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(1)

BINOPSISH

The measurment of dielectric strength is generally
besot with mumerous diffioulties, and the results depend to
& large axtent upon experimental conditions and sauple
geometry. In order to analyse hreakdown test rosults which
usually have a large scatted, it 1s necessary to apply
statisticsl methods, Our experimental rosults wers first
tested for randommess and stationarity and then analysed
statiotically. The results follow the extrems value distrie-
bution (Qumbel 1),

W used several solid insulating materials thst were
available. Special mention has to be made of Xrempel (Class E)
and Glass micanite sinoe these are now materials. In general
the results on thess materialsares quite encouraging.
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(i)

Matinition of Statinticol Teorse
Yariable. ! 4 measurable charscteristics is called
a variable, ,
Yariate. t Indtvidual measurments of a variable
| ars called variates,
Discrake Varigble., 1 If a variable can assume only specifio

values (usually integers), it is called

a discrete or alscontinuous variable.

It a variable oan assume any values
whatooaver botwoon ertain limita, 1t

‘1s called a continuous variable.

"t sny measure indleating centre of
dlatribution is called a measure of
contral tenfenty,

t For a sot of nushors the range iz the
differonca between the largest and
‘smnilesd nusbeps,

t The avarapge of the squared deviations

from tho nenn,called the variancs, is

used o8 A weasurs of dispersion.

1 The square Yoot of the variance is
¢alled the standard deviation.

t 18 a collection of sets of obsorvations,
aach of which ropresents only one many
possible results which might heave
occured,



10, Sample Record. $ A single time history (of obseyvations)
reprasenting a random phenceenon is
callesd a sample record., It is obsorved
over o finite 2ime interwal, It will

: als0 da callad & set.

11, Sample Funotion ¢ is 5 sample record taken over infinite
tive. '

* The collection of all possible randos
sample records whieh the random
phenonencn might huve produced &s
known ag randon mcﬁam;

124+ Classification of Random Process: A, Stationary

By Nonestationary.

124A, Stationary {4) srgodic (ii) Non-srgodic,

12.8. Hon-stationary -~ Spessial olassifidation of non-statomary
fendom Statiomary ¢ When the proporties of random phenomenon
Progasa. can be hypothetically described at any

| inotant of time by computing averags

values over the coi:téntim of sample
funotions which desorids the random
prosess, the procoss ie known as randon

stationary process.

The mean value (first moment) m, (#,) of a random
stationary process can de computed at any time ‘f"l by avera=
ging the instantaseous values x, (t,_) of auch sample funstionm
of the rondom yrocess st time "1 ’
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If this mein does not vary wvith time ty » the process 1s
said £o be woakly stationary., For s weakly stationary
function, the suto-corrolation function n:(tl y & +7)
defined ",

Rty s 1y +7)m '*@ £ 2 % (4y) %, (t1 *7)

is dopondont only un the time inumlf .
If all popeible moments of & randos stotionary function are
time invariant, the function is said to be strongly
staticnary, |
Brgodic Random Progesst When in & random stationary process,
| ‘the mean and auto-correlation funstion
do not differ vhen computed over
different sample function, the
randon process 18 said to be efgedic.
Ergodls random processss ayre an important class of
random processss since all ths propepties of ergodic randonm
progess can bs determined by performing tiue average over a
s&ngla aampla function. It 15 for this reason that the
properties of an ergodio phenomenon can be measured properly
from & single time history record, |

15+ Self Stationnry ¢ Whon a single sample record is

stationary within 4tself 1.0., the
proparties computed over short time



16+

intervals do not very aignificsntly from one time interval
to the next {“significantly’ means that the observed
varfations are greater than would be expscted owing to the
normal statistical sampling variations), the sample record
18 sald to be self stationary.

Basie Desoriptive Properties of Handom Data ¢

(a) Moan Square Value.
{b) Probadility Density Punctions.
(o) Auto-Corelation Punction.

(a) Mean Square Value t It desoribes ‘the general intansity
of random data: In equation form the mean square value
Jy° for o sample time history rosord x(t) 18 given by,

§2 » ?*mé S:*(f.)at

It can be sxprossed in terms of two components:
(1) Mean value u, 4 which is the static or time
ineariant compoment because it is found simply by
averaging the values,

B ?'m AR

and (ii) variance G'xg s which i the dynamic component,
because it is computed by ﬁ%.us the variationiof sach
value from the noan value,

g2s MR § 5T ) wn e



{(b) Probability density function s It describes the probadility
that the dats will sssums o value within some defined range
at any instant of time.

The probadility that x(t) assumes a wvalue within the
range between x gnd x + Ax may be odtained by taking the
ratio T, / T vhen T, 15 the total amount of time that x(t)
falls within x and x * Ax during total observation tine T,
This ratio will spproach an exact probability deseription
as T approaches infinity,

iis T |

P -+ ot @ prob [z < x(t)  x + ax]

A fivst order density mmttag plx) can be dofined for

small Ax as follows “

pi{x) Ax ~ prob [x < x(t) £ x + Ax]

pix) = Ai"ﬁ o prob [x < x(t) & x + Ax]

" )
"mso raw Had

The probabdility density funetion plx) is alvays a real valued
non negative function. |

P(x) 1s the probability that the instantaneous value
of x(t) 1s less than or sgual to ctme value x and 15 equal

to the integral of the probadility amxzy; ‘from = o x

P(x) = Prob [x(%) < =]

= ‘x plx) ax

- RO



(vir)

P{x) 1s known as the distribution function or cumnlative
probability distribution function and is bounded by zero and
one.

In tcm of probabdility disteidution function,

n, ® 5 x p{x) dx

< oo ,
'?z = 3’6 xzp{x)ax

b ‘ ation * It descrides ths gemaral
dapm&m of t.he values of data at ono time on the valuos
of data at another time. #An estimate of auto-correlation
betwaen the valuss x(t) at time t and t + 7 1s glven by,

E: (7) = '.rlﬁ‘w *usrﬂcﬂ s +7) at

vhare 13 obserwvation time,
R, (0) 2/R (7 forald 7
R {=7) = R (7)

The mesn valus is given by m, = /(X and the mean
square value by .2 = R.(0) in torns of suto-corralations,
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1. JIRIRODICTION
1.1 m Haturs of the Problem

With the rapid increase in demand of slectrical power
in urban areas partioularly, it is becoming necessary to bring
higher voltages for the power transmission and dlstribution
systems. In India for transmission purposs we are already using
400 KV transmission voltage and contemplating the use of 800 XV,
Distridution of Kleotrical Power in heavily populated urban
areas with such high voltage like 110 KV can only be achieved
with the help of under ground power Cables, The cities like LONDO!
and MOSCOW aro having their distridution ring of 275 KV and above,
vhich 1s mostly underground. Thers, cne is forced to bring a
yoltage like 110 KV to the heart of the oity to weet the high
load density of 5 MVA/Ke® and above.

Sscondly the insulation content in the slots of
rotating electrical machinss varies betwesn 100 to 300 Percent
of copper ares. By extensively testing ths insulation system
and evaluating the mechanical, eloctrical and thermal capabilities
it is desired to achieve reduction in this insulation content
for botter utilisation of this apace. This can sleso result in
1sas tomperature drop across the insulation wall and losser
material content. Adoption of higher temperature class of
insulation can be restored for better space utilization and
compactness. 8o insulating materials plays a very ismportant
role in this,

The insulating materisls are extrswely diverse in
origin and properties, Many of them are of natural origin as



.

for e.ge papsry Oloth, paraffin vax and natural resin, Wide use
is made of inorganic insulating materisls such as glsss, ceranmics
and mics. Many of the insulating materials are map made produ-
ots mamufactured in the form of resin, insulating fila etc.

During the second %rld Var, there wis an explosion
in the nunber of synthatic materials made commercially availadle =
both PLASTOMERIC and ELASTOMARIC. Only & few of these materials
proved technically suitable for use as cable insulants, and the
ﬂtm‘ vas further marrowed down vhen factors such as cost,
availability and ease of processing vors considered. The final
choice can gensrally be linited to the following:

Plagtonerst~ Polyvinyl chloride, naly»thy’lma {both 1low and
high damity) pomropylm, and co=polymers,

agtonerste Styrene » butadisnerubber, dutyl mbm;-, utbslem
propylens rubber, eorosseliniced polysthelsne.

In recont years wide use s made of now materiall vhose
compnzsiw ‘and properties place thes in an intermediate position
betveen inorganic and organic substances. There are ths synthetic
organd - silicon coumpounds, generslly tersed as silicones.

Paper insulated cabls has been widely used as a high
voltaoge power cable , But - with the development of XLPE as
cable insulstion waterial around 1960, those arcas are gradually
being replaced dy XLPE insulated cable and provides following
advantage s« .

1. No specialized technique such as oil impregnated paper
taps wrapping or viping is required in jolning cables
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1. ZXERODICTION
1.1 The Batups of the Problen

With the rapid increase in demand of slectrical power
in u_rban' aresas particularly, it is beconing nscessary to dring
higher voltages for the powor transmission and distribution
systems. In India for transmission purpose we aye already using
%00 KV transmission voltege and contomplating the use of 800 KV.
Distritution of Electrical Power in heavily populated urban
areas with such high woltage like 110 KV can only be achleved
with the help of under ground powor cables. The citios 1like LONDO!
and MOGCOW are having thelir distyidution ring of 275 KV and above,
which is mostly underground, Therv, one is forced to bring 2
voltage like 110 KV to the heart of ths olty to meet the high
toad density of § MVA/Kn® and above.

Bscondly the ismsulatiom contont in the slots of
rotating oleotrical machines varies detween 100 to 300 Porcent
of copper aren. By extensively testing the insulation system
and evaluating the mochanical, electrical and thermsl capabilities
it is desired to schieve reduction in this insulation content
for better utiliszation of this spaces This can also result in
lsss temporature drop across ths insulation wall and losser
material content. Adoption of higher temperaturs class of
fnsulation ¢an be restored for datter space utilization and
compactness, Eo insulating matertals plays & very important
role in this, |

The insulating materialsare extramsly diverze in
origin snd properties, Many of thenm are of natural origin as
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for oc.ge paper, cloth, paraffin wvax and natural resin, uide use
38 made of inorganic insulating materials such as glass, ceranics
and mica. Many of the insulating materials are map made produ-
ots mamifactured in the form of resin, mulaum filx ate.

During the second Horl.d Usr, there ua an explosion
in the nunber of synthatic materials made commercislly available «
both PLASTOMERIC and ELASTOMARIC, Only & few of these matorials
prom technically suitable for use as cable insulants, and the
field vas further narrowed down vhen factors such as cost,
aveilability and eass of processing vars oonsidered, The fiml
chotce can generally be linited to the following:

Elastoperst~ Polyvinyl chloride, palyethylma (both low and
high density) polypropylene, and co=polysers.

Elaatomerste Styrene » butadienerubber, dutyl rubber, ethylens
propylens rubber, oross-linked polyethelens. ‘

In recant years wide use 1s mede of now materiall whose
Wszw and properties place them in an intormediate position
between iﬁorgaMn and organi¢ substances. Thars ars the synthetic
organd - silicon coumpounds, generally termed as silicones,

Paper insulatod cable has been widely used as a high
voltage powsr ¢able » But = with the development of XLPE as
gable insulation material around 1960, those areas are gradually
Deing replaced by XLPE insulated cable and provides following
advantageo i )

Y. No spoehnm technique mah a8 o4l fapregnated paper
taps wrapping or viping is required in joining cadles



2, 8inco a metal sheath is not employed, prodlems due to
raugzu phanonena are sliminated,

3+ Light weighipermits long cable spans.

Yy, The maximum normal operating temperaturs of XLPE is 90°C,
thus providing larger current caprying capacity.

5. Requires no additional systems auch as oil fesding tank
and alarm systen, *

6, May bs employed without special devices to romtes
having large height variations.

7. Easy maintenance,

Because 0f certoin oxtya ordinary qualities, plastic
Ansulated power ¢ablos are fast replacing the conventional type
paper insulated lead covered cable up to 33 KV. With the
present day extrusion tethmiques, cadles with extruded polythee
lene (PE) up to 225 'KV have already been laid in France and
Japan, vhers as in West Germany and U.8.A, hundrediof Km of

138 KV cross 1link PE cadle are in service.

Insulating materials have & great responsimlity in
providing for reliadle and sucGesoful operation of electrical
equipment. After a svitohgesr equipment .. passes its initial
tests, and oparates for short perdod without untoward incident,
1t will be usually continue in safe, reliabdle and successful
operation for many years. Analysis of the failures of elactrical
insulation have indioated that serious thermal ageing is the most
general cause of the insulation failure. The exceptions are
usually vhere there has been serious contamination of the insue
lation or where mschanical dosage has otcurred from some



sxternal causs.

It is odvious that as we are thinking nbtmt extra
high voltage, we have to think about insulating materials also,
Now our further efforts will be to ewaluate the insulating
materials individually and in combination with a viev to select
an insulating system according to our requiremsnts in future.

There are many kinds of materials for olectrical
purposes. These materials range from olls, resin, organic
fibres, minerals and ceramics, Thers is only a comuon and & very
slgnifiocant characteristic to all insulating materials, namely
their characteristic by & scarcity of free olectrons in thelr
physical strusture. This means that while they can amduw
electric current, when subjected to olectric stress, the
currents are relatively minute and require relatively very high
voltags to produce them, The ability of an insulating material
to withstand eleotric stress without rupturs is a veory important
characteristic. When an insulator is otresved at & voltsge
suffieiently high to produce rupturs, the voltage at vhich such
brealidown ocours, is defined as the electric breakdown voltage
(the slectrie strength being defined ao breakdown voltage
divided by the distance). Such sleotric breakdown strength dee
pends on many factors including RRV, the time of voltags appli-
eation, the froquency of applied woltage, the atmospheric condi-
tion and the thicknsas of the materials, as wll as the temper-
ature and the slsctrode configuration. | A
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Naresimhan, st.al.t] has peported the values of the
moisture absorption by weight and meximm clectrio strength
for different valuss of relativo husidity, for gluss epoxy,
glass filled phenclie, resin :hnpmgmted wood and oil imprege
nated wood.

Bulumwl bas discugssed in her report about gap
length betwesn the sleotrodes, olectrode shape and electrode
material. According to her tho wariation of the gap length
does not affeot the form of the statictical distribution, but
the wmodal value and dispersion of break down strength m
higher at gmaller gap length. The olectrods shape affects the
distribution to a large extent. The dlspersion of break swn
strengths deorsascs as ths field comfiguration of electrode 1s
varisd from uniform field, to point plans. The modal value of
brealidown ctrength is smaller with unifors field electrodes
than wvith spharee-sphare slectrodes perhaps because of the ares
effect,

Prass has a normclising affect on the distridbution of
breakdown strength. The modal values as well as the dispersion
using brass eleotrodes sare smaller than those using stainless
steol electrodaes.

Zaky, ee.ul.uﬂ glve ﬂstst of the effcct of a very
vide range of additive concentrations (5 x 107 to O.% molar)
on the gassing properties of mineral oils Bensophenone, naphthae
leno, totralin and quinoline wers used under four gas phases,
B, 4 Ny y O, and olr, and strosses ranging from 36 to 6% KV/om,



Tangen, ot.al. (18] have performed experiments on
sphere/plate and plate/plate elootrode embedded in epoxy resin
and got the following resultss
Tests on 0.2 and 0,35 mm sphere electrodes support the hypothesis
of an area dopondent breakdown strength.

It hae beon found that the eu;{inc condition is slsc of impoprtance.
The breakdown strength 1imit, scoms to decroase with incroase in
exotheraic temparature. Honos extropolations from small Cest
specimens to larger ones ars not permitted.

Bo. fur it has not been possible to estadlish a dreakdown
eriterion generally valid for a amciﬂa rosin.

Long time tosts have shown that the breakdown strength limit is

lovered by ageing procasses.

In the light of ths above discussion we have to plan
our exparimental work. UDopending om the availability of
insulating materials apparatus, facilities and on the strength
of initial exploratory expepiments, we have to decide which
pambnm we ean control and whioh paramoters are not controline
ble so that our experimentcl work will give some usaful and
accurate information.

The broad aim of the work is to study the olectrical
breakdown behaviour of s0lid insulating matarials and transformer
01}, individually and in combinations that are prevalent in
practice. GStatiaticsl techniques will be used for processing
the tost results, and use vill bs medo of the availadle computing
facilities 4f nocessary.
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1. Arrangement of the Thesls

This thesis is devided in seven sottions vhioch ia
arranged in the order in which the work wes done.

Section 1 gives the introduction which explains the
nature of the problem, discussion of available literature,
author?s line of attack and the arranpement of this thosis.

Ssotion 2 gives the review of thu work dons by othey
rcaémh workers in the field of electridal breakdown in solid
and liquid insuleting matorials, Firatly, the introduction to
this field 18 given, secondly, the clactrical processes taking
part in breakdown process are dlacussed. This is followed by
the effect of various pammé on the breakdown strength.
Lastly, the statistical studies thet have besn made till nov are
discuased, |

Section 3 gives all the details about the sutomatic
ocontrol system for the tost equipment, and about the test
procedurs followed in the breakdown tests. The last sudbsection
oxplains the statistical techniques ‘mm.'

Ssotion % gives the experinontal results, The first
part gives the 1ist of parametors that are significant in breake
down tests on the solid insulating materials and transformee ofl.
The seoond part givos the proporties 'or these matersalsand oil,
The naxt part shows hov & test procedurs is decided upon with
the help of exploratory experiments and statistical techniques,
8ince the test procedurs is evolwed on the basis of exploratory
sxperiments, some of the dilscussion of results of exploratory
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experisents is included in this section. The lest part gives
the result of two main oxperiments. '

Ssgtion 5 gives the mnalysis of the results. A sample
oaloulation of each statistical test 13 also included. ‘

Section 6 gives the discussion of the experimental
results and section 7 gives tho conclusions, Tho nuabering of
the fipures and tables corresponds to the mmber of the subsection
where it appears, |
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2.1, Introdustion:

Pover systoms are continuoisly increasing in thelr
generating and tranamission capability to cope with the ever
inoreasing demsnd of electric power. A definite foature of
the present day industrial progress is that the genorating
stations through out the countyy aro getting linked up in
‘‘pogiona) grids and super grids'?. This has helped in the
proper production of the slectricsl energy and ense of trantgw
porting from the point of pmdﬁeum contres and places where
thoy are mostly neoded. This necessitates the adoption of
highey system woltages.

© The live conductors and those high wvoltage are required |
to be algatﬁmny supported at their potentials from electriw
sally corthed objects whioh are at zoro potential. Insulating
materials serve the function of insulating end supporting these
elootrically live conductors against their coming in contact
with the earthed objeot. Very literally speaking, the insulating
materials offer very very high resistance to ths flow of current
from ths live conductor to earth, The lesaksge ourrent would de
inspproeciable in comparison with the main current flowing
through ths conductor of the windings of the generator, motor,
transforney or the conductors of _thu: overhsad tronsmission line
or under ground ¢ables.

In order to understand the mechanism of failure of
these insulating materials, a brief study of the electrical
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insulating material is essential.

Prom the down of electrical engineering till 1830 A.D.,
sleetrical experimentors and inventors used readily available
materials for the insulstion requircnments of the eguipnents they
handled. But with grovwing need of the teshnical complexities
of various squipments, some insulating materials 1like rubber,
ssphalt, mica, cotton, shellac, varnished c¢loth otc. came in
practical uss. Thus prior to the second world war, mica,
asbestos, bitumen shellac and synthetic materials had also forced
their entry into the insulation industry, The post war develope
zent of the insulating meterials has brought in polythene,
PaV.Co plasticates, pelymmaaa., pamumm, polystyrens,
polytheylene into pioture,

2.2 Gongral Properties and Failure of Insulating Materials

In general, the weakest link in an 'mmuam systen
is an interface botween two difforent materials, especially when
there are tangential electrical stresses along this interface.
When the interface is solid to air (or gas) end the tangential
stress ia sufficiently high, corona discharges takes place .if
dust collects on the interface, tracking would occur during the
period when molsture condensation is taking place on the surface.

With time and temporaturs, or due to *hhe effects of
ulfmvmlat light, solvents, vibratiom or other disruptive
influence, the insulation would fail mechanically after vhich
it would lose its electrical propesty. The actual final breske
down is associated with the condensation of molsture at the
physical defect.
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Power loss in a dleleotric is & funotion of permitti-
vity, loss tangent, frequency and electric stress or potential
gradient (p a Kr,. tan&r £%), If the voltage is applied conti-
auously, the heat evoved should be disalpated by the ocutaide
surfsce, If the permittivity or the 1oss tangent increases
rapidly with temperature, the rate of hsat ovolutioh indreasocs
and a Tunsvay condition may ocour vith resultant failure of the
insulating materdals.

Properties of an insulating materisl for & particulay
use are given below in the yelautive opdor of importance.
i+ MHechanical dehaviour
‘4 Thermsl dehaviour
3« Chemical charactaristics
» Flestrical propertiss and
5« Boonomie factors.
2.2.1 Moohanienl bohavicur of the insulating waterislsi= In
genoral; toughness is the main requiresment stiffness modulus
should be high for a #igld structure or lov for & \ire insulae
tion. A slot 1iner shoot material has to de stiff enough to
expand ageinst the inside surfuce of the slot, should be able
to crense without bdreaking and should de able to withstand bury
on tho odge of tho slot lamination, vibration, chemical action
of ths fupregnated varnish, affect of high temparaturs,absorpe-
- tion of moisturo ete. The overhang of the coil should hawe high
abrasion resistonce or a very lov cosfficient of friction. The
insulating varnish should have adhesion to the wires, sufficient
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slanticity to expand and contract with the copper as its tempew
rature changes. Thus the mashanical requiroments on an insulae
tion are different for each application.

2:2.2. Therzal behaviour - Many insulation epplications
faquire the material to be exposed to the excessive temperatures
for a short pnrtod of overhsads. Physicul properties of matere
1als generally drod off to lower valuss with the rise in tompes
rature. Tensile styongth should not drop to the point where
excessive deformation and oreep would cccurs A thermoplastioe
material wust not be exposed to a temperature in excess of its
melting point even for a short time.

When materials are expossd to tomperature for longer
period of timey they change their chemical composition, This
shonioal change with pesultant changs of physical properties
from permissidle stote to nonwpermissible state lead to ageing
of the material, It is now well established a fact that for
most insulating materials, the s-uﬂict 1ife can be related to

temparature as an approximately linear slot of log of life
| versus the recipro¢al of absolute tomperature.

havicugt= Chemical behaviour rolates to the
effoot of the envirement on the insulating matoerisl. The uost
comnon envs.rctmnt iz air containing moisture. Tho oxygen in
the alr con oxidise the insulation at a temporature until it
loses 1is necessary physical properties detrimentally. It can
also /ydrolyse and degrado some insulstions. It can colloot



on the surface and give low insulation rssistance. Ultraviolet

- resistance 1s of importance in those spplications where the mate-
rial 18 exposed to the radio active clements. Resistance to
corrosive atmosphere, such as salt spray is equally important.
Effects of solvents oan be disastrous. The diffarent insulations
 used in contact with one another can have disastrous effect on
the thermal stability of one another,

2.2.%, Elogtrienl properties t- of all the propertios, dicle=
Gtrig strength is the most important. The measured value of
#loloetric strength 4s a function of electrode size, amblont
medium in which the test is conduoted, the shape of the elestrods,
the rate of rise of voltage, voltage wave shape snd frequency,
the relative humidity and tomparatuwre and the length of time to
which the sample bas boen exposed to these conditions. There

4s no relationship betwsen the nmoasured value of the dlelectric Qé
strength and the value of potential gradient at vhich the |
material can bo used in practice, A Judiciously selected value
of factor of safety is the only gulde. These values are of

great importance for quality comtrol and as research tools. A
few uses vhore ths properties are criticsl are {a) insulation

for microwavn oadle whore tsns should be lov for efficlent
transaission and (b) high voltage capacitors and high voltage
oll/gas f1lled oadles where insulations are stressed to mch
higher voltage gradients.

In mpohines upto 3.3 KV, the thickness of insulation
18 doaided on the basis of mechanical strength, abrasion, eta.
and the wvoltage gradient is calculated as a check.
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Among the other elettrical properties corona or
discharge resistance and surfuce tracking resistance are ilmpore
tant for high voltage transmission.

onomias factorss- The best insulation design is a part
of overall design of an equipment/system which give the maximum
performance per rupes of overall cost. This does mot mean that
the sntire effort should be concentrated on minimising cost per
unit weight of the given matorial for the desired equipment/
system. If by spending more for one or more olements in a
system, the whole systom can be reduced In size and material
savings for other than the insulation, more than over balances
the insulation cost, it is wiser to use the more cxpensive
insulaticns ALl pros and cens of the problem must be studied
 along with cost per unit weight, fabriocation and tooling,
changing design to accomodate higher temperature,
2+3+ Nechanism of Failure of Insulating Materials

{a) Suaring operations, heat ageing couses embrittlenment
of ths materials and thermal cycling products mechanie
cal stresses, -

{b) Vibration develops any tendsnocy of the insulation to
orack,

(e} Condensation of motsture vhich occurs during:the non
opsrational period enters the cracks.

(4) The woltage opplied on restarting detects the moisture
field c¥acke,

In the functional test, discussed in Appsndix (A) a
nodel of the squipment is subjected t0 a ¢ycle of heat sgeing,
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vibration, exposure to 100 Percent relative humidity by a test
voltage, The temperaturs at which heat sgeing is ocarried out
are choscn above the operating temperaturs in order to obtain
results in a reasomadle perdicd of time. The test voltage is |
used 1s 1ittle sbove the operating voltage in & mmid atmosphere.

The tost pesults (life in hours and temperature) are
plotted in ths form of groph £12.2.3.1« The life of the system
at the classification tomporature at an agresd 1lifo can be
extrapolated. Thisfunctionnl test is usefyl becaunse it makes
it ponsible for the nochoniszm of failure to be ohgserved in some
detail, This ¢an serve as o very useful tool for the Classifi.
sation of insulation systema, ovalustion of insulsting madterials
ad improvement in the design of the equipment.

2.%, Molocular Properties of Dislectriss

A dielectric materdal can react to an electric field
booanse it oontains charge carriers that can be displaced.
Elsotrically spoaking, watter consists of positive atomie
nuclel surrounded by negative clouds, Under the action of an
external eleotric field, eleotrons are displaced slightly with
rospect to miclei, Induced dipole movements result and cause
the elsotronigepolarisation of materials. ¥when atoms of
difreront types form molooules, they would not normally share
 their clectrons symetrically becauss the elestron clouds
would be displaced ecantrically towards the stronger binding
atoms, Thus atoms acquire charges of opposite polarity and an
external field aoting on these net charges would tend to change
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the equilibriuwm positions of the atoms themselves, By this
displaceweant of changed atom or groups of nm with respeat to
each other, a second type of indused dipole moment 15 created.

It represents the atomic polarisation of the dlelectric. The
asymuotrie chapge distribution between the wnlike partners of

& molecules gives riso to pormanont dipole moments which exist
even in the absence of external electric fisld. Such moments
sxperience & torque in an applied field, that tends them to orient
them in the field direction. Thus an orientation polarisation
comes into pioturs,

Thess three mechanism of polarisation, characterised
by an elestronic polarisabllity (a,), an atomic polarisability
(u.ﬁ and an ordentation or dipole polarisability (a,) are due to
charges that are locally bound in atoms, in molecules or in the
structurs of solids and 1iquids, Besides, charge carriers
usually exist cun sigrats for some diatance through the dielect
ric. Vhen such charges are impeded in thelr motion, either
because they decome trapped in the material orion interface,
or they cannot be freely discharged or replaced at the sloctrodes,
spade charges and the overall fleld distortion result, This
leads to the **space charge (or interfacial) polarisation,??
characterissd by & ‘“space chargef{or interfucial) polarinability
(a,)y thus the total polarisabdility of a dielectric material
would de given by te

a = a, ta *a, *a, | L)



" o

We know that for a dielectris, the Polarisation vector

b
» (K, »1) K B (2)

-4

vhere Kr = palative peralttivity
Ky -+ pemmittivity of free space.

-
E = Sleotrcw/fleld vector.

PP

A
180 Man’ | (3)

o
#

vhiere N = To. of dipolo moments,
= Polaplaability,.
B' = Looally aoting cleotrical fleld vector.
™is field wcﬁw E’ would nmuy differ from the applud
field wentor E due to the poriantim of the surrounding eloctris
Wtﬁ.mw |

If the external field is of alternating mature, &
temporary phase shift may cocur between the external field
and the resultant polarisation and o loss componont of current
would appsay. nder this condition o Dbocowmes a complox
mmber

3 % a -~
P a (RS«1)E;B « NaB&’ ()

Taking into account the effeot of the locally soting
fieldss {a) f1014 from the free charges, (b) rield from the,
fres ~ ands of the dipole ~ chains and {¢) field due to the
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individusl actlion of the molecules on the reference molecules,
Mosotti obtained a relationship for polarisation per unit
‘volume in terms of permittivity of the dielectric given by
equation {3) |

Na
In other Cases, as long as the molecules themselves are the
dipole ¢avriev) it would be convemient to siiminate the dependenc
of the polarisstion on the density of the matorial by referring
to polarisstion per mol, (i.e. Avogadro?s number).

g (5)

o« No. of molecules per mol.
= No

No = %ﬁ = 6,023 x 10° | (6)
whers M = Moledular weighi - in Kg.
f = density in Kg per 3,
Jo Molay Polarisation (i.e, Polarissbility per Hole)
{

. .’;9%.. t.

Equation {7) 18 known as the Clausivs Mossotti equation.

- 1\) i (7

From the above, it can be noted that the molecular 8
properties of a dielectric can have great influence on the
permittivity. The pernittivity oan sy shown to be related vith
the gapagitance, loss tangent etc., the isportant characteristics
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of & dielectric. It would be worth while to study the effect

' of tomperature, pressure, voltage ets. On the permittivity of
‘& dieleotric defore w embark upom the phanomenon of ionisation
and breakdown of dicloctrics.

2.4 Ihe Experimental and Physical Parameters

In addition to the provesses taking place in the liquid
itself, ths bysakdown strength is also vory sensitive to some
external foctors wnich are introduced by the test procedurs.
These factors are the experimental and physiocal parameters. In
view of ths large muber of test necossary for a statistioal
appraisal, the experimental and physical parameters should de
identified properly and rigorously contrviled,

2.%1. Tho physical y
be listed as followsiw
(a) Pressure

{8) Tomporature
(e) Hmidity
(4) Frequency of applied voltage
{e) Voltage

{f) Viscosity

{g) Moleoular weight

rametors t- The physical parameter can

(a) Pregsure '~ For those dielectric obeying clausius « Mosotti
equationy the permittivity would increase as pressure is inoroas
sed if the density is incressed too similtancously. For none
polar gases, permittivity is directly proportional to the pressur
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K =1 +§(m*£§(miﬂ- oeg)} x 106 ®

vhere p = Pressure in mm of Hg.
5- = Aly density factor

T = Absolutc temperature

E = Pressure of vapour saturating the air ms
H = Height of & place above ses level (in Km),

Equation () 41s the ¥olport?s formila for air permittivity to
be calculated with various values of prassure, temperaturs and
humidity.

Ths pornittivity of 1iquid snd solid dlelectric are
also affooted by pressurs, o.g. pormittivity of glycerol (at 5 °C
and frequancy 10% Ha) at one ata 18 49,3 but 15 53.2 st WO70 ata
and sagain deorsases to 33.6 at 9500 ata. Moter has its increasin
permittivity upto pressure range of 6000 ata,

Proasure applisd during the prooess of testing also
changes the permittivity of the dlslectric under tast,

(®) Tomporature t~ Temperature does not affect the process of
@leotronic polarisation. Thus the soparate molecules ars not
affected. Duo to thermsl oxpansion of substance, the quantity
of molecules to be polarised per unit of dlelectric volume dec-
roases if ths temporature is inoreased., Permittivity in such
onses 1s also decreased (o.g. Permittivity of paraffin decreases
whan 1t is ohanped from solid state to liquid state),
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In cases of solid ionle (non-ferro electric) diolectries,
peroittivity fnorenses with temporature (e.g. ceramics)e In
Polar dielectrics initially at low temperatures, easy dipole
orientation leads to dipole iondsation end pernittivity increases
vith temperature [e.g. nitrobensene = melting point (5.7°C)1,

Incidentally, it may be mentioned that in order to get
capacitance independent of tempernture, 1.0, s thermoscompensated
condenser, oither the system of two capacitors with temperature
coefficient of pamittivlty of opposite sign are to be comnected
in series or in parallel, or & condenser with composite dlelect-
ric {which 1s astuslly o mixture of two diclectrics having opposit
signs of tempsrature toofficionts of peremittivity) is to be
adopted,.

The temporatura confficient of permittivity is obtained
by obtaining Cﬁ) T ﬂa‘ ot- the curve K = £(1)

{e) Humidity te Permittivity of hygroscopic dielectrics increases
wvith hunidisy content. For some sitple gases, ¢lausius = Mossottl
equation can de usod but, in general, it is difficult to calcu
late the valus of Permittivity of humidified dielectric. Humidity
increases permitiivity, decrense resistivity or increases conduce
tivity, increasss losses and decrcases dieleoctric strength.

(a) Frequency i~ The time of metting (1.6, relazation of time)
of eloctronic or ionic polarimation is very little in comparison
with the time of variation of the sign of the voltages (4.0, one
halt period of alternating voltage) even for the highest
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frequencies is completely set. Thus the frequency does not
mich influsnce ths pormittivity of a dlelectric, 1f, somehow or
other, thes Polarisation has not sot completoly before the vel-
tages has changes its sign, the pormittivity wvould decrense

(1,00 if 7 < gl;f- )e

If none-unifora dieleotrios (having water inclusions),
the interfacing or space oharge polarisation would take place
sinee this type of polarisation is very slow (may require minutes
and hours), 7The higher frequenoy with highor water seops content
wonld weaken the insulation and decrease the permittivity as
well. Phenomenon of damdem of permittivity on the froquancy
is ¢alled or dispersion of pamitﬂvmy.

(e) Voltage t~ For linear or non Terroelsctric watorials, pormie
ttivity does not depend on tho voltege, Por Ferroslectrie
materials, the permittivity dopends upon the voltago, Ferroe
electricity arises from vibration states. The displscemont of
certaln ionz from their equilidrium posistions strongly unbalane
oos the esquilidriun of pormanent moment. By a propor structural
arrangement, this upset inducses & motion of the nsighbouring
fons in a supporting sense which increases the original displae
cement by feedback. The tendenoy to bring the vibrations of
nelghbouring ions into ordered phase relstions exists at the
curke point against the random agitation. The equilibrium posie
tion of the oritical ions shifts to one side because the whole
effect was made poasible only by the displacements of these ions,
The old balance of the permanent momonts is destroyed and a polar
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sxis is sroated by the transformation of induced moments into
additionsl permanent momsnts.

Thus for the ferroelectric crystal, the possidility of
reversal of the induced moments into additional permanont moment
is inherent bocause the axis avolvos at the curle point from a
state of higher symotyry. Thus thh responge to pressure and
‘voltage leads to the incresses of permittivity.

For polar liguide and gases, due to the effect of
saturation, permittivity would decrsase a little with the _
increase of woltage. Further the offect of saturation is very
1ittle for noneferrowslectrio dielectrics (e.g. Swaterf than for
a ferromagnstic materials,

(£) Vissosity 1= A chenge in viscosity of liquid should affect
the spsed of propagation of breakdown disturbance if the break~
down involves a vapour pliase. It has been shown that the ratio
of time to broskdowa to wiscosity remained constant over the
vhole range of wisgosities for heyachlorodiphenyl (Keasucki,
195}5)(51#

l(g‘) Molocular Welght t- Ths breakdown strength 4s rclated to
the molecular atrusture of the liquid. Sharbough, Crowe and
Bragg, 1954, (6] roported that the breskdowm atrength of
aliphatic hydrovarbons intreases with molsoular weight. As
the molacular weight increases, the surface tension and the
permittivity deorenses, so that the stress required for the
propagation of bdreakdown disturbance would be msherm].
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erimental paramotersi» The experimental parameters
ean be 1isted as follovwste

(s) HRate of rise of woltage

(b) Arc duration

(¢) Magnituds of the bregkdown current

(d) Time interval betweon two tosts

(s) Polishing and cleaning of the elsctrodes

(£) liquid purification

(g) OCap length.

(a) Mmte of Rise of Voltagse ¢

Salvage, 1951, (19 reported that the change of rate of
rise of voltage had no offect on breakdown strength. But
Brignell, 1963, (0] bhas shown that the effect of rate of rise,
though small, is not insignificant. Ho has demonstrated the
rate of rise effoct using ramp woltages of different rates of
rise and has explained this effect om the basis of variation
of breskdown strength with pulse duration (Crowe, 1956)(6J,
8inoe the time lag ip & sharply decrensing funoction of stress,
the breakdown stress would be & gently deoressing function of
timo available, Theroforo breakdown stress would be a gently
inaroasing funotion of the rato, which is the inverse of time,
But the changos in the rate within one ssquonce of cobssrvations
drasticnlly alter the distribution of broukdown strengths towards
the normal distribution. Therefors a rigorous control of the
tost method 1s needed 42 the Qistortion of the distridution is
to be avolded. In fact, one of the Aifficulties in correlsting
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the resuit of diffeprent workers arises because they have aither
not controlled the rate of rise of voltage to close limits or
have ussd different rates.

(b} Ave Dgpation ¢

The erc duration docides the sxtent of deterioration
of the liquid medium under test and of the electrode surfaces.
If the extent of deterioratiom 15 large, the subsequent break«
dows values are more suaceptible %o the earlier byeakdown history
Therefore the extent of doterioration must be limited by fixing
the arc duration to a smll oconstant valus., Lewvis, 1953,[21]
reportod that by employing » hydrogen thyratron bypass circuit,
the dispepsion in the measurements was muoh reduced, snd many
mops moasupements on a partioular sample were possible,.

{a) Magndl

The magnitude of breukdown current also decides the
extont of deterioration. It can be kept constant by using a
variable resistor vhose magnitude at anj instant would de
proportional to the test voltage. Cenerally, the current is
limited to a low value by providing a sultable current limiting
resistor. |

{d) Lime Inte

The time interval between two consecutive tests must
be of a duration sufficient for the qcndm!.m of liquid %o
stabilise fully after a brealtdown has taken place (Gosling,
1960)5, Time intervals of oms minute or more are sufftcient
( Darweniza, 1959 (6],
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{e) Polishing and Clean of the Elegtrodess

Metal elsctrodes, polished mechanically to a mirror
finish are employed almost universally. Polishing and cleaning
of slactrodes was emphasised too much about 15 years back, It
wvas folt that a better polishing and cleaning would give &
better surfude and thus the elactrode effects would be reduced,
giving & reducsd seatter in the breakdown v&ltagos. But |
exporiente has not substantisted this feeling., Mechanically
‘polished elestrodes, rinsed with the test 1iquid and stress
conditioned, give as satisfactory mmm as rigorously polished,
alestrolytically ocleancd and daked eloctrodes (Lewis, 1959)[6]

The oxide laysrs on the slectrode surfaces affect the
breakdown strength to a large extent. Keo and Eighen,1961,L6]
have suggested that the conditioning effect is primarily
governed by oxide layera of alevtrodes, Hancox, 1957, (el
sxplained the greater acatter in bdreakdown voltages obtained
with copper slectrodes on the basis of uneven oxidation of
eleotrode surfnces, Svan and Lewis, 1961,16] conductea exten-
sive studies on tha effect of oxidation of electrodes on bresk-
down strength. They oxidised the slectrodes of different metals
at room temperature, varying the time of oxidation. The bresk-
down strength did not vary with time of oxidation for platinum
and gold clectrodes becausoe they do not get oxldised at room
temporature., For stainless steel and drass olettrodes, a maxims
ococurred sinve they get oxidised very quickly, and with mora
exidation tiza, the bdreakdown strength decreased. For aluminium
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electrodes, the Lreakdown strength dooressed very sharply with
time of oxidation, becausc immediately after polishing or during
polishing, an oxide layer would have formed on it. The effact
of oxidation of electrodes on bdreakdown strength is different
for ancde and cathode.

{£) Ligquid Purification

| None of the liquids, as avallable in the market, would
be pures Rewmoval of all tho lmpurities from the liquid before
‘ponduotivity or breskdown measurements i3 absolutoly netessary
bocause of the deterinental effeot of impurities,

~ The strength of the 1iquid would ba increased and
seatter vould be decreased whon solid partiocles are psmoved
from the liquid, The presonce of particles rosult in premature
broakdown begauss of particle osgillation and bridge formatim,
Gosling, 1960,[6] has reported this kind of dreakdown at 300 kv/cr
in tranaformer 011, and has photographed the bridge formation
successfully. On crossing this region of streas, it wes poasible
for him to maintsin a fiold of 1000 kv/em. the particle sctivity
gradually subsiding.

The test cell and electrodes are ususlly rinsed vith

ths ¢lean liquid so that they donot introduce any ispurities,
The 1iquid purification spstem and the test cell are generally
srranged in a closed system.

(s Gap Lengths

The dreakdown strength of n«hexans increases as the gap
length decreases and there is an apparent intercept of about 1000
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for gero gap length. Gap lengths lesa than about 20 us have

not yet been explored, PYor purified transformer oil, the braake
down strength of 700 kv/ca for a 200 um gap, rises to 1500 kv/om
for 28 1m gap (Oosling, 1960)[6]; At larger gap lengths (1 mm -
5 mm), the breakdown strength does not depend on gap length

- (Hancore and Tropper, 1958)[233.

2.5 CLomtrol of Parametors!

It is thus olear that the experimental and physicel
paraveters affeot ths breakdown phonomenon to a large extent.
The manner, in which the variation in a parameter affects the
breskdown strength when all other parameters are kept constant,
oan lead to an explanation of the drealkdown phenomenon. This
ean be dons whon all the parameters gan be controlied rigorously.
In the previous works, a rigorous control was not adopted, thers
fore many disgrspancies about the results of breakdown tests
arose. The importance of rigorous control has boen roulised
novy and in resent works (Brignell, 1964) {6}-. the better
experimental teochniques adopted have given butter consistency
of results. ‘Better consistency® means that the sams results
are obtained whan the experiment is repeated under the same
conditions, andnot that the scatter in the values of breakdown
strongths in & sories of tosts 1s reduced. The sgatter of Drealte
down strengths isnot decreased by adopting better sxperimental
tschniques, on the contrary, less soatter may mean poorer
sxperimental techniques like rough electrodes, presence of
impurities or faulty statistical selectiom (Brignell, 1?66)[201..
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An attempt to formulate a correct statistical model of
the bdreakdows theory necsssitates the deteramination of the
distribution of breakdown strengths since the observations in
broskdown tests An variably have a large scatter. The idea that
breakdown studies on 1liquids should be approached from the point
of wiew of statistics has been long recognised, dut the use of
mean and verianoe was mads mope as a mutiter of convenlence in
sumanrising the test results than as a resuld of rigorous
statistical analysis.

To apply statistical technique to breakdown test results,
the prodlem 18 appreached from the basic principles of statis-
tiess A sot of readings should satisfy the fundamontsl statise
tical conditions, namely randomness and stationarily, if the
sot 18 to be used to determins the distribution of dreakdown
strangth. BSuch a set is obtained only whon the breakdown test
is dosigned proporly, on the busis of statistics, by perforaing
- exploratory experiments.

24641 Dasie of selesting readings from s sample record ¢

All the readings in a sample record may not satisfy
the conditions of randomness and statiomarity. For example,
in a sample record of say 10, 100 or 1000 readings, theve will
be a rising or ‘tnnm trend of breakdown values in the initial
part due to conditlioning, thereafter the breakdown walues will
" be compuratively stable and in the last part there will be a
falling trend of wvalues due to deterioration of oil and of
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eloctrodes, WFig,2.6,1 shows such a trend, Of courss the actusl
values of breakdown voltage will be randomly distriduted abdout
this line showing the tyrend,

Can all the readings in such a sample record be sele-
gtod for statistioal analysis ; Most of the researchers have
not reported about selection of readings though thoy have proe
sonted thelr results in terms of means and wariances,

Froi the very definition of conditioning, f.6., change
of breakdown voltage with successive breakdowns, it is clear
that the initial part of a sample yesord representing conditione
ing camnot be statistioally statiomary. Similarly, the last
part, representing deterioration ganuot be stationary. There-
 fore the middle part can be selected for statistieal anslysis,
The obsorvetions in this pam san bo subjected to a statistical
test of stationarity.

The breskdown phenomenon of liquid dlelectrics is not
280 perfestly understood as that of the gaseous or solid dielect-
_rios. One of the methods states that the olestrons are emitted
from the cathode either by field amission or by the fiold
emhahived thermionic effect (i.e. Schottky effect). These
elegtrons being in awvalanche ionisation of the atoms of the
liquids dielectrics us in the case with gaseous dielectrios.

Sacond mathod 43 based upon the formation of btubble
in ths liquid and its effett upon the breakdown of the liquid
dielectrie,
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The susponded forslgn partiocless are also held responsi-
ble foyr the dreakdown of liquids. The suspended particles are
equivalent to the polarisable sphere of psrmittivity higher than
that of the ligquid. Under the action of the external field,
these particles experience an acoelerating force enabling them
to reach the olectrode (anode), Surface irregularities of the
elactrodes help the particles to bs asccumidated in the inter.
electrode repgion tending to form the bridge across the gap,.
™his finally leads to tho breakdown of the dlelsctric.

‘ : ¢ : ectroniost conduction in
1iquid dielectric increases with the voltage gradient (i.s. the
applied eledtrical field intensity) and the temperatuprs but the
permittivity decresses with the inoreass of temperature. The
conductivity becauss of the decroase of wiscosity tnd gconssequent
inorease of dion mobility. Detailed study of condustion activity
of 1iquid dlolectrics has indlcated that the experimental results
agree with the Schottky's equation of elestron emission from
meatallic cathodes and of electronic conduction through the
1iquid diclectrics. The current density & given byi-

Jujsaﬁ‘/ﬁ- Amp/ 0@ (1)

where 7., = Thermionie current density in the absonce of the
aleotric fleld
] M‘a - ge/ KT
E = Boltzman's constt,
$ = Work function of the wmetal of the slectrode.
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¢ = ghargo of the elettron
T = absolute temperaturs
K_r » pelative pormittivity of the liquid dielectric

Ky = 3# x 10°? farads
E = YVoltage gradients in (V)

. o /S E/T
. ® JT= jﬂ & | 4o /ﬂz

Where B 4s oxpressod in volt/ ¢m

S A

. 7, amp / w? , (2)

| Dus to field emission sugssntation of the thermionic
elagtronic condustion progess, the electron conducted increases
manifold. This faotor is taken into account by multiplying the
actunlly applied potential gradient (B.) by s multiplication
factor (M) to obtain the wvalus of the Potontial gradiant (%)
¢to be used in equamm 2. Por polished surfacas, M may be of
the order of 10. |

Statistical result of experimental studies of the
offect of temperaturs on the dreakdown V indicate that the break-
down V is moye or less independent of tomperature. This indie
cates that the cathode process postulated in the elestronte
breakdown mochanism 1s roally the field emission rather than
the tharaionic emission.

Further it 13 assumed that the slectron released from
the cathode gets acoelerated by the applied slectric field ,
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gains more onergy from the fleld than it losses during collisions
with the molecules of the 1liquid 4dielectrios and after ilonising
the molecules, an avalanchs is launched loading to the brsakdown
of the dielsctric.

The electronic theory satisfactorily explainsg the breake
down strength values but does not explain the time lags well.
The observed formative time lags in liquids are much longer than
the prodicted time by the eleotronic theory of dreshkdown.
(b) Cavitation Broakdown of Liquid Dieleotrics

Dae to the 1iquid head over the clectrode head, the
bubbles are supposed to be formed in the liquid. The formation
of Wubble ia helped by. |

(a) The gas pockets on ths elsctrode surface.

(b) Eleotrostatic force boing greater than the force due
to surface tension, |

{a) Masociation of liquid molscules in strong eleotric

field and .

(4) Corona«typs discharge at the electrode surface due to
surfage irregularities eto,

The *bubble’ breakdown strongth has been given dy Kao is

. EL:E {am*(ar& K 7 S5 - M )

Where

i =  Burface tension of the liquid,
Kl and K2 x Peraittivity of the liquid and bubdle respect.
ively.



o3l

r =. radius of the sphare formed by the dubble {the spherie
cal shape 1s assumed t0 remain constant although it
depends upon the pressure £ temperaturs)

Vb = Voltage deop in the dubdle.

The cavitation breakdown of liquid dielectric¢s primarily
depends on the lower permittivity of the bubble compared with
that of the liguid dielesctric. hen two dloledtrics olectrically
in series have to withestand the extornally applied voltage, the
failurs of the overall system would be docided by the failupre
of the dlelectric with lower pormittivity alono. The formation
of dubble is inevitabdle ay long as these oxlsts the large energy
input into the 1iquid in tho form of high elsctric field.

(o) Duspended Particle Theory of Breskdown of Liguid Dielectrict

The principal cause of conductivity increase of 1iquid
dielectrics are contamination and chemical end electro-chemical
reactions with the environment. Transformer olls are transforred
through hoAel . The best H% havo contamination effect. The
oxidation of the 1iquid dielectrics alco drings in foreign
particles in the diclectrios. |

Suspended particles may be treated to be equivalent to
tiny sphers of higher permittivity than that of the liquid
dielectric. Thess tiny sphores experience a force under the
action of the applied ficld and they start acourmlating between
the electrodos. Ultimately the gap is bridged snd the dreske
dovn results, The dreakdown time lag is a funotion of the
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concentration of particles and the liquid viscosity. The breake
down for short stress time is glven by |

¢, ¢ 1.-7(5,)2 - an) N = 2® x constant (4)

where 5, = Short time breakdown strength
By = long time breakdown strength
t, = Time required for breakdown
g *= Enhancement or multiplication factor of the
applied field (for leuisphorical shap, g = 3).
r = Radius of sphore.
N = Viscosity of the liguid dielectric.

For long~tims yoltuge application, we have
(- 1) #* B® = 2 Kv (5)

Wwhere K = Boltzman’s oonstant
T = fbboluk temperature.

for g = 3 wgaﬂ?,wubaw

aw-”u. ‘
SR = T

‘e By & ¥ 3/ 6)
1+0. the long time breakdoun strength is propertional to
r 3/2 besidea it also depends upon ths temperature (7).
24643+ Theory of breakdown phenomenon of solid dielectrigst

The processes responsible for the breakdown of gaseous
dielectrics are governed by the rapid growth of curront due to
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the emission of cleotrons from the cathode, fonisation of the
gss molecules and rapid advance of the elsctron avalanches,
In solid dielectrics, the situation is quite different, The
growth of current is a prolonged affalyr from ths instant of
the application of the voltage. The product of the breakdown
voltage and the log of time of application of the voltage is
elmost constant l.o., '

Vo x log £ = constant (7)
The relationship s shown in fig.2 030,

In above fig.A denotes the region of intrinsic or
electromechanical breakdown, B denctes the region of streamer
breakdown, € is the region of thermal breskdown and D is the
region of erosion or slectrochemical tracking breskdown.

(w) Intrinsic Breakdown of Solid Dielectrics

mglaeting the afre/at of oxternal influences, an

insulator would dreskdown for a large voltage applied across

& thin spocimen for a very short tima, The dislectric strength
would bs exceptiomally wery large. The conditions sxisting are
assumad to be ideal conditions of testing,  The dielectric
strength 1s known as the instrinsic dislectric strength of the
dlelestric vhen the elestrons gain sufficlent snergy from the
~applied field 20 as to Jump from the voleﬁay to the conduction
band across the forbidden energy gap, the gain of cnergy by the
electyron from the field would be a loss of cnergy from the
slectron to the lattice. The conduction of electrons is respon=-
sible for the intrinsic breakdown of the solid dislectrics.
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(b) Eleatromsghanical Brsakdown of the Solid Dielectrict

vhen a (20114) dielectric is placed in an electric
field with constant potential gradiont, the atoms of the
dielectrics ars polarised or stretched by the action of the
electric field, Since eaoh atom is cemposed of positive and
negative chargos, & cloud of mniformly distributed negative
chayrge would be assumod to bo exlsting slightly shifted with
respsct to an agqual and unifornly distributed cloud of positive
charges. The nsgative oharges by the mutusl repulsion of the
many particles set up an outward pressure in all directions.
It tends to swell the small volume into the surrounding territory
acting normally upon any boundary. Tho positive charges act
likewise (this 1 very similar to be the Pascal’s pressure at
a point inside a liquid). This pressure is given by.

(& - 1) ¥

Pp = o / o (8)

where K = Pernittivity of the dielectric.
Ko » Permittivity of the fras space.
E = Magnitude of the slectric fleld vector.

vhen an electrods is brought into contact with thes s501id dlelew
otric, the pressure at the boundary would be of compressive natu-
re and given by

pcuzéu#m/nz (95

Thus when this electrostatic ccmpressive stress exceeds the
mechaniosl atress, the fallure of the zolid diclectric would
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take place 1-es for equilibprium or threshold eondition,
# = Eym log (%-) « (10)

vhere Eym = TYoung?s Modulous of the dielootric material
a4, = xn;tial thicikness of the dislectric
4 = PFinal thickness of the dielectric.

6‘0’ v ‘!23 ﬁ
B @R = mm 205 (D)

Ry a
& oz (D (1)

Wy

[W; log ) 4 Volts
Bat s“ Breakdown potential gradient = E,

(12)

‘ |
or a = ¢~ dy * 0.6 d (13)
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For any real value of V, the reduction in thickness
should not be more than 40 percent of the original thickness.
For any increase of voltage oorresponding to this ratio

(&E = 0,6), the thickness becomes unstable and the specimen

brsakdown.

The maximum value of dielectric m:mzf.h would de
obtained from equation 1)

ve Jxx S2 10 @2 (0.6 a5)

. v
oc%ym “z%“ﬁﬁﬁ\/m Jiﬁxf/a

0.6 / mﬁ; (1%)

The posasibility of -inatability ocouring for lower
avarage field is ignored. In othar words, the effsct of stress
concentration at irregularities, the effect of time and stress
on young®s modulus and also the plastic flow of the dieXdotric
are not taken into aecount,

(o) Streamer Braakdown of the Solid Plelectrioc:

When & pointed elictradé is placed on the surface of
the s0lid dielectric, the electron from the cathode would drift
towards the anode under the action of the applied field, This
electrode would, in all probabdility, not be ideally embsdded
in the dielectric. Therefore, there would bHe two pathsi:
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(a) Through ths dielectri¢ directly and (b) the smdient medium,
The permittivities of the dislectric would be greater than that
of the gasecus ambient medium. The breakdown of the ambient
would, therefors, take place first leading to the ultimate break-
down of the diclectrie. The ultimate bresltlown 48 preceded by
the local breakdowns at the teps of the electrode, The bresk-
down does not take place through the formation of a single dise
charge chonnel but sssumes & tree like stynoture of fig. 26 3C

Because of the sppearance of the discharge path very
similar to that of a streamoy mwm of gasecus diclectrics,
this 1s known as the stroamer breakdown of solid dlelactrics.
The time required for droakdown is would de different and may
vayy from a fev scos €0 a fow minmites.

(4) Thermal Breakdown of Solid Dieloctrigs

Under the action of an electric field, the conduction
currant through & dielectric starts flowing. This current at
room temperature 1s small but with the gradual flow of current,
the dislestric gets heated and the condustion current further
inorsesges. This process, if not porperly checked by timely
removal op dissipation of heat from the dlelectric would be
cumulative in nature and ultimately result in the thermal broake-
down of the solid dielectric. The heat input (0" 2%) mast de
equal to the heat dissipation {41v(K grad T)} and the heat
required for ralsing the tomperature of the aolid dlelectric

(ov '&E)h Thus
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T = aty (Kez‘adm’)*cvgi
Te2 e v (591) + Oy %

\ r constant K = Tharmal conduotivity, we get
G‘zauixvara-cy%f |

or vartgﬁutg)mz (15)

vhere Cy = Bpocifio heat per unit volume \

X = Thermal conduativity of the dieleotric

0 = ZRlectrieal conductivity of the dislectric

E = HMsgnitude of the eleotric flold wector

? = Tomperature of the volune.
With alternating voltage, the losses in the dielectric exceed
much more than with unidirectional voltages due to loss in
relaxation phenosonon of dipoles. The dielectric strength for
alternating voltages 1s therefore lower than that for direct or
unidirectional over voltages.

¥ith comparatively thicker dielectrics with large
elesctrodes, heat iz carried by ths electrodes and Oy -ﬁ tends
to bs zero in compariscn with X v2 Te

The mirfanm thorms) breakdown voltage is given by
v,2a @ @ ar (16)
To |
vhere I; = Temperature at tha specimon's surface

T = Critical temperature at which the dielactric
decomposas.
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From thinner dielectrics, Vy is dependent upon thickness
Va x /& = constant | (17)
vhere d = Thickness of the specimen,

The limiting value of 4 1is the thickness of the
thicker dielectrics.
Wn KV T tends to be zero in comparison vith

Co 3%, we have |
c,§§ s B | . | - (18)

The ma.ww& of E obtained fros thesolUTIoN of
equation 18 1s the impulse thormal breakdown strength of the
dlelectric. The electrons and ioms are responsible for the
electrical condition, the confuotivity incrsases vith temperature
and broakdown results vhen the rate of heat evolution exceads
the rate of heat dissipation.

Due to dofects in the mamufacturing process, some
gavities or voids are entrapped in the solid dielectrios,
Electricklly the cavities and the solid dielectrics are in
series, The cavities or voids are having lowsr pormittivities
than that of solid dielectrios because these cavities contain
gascous molescules. Lleotrical breakdown of the cavities leads
to the local thermal instability of the insulation surrounding
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the cavity. This promotaes conduotion in the dielectric by
forming the channels and pits, Additional deterioration is due
to the discharge of chemically active products {a.g. oz one
cxides of N, stc.)y leading to oxidation, nitration eto. of the
~ 201id dieleotries. In severe cases this deterioration may

- lead to breakdown by high confuction, thermal instability or
mechanteal failure. |

The dreakdown of solid dielectric with cavilices may
take place rélatimly at a much lower voltage across the dielecty
88 & vhole. This &s ons of the common methods of breakdown of
solid dlelectrics. The breakdown Dy erosion may take place in
times ranging from a fow days to many years.



3.1 Dave nt of Contro sten

3.1.1. Introduotiont The statisticsl appromch towards bdreakdown
tests demands high degres of consistensy in the test procedurs.
Since manmal operation of the oquipment used for breskdown tests
introduces human errors, automatic control of the test equipment
18 nacoessary. The experimental set up developed here has the
folloving features

(1) A eonstant rate of rise of voltage of 0.69 Kv rms/sec.

(2) A tine interval of one minute betwesn tuc tests.

3.1.2. Hathod of tesk?

When determining ths dislectric dreakdown voltage of
a material any one of three different methods my;%mplamd for
applying the test voltage, These are the short-time test for
quick dstermination; and the step by step test and the slow rate
of rise test, where duration of wvoltage application is importamt.
In choosing the typs of test, reference should always be mads
to the ASD! wethod applicable to the material to be tested.

3+1+3. Elestrical Apparatus:

(a) Ixansformer i1~ The desired test voltage may be obtained from
a step up transformer enorgized from an adjustadble low woltage
souras. The transformor and its controlling equipment shall be
of such size and design that, with the test specimen in the
oircuit, the crest factor (ratio of crest to effective) of the
test voltage shall not differ by mors than & 5 Percent from that
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of a sinusoidal wvave over the upper half of the range of the
test voltage. The crest factor may be checked by means of an
oscillograph, an oscilloscope, sphers gap, Or & peak-reading
voltmeter in conjunotion vith an rms wltmtér.

For test apecimen of smell capacitance, a testing
transformey as small a8 500 «VeA rating or a welledesigned
potantial transformer may be adequate. For specimens of high
capacitance ar leakage, a transformor of ample kilovolt ampere
rating must be used. Where the wave form can not de dotermined,

A transformer having & rating of not less than 2 KVA has been
© found adequate for voltage mot exceeding 5O KV and ono having a
rating of not less than 5 KVA for wvoltage exceading SO KV,

: Interrupting Equipment e« The test transformer
ﬁ:lrcnlt nhan be pmtaesad by an automatic oirouit breaker device
mmblc of opening as quiokly as practical on the currant produe
eed by breakdown of the specimen. Device capadle of opening

the circult in five aycle or loss are availadble. A Pro-longed
flov of current at ths time of breakdown is undesirable as it

_ eauses unnecessary burning of the test specimen and yzﬁtm‘ and
heating of the electrodes, theredy incressing mic. work and time
of testing. |

(e) Yoltage Control Hquipment = Control of voltuge may be
obtained by the use of a motor driven, variableratio autoe
transformer or any device which gives at least as uniforn rate
of rise of the voltage without distoriion of the wave form deyond
the limit of F.1.30Preference should be given to equipment having
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an approximately ltmm iine voltage~time curve over thaﬁ ope~
rating range motor drive with variable spesd control should be
preferred to manmal drive becauss of the difficulty of m;ntatn-
ing a reasonably uniform rate of voltage risc with the letter,

Assemdlies to be dons before Somigsioning the sets

Bakelite dise (1) to be fixed on the studs protruding
from the bushings bafore fixing the slectrodes (2). The elsct-
rodes eshould be al-igned such that the slots sre in a straight
1ins handle (3) to be fixed on the sides, /crylioc cover to be
£ixed on tho hinges. Variac knodb to be fixed on the shaft,
This knob should not be used in the motorised units, unless the
motoy fails. In that caso, the imner coupling should be disenga-
ged before operating the knob, Soe figs =.1.34 |
1. Jechnigal Dotas
Input voltage ? 230 V, 50 Hs
Max generated test voltage
batvesn transformer termis

pals t 50 Kv/60 KV rma
 capacity ©t 0,5 KVA (Short Time rating)
Dmension including hande, p..ep | 485 mn
lesy knobs, groments and g 4w 4E0 W
aoyelic cover. Hedght | 300 me
Weight 47 Kg.

2, Dasio Dasign ¢ A lov voltage 230 ¥, 50 ¢/s supply is transforme!
into & high voltage by a H.T. transformer, and the voltage 1o
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inaressed by a variable auto transformer whioh controls the
prizary voltage of the HT transformer. On the secondary of the
HeTe transformer an oil vessel with eleotrodes is mounted and

it contains the oll to de tested., The voltage is inoreansed till
the spark between the glectrodes occurs. This flashover voltage
can be read off by the voltnetsr mounted on the sheet,

3. Design Features @ For testing insulation of oils, the unit
operates at variadble test voltage, which i3 gradually increased
until & flash over oms‘ between the aledtrodes of the oil pot.
With this flashover the high voltage circult is switohed off
sutomatically, dbut the woltmeter will indicate the woltage even
after the H.Ts 18 cut off. 7This snables the operator to concenw
trate on the oll pet without diverting his attention for observe
ing the voltxeter,

As per ISS the olectrodes are to be spaced 4 mm apart
vhich ¢an be done by using the gauge supplied with the aguipment.
The eloctrodes, oilpot and the gauges are supplied according to
184,

The tripping relay is set such that it is insensitive
to flashes at & value less then 8 KV, The unit has deen 50
designed that the distartion wave form of the cutput voltage is
extremsly nogligible. This 1s important because the dreakdown
oacurs at the peak woltage vhile the messuremsnts are taken in
rms value., BGee fig.3./.3.(b).

3:2. Test Cells and Electrodes:
3.2.1¢ Jast Callt= Two test cell #n were used in this thesis.
The main difference betwean the two is e
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The test cell vhich is with the Sicmen set can be used
only for oil testing., Because vhen we fit any sample between
the eloetrode, we 4o not have proper arrangemsnt to set it, Some-
times foros applied on to tha sample may be more or somstime less
because it is done mannually; accordingly thers will be error
in our measurment. 80 we replaced another Celli

This another cell i made of glags and have an such
arrangement that we can easily apply approximately samo force
on the sample. The differencoe bdatween the two cell can ba seen
from the photograph (D) |

3e2.2. Elegtrodegt~ The dielectric strength of an insulating
material varies with the thickness of the materisl, the area

and geometry of thae test electrode, temporature, and humidity,
tuﬁaf%da with electrodos of brass in our eaxperiments. The
arrangement of the experimental work can be secn from the
photograph (a). |

The test material used for the experiments was empire
eloth {iwpregnated)y Elophantoid, Polyster film, Olaos- mica
nite fibre, Glass fibre oloth {(impregnated); Lestheroid paper
ard Xrempel, |

The test ﬁmgﬂu‘m a8 deporided bdelow ws the sams for
all the expariments reported in this thesis,

3.3.1. Irsatment on the alectrodegt~ The electrodes were polished
vith B0 peadily available in the merke’ and then rinsed twice
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or thrice in 10 cc carbon tetrachlorids. They wers then fixed
in position in the test cell and rinsed with ccl, twice along

vith oell, After the cell becoms dry (in five minutes) it was
rinsed with the test 1iquid. |

34342, Test specimeni~ The specinen shall bo representative of
the material to be tested. G&Sufficient mnterial shall ba availabl
to permit making satisfactory testa. In the preparation of the
test specinen from solid materials cave shall be taken that the
surface in oontaot vwith the electrodas are parallel and as plame
and smooth as the material permits, In our oxperimant we have
used the specimen size of 5 x § ¢m, explained in (Appendix B).
As seen in tho sxperimental results it becomes necessary to
design a holder in vnich we have to fix the material to be test.
The dngimf is given in Appendix B, The phowmvb{g?)th:ta
holder is given. The completo dimonsionsfor the test cell and
holder given in the £1g.3.3.2.

3+3.3¢« Ihicknesst« ™he thickness used in computing the dlelectric
strength shall be the thickness of the spacimen measured as
specified in the tost method for the materisl involved. Measurmen
of thickness 18 baing dons by micro meter, Its least count ia

2 2005, Measurmants for the material used 1s given in Appendix B

3+3.%. Mothod of filling the cellt- After fitting the electrode
and specimen between the eleotrode in the call; the cell was
filled vith transformer oil taken from tho drum.

After romoving the air bubdbles from the oll by stirring
continuously by means of glass road, we cover the c¢ell dy Acrylio
eover.
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3+3430 Moasurment of the Oap Lengthi~ Measurment of the gap
length is necessary vhen m are perforaing the experiment on
transformer o4l only; vhich is being done by gauge availadle
vith the Siemen’s set.

34346+ Control of Pressure, Temporature and fumidity te ALl the

tests wers done at atmospheric pressurs. The range of the atmow
spherlc pressure, at Foorkes for these days was 975 to 982, mithbor

The inherent statistical mature of the breskdown
phenomenon in liguid wao discussed eariler, The results of
breskdown tests must therefore be ovaluated on the basis of
statisties, Any sot of reading csn not be straight avay analysed
on the bagsils of statistics. It mst satisfy two basio conditions
{1) It must represent & random statiomary process and (2) The
nmbar of roadings must be sufficient so that the properties of
the set can yepressnt the properties of the parsnt population
vith good acouraoy. To obtain such a set of reading, the experi-
ment 1tselfl 1a to De designed on the Dasis of statistics.

The firat step in designing a breakdown test to give
results fit for statistical analysis is %o as-cortain that the
set of rendings repressnt a random stationary process, Hare it
mqt be uphggfud that stationarity does not mean constancy of
veadings. The physical contept of & random stationary process
is like this. If a sample record satisfies ths tests of random-
ness and stationarity, 1t means firstly that the individual

125~FH9
GENTRAL LizR2ny URIVERSITY oF mum)
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readings in that sample record are independent of each other,
that is they are random and sscondly, that all the reading
belongs to the same parent population so that the pWﬁiit of
this sample record can npm{g the propertiss of parent popula-
tions. Such a sampls record is sald to de statiomary.

A nonstationary random data can also Do procossed |
statistically but the sta;c:lst:s.ﬁa& tools for its processing are
complicated. In roality most of the physical phanomena, the
breakdown phenomens also, represent staticnayy randow process.

341 General Progsdurate The following four steps should be
followed in condusting mak%m on cowposite insulating
materials.

(1) Zdentification of paramsters and their gontroli= BSince
various parameters affect the breskdoun phenomenon, & set of
reading can not certainly satisfy the condition of randomnocss
and stationarity unless theoss paramsters are c¢ontrolled fully.
On the basis of previous knowledge about breskdown in these
materials, & comprehsnsive 1ist of all the parameter that can Ye
significant in dreakdown tosts of oils should be nade, As far
as paus.tbu, all the parameters should be controlled, But
soma parawmeters, 1f theipy effect is considered negligible or
random, can be left uncontrolled subdjset to experiuental
varification later,

(2) Randomness and stationarityt. From the results of the
sxploratory experiments, it should be as-cértained whether

the set obtained 1s random stotiomary. If the set is none
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random or non stationary, the most probabdle source could be the
 uncontrollsd paramsters. A search for the source could then be
made, by repeating the a:wfomtory axperiments vith thess parae
meters contyolled one by one till s random stationary sst i
obtained. If a random stationary set can not be obtained wiih
all the known parameters fully controlled, a soarch has to de
made for the unknown parsmeter (Main experiment).

(3) sufficlent rumber of reading 1~ The properties of the

samplo record can reopresent those of the parent population only
vhen the mmbep of readings in the sample record is suffiolently
Zerge, To decide upon the **sufficiently large®® number of rode
dings, The distribdution of the sample rocord has to de ascertals
ned first. For norma) dlstridution the sufficient number of
readings osn be fixed easily. For other distributions, the

progedure has to bs decided separately for asch spsoific case. |

(4) The moin sxperiment:~ In main experimental work wo selected
three materdals vhieh should be used in combination with the
transformer oil. How test results sre taken smouxws whon we

fix the insulating materisl in holder vhich give the very good
observations, |

" Secondly the materials are also tested for the different

time of intervalsvhich give 1ittle more detailuresult/the effect
of oil absorption by the materials on the breakdown voltage.
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- 3.420 Statlatical testas
In Section 3.%.1, the gensral procedure that should be
followed while conducting drosalifown tests vas discussed, Kere,
the actual statistisal tests for determining warious statistical
| proparties are given.
Y. B Tests(26]
| m m test 15 used to determine whather the readings
" ape. mﬁapemm observations of the sams random variable.Since
in the degimning, the distribubtionof & sample record is not
knowmn, ‘n. distribution free procedure 1is to bs used for detere
minming tho randosmess of obserwations, The prun test is one of
the distribution«fres tests,

Consider a sequonce of N cbservations of a random varia.
ble x(k) vhere sach observation is classified as ons or two mutus
ally exclusive categories, vhich may bs identified simply by (+)
or by («). The sequence of {+) or (=) obssrvations might be as
follows in a set of 20 readings:

P o P PP o ¥ oaan P

1 23% 5678 9 10
In the above exampls, thers are 10 runs. A run is defined as a
sequencs Of 1dentigal observations that ars followed or preceded
by a different vhservation or no obasryation at all,

The number of runs that occur in a ssguencs of ObSer«
vations gives an indication vhether the results are independent
ohservations of the same random warliable, 1.,s., the probabllity
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of a (+) or (#) result does not change from ons observation to
the next, The sampling distribdution of the number of runs in

the sequenge is a random variadle r(k) vith a mean value and a
varisnes as followst '

vhere !1 is the mm of {+) ovservatioms
and N, is the number of («) cbservations.

Ay = {%/2) +1
a;ﬁ # H(H « 2)AKN » 1)

The hypothssis that the individual observations are independent
ohservations of the sams random variable can bs tested at any
desired lavel of significance snd by comparing the obssrved rune
T vith the interval betwesn Fpgy, o AN Py o (given in
reference 16), If the observed runs fall outside the interwal,
the hypothesis should de rejected at the a level of significanc
Othervige, the hypothesis should be nccopted.

Moat of the times & wisual observation of the sample
record indicates whether the set of observations are randomly
dstrivuted. -

A sample caloulation of the run test is given in Chapter
5
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(1)

- (11)

(111)

«55m
(16

The test D stationarity is as follows:

Mvide the sample record in N equal intervals vhere
the data in each time interval can be considered
independent of one another, |

Corputs the mean wvalue snd the mean square, and align
these sample values in time soquence as follows: |

Test the sequence of mean and square values for the
presenge of underlying trends or variations other than
those dus to expected sampling warlations, by the run
teot. |

The abore test for atetionsrity is made on the following

asawmptions @

{a) If the data 1is stationary, then tho statistical

properties computed for sasch of the seguence of short intervals
do not vary significantly fron ons time interwal to the next,
Hore ‘‘significantly?? means that the variations ars greater thay
would be expected dus to statistical sampling varistions. If
this assumption is sccepted, then the proof of self stationarity
for individual sample record can be accepted as the proof of
stationarity for the random process from which the sample is

drawn.

{b) The verification of weak stationarity can de
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accspted as thc verification of stationarity. If this assumption
1s accepted then the verification of atatiomﬁty can ba rastric.
ted only to0 the investigation of mean and mean square values of
the data. This assumption can‘bo accepted for two reasons

(1) the mwost important data analysis proenﬁma require only wosk
stationarity to be valid for analysing power spectra and autoe
correlation functionj {ii) most of the random data representing
physical phenomsenin will Bs strongly stationary if the data are
weakly stationary. Also note that Gaussien process which 1»s
weakly stationary, becomes sutomatically strongly otatiomary,
sincs all other higher momentsé are dotermined by the msan and
the autocorrelation funotiom.

(o) That, 12 the mean square value (or variance) of
the data is stationary,; the autocorrelation function is also
stationary. It 15 Decause the variancs cquals autocorrolation
function at time maplaumﬁ Cwo, mis assumption is valid
bacause it 1is highly unlikely for a nonestationary data to hawe
s time varying autocorrelation function without the valus at

T = O varying,

(d) That the sample length is very long as compared to
the randoa fluctustion of the data time history. Ihis correla~
tiem 1s necesaary so that the short time averages will trusly
refloot average properties of the dafa and not Just the random
fluctuations of the time history.

It is necessaryy to note that tha test for stationmarity 1
based on the comcept of randomness, In subjecting the sequence
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of mean values and of mean square values to the run test, we are
acoepting or rejocting the hypothesis that the sequencs of mean
valuss and of mean squars values aye each independent sample
vilues of a randon wariable with a true mesn A, and mean square
valus §,% 1In faot the test for randommess itsalf constitutes
the tost for stationarity vhere the time history record is divide
into equal tims intorwals, esch interval containing one cbservaw
tion. This test is more powerful than the run test on mean
values Or mean square values since it ia yarfoma on more
number of torms, A timse history record that passes the test of
randommess will pass the test of stationarity. Table 5.1.2

gives the pesults of run test performed on the moans of subgroups
- of 5 readings of randon sets.

If the torms Ry X, wme Fg 600 Xy KT ewe By
belong to the same time intervals, the ocuticome of run test sither
m Ry Xy e Fgor n EZ, T2 aee T2 il de the same,
Therefors it suffices to test the ssquence of mesans only for
randomness, | |

This tost is used to compars the observed probability
density function with a givon probability density funotion (e.g.,
theoratical normal or exponentiall,

Consider a sample of ¥ indopendent obserwations of
& random variable x(k) vith a probadility density function pix).
Lat the obasrvaticns bs grouped in k intervals, called ¢lass
intorvals whieh togethsr form a frequency histogras, 7The mumber
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of obssrvations falling within its c¢lass interval ia called the
observed frequency in the ith ¢lase and will be danoted by fi-‘
The mmber of observations which would be sxpected to fall
vithin the ith elass interval, if x(k) has & theorstical probae
bility density function po(x) is called the expected frequency
in the ith class interval and will be denoted by F,. JNow, the
diserepsngy between the observed frequency and the | sxpected
theoretioul frequenty within each class interval is (2, « P).
™he square of the discrepancies in saoh interval aro summed to
obtain the sample agatistic |

. x (£, «2)?
xau b3 -—1?-—-1-—
fal  §
he xa distribution has kel dogross of freadom.

- Now & hypothesia test may be porformed ss {ollows,

Let 4t be hypothesizad that the variable x(k) bas a probability
density plx) = §is(x)s After grouping the sample observations
into k class intervals and computing the expected frequency for
exch class interval assmming p(x) = p,(x), compute x°. Since
any deviation of p(x) from py(x) will cause 2 to increase, a
ons sided (upper tail) test is used. The region of acceptance
18, |

* {q vhere X, . is & value given in the
table *‘Porcentage points of ** alstrivation’® in refersnce 16.

It the sample walus of xz is greater than xﬁm ’

then the hypothesis that plx) = p,(x) is rejected at o level of
significance,
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1t L < {’a » then the hypothesis is sccepted.

The x° test in used to f£ind cut whethert

{a) The normal probability function fits the observatior

(b) The exponential funotion of the type ¢ » explak = )
f£its the obsorvations.

A sample caleulation is given in Chapter 5.

4 To Pit an Exponential Distridution Punctions

The oxponential distridution funotionm is fitted to the
obzervations by the following method. Then the obsarvations are
compared to this fitted function by the x° test to find out
how good the it is,.

10 [6]

The distribution function ¢ dopends on the increment in
stross 4. The probability dp that the dDreakdown will ocour
during the increment in stvess dE is given by,

dp = ¢ 4B
Tha probability funetion P(E) is given by the following equations

B
P(R) = omt—»é ¢ as)

L ]

SoBrenle g

Q‘Q A%ﬂ *Xp [ gz ‘45,0

B
= oxp [« é ¢ a8l [« ¢]

ale y ¢ 4B}

. wpP
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; | | | 1_
. Ea . g PAE + C for norsalised distridution
| Cwml
> %—xugmz, § P AR 2 R wew Cum. dist, fuction.
0
* 5"1*5
o.i 'R *

To it a distribution fundtion ¢ o the observed data
Of P and %, ¢ 1is caleulated by the equation ¢ = PAY.R) for
each B, log ¢ 13 then plotted against E on a linear graph paper
and a straight line 1s fittsd by the method of least sguares,

The oumulative distribution funotion R is ealculated
back from the values of ¢ obtained from this straight line at B
by the squation,

oo G

A sample caleulation is given in Chapter 5.

The extrsme value distridution m&mtﬂ is represente
by the following equations:

Z(E) » expl~a™7)

#(2) = exploy « o)
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vhere Z(E) = cumlative probability functiom
$(R) = probadbility density funstion
and ¥ » afE « Z) 1s the reduced largest variate
vhere a and F\‘aﬂ the pamtara of the
sxtremal distyibution,

B, 18 the modal {(most prohuble) 1argest bresakdown
strength in a sample of size N and 1/a s a mepsure of dispersion
and is asymptotically the rate of increase of most probable lerw
gsst value with natural logarithm of the mumber of samples N,

The walue of y corresponding to the probabllity of B
¢an be obtained from ‘“probability tables for the analysis of
extrend«value dam”{z"’]. E Vs y vhen plotted on a linear graph
paper would give s straight lins if the observations sre followin
extrens value distribution funotion. The paints ars plotted by
teliing for ordinates the observed , and for abscissa the values
of y corresponding to probabdilities X, * n/(841) (n = 1,2 0weel)
The lowest stremgth 1s plotted at y corresponding to B/(N+1),
8inoe smallest valuss are dealt vith, 7 is replaced dy (1 «2)
snd ¥y by («y) in the use of the tadles.

A sample calemlation is given in Chapter 5.



Of all the parameters that could bs significant in the
breskdows tests on insulating material snd transformer oil
(table 4,1.1), only some are normally controlled or specifisd,
whersas othsre are not. |

In ths present work, not only the exploratory experiment
but the sain experiment follow the table M.1.1, All the experie
mend vers perforned in atsospheric conditions., e tried to take
precaution as much &8 we can,

b2+ Hensurment of the P srties of Transforser 011 i!sqﬂ: |

These properties oan be had from the manufecturer also.
But the oil vhich we have used is taken from the Elect. Mainte-
nance Sestion, University of Roorkeej #0 1t is not necessary
that the proparties of the oil will be' ﬁm &8 it comes directly
from the manufacturer. So 1t becomes necessary £o take some
measurments vhich are possible here. Table W.2.1 gives the
properties of transformer oil used. |

%+3+ Heasurment of Properties of Solid Insulating Material:

As scan the solid insulating materisl are not properly
handled by tha Supblievs, . There may be Scratches on the sheets;
problm generally come when we handle micanite type of sheet.

neeexs
50 it becomes I(to Q:;‘dakc some measurments for these solid insmlating
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materials for their properties. Only three neumfmnta wers poe
ssible. The results are given in tadle b,3,1., There are 50 mm
many other tests which are not possidle dus to shortage of time.

Y.l Explorator srimont s

The aim of the exploratory experiments was to find out
vhich materials we should select for the min sxperiments, How
much reading we should take for the proper statistioal analysis.
In transformer oil 1t bodomes necessary to take the sufficient
reading for statistical analysie, Let us discuss some points
in this aspect. o

Yeliels =

s and stationarity:

Rone of the sets (1+3) represents a rendow stationary
process. The analysis for the tests of randomness and stationa-
rity for set sl 1 is given in seotion 5. FigJe.le! and Fig.[.b.2
shows the increoasing trend of breakdown voltages vhich is respon-
sible for non randomness and non statiomarity. This is condie
tioning process vwhich is not over even in 100 rezdings. The
conditioning procass must be over after soms finite number of
peadings after which the dreskdown process ¢an be expected to
becone yandom statiomary. To £ind out after hov many readings
the conditions would be over, Set % and 5 consinting of 210
resding at gap length 1,06 mm wns taken. Pig.W.(.3 shows that
the conditioning (A) is over after 40 readings. Therefore to
got & mdaulzuumxy sot, first %0 yosdings have to bo dis
earded, vhioh Agpractical.

boye2, Sufficient number of readings:

The number of readings should be large enough so that






t

]

‘9



wlpa

Table Y.1.1 ¢ Parameters significant in the hreakdown tests,

5.0, Parameter . Gentrolled/ Choloce inthe &
| ' uncontrolled present work . Remarks
1, Volums of the liquid  Controlled  300/350al. b
2, Kectrode speoing Controllsd %.36 ma to a
eV IR
3. Elsctrode shape Controlled  Sphereesphere b
Y Eleotrods material - Controlled  Brass b
S« Tast materinl and oil Controlled  Empire cloth b
xuumzapﬂmtou
apd ¢t formey
oil.
6. Procedurs of filling Controlled Rinsing with ¢cl4 b
the sell mﬁ transforzer
Dide
7. Electrode treatment Controlled  Manmual polishing O
with Brazso.
8, Temperature Controlled 31 °C to 32 % b
9» Pressure Controlled Atmosphorie b
10+ Relative hunidity Controlled 13 to 76 Parcent »
11. Voltage Controlled 50 ¢/s simisoidal b
12, Hate of rise of Controlled ‘69 KV/Sec. b
w&t&nn .
13« Interval betwesn two Controlled 1 min. t Somm. a8
breakdowuns. :
1%  Voltage Polarity Not controe v
15. Fluctuation of the y ¢
' supply woltage.
16,  Distortion of the ) ¢
voltage wave shape.
17+ Corona formution y ¢
prior to breskdown.
18, Influsnce of the i ¢
surrounding object. '
19, Purity of the medium. I ¢
g (a) Effect investigated.
ibg Kept fized due to considerations of cquigmmt 1imitations.
82 Effect not investigated dut sssumed negligidble.
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Table 4.2.1 ¢ Properties of tmfomr oll used.

s ity oy dioadbi

E.X0, Froperty Value Nethod of

— lhnumnt
1, Kinetic Viscosity €5 22.5at 31 % m,g 7y (91
2, Pefrative Index 1.4805 at 25°¢ D 1218 - 61 (1973)(%]
3. Density gm./CE. 0.873 gnAG. D 1298 « 67 (1972)(9]
Y, Specific gravity a.am «d0w

Table M,3,1 1@ Pr_. perties of solid insulat

" Method of

8.X0, g:i‘“wffx the ., m:tcy vﬁtuu et
1. DPmpire cloth a. Thickness 2178 mx D 3?*»-—7%‘93
b, Gubstance 0,0233 gn/ow® |
o Twmsile 3,5 kg/em D 651+75L9)
e Al o
2, Erossl 8. Thickness .2707 om
b. Substance 0.0352 gm/em
C. zgmile 23 Kge
de 011 absor« L2092 gm.
ption {1n 20 hours)
3. Rlephantoid a. Thickness 1.2407 m |
b, Substance 0,1889 gm/ow®
0s Tensile 56 Kee
strength
d. 11 absor- ,3022 gm.

ption (ian 20 houra)
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& sample record may represent the parent population with good
accuracy. Before determining the sufficiency of mumber of
readings, the distribution of the sample record must ba as
sertained.

The distribution of random stationary set 2% comes out
to be normal (table 5.2.2) as showi by %2 goodnesswoffit test
for norsality for a level of significance = 0,05, Nemneth and
Csakt, 1963(6], nas given a table giving the maxtwm velue of
parcent coefficient of variation Pnax for n numbapy of readings
baing sufficient to represent tho parent population. Their
analysis 1s based on initial normal distsibution. Table 5.5.1
glves the calculated values of percent coofficient of wariation
for different values of n for set 5,25,29 and 24, These values
are mmn less than r .+ mammm readinges taken are sufficien

| nax
b0 reprosent the population,

th’h3 *

Heasurment of brealcdown voltags of insulating material

We wvere having ten 4iffersnt solid insulating materials,
We scrconed the meterisl taking in ths view of breakdown woltage
1ews thoste material having dbreakdown woltage less thsn 5 KV, ihe)
vers soreched out. Now on remaining materials wo have some
dbrealtdown measurments, The breakdown values are shown on the
simple graph paper which can be seen in scotion 6. Figé.2atf

In experimal sets 6,7,8,9,10,11,12,13,1% and 15 ve
salocted only six materisls vhich is having breakdown voltage



w57

above 7 KV, Now we saw the hreakdown behaviour of these six
materials (Zmpivre cloth, polyster film, Krempel, Glasso micanite
fitre, Elephantold etc.) in transformer oily ond found that
gome material have more breakdown woltage when we 1mraodf%
transformer oil. Difference Detween these subsection reoulss

can be seen from the graph attached in seotion 6. 622/

b9 M m«rimtt

- The main experiment follow the aim of the authorts
line of attaok., After having completsd the design of the
experiments to ylold data fit for statistical amalynis, we
consider two points here, Ws have declded that only thros
insulating material out of all the material wvhich we have used
in the experiments, should be used in combination vith the
transformer oll., Yor this purpose we have taken some measurments
for different time intervals bBecauss if we use these material
infransformer than these will be immerssed in oil miwak hours.
So we vant some conclusion on this basis also.

Baoond point vhich we think for main experiment the
material which are not rigiff, bend towerdsuny one of the slectrod
vhich san give wrong information. For this we designed a fixer
and have token measuraents fixing the materisl in this holder
and we really got some better informatiom by this arrangement.

m analysis of the results and the discussion follow
1n the subdsequent sections. '



5.1 Tesats for Mammg and Stationapritys

The theory, on which the run teat for rsndommess and
stationarity is based, 1s disqussed in Chapter 3.4.2.

In the run enalysis for the set of observations discue
ssed in this thesis, the mumber of runs which occur in the
variation of obmmtim about their median value are determine
From the table © rcentage points for run distridution?? given
in mtﬁmnﬂ the neceptanve region 1, ., Q Tnya/z 19

deternined for n numbder of observations and o Jlevel ﬁf signifi.
cance. If the observed mmber of »uns falls in this region, the
cbsorvations are randomly aistriduted. |
Pig.5:.1.1 shows the caloulation for runs for set 5.
Por n = 7% and aw 0.05, the acceptance region is 29 » 5. The
mmber of runs for tha sst 5 415 caloulated to be 32. Tharefor
the observations of set 32 are random. The visual inspection
of the voltage charts in Fig.5.1.1 wonuld also give the same
information.
Table 5.1.1 gives the results of the test for randomnes:
for all the sets at «=0,05,

The test of stationarity the run tost on the nmeans of
subgroups of 5 readings is conducted the same wey, and tadle
50142 gives thomsults for all the sets vhich are random,
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NO. Set O, NO, of  NO. of  Acoeptance Outecome
observa- *ns., region
o tions e —

1 i 50 1 18 « 33 Non~random
2 5 ™ 32 29 = 45 Fandom
3 28 4o 23 1 « 27  Random
L 29 36 13 12 - 25 Randon
] 24 18 13 5 - 1b Random

0. Get KO, RO, of N0, of  Ascopbance  Outecoms
1 5 15 9 b - 13 Stationarity
2 28 8 5 3 =10 Stationarity
3 29 12 5 3~10 Stationarity
Y 2 10 6 2«9 Stationarity

Table $.2.1 shovs the ealculation of X° goodnesssofefit
test for normality. |

FigeF.2:1 shows the hiatogram of set 2h, |

Table 5.2.2 shows the results of X° goodnsas=of-fit
test for normality for all the sets,
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Class Interval  Mid points ¢ . A"
Ko, Xy to 11*1 x 741.;.1 or 5.
| KV Kv B ) -
1 216 22,2 .9 1 «1475 @WHoYL 0.7 0,13
2 22,2 22.8 22.5 1 «1:23 0.0692 1.2 0,03
3 22.8 23,4 23.1 2 »0,70 0.1327 2.% 0,06
¥ 234 240 23.7 Y «0,18 1866 3.6 0.0
5 2.0 246 %3 b +0.35 0.065% 1.2 6.53
6 26 25.2 2 9 2 +0,88 0.,1738 3,1 0,39
7 25.2 25.8 25,5 2 1. «1086 2,0 0,0
8  29.8 260 2641 2 1.93 0,054 1.0 1.0
| z? 8.2

saxa xaamzx;v auz.,.m na-x»aws, ma.as,xgeogsn.c
X A is the area under a s!;andamam pormal funotion p(Z) between the

Maits 2%, and Z,,,

MO,  Set NO, x? | g; T omoom
N 2.6 xf: n2.59 Mot normal
2 28 18,97 x;" 14,07 Not normal

3 0® Fré X oge1.07 Not normal

Yy 2y 8.2 X oge11.07 Normal




Sample Caloulationt |

Teble 5.3.1 and 5.3.2. give the calculations for fitting
an exponential function to the data of set 5. Fig.5.3.1 ehovs
the straight 1ine log ¢ = «/3.07 + 0,477 V fitted to the observed

data and the cmoapmmng axponential function
¢ = exp (o3.0/ + 0447/ V) fitted to the observed data,

17  0.013 0,01 0,99 0.0131  «4,335 wb,335
0,013 0.03 0.97 0.013% 4,312 6,312
0,013 0,04 0.9 0,0135  «4,302 6,302
0,122 0,36 0.8% 0,452 ~1.928  «3.929

L B B T " - I
BERIREBE R,

0,243 O0M40 0.6 0005  «0,903 2,903
G270 0.67 0.33 0,8181 =0,20 2,201
0.067 0,98 0,02 3.35 1,208 «0,792

Fitting a straight line by method of least squares:

x =192 Ix°=4776;(2 %)% = 4608

Ty = 29;663 3 & Xg¥y * 63&667; (x z’_y,m)/n = 79,08



ey .
The squation to the line fitted by least squares is
Yy=a+hx  vhers

x"}“ - (2 xlzx yL)/n

(z x‘)

and ‘”m&*’hﬁﬁ)m
For the above set,

Ba0NW71 3 a=-150
¥y o oel5.00 + 0472 X

. » lag‘ﬁnmnml*ﬂﬂﬂlv mm
,e o = axp (0L V » 13.01) ] P& Fe341

The caloulations of ¢ for mm the graph in Fig.5.3.1 are
‘given in tadle 5,3.2.

T 7 =5+003 | - 1,0067 0,007
72 lﬂ.? -o'.i“il +0239 %.».z g«n

BE R R BB B
§ R e b 3 59086 0.9817
9 33 2 13.5912 0.9986

2.533 12,5912 13..57
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S.4. X Goodnosg~ofefit Test For Exponential Munction:

Sample cnlculstions

Table 5.%.1 gives the caloulation of X° for fitting an
exponential distridution. |

Tuble 5.k

SAMPLE CALCULATION OF X° WHEN AN EXPONENTIAL DISTRIBUTED IS FITII

Class NO. Mid Valus P P _(z_,.ff
| et 5 .
1 £ 19 3 2.3 1.79
2 21 1.3 4,13 19
3 23 12,2 9.52 0.7%
L 25 4.3 18.92 1.53
5 27 27.0  33.53% 1.27
6 29 243 20,72 0462
7 K+ 1 6.7 9.00 0.59
8 33 1.3 169 0.09

Dogree of freedon 81 = 7
, | ply2
L (L:‘L) = I w 6,79

% Caloulated from ¢ = ezp(miﬂl? » 13.01)
Table S.4.2 gives the values of X° for fitting an exponential
distribution function and their corresponding probabilities.



moxmm mmmxa ARE mmn. T
XOw Bt NO» . ® ®X  Expomential  Probabilities”
2 2% runction fitted 2  x?
1 5 2.6 6.79 oxp (H71Ve13,00) <<, 01  <,.2
2 28 18,97 63.16 exp (2.27 » 27.2h) <,02 <<,01
3 29 54,6  25.22 exp(,etmnﬂs) <€, 00 <<,01
!*,

% for mwxg a mml mmtion.
= Loy ﬁkm. an exponentia) funotics,
xxx  From referonce 15,

9+ Sufficient Number o Read

~ Table 5.5.1 gives the caloulated values of coefficient
of variation p = g- for the sets swhich pass the test of

normality. The value of »

can be get from reference 6.

10, Bat RO, gg;e::n—- gvlm KV/cn ayp Tmax
tion

8 5 ™ 250,04  26.6 7.86 2 10,0

2 28 W Wo.8 24,01 2.23 = 7.

3 29 36 W19.45 37,20 319 -~ 7.05

Y 24 18 195.0 9.19 0,85 ~ 2.48

A RN - S Wk et
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Distridution Funstion

hbl’ 5&6*1_

Broak- N0, of Cululative Plotting Positions Roduced Variate

R S

17 1 1 040133 - 1,5272

19 1 2 0,0267 ‘ » 13053

21 1 i 0,0500 - 141690

23 9 B tol2  0.0533 to 0,1600  «1,0972 to «0,6057

25 18 13 to 30 0,1733 to 04000  «0.5721 to 0.087%

27 20 31 to 50 0,133 to 0.6667 2147 %o 0.8782

29 18 Sltops 0,6800 to 0.9067 9528 to 2,304

31 5 69to?3 0.0200 to 0.9733  2.4843 to 3.491%

3 1 7 09867 | 41922
- | |

X From reference 23
Yor set 5, © = 250.0% § U= 24,3
From reference 6, for N w 7h, 0o = 4,69 Ty = 0,50

%u&n%ﬁé 'Emngat-“‘
| maﬁz.&?
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2:19

Table 2 262
NO. SetNO. ¥ '

o e R v L t
1 ] 250,04 26,6 252.9 15,66
2 a8 . | 40,8 24,01 W5.0 -
'3 29  H9.45 3742 419.4 6. 52
5 195.0 19%.2 3.81
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6. DISCUSSION

In our experimental work measurment of -breakdown
voltage plays & wery iaportant role. Acouracy in taking
measurment is importent here. Wo have agsuned an electrostatic
voltmeter as substandard voltmeter and : - calibrated the miltie
meter set. The oalidration curve is shown in Fig.4. Now we will
discuas about the other axperimental work,

6.1 Randomness and Stationaritys

Randomness and stationarity are the two dasic statistie.
cal conditions that the data must satisfy before it can be analy-
sed vith ordinary statistical techniques. Ve have sean in soc-
tion 3.1 that the data can de considered as randomstationary
if the individual time history ore prowed to represent random
- gelf stationary process,

Sat 1 to 3 taken with the Siements test cell to check
the properties of randommess and stationarity showed that the
bfealtidown voltage inoreased gradually with succossive breakdowns,
till sbout 50 yeadings at a gap length of b m.m.  The gradusl
deorease in dbreakdown voli'.m at tiza atart of a series of measur~
ments is quite comuon in dielectric breakdown studies and is
referred to as *conditioning® obviously the observations in such
a sot can not be random as confirmed by the analytical tests gi-
ven in table 5.1.1, Normel statistical techniques cannot thores
fors De used to analyse such a set,spscisl techniques are
available for analysing time warying sets (such as fepresenting

CENTS.EL LIBRZRY UNIVERSITY OF ROGRKEL
ROORX =B



7/

]

3~

4

N

- e T
17;{:!' 1’//""‘ *

J A
-~
!
,

.

-

s & v
PRy



@78

eonditioning process). Dut an analysis of the conditioning
region to gat at the breakdown strength is meaningless the break-
down atrength obdtained for this region iz strongly influnced by
the electrode effects, impurities sto. and does not represent
the charactsristic of the modium. Ths repressntative value can
be found from the dreakdown tost sequencs only after conditioning
i3 over, vhen ths elettrode sffects would have stabilissd. In
this ragion the teat can bs expocted to reprasent a randon
astationary process, A sufficiently large number of roadings of
this pegion can be analysed statistically to get the breakdown
strength, The valus of breakdown voltage quoted by by Brigno1n(8
and Hletterw}‘ have been obtained from this stationary region.
Ihis procedure is not only true for breakdown studies in liquids,
but 4s true for dreakdown studies on all medis, The following
factor may take part in conditioning.

6.1.1 Xlsatrode surfagat

The adsorbed ges layors on the clettrods surface get
dostroyed with repeated breakdown voltage and thus the breakdown
voltage goes on inoreasing., Similarly the oxlde layers on the
clectrodes get destroyed giving rise to highsr stremgths, The
out gassing of the olestrodes at high tmrltun in vactun is
the usual nethod of removing the adsobved layer Of gusen., Weber
and Enatoott (2] gyotdea condittontng effects by automatically
polishing the slectrodes after ovsry breskdown. In the present
work, howvever, neme of these have baon useds The elettrodes
wore cleansd by rinsing the elsctrodes with carbon tetrachloride
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and transformer oll befors esch set. The breakdown tests were
started after about one hour vhich is the time required for the
preparation of thes cell and tha electrodes.

6.1.2 041 Volupe:

At the outset 1t appears us though oll voluse doss not
have an effect on conditioning provess 5o long as the effective
volume of the o1l between the electrodes remain constant, But
it my not be so. To explain the effect of 0il volume on
conditioning, we will have to consider the breakdown bLreakdown
process in detail. |

The solid partisle in the o1l toke sétive part on the
breskdown process, After a d.0. stress in applied to the gap,
the solid particles in the oil become m&wm] and start moving
under the influence of the stress. They are draun to the region
of the greatest stress 4f the permittivity of the particles is
greater than that of the oil. ihen sows particles reach the
ancdey they acquire s pisitive charge and start moving towards
the cathode. Thus particles oseillate in the gap. At the
cathode, the positively charged particle enhance the lotal fisld
szusing & copious emiasion of eiaatm. As the stress increasss,
the number of particles in ths region of maximum stress increases
and the particle oscillation and electron emission also increae
ses, Thus at a critical voltage particles will form a bridge
to producs hrsakdown. This is the breakdown due to partiocle |
osoillation and bridge formmtion. After breskdown, the perticles
get ejécted from the gap length and some of them get lost in the
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bulk of the oil or ges settled on favourable sites, on the
eleotrode, or on the walls of the cell, With ropested break-
downs the procass of esjection of particles from the gap length
pro(roun till only a fev particles are left in the gap length.
Therefore repsated breakdowmns give Smproved bLreakdown strength,
In this way the partiole take part in conditioning.

dhen the total oll wolume is very large the total number
of s0lid particles present around the gap is larger than when
the total volume is smller. Therafors after a few breakdowns
some $01id particles that hawe besn ejected from the gap length
and have found suitable sites to rest upon, are climinated from
the gap length, -But the volums has still a large number of
solid particles 2o feed t0 the gap length and thus prolong cmdie
tioning. Then 4t is probable that the conditioning process
lests for & very long time 4f the volume of the oil 15 wvery large

In our experisental vork we started with an oil volume
of 400 0.0, and the conditioning region lasted about 200 readings
8o we poduced the volums to 300 o.cs snd the conditioning region
lasted about 40 = 50 peadings. The yolume could not bo reduced
below 300 cos sinoe it is the linit fixed by considerations of
minimm oil above electrodes, With the largest gap length of
Y mm; we wore only sble to got obsorvations in the initianl
portion of the conditioning region. In the later poption the
breakdown voltages excssded the 50 KV limit of the set.

In ths sxperimonts with the large cell, the oll was
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atirred before overy resding. At the outset, it appears that
the stirring vill prolong the conditioning effeoct becnuse the
solld particles will de continmucusly fed to the gap. On the
other hand, stirring also holps to carry swvay the breakdown proe
ducts from the gap 30 thad the breakdown strength improves and
thus the conditioning is faster. Therefore, both the effect of
prolonging the conditioning and the effect of improving the
breckdown strength may axist simultanecusly.

Secondly in our experimantal wvork because of non proper
handling of the solid insulating materials by the suppliors addi
tional impuritios are introduced when we immerssed these in oil.
This will alsc create more problems in the wariance, Ons nore
point 18 also there, thers are certain insulating materials
vhich absord the 01l so thoy will loso alr bubbles which some
tinme have found suitable nite to rest upon the electrode itself.
Both these points can reduce the breakdown voltage. 5o first
point here 13 that we should directly contmet the manufacturer,
80 that the proper handling of the solid insulating material
san be done. GSstondly w should have arrangesent for propar stie
rring so that error may not come dus £o air bubbles.

6.2, Seleotion of Materlal for Combination With Transformer 01l:

After having obtainsd sets which reprssent random
stationary process for oil, nov it becomes necessary to solast
materials for combination vith the transformer cil. Nov ve have
taken mepsursents on solid insulating materials in air and tramse
formsr 011« The sets conserned were 6 to 11 and 16 to 21.
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Thoss results are shown in Fig. 6.2.6 o to f. The mean and
variance is caloulated for these materials (Appendix C), For
Klephantoid, Rmpire cloth and Krempel the brealidown value in
transforser oll is wore than in air table 6.2.1. The variance
reduces for eupire cloth and Krempel whers as for elephantoid
it increases. ‘

Effest of Alignment of the Flsctrodes:

Br.uca[” has examined the warious srrors vhich may be
introduced by faulty sligmeent of the eleotrodes, the slectrodes
vhich ave fitted in Siemen's sst does not have proper alipgnment,
8o we replaced another coll which has proper algrment, The
breskdown behaviour for suoh an improper can be seon from Pig.
Y042 and ih"mas .

.4 Effost of Fores Applied on the Material ¢

The Elemen szet has no proper arrangement to fix an
insulating material between the electrodes. In these circumestance
it is felt by the suthor that if force 13 applied more it can
destroymit the insulating matorial and it can reduce ths thickness
of the material resulting in & change of breakdown woltage. 8o
it dacomes necessary to introducs an arrangement for propsr fixe
ing vhich ¢an be applied on the insulating materials. The
arvangenent is given in another cell which %3 raplacsd by the
author.

6.5, Effect of T Aligrmont of let
As felt by suthor that some insulating materials ayre so

flexible that they bend to ward either of the electrodes § which
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create non uniformity of the fisld around the solid insulattng
material, The effoct can be soen if ve compare the results for
moan valus and variance of sets 9,23 and 17,22 (Figs.6.2 a to f£).
The wariance incrsases and the ﬁlm of breakdown voltags ingw=
reases by some value, 80 it 1s necessary to design & holder foy
proper alignment of the sample (solid insulating matertal), The
dimension for this fixer 1s givan in Appendix B. The Author has
shown in Chapter 3, Fig.3.3.2 the dimension of the holder and
raplaéad ‘eell.

6.6 Effeg

| We have taken threc sets No,25,26,27 for differant
materinlc, Bach set is designed for thres different tinme inter.
vals ard resilts for breakdown value is plotted on the graph
shown in 7ig.6.6 6 <0. The moan and wvariances for the about
naterials do change with change in the snterval but the change
doos not follow & —dcﬂniﬁ pattern., Aotually when we use thess
materials in coabination with transformer oil, the adsorption of
oil between two readings could bs significant and it might become
nacessary to get to tha saturation point for oil absorption by
the material after vhich we could expsct the variances to becoxe
very low and readings will giwe a better results,

Disgussing above points we can mnciudc that our main
experimantal results wvhich are randonly stationary fulfill the
requiressnts for further analysis by statistical methods,

6.7+ Distribution of Breakdown Strengths
After having obtained sets vwhich represent randoms
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statiomary process, the distribution of breakdown strengths could
be dcterained,

The firat step was to determine vhether the distridution
vas normal X° goodness«of~fit test was used as a test for
Normality Table 5.2.2 shovs that only ons set passes the test of
norrality. The histogram for all the sets 1.s. sot NO,24,28,29
had definite negative skewness, Ths histogran of sets that do
not satisfy normelity test were more negatively skeved than those
vhioh satisfied the normelity test. Moreover, the cumlative
plots on the normal probability pnpa;' of sets that satisfy normae
1ity test wers curvsd as show in Fig.5.2.2, vheress it should
have been a straight line,

- The Ddreakdown in oil is not described properly by a
normal distribution hecauss the noraal lav does not satisfy the
stability postulatel®*), me results of nreakdown tost on
transforoor oil have Desn successfully descrided by sxtremal
distritution (based on initial exponentisl distribution) and
an sgressent betwsen the theoritical function and the experimen-
tal results was markedly precise,

| The exponentisl dlstribdution of the typs ¢ = explaB«f)
was fitted to the experimenta) data. Table 5.4.2 gives the
yalues of probubilities of X° for fitting & normal distridution
and those X2 for fitting an exponential distridution function.
We ean find from this table that the exponentisl distribution is
good-f1t«t0 a1l the sets including those which did not pass the
normality test. The sxponential distribdution functions are
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given i.nth’ gamg table., Oraph is showm in Mg.6.7.b.

The extremal distribution of the smallest value based
on initisl exponential distribution is of practicalfimportance
since the design cngineer would be interested of extrems low
values and the corresponding probablilities of the hreakdown
strengthss The oxtreme distridbution function described the
experimental results of Wober and Endloott(?*] and established
the relation of breaidown strangth with ayes accurately, IThe
extrems valus probability function of the type ¢=exp(ey-e"Y)
vhen y » a(E « Zn) were fitted to the experimental results and

the extreme value plots are shown in Mg.6.7C, fble 5.6.2 gives
the valuss of parameters 1/a and Bm,

It 45 prealse of this thosis that 1f the breskdown test
rasults are to be fit for statistical analysis, the design of
the breakdown tost has to Do svolved on the bdugis of statistics,
After the design of ths Ireakdown test is ocompleted t0 yleld
results fit for statistical amalysis, the evaluation of the
results involves the dotermination of ths form of distribution
and the parameters of the distribution,

Fop a long time, the distribdution of breakdown strengths
of 1iquids was belleved to De normal, arising out of the human
errors and in accuracies in the testing procodure including the
teot equipment used. The observations vere not subjected to
rigorous statistical tests, Weber and Endleott(?*] vere the
first to perform well controlled expsrisments on fransformer oil
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using 8,0, voltages and found that the extrems valus distributio
was & good fit to the dreakdown test results and it satisfied thu
stabllity postulate. The sxtreme valus distyidution of the amidl.
est valus fits the rosults of the fests raported in this thestis,



(1)

(11)

(114)
(iv)

(v)

(vi)

(vis)

(vits)
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CONCLUSIORS

The conclusions drawn in this thesis are given belowns
The results cvbisined from the experiments on Empire -
oloth, Krempel in combination with transformer oil
ars encouraging.
The extrems value distridution of the smallest walue
(Gumbel Type 1) fits the result of the above materials.
The improper aligrment of the sample effact the
variance, Oetting proper aligmuent we got very low
variance and good observations.
The time interwal betwesn the sets for a material
effects the valus of variances, This is Aus to ofl
absordility condition for that material. |
When we ars using empire cloth, EKrempel, in combination
vith transformer 011, the peraittivity will follow the
““logaritimic lav of wixturs?® accordingly permittivity
change will give the changs in breakdown voltage.
As viewed Dy Microscops, the strusture of fibres show
that the breakdown woltage in insulating materials
reduced due to poor smoothness of compound on the
mxterial and air Dubdbles entrappod in a solid dielectric
leads to the breakdown at lower voltage.

Due to. improper handling of the materials, damage in
insulation are viewed and give pAor dreakdown voltage.
Conditioning period &£ low in solid insulating material
because it 1s mainly effected Dy the temperature,
!midity and pressure which can de assumed negligible.
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Suggestions for Futurs Work 1

Thers ia much to be done yet to find out a suitable
theory of braskdown strengths,. | With thes help of proper use of
shtintiot, we have only recently been abls t0O remove nose
points of ambiguity in this field of breskdown in liquid and
solid insulating materials. The work presented in this thesis
eould be contimied in the foliowing directionss-

(1) The teat method could be improved dy improved upon by
employing a more accurate and improved methods of gap
moasurments, electrode and oil treatment,

(2) Reliability can be studied for these insulating material
with the knowledge of reliability.

(3) If you can control, pressure, tewperaturs, humidity,
better result can be evaluataed,
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 The resent concept is to discard the temperaturs
N olassifieation of an individual material ¥ut to adopt new
" temperature classification to the insulation system as a whole.
This has eatadlished & new approach to the problem of material
“evaluation by means of function tosts.

~ Thess tests are based on operational conditions and
service expsrience. Unfortunately both vary enormously. Por
machines, the comeon factors are heat, vibration, hmidity and
voltage. If the temporature is varied, the spsod of chemical
reaction of the first order and temperature is given by Arrhenio
equation (1).

«~E/RT
K=a6€

(1)
vhere
| - K = Specific reaction rate,
E » Activation Energy.
A = Frequenay factor of the molecular encounter.
R= Iniversal gas constant.

T » Absoluts tomperature.

The reaction whioh oecur during the ageing of the
insulating materials are not simple (some degradation products
20t as catelysts for other reactions), but 1f it is assuned the
the rate of fallure of systes is largely determined by ons
specific resction, the 1ifs temporaturs tests at three tempera-
turss, if not mors, are required., It 1is also necessary to fix
a criterion of failure based on service experience, In the case
of machines, it has been observed that most fallures oecur wvhen

thav ava voaatartad aftar a noneonamtionsl neriod.



(1) Caloulations for Sample Size ¢ If we have sample of low dimensior

(11)

(141)

then the line of/orces will be more at the edge of the sample so
prodbablility increase for the breakdown at the edge instead of
ocouring at the centre of the sample. 50 it becomes necessary
to choose a sample of such & size that the electrical intensity
at the edge redutes to a valus to .1 Percent of the intensity
at the surfaces of the clectrode, For that reforring reference
6 we choose & sample size of 5 x 5 ea? in vhich we have lovw
value of meoxwiey to some extent,

s Lo jacgt For thicknoss measurment we have used
nicromster, Its ltaat coumt is 0,01 out error may bs on either
side of + ,005 ma , We Book 10 measurments for each material
and caloulated average vam‘m\ for them, The aveorage values cre
given belovie | |

(1) Pmpire cloth w +2173 mm

(11) Polyster Film « L130% mm

(111) Rlephantoid “ 1.2%07 om

(iv) Xrempel - 42707

(v) Olass mtoanits « 2285 wm
fibre

(vi) Glass fidre clothe 218% mm

Caloulatis ;enaions. s g Figers When we bave decided the
amplq sizs then it Dscoues very easy to select the dimensions of
fizer, just by applying common sense, seeing the cell’s dimensions
and sample size we choose the following dimension for the fixer.



“95=

The langth of the frame = 9 cm

The width of the frame = 9om

The oover plate size = 6 omg 95 om.
Screws are fitted as shown in Fige. 3.3.2.
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