor the average values are

signíficant. Therefore the normal breakdowir technique was

aclopted as the method of applying a high voltage impulse.

The norrnal technique cons.ists of estimati'ng or determining

by trial- the approximate surface breakdown strength of the

sampre anci then applying a sequence of impulses, starting at
a fevel rvell belov¿ the anticipated breakdown value, and

successively increasing the voltage Ievel vuith constant

íncrements. rn thi s work the constant increments in vol-taee



level were 10 kilovolts.
An important factor to consider is the time interval

allov¿ed between success.ive impulse applications. rn deciding
upon what time interval is to be accepted two factors must

be taken into account; the effeet of discharge products 
ì

caused by previous breakdown upon the subsequent breakdown

and the charging time for the impulse generator.

After each breakdown, it was necessary to shut the
generator off and then sweep away the bubbles produced, on the
undersides of the electrodes. This was accomplished by

manually turning the stirrers in the test cell_, rn many cases

this took a considerabre period. of time as many of the bu¡bles
Tuere very small- and had a tendency to jump off the plate into
the body of the riquid vrhen stirred and then slow].y rise to
the undersides of the electrodes again. once a}r the bubbres

were removed, the oil was vigorously stirrecl and allor,ved to
settl-e for ten minutes. The oil- rvas not stirred after an

impulse apprication which failed to produce a breakdo\ryn as.
preliminary investigations showed that no noticeabl-e bubbl-es

were formed by voltage applications, and *1" time period
betrveen ì,mpurses was one and harf minutes which was r.eouired
for the charging of the gener.ator.

jj.:-ìï.:::'.:.: :r'.rì ;i::!ì

i'¿



i!:¿:::r.::::i.:1.;.:li.tj:t-:j ii_l:i:::;;Ì-:i;:::ì :it+::::i::::ïi:t:::t::t::;ii;:í!r;:;i;,;i:*:l¿t;ì.i:1,::::t ;l:n"::i:¡:ìiä

1L

CHAPTER I]I

EXPERIMENTAL RESULTS AND DÏSCUSSIONS

Flashover voltages across the oil-polymer interfa.ce
were measured rqith perspex, polyethylene and Teflon specimens,

using a standard r,vave. several experiments were performeci on

a 20h20 ¡sec. surge in addition to the standard wave.'t

As mentioned earlier it was not possible to obtain a

flashover across the oil--sanrple interface when the ends of
the samples ( f cm in height, L2? cm in diameter ) in contact
with the electrodes were left unpainted. Therefore l-ater tests
were perforrned with 0,635 cm high samples'whích had painted.

or unpaiäted e¡rcls.

3-I EXPERIMENTAL RESULTS

I{ost of the results obtained u.sing the stand.ard wave

are shown in Figures i-i to i-32, with the.exception of those 
,,,,¡,,,,,,,,

obtainecllvitha2o/t2Oì^Sec.Surgewlrichareinc1uded.in
A¡nanrli¡¡ r 

^11 resul-ts shown in Figures 3-4 to j-j7 relate..11 resul-ts shown in Figures 3-4. to i- jz relate " l"

to 0.635 cm high and LZT cm diameter samples, excepting

Fig. j-) vrhrch relates to l_ cm high samples.

Fig" 3-3 shows flashover voltages across the surfaces 
....,t:,.,:,.,

of J perspe>l samples with silver painted encls. From this
rì o'ro i + ^on be seen that as long as the sample surface is¿+t>sr vt vs

clean fl-ashover voltages obtaj-ned for nevu samples are usually



higher than those obtaíned after deterioration v/as produced

across the surfa-ce and also the results are widely scattered.

3-2 FLASHOVER VOLTAGES ACROSS PERSPEX SPECIMENS' SURFACE

Figures 3-4 to 3-g show results obtained using standard.

impulse voltages for 6 perspex samples. of L,2? cm diameter

and O.Ø5 cm high. The results relate to specímens with ends

painted as well- as to those without painting the ends. In
the same figures are shown diagramaticarJ-y the pro6gressive

formations of tracks with nurnber of applied ímpulses as

observed visually after fl-ashover. The heavy rines drawn

along the sample ends such as those in Fig, 3-L represent

the silver paint.

The sha.oe of the sample v/a-s cyJ-incirical, ancl jt was

inserted into the gap between electrodes a.s shown in Fig. 3-2,
Upon examination of Figures 3-Lf to 3-9 the follorving

comments may be made. First, the initial flashover voltages

of painted samples ( about L6o KV ) tends to be rower than

those ( about 2OO KV ) for the casp of unpainted ones. This

can be seen in spite of the scatter present. secondr âs

far as unpainted samples are concerned the first few break-

do\r'n valu.es are considerabty high ( about 2oo l.lv ) until the

complete traclt is formed, and then breakdov¡n vol-tag:es decrease

to.Q.ow"rval-ues ( ?o - no KV ) as soon as the track is formed.

V'Ihen using unpainted samples, the fail-ure always re:
su.lted in a singl-e track. Thereafter successive breakdowrrs

took place along the same path, fn the case of painted



; :'::,:.!::;:::j. i::-ì:;:::j. :.'
16

: samples' however, several tracks originate, one of them even- '',i. 
.' .

tually leading to flashover. Furthermore successi-ve break-

dov¡ns do not necessarily start at the same lòcations nor are

the patterns exactly the same. It appears that this difference
is mainly due to the irregularities at terminations of the.::-

.t.: 
,,:, :: , :,_.painting layers which mu.st have come about in spite of the

precautions taken to ensure the contrary. :

In the case of painted samples it may be considered
| .,,-...,-:: that a flashover starts from one of the irregularities which ,'.1,

1-
: subsequently is burnecl off . The nex'ü breakdown depeno's on the .,,:.:' ,-

' ''_. . :1
:

field strength along the path of the eroded track produced by

the previous breakcLown and on the Local field concen-bz-ated

at another irregulari ty" If the former field strength is
. lower than the latter, the path of the next flashover is

I initiated at a different place from the previous one. There-
Ì fore' several tracks lvere produced after many successive

i breakdov,'ns in tire case of painted samples.
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3-3 FI"ASHOVER VOTTAGBS /,CROSS POTTETHYLETE SPECIÌ\mNS' SURFACE

Figures 3-LO and 'l-L1 show results obtained with the

use of standard \,/ave impu.lses and painted poJ-yethylene

samples of 0.Ø5 cm high and !,2? cm in dianeter. Figunes

3-LZ to 3-16 show results obtained using the same impulses

a.nd unpainted samples of the same size as the above.

From these fÍgures, it is seen that the results for
polyethylene are more scattered than those for perpe),:, but

no significant difference in fl-ashover voltages for poly-
ethylene courd be observed betleen the samples l^¡ith painted

and the u.npainted ends

As far as the painted samples are concerned, the first
few breakdown voltages ra-nge from 140 to iB0 kirovofts aÞpro-

ximater¡r; subsec¡uent breakdown values range from Z0 to r3o

kilovolts because of track formation on the sample surface.
For the same reason breakdown values for tinpainted- sarnples

are as low as B0 - r 50 kilovolts after the first few break-

downs which are around zco lrif ovolts. The tenrlency of the

decrease in breakdown valu.e as mentioned above ivas also
observed for perpex samples, but the rate of the reduction
of breakclown val-.les was not as great in'the case of the

painted perspex sampJ-es a-s was observed with the painted
polyethylene samples.

From the Figures 3-10 to j-L6, it can be seen that the

manner of deterioration ís different from that of perspex
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samples; i.e,.even for unpainted polyethylene samples some

muttiple track marks couL.d be observed. Another significant

observation was a deep erosion ( about 1 rnm deep from the

sample surface ) which was produced by some brealidowns

applied since the surface deteriorated, and the subsequent

breakdown voì ta.ges drop to 6O kilovolts approximately as

soon as the deep erosion formed; In the case of perspex

samples the ciepth of erosion vras so smal-I that it v¡as not

measurable, Trace marks of the deep erosion are represented

by dotted lines in the Figures.



27

PolyethyLene (O.635 cm ht., 1"27 cn dia.)

_t.( K.V. )

250

ffiruilffiffiffiffiffiffiffiffi
t+5678910
The Number of Breakdowns
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3-4 FI,ASHOVER VOLTAGES ACROSS TEFTON SPECTI4ENS ' SURF¡,CE

Figures 3-L? and 3-1.8 show results obtained with the

òf standard wave impulses and unpainted Teflon samples

.27 cm diameter and 0,63J etn h5.gh. It'igures j-L9 to 3-24

results obtained using the same 'type impulses ancl pain-

Teflon samples of the same size âs the above

From these figu.res, it can be seen that as far as

use

of 1

show

t erl

Teflon samples with ends Ieft unpaint'ed are concerned, flash-
over voltages range from t?Q to 260 kirovolts approximately

until track formerl on the sample surface; subsequent breal<-

down values are around BO kilovolts. The rate of the decrease

in breaiçdown values for unpaintecl Teflon samples is the grea-

test among those for three kinds of specimens tested in this
investigation perspex, poJ-yeth¡rf sns and Tefl_on" .

Breal<down values for painted ref]on sampres range from

90 to 760 kilovolts as long as the sampre surface is clean,
and the su.l:sequent brea-lçdor,vn valu.ss decrease .to B0 kilovo1ts.
approxirnately as soon as the samnle surface ceter.iora.tes.v vur ¿svv uç uç¿ Iv! c

The val-u.es ( about E0 kv )after the sampre surface deterio-
rated ar'e lower in the case of reflon sampres with ends

painted and also without painting ends flran those obtained

for perspex and polyethylene samples.

The pattern of track marks is simirar to that of poly-
ethylene sampl-es; i.e, there are some traces of deteriora-
tion, and these lead to a deep erosion on the sample surface.
This occured for polyethyl-ene samples but did not occur for
perspex samples.

2r.



For the cases illustrated in Figur:es 3-17 and 3-IB, the

first several brea.kdor^rns did not produce deterioration on the

sample surface. Similar oìrservations are valid for nej vaJ--Le .t()r'pefspeX

and polyethyl-ene sampl-es. The absence of d.eterioration is

due to breakdowns occuring through the body of the oil and

not along the surface of the sample. Throughout this work

Bruce type electrodes were used¡ thereby achi-eving practically

uniform field conditions when the gap between the electrodes

íS filled with a homogenou.s media. \{hen a sample was Ínserted

into the gap between the el-ectrocl.es, a breakdown should have

started from one of the irregularities around the edge of the

cylindrical sample. But there might be some irregularities on

the electrode surface even though the electrodes were polished

and were cleaned carefully. If a bl.eal<down started from one

of the irregulari.ties on the electrode surface, it might

take place in t|e body of the oil and not along the oil-
specimen interface, and does not produ.ce a tra.ck mark on the

sample surface.

',E
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3_5 EFFECTS OF ELECTRO-CONDUCTIVE SILVER P¡.INT :: ::

According to the results shov¿n earl-ier in this thesis,
silver paint on the electrode-sample interface played very

important role in breakdown development and on the manner of
deterioration of the sample surface. : .' :

:.:t ::':: i::-l:':::

It is generally observed that the interface painted at
the cathode end is more effective in the breakdown develop-

ment than that at the anode end, especially in vacuum. This ,,.,,.:;,,,,;,.

t; ,: 
l,;; t,,",,,t;¡.

isusua1lyconsideredaSfie}demissioninitjatedfromone
:'."'-,:'-'-:'..-' :. -..- a,'

of irregul-arities of the paint at the edge around the sample. ':.,.::.;.:';,',:.

In order to check the polarity effect on the break-

down initiatíon, several experiments were performed with B

perpex samples which had either the negative or the positive
encì- painted. Figures )-2J to 3-32 compare the resul-ts ob-

tained for the two cases using the standard impurse voltages.
From these figures, the polarity effect of the,paint,:could, be

observed neither in breakdown voltages nor in the manner of
deterioration. The difference of the porarity effect between. .::.::..:... ...

Iiquid and- vacuum has not been-cl-eared yet. :"' "''' "'
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3.6 OOMFARISON OF BREAKDOWN STRENGTH ACROSS THE SURFACE OF

TEFLON SPECIMEN IN VACUUill ¡,ND IN TRANSFORI/IER O]L

There are many papers rerated. to breakdown strength
across the insulator surface in vacuum, using cyrindricar
specimens inserted between uniform field erectrodes. one of

þ
the results obtained in vacuum is referr"dTi-., this section 3-6,

in order to compare those with the resurts obtained in trans-
former oil in this investigat-ion.

The graph shown in Fig. )-)) was obtained by R. r. ugarte
RBerazain-. This graph shows successive breakdown voltages

in vacuum ( fO-6 Torr ) across the surface of a cylindrical
Teflon specimen of 5 mm high and 25nm diameter, using D.C.

voltages. The first series of the results in this figure
shov¡ed an increase in the breakdown voltage with the first
three breakdowns; thereafter the breakclown value decreased

to a steady value stightly lower than the first three break-

down values. After this series, the specimen was left in a

vacuum of tO-6 Torr for twenty hours before the second series
of tests was started

Tn the seconci serieb, the first breakdown was the

highest varue in this series ancr was higher than the l_ast

varue of the previous series. The thirri series of the tests
was carried out aft-er *n: sample was left for another twenty

hours ín a vacuum of 10-o Torr. Again the first breakdown

was the highest in this series and higher than the last value
of the second series. The steady value was rapid]-y reached in
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the third series and was of the same magnitude as that
obtained in the first series. Finally, a sudden. deterioration

occured and the breakdown voltages dropped to approximatlfy

10 ki l-ovolts.
at

Lookiirg back4the results obtained on Teflon specimens

in the section 3-4, it can be seen that there. are some diffe-
rences between those obtained in transformer oil and the

results obtained in vacuum.

First, in vacuum, breakdown voltages range from 36 to

40 kilovolts before deterioration occuring, and these values

are equivalent to ?2 to B0 kilovolts per centimeter. On the

other hand in transformer oil, breakdown strength for Teflon

specimen range from 70 to 90 kilovolts which are same as 110

to L56 kilovolts per centimeter, even after track marks

formed but before deep erosion was produced.

Secondly, in vacuum, breakdown strength across Teflon

surface dropped drastically to a rower val-ue ( about ?o kiro-
volts per centimeter ) as soon as the sample surfa-ce deterio-
raterl. Tn turn, breakdown strength for Teflon samples in oiÌ
sta¡zed at around L3o kilovolts per centimeter even after the

sample surface deteriorated

In order to estabtish the reason of these great diffe-
rences betlveen vacuum and oiI, breakdown mechanism in the

both cases have to be cl-eared, The breakdown mechanism, how-

ever, along the solid insulator surface is so complicated that
no definite theory has been established yet, in,the case'of
vacuum and also transforrner oil .
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theory of breakdown mechanism itsel-f .

fn vacuum, once breakdown occurs across the sample sur-

face, a carbon -brack is producecl arong the path of the break-

down. A certain amount of the carbon may dif,fuse into the

body of vacuum and be evacuated by the vacuuri pump operating,

but the rest of the carbon forms the electro-conductive path

on the sample surface. Hence the subsequent breakdown varue

wil-l- be drasticalÌy lower than that of the previous break-

down.

0n the other hand in transformer oil, carbon produced

by a breakdown may be dissol-ved into the bod.y of oil. In

this experiment the oil was stirred by the stirrers after
each breakdown occured in order to srveep the bubbles away,

as mentj.oned in the section 2-3, This might help the d.isso-

lution of the carbon into the body of oi]. Thus the concluctí-

vi-ty arong the path of the track i.s not as high in the case

of oil- as that in the case of vacuum, even though the carbon.

might not be completely dissolved into the oil .

Therefore the subsequent breakdown strength after the

track formed is higher in the case of oir than that in the

case of vacuum,

The above statement appears justified to some extent
by the fotlowing observations.

rn oil, more than one track mark were observed on the

surface of Teflon specimen after several breakdowns occured.

rf the conductivity along the path of a breakdown which
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produced the first track mark was higher than that at any

other place,: along the sample surface, the subsequent break-

down'should have occure'd along the same path as the previous

ancl only one track mark should have been observed as a result.
But actuaì-ly several- track marks were observed in the case of
otl.

fn vacuum, visual- observation indicated that aII the

breakdowns followed. the same path on the surface of Teflon
'x

specimen -. This might be due to hígh-conductivity path along

the track mark.

3-7 OTHER RESULTS

For record purposes other results obtained in this
work are includ.ed in the Appendices. Appendix I shows the

results obtaj.ned with 2O/I2O ¡sec. surges and 1 cm high and

L,2? cm diameter perspex, polyethylene and. Teflon sampJ-es.

Appendix II shov,¡s the resul-ts for pblyethylene and Teflon

samp1eswhosedimensÍonsare1cminheiglrtandL,2?cmin
díameter, u-sJ.ng standard wave impulses. These resurts shown

in Appendices were obtained in the initial stages of this
work as previously menti.oned.

There appears no significant diffe.rence between results
obtained using standard wave impurses and those wiilr the use

of 2O/tzO 
^rsec 

o surges.
I

CONCI,USTOI\¡S

The foll-owing conclusions may be drawn.
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BreakdownvoItagesacroSStheinterfaceoftransformer

oil and polymer specimens were qo scattered that signi-
ficant difference of flashover voltages could not be

observed among perspex, polyethylene and Teflon speci-

mens userì in this investigation, âs long as the sample .,,.,,.
. ,t,.,t,',t',

surface was cIean.

After deterioration produced on the specimen surface,

the subsequent breakdown strength for perspex was the , ,r.,

highest among the three kinds of the specimens, and the ""
_:..1..second highest was polyethylene specimens.

Erectro-conductive silver paint played important roles
ínbothofbreakdownvaluesandthemannerofd.eterj-o-

ration. As long as the specirnen surface was clean,

breakdown voltages across the sample surface with encls

painted were lower than those for sampres without pain-
ting ends ,

AsfarasaperSpeXsamp1ewithends1e.ftunpaintedis

concerned, breakdowns occured at one place across the

surface" When the ends of the perspex specimen were ¡"t.'il'
.: l

painted muttiple breakdown tracks occu.red across the ,t:,,,.'

surface.

For poryethylene and lefron, some multipTe track marks

were obsei:ved in both cases of the sample with ends ..,
painted and without painting end.s. '

Polarity effect of the paint could, be observeci bn

neither breakdown val-ues no"Vthe manner of deteriora-
0n

tion

2,

4.

^



7, There was no difference observed either in breakdowi{

values or in the manner of deterioration between those
' obtained using a .standard wave impulse ancl a 2O/t2O

f sec . surge.
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APPENDIX I

Figures A-1 to A-6 show results obtained using ZA/LZO

i¡¡sec. surge and perspex, poryethyrene and reflon samples of
1 cm high and 1,27 cm diameter with sirver painted ends.
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PoLyethylene(1 cm

using 20/120 ¡rsec

ht. , 1 .27 cm dia. )

surge9

_il-,

ilffiffiffiffiffi ffiffiffiffiffiffi
123t+567

IÌ¡e

A-] Breakdown Voltage across

89î01112
Number of Breakdowns

Polyethylene Surface

(K.V. )

Fig.



Polyethylene(1 cm

uslng 2A/120 ¡rsee

ht, , 1 .27

surges

cm dia. )

(K.V. ) _ru.

250

rffiffiffiffiffiffi ffiffi ffi
1?34

The

Breakdown Voltage

l{umber

a cros s

78910
of Breakdowns

rì.t,VY

ceFig" A-l+ Polyethylene Surfa



ir:::i1:::ì-J::"' ,;.;l;!ti!:-i,r::::i:ì ¡;:;:l:l:;;::r:.i:;;ìÍr:i;1r:,,;r;1;;l'1: ;: á i:iC.ri+::i:.:: ', .: 
- :.'' :. -

lefLon(1 cm

using 20/1?.O

1 .27 cm dia. )

surges

ht. ,

Psec

(K.V. )
_il.

mffiffiffiffi
The Number of Breakdowns

Breakciown Voltase åcross TeflonFig" A-5 Surface



(K"V, )

150

Teflon ( 1 cm ht . , 1i "27 cm dia . )

using 20/120 ¡sec surges

100

ffiffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffi ffiffi ffi ffi ffi ffi
5 b 7 I 9 10 't1

The

Fig. A-ó Breakdown Voltage

_ru.

12 13 14

Number of Breakdowns

across Teflon Surface

16 17 1B 19

O,
cÞ,



APPENDIX II

Figures A-? to A-11 show resurts obtained with the use

of standard wave impulses and painted poryeihylene sampl-es

of 1 cm high and 7,27 cm diameter. Figures A-IZ and A-lJ
show resurts obtained using the same impulses and painted
Teflon sarnples of the same size as the above,

A?'
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Polyethylene ( 1

Sbandard !üave

cm ht., 1.27 cm dia.)
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The Number of Breakdowns
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The following tables show all results shown in the main

body of this thises. nFfGURE NUIjIBERn in the tables corresponds
-: -
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BREAKDOhÍN VOTTAGES ACBOSS ?HE SURFACE OF PERSPEX
SÞfCi¡mfr¡S (f cn hr., 1.2? cn d.ia.) WITH ENDS PAINTËD

STANDARD ltAVE, UNIT: KILOVOITS (PEAI()

BREAKDOHN SAMPIE SAMPI,E SAMPT.E SAI,IPI"N SAIIPLE AVERAGE
NUIIBER No. 1 No.2 No. ? No.lr I,tIo. (

1 21t+ 15b

2Ol+ 1l+l+

191+

19t+

16t+

18I{.

16b

1l+4

171+

'20b

134

184

221+

291+ .

184

16t+

211+

231+

16lt

151+

17/,+

131+

r 84 181+

134 zob

221+ 22/,+

94 159

'r 1[ 152

12t+ 1?2

131+ . 151+ 
=

11 l+ 161+

15t+ 182

1glt 167

184 180

17t+ 158

1gr+ 159

13t+ 158

151+ 167

2,

3

4

5

6

7

I
9

'10

11

12

13

1l+

15

16

17

18

1g

2A

17r+ 1 1[

191+ 131+ 211+ 17h

13t+ 19lt

151+

. 16t+

11h

1l+l+

1 l+l+

16t+

15b

161+

171+

13b 15/,+

121+ 141+

1&l+ 17U

11 I+

16b

21/,+

17lt

191+

1gb

18b

2A\

194

1l+l+

161+

151+

180

131+ 18¿l

2Oh 15t+ z0t+ 15b 13r+ 17O

19t+ 174

184 184

zot+ 19It

191+

171+ 171+

19b 17t+

17t+ 182

13t+ 17O

16r+ 187

191..1l+lv 194 18'+

these results are shown in Fig. 3-3 in this thesis.

182



ÎABLE 2

BREAKDOWN VOITAGE ACROSS THE SURFÁCE OF PERSPEX
SPECIMEI,IS(0.635 cm ht. , 1 .27 cra dia. ) IíITH ENDS
PåINTED

STANDARD hlA\IE, UNIT: KILOVOLTS (PEAK)

SAMPI,E SAMPTEBREAKDOWN
i.NUMBER No.1 No.Z

1

2

3

4

5

6

7

d

9

10

11

12

13

th

1.5

16

17

18

19

20

1?h

1 ltl+

13t+

1l+ll

12t+

11/,+

13t+

ro4

121+

12t+

13h

1 l+4

121+

9l+

84

9l+

84

10¿{. -.,..

111+

121+

16U

161+

141+

r04

131+

131+

134

131+

154

.' 131+

13b

131+

1 l+l+

13lt

11 l+

131+

121+

121+

121+

121+

gTGURE
NU}.'IBEB 3-l+ 3-5
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: jBABLE ?

BREAKDOIìíN VOITAGES ACROSS TI{E SI'RFACE OF PERSPEX
SPECIMENS(0.635 cm ht., 1.2T cm dia.) WfTH ENDS
IÆFT TTNPATNTED

STANDARD lriA\IE, UNfT: KILOVOLTS

BREAKDOTTN S.åMPLE SAMPTE SAMPLE SAMPI,E

-Xü¡mfn No. 1 No .2 No . 3 No .1,

1 20t+. 184 1?4 25t+

2 z1r+ z1U td4 11t+

3 t oll tzl+ 16t+ 12t+

4 lot+ l ot+ .1?t+ lzt+

5 lztt l1b 1].L 1 jh
6 13t+ 1zh 1zr+ t hb

7 1bl+ 15h 1t+t+ 15t+

I
9

10

11

12

13

th

15

16

17

18

1g

20

14b lt+h 151+ 1t+l+

1t+t+ 13b 134 14t+

II+t+ 15t+ 11t+ ,154
151+ 121+

121+ Ibb

th! ßL
13t+ 1t+b

11 t+ 13h

1t+t+ ' 
14h

151+ 16t+

134 15t+

154 154

11h 16\.

_:: :.t ..t ..

FIGURE
NUMBER 9-6 3-7 3-S 3-9



îABIE I,

BREAKDOìftIN VOI,TAGES ACROSS THE ST,RFACE OF POTTETHTI,ENE
SPECTMENS(0.635 cm ht,, 1.2? cm dia.) WIÎH ENDS PAINTED

STANDARD WAVE, t NIT: KILOVOLTS(PEAK)

BNE,AKDOhIN SAMPI,E SAMPT.E

-¡lI¡rylBEB No. I No.2

1

2

3

I+

5

6

7

I
9

1o

11

18t+ 15h

thb

18l}

16tl

9l+

104

10t+

121+

131+

84

74

15h
:

121+

6l+

64

FTGT'RE
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BREAKDOI.TN
NT'MBER

TABLE q

BAEAKDOhTN VOLTAGES ACROSS THE STTRFACE OF POLÏETHÏI.ENE
SPECIMENS(0.635 cm ht., 1.27 cm dia.) WITH ENDS
T'NPAINTED

STANDARD I¡JAVE , IJNIT : KILOVOLTS ( PEAK )

SAMPLE SAMPLE SAMPLE SAMPI,E SA}IPI,E
No.l No.2 No.3 No.À No.5

1

2

3,
l+

5

6

7

I
9

10

11

12

13

th

15

16

17

18

19

10I'

1l+l+

151+

16t+

191l

164

10l}

22lt

26t+

221+

231+

231+

114

134

151+

11/,+

94

20t¡

171+

22t+

204.

231+

25t+

20tt

22t+

174

211+

211+

22h

251+

231+

1 5b.

171+

9l+

111+

121+

171+

20t+

ztb

18tl

18l}

7l+

234

1êt+

2:,Ot+

204

164

1l+l+

16h

184

191+

131+

16h

154

21h

8l+

FIGURE
NUMBEB 3-12 3-1:3 3-1 b 3-15 3-16
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: : IABI,E ó

.BREåKDO!{N VOLTAGE ACROSS T}IE SURFACE
SPECIMENS(O. 635 csi ht. , 1 .27 cn dia. )
TINPATNTED

STANDARD $IAÏE, UNIT: KIL0VOLTS(PEAI()

OF TEFLON
I¡IITH ENDS

BAEAKDOI\JN
NTI¡{BER No-1 No.2

1

2

3

h

5':,'-r.,,.

6

?

I
9

10

11

12

13

1l+

15

16

17

r8

1g

20

221l-

?1tr
221+

211+

16t+

221+

21h

22h

234

231+

211+

17h

204

224

241+

18¿+

251+

20Ir

84

7h

211+

27t+

171+

211+

22/,r.

20b

18lr

25b

gi+

84

FTGURE
NIJMBER 3-17 3-1 I
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TABI,E 7

BREAKDO!úN VOLTAGE ACROSS THE SURFACE OF TEFI,ON
SPECIIIENS(O.635 c& ht., 1:.2? cm dia.) WITH ENDS 

:PåINTED

STANDARD IÂJAVE , UNTT : KTLOVOTTS ( PEAK)

BREAKDOUJN SAMPI,E SAMPT,E SAMPI.E SAluiPI,E SAMPTE SA}4PI,E
NIIFIBER No.1 No.Z No.? No.À No.q No.6 

,

1 15b 1Oh th 9L 124 12t+
.'.. 

';

2 131+ 7l+ 84 9t+ 8l+ ?t+

3 gt+ gt+ ?t+ ?tþ 8It ?t+

4 gtù 6t+ Sr+ 8t+ 84 84

58l+7b84
6 8I+ ?t+

? ?t+ 7b

89b
984

10 9t+

84

8tl

FTGURE
Nt I'{BER 3-1g 3-2O 3-21 3-22 3-23 3-2t+
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TABI,E 8

BREAKDOWN VOLÎAGES ACROSS THE SUNFACE OF PERSPÐ(
SPECI¡{ENS(o.635 cm hr., 1.27 cn dia.) t|l-ITH THE
NEGATTVE END PAINTED

STANDARD WÂVE, UNIT : KII0YOTTS(PEAK)

BREAKDOU¡N SAMPLE SAMPTE SAMPT.F: SAMPI,ENIItriIBER ,No.1 No.2 No.? No.4

1 z}t+ zt+t$ 104 11h

2 25t+ gt+ 17t+ Igh
\ 3 zjt+ gb 16t+ thtl

5 thl+ 134 16t+ 15It

6 13h 15h 1?t+ 16h

7 11 l+. 1 4,1+ 16t+

I t h4' 154 1o,l

9 151+ 15/,, 161+

10 .154 11 r+ 13t+

FÏGURENU{BER 5-25 3-26 3-29 3-3O
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TABTE O

BREAKDOWN VOLTAGES ACROSS Î¡iE SURFACE OF PERSPEN
SPECII4ENS(0.635 cm ht., 1.27 cn dia.i I¡IITH lHE :

POSITT\TE END PAINTED

STANDABD 'WAVE , UNIT : KIL,OVOTTS ( PEAK )

BNEAKDOIôJN SAMPTE SAMPLE SAMPI,E SAMPTE :

NIßIBER No. 1 No.2 No.3 No.4

I

2

3

h

5

6

23t+ 144 11t+ 104

zt+t+ r 8l} 154 13t+

174 1?t+ 13t+ 1t+h

1?t+ 14b 104 16t+

16t+ 13+ 12t+ 123

15t+ 12tþ 12b 15h

15tt 1t+t+ 114 11h

12h 12h 1trí 13h

134 13t+ 12t+ 111+

12t+ 134 13t+ lt+tt.

7,

I
9

10

FIGTIRE
Nur'lBEB 3-27 3-28 3-31 3-32


