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MODULE-I

COMDUCTION AND EREAKDOWN IN LIQUID DIELECTRICS

2 AIntreduction
Ligud dielectrics are nsed mamly spreading tlrough m high voltage cables and
capactors and for fillmg transformers, cireuit breakers, ete. In addition to ther function
as a dielectric, liquid dielectrics have additional functions i certain applications. For
example, liguid dielectracs act as heat transfer agents(ie. for cooling) in transformers and
as arc quenchmg media i circnit breakers. Petroleum oils are most commonly nsed as
hquid dielectnies. For certam applications Ssmthefic hydrocarbons and halogenated
hydrocarbons and for very high temperature applications, silicone otk and fluorisated
lyydrocarbons are used. In recent times, certain vegetable oils and esters are alse being
sed.
Liquid dielectrics nommally are mixnire of hvdrocarbons and are weakly polanzed. When
used for elecirical msulation purposes they should be free from moisture, products of
oxidation, and other contammants. The most unportant factor that affects the electrical
strength of msulating oil is the presence of water m the form of fine droplets suspended m
the oil  The presence of even 001 % water i transformer oil reduces the eleotrical
strength to 20 % of the dry o1l value. The dielectrnic strength of the o1l rediuces more
shaply, of it contains fibrous mpurities 11 addition to water. The three most anportant
propertics, of Liquid diclectrics are

(1)the electrical conductivity,

(ii)dielectric constans, atd

im)the dielectric strength.
In addition, the physical and chemical properties such as viscosity, thermal stallity,
specitic gavity, ete, are also important. Exanmples for the breakdown strength at 20°C on
2.5 mm standard sphere gap arel 5 KV/mm for Transformer Oil, 30 KV/mm for Cable Oil,
20 kVimm for Capacitor Oil, 20-25 kW mm for Askarels, 30-40 kV/mm for Silicone Oils.
In practice, the choice of a liguid dielectric for a given application 15 made mamly on the
basis of s chembeal stability.
In additon, other factors like saving of space, cost, previous usage, and suscepibility 1o
e environmemal inffuences are dlso considered.  In capacitors, replacement of the
capacitor oil by askarel spreading through in the overall size of the capacitor by more
than 30%%. Inpractice, a hquid found satisfactory over a long period of usage s preferred
to a new one. Petrolenm liquid are widely used because of their low cost.



2.2 PURE LIQUIDS AND COMMERCTAL LIQUIDS

Pure biquids are those which are chemically pure and do not contam any other tmpuritv
even i traces of 1 in 10°, and are struetirally simple.

Examplez of such zsimple pure ligumids are -

t-hexeae (CsHp4). n-heptane {C-H;g) and other paaffin hydrocarbons.

By usmg smnple and pure liquids, it 5 casier to separate oul the vanous factors that
mfuence comdition and breakdown in them.

Omn the other hand, the commercial liquids which are msulatmg liquids like oids, not
chemically pure, normally consst of mixture of complex orgamc molecules which cannot
be easily specified or reproduced in a series of experiments.

2.1.1 Purilication

The main impurities in Hguid dielectrics are dust, moistore, dissolved, gases and
fonle Impurities, Various melhods emploved for punfication are filiration (through
mechanical filters, spray flers, and electrosiatic filters), cemrifoging, degnssing and
distillation, and chemical treatment (adding ton exchange matenal such as alunma,
fuller's earth etc. filtering).

Dt particles when present become charged and reduce the breakdown stremgth of the
honid dieleetries, and they can be removed by careful filtration.

Liquid will normally contam moisture and dissolved gases in small quantities. Gases like
oxyeen and carbon dioxide significantly affect the breakdown strength of the lauids, and
bence it 15 necessary to contrel the amount of gas present. This 1s done by distillaton and
depassing.

Tonic mopurity in liquids, like water vapor which easily dissociates, leads to very high
conductivity and heating of the hquid depending on the apphed electtic field. Water 15
removed using dryng agents or by vacunm drvimg.

Sometimes, liquids are shaken with concentrated sulphunc acid to remove wax and
regichie and washed with caustic soda and distilled water A conmmonly nsed elosed-cyele
hiquid purification system to prepare haquids as per the above requrements 15 shown n
Fig.2.1



tower Gauge
I? E,_.. Te Vacuum
e Pump
Valve
Crstillatsar
columin

{P {E} o 10 Vacuum

Purmnp
Test cell with electrodes

T @ + To Vacuum

"~ Pump
Reservaoir

Fig. 2.1 Liguid purificaion systzm with fest czll,
This svstem provides for cyclng the lignids. The hguid from the reservoir flows through
the distillaton colunn where wnie nupurilies are removed. Water s removed by drying
agents or frozen out m the low-temperature bath, The gases dissebve i the hiquid e
removed by passing them through the coolng tower and/or pumped out by the vacuum
pumps. The liguids then passes thougld the filter where dust particles are remmoved. The
hgmid thus purified is then use in the test cell. The used hquid then flows back into the
reservorr, The vacuumn system thus belps o remove the mowsture and other gaseous

mmpurities
CIL Breakdown Tests

Breakdown tests are normally condueed using test cell. For testing pure liguids, the test
cells used are siall so that less quantity of liquid is wsed dwmg testmg.  Also, test cells
are nanally an integral pait of the purification system as shown in Fig 3.1 The
elecrodes used for breakdovwn voliage measwrement are nsually spheres of 0.3 (o 1 ¢min
diameter with gap spacing of about 100-200 pm. The gas is accmately controlled by
using a micrometer. Electrode separation 1s very critical in measurement with hquads, and
also the electrode surface smoothness and the presence of oxide fhms have a marked
mfluence on the breakdown strength.  The test volages vequired for these tests are
wally low, of the order of 50-100 kY, because of zsmall electrode spacing The
breakdown strengths and d.c conductivities obtamed m pure liquids are very high. of the
order of 1 MViem and 107%-10™ mho/cm respectively, the conductivity being measured
atl electric field of the order of 1 kKViom  However, the conesponding values in
commeteial liquids are relatively low.

22 CONDUCTION AND BREAKDOWN IN PURE LIQUIDS



When low electric fields less than 1 kV/em are applied, conductivities of

107" 210" mho'/cm are obtained. These are probably due to the impurities renmining
after purification. However. when the fields are high (>100kV/cm) the currents not onky
merease rapadly, but alse undergo violent flnemations which will die down after some
tume. A typical mean vahie of the conduction errent i hexane = shown m Fig 2.2 This
15 the ¢onditton nearer to breakdown.
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Fig.22 Conduction current-alectrc fisld characteristics in hexane
at high felds

However, if this figure 18 redravwn starting from very small currents, a current-clectnie
ficld chamctensiics as shown n Fig. 2.3, can be obtaied. This curve will have three
distinct regions as shown. At very low fields the current 5 due to the dissociation of
wons. With intenmedmate fields the current reaches a satwration value, and at high fields
the current generated because of the field-aided electron emission from the cathode gets
multiphied m the hguid medmm by a Townsend tvpe of mechamism The current
mnltipheation also accurs from the elections generated at the interfaces of ligmid and
mnpurities. The mcrease n current by these processes contmmes till breakdown ocours.
The exact mechanism of current growth is nol known, however, it appeas that the
electrons are generated from the cathode by field emission of ¢lectrons,
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The electrons so liberated get multiple by a process similar 10 Townsend s primary and
secondary wization m gases As the breakdown field 15 approaches, the cumrent mereases
rapidly due to process similar to the promary ionization process and also the positive wns
reaching the cathode generate secondary electrons, leading breakdowm.  The treakdown
voltage depends on the field, pap separation, cathode work-fimetion, and the temperature
of the cathode. In addition, the liguid viscosity, the liquid temperature, the densiy, and
the me leoular structure of the houid alio mfluence the weakdown strength of the liguad

Typical maximmmm breakdown strengths of some highly punified lipods and hquefied
pases are given in Table 2.1

Table 2.1 Maxinmin Breakdown strength of some hquid

Lauid Maximuin breakdown strength
(MV/cm)

Hexane 1.1-1.3

Benzene L1

Transformer oil 1.0

Silicone [.0-12

Liguad Oxygen 24

Licquid Nitrogen 16159

Lagpuid Hydragen 1.0

Liquid Hebunm 0.7

Lipnd Argon 1.1-1.42

It has been observed that the merease in breakdown strengih 15 move, if the dissolved
gases are electronegative m character (ke oxveen). Somlarly, the mcrease m the liquid
liydiostatic pressure mcieases the breakdown strengil

To sum up, this twpe of breakdown process in pure lhiquids, called the electromic
breakdown, mvelves emission of electrons af fields greater than 100 kKWViem.  This



emssion pceurs either at the elechrode surface wrepularities or at the mterfaces of
mnpurities aind the quid.  These electrons get further nnltiplied by Townsend’s type of
primary and secondary wnization processes, leading to breakdown.

23 CONDUCTION AND BREAKDOWN IN COMMERCIAL LIQUIDS

As already memioned commercial nsulating liguids are pot chemmcally pure and have
nnpuriies like gas bubbles, sspended particles, ete. These impurities reduce the
breakdown strength of these higuds considerably. The breakdown mechanizsms are also
considarably influenced by the presence of these mpurties. In addstion, when
breakdown oceurs m these hquds. addittonal gases and gas bubbles are evolvad and solid
decomposition products are formed. The electrode surfaces become rongh, and at times
explosrve sounds are heard due to the generation of mmpulsive pressure through the liquid.
The breakdown mechanism m commercial liguids s dependent on several factors, such
as, the nature and condition of the electiodes, the physical properties of the liguid, and the
inpuriries and gases present in the Hquid.  Several theories have been proposed 1o explain
the breakdown m hqmds, and they are classified as follows:

a) Electronic breakdown

by Suspendod Particle Mechanism

¢) Cavitation and Bubhle Mechanism

i) Stressed Ol Volame Mechanizm
231 Electronic breakdown
Both the field emssiwon and the Held-enhanced thermuomce cmusson mechamsms
dizeussed earlier have been considered responsible for the current &t the cathode
Conduetion smdies in insulating liquids ar high fGelds show that most experimental data
for cuwrent fit well the Schottky-type equation m which the cumrent s temperature
dependent  Breakdown messmements camied out over a wide range of temperatures,
however, show little temperature dependence. This suggests that the cathode process is
field emission rather than thermome emgswon. It s possible that the eturn of positive
wmns and particularly positively charged foreign particles to the cathode
will cmise local field enhancement and give rise to local electron emission. Omnce the
electron 15 mjected into the hgud 11 gams energy from the applied field In the electionic
theory of breakdown it is assumed that some electrons gain more ensrgy from the field
than they lose m collions with molecules. These electrons are accelerated until they gain
sufficiznt enetgy to onze molecules on collisions and nitiate avalanche, The condition
for the onset of electron avalanche 1= obtamed by equatmg the pain in energy of an
electron over its mean free path to that requred for omzation of the malecnle
elii= chy
where E is the applied Geld, L the election mean [ee path, b the quanion of eneigy lost
m wnzme the mwoleeule and ¢ an arbirary constant. The electronie theory satisfactonly
predicis the relative magnituds of breakdown strength of liguids, tut the observed
fonmative time lags are much longer than predicted by electronic theory.

2.3.2 Suspended Particle Theory



Sold mpwities may be present m the bguid either as fibres or as dispersed

solid particles and their presence of solid mopurities cannot be avosded. The permittivity
of these particles €, will be different from the permittivity of the liquid €. If we consider
these impuritics fo be spherical particles of mdms r, and if the applicd field 1= E, then the
partieles experience of force F, where

F=r3 L% E 2.1

£ ey

Tlus force 1 directed towards areas of maxmmm stress, if & = &, for example, 10 the
case of the presence of solid panticles like paper in the liquad. O the other band, if only
s bubbes are present o the liquid, i.e & < g, e Torce will be m the direction of areas
of lower stress (opposite doection).  If the voltage s contumously applied (d.c) or the
duration of the voltage 15 long (a.c). then this force dnves the particles towards the area of
maxinun stress, 1 the momber of particles ® large, they become aligned due to these
forces, and thus form a stable chain bridging the electrode gap cansing a breakdown
between the electrodes,

The force given by equ (2.1) morcases as the permittivity of the suspended particle ()
mereases. amd for a condocting particle for which £; —oo0 the force becomes
F=F.=r'Egrad E

Thus the torce will urze the particle to move to the strongest regon of the field.

T a umiform field gap or sphere gap of small spacing the strongest field 15 m the wniform
region In this region grad E 15 equal to zero o that the particle will remain m equihbrinm
there. Accordingly, particles will be drapped mto the wnform field repion If the
permattivity of the particle 15 higher than that of the medinm, then s presence m the
wform feld region wall cause flux concentration at its surface. Other particles will be
afracted into the region of higher flux concentration and in tinee will become aligned
head to tail to form a bridge across the gap. The field m the hguid between the particles
will be enhanced, and if it reaches critical value breakdown will follow.

The movement of particies by electrical force 1 opposaed by viscous drag, and smee the
particles are moving mto the region of hgh stress. diffusion must also be taken mto
Accolmt.

If thers 15 only a single conducting particle between the electrodes, of will give rise to
local field enhancement depending on its shape.  If thes field exceeds the breakdown
strength of the liguid, local breakedown will ocewr near the particle, and this will resull in
the formation of gas bubbles winch may lead to the breakdown of the Lgquid

The vahie of the breakdown strength of the Liguids contaming solxd imparities was found
to be mmch less than the wvalues for pure hquids. The impurity particles reduce the
breakdown strength, and it was also alserved rhat the larger the size of the particles the
lowrer were the breakdovwn strengths

2.3.35. Cavitation amd the Bubble Theory
It was experimentallv observed that i many Liquids, the breakdown strength depends

strongly on the applied hydrostatic pressure, suggestmg that a change of phase of the
medium is involved in the breakdown process, which in other words means that a kind of



vaper bubble tormed 1s responsible for breakdown. The following processes have been
suggested to be tesponsible for the formation of the vapor bubbles:
a) Gas pockets at the surface of the electrodes;
b) electrostatic repulsive forces between spoce charges which may be sufficient to
overcome the surface tersion;
¢) paseous products due to the dissociation of ligud melecules by electron
collisions; and
i) Vaporzation of the ligeid by corona vpe discharges fiom sharp poins and
irepularities on the electrode surfaces.
Once a bubblz 15 formed 1 will elongated (long and thin) in the direction of the electic
field under the mflvence of electrostatic forces. The volune of the bubble remains
constant during elongaton. Breakdown ocours when the voliage drop along the length of
the bubble hecomes equal to the minimwm vake on the Paschen’s curve for the gas in the
bubble.

The eleciric field in a spherical gas bubble which = immersed m a hiquid of permittivity
& 1 given by Es =3Es/( £:+2) ; where Eq 1 the field in the liguid in the absence of
the bubble. When the field Ey, becomes equal to the gaseons iomization field, discharge
takes place which will lead to decomposition of the hquid and breakdown mav tollow,
Kap has developed more acournte expression for the  breakdown Geld as

_ 1 2";I'-!:"{Ee':l--e'l:I 1"'Ih ¥ : (:,1’
= (£, _‘5;][ ¥ [1ETE“} l}]

where o is the surface tension of the haquid, & is the permittivity of the hqud, £,15 the
permittivity of the gas bubhble, ris the matial radins of the bubble assumed as a sphere and
W, 15 the voltage drop in the bubble (comesponding to minmmun on the Paschen’s curve).

From this equation it can be seen that the breakdown streagth depends on the initial size
of the bubble which m tum 15 influenced by the hydrostate pressure and temperature of
the licquid. Bui this theory dees not take inlo accowt the production of the initial bubble
and hence the resnlts given b this theory do not agree well with the experimental resnlts

In general, the cavitation and bubble theories try to explan the highest breakdown
strengihs oltainable, considering the cavities or bubbles formed in the Biguid dielectrics.

2.3.4. Stressed Ol Volome Theory

In commercial higuids where minute traces of mopurities are present. the breakdown
strengih is determined by the “lagest possible mnpurity™ or “weak lmk™. On a statistical
bagis it was proposed that the electneal breakdown strength of the oil 15 defined by the
weakest region m the oll, namely, the region which 18 sressed to the maximum and by
the volume of o1l mehrded i that region.  In nop-umiform fields, the stressed o1l volome

is faken as the volume which is confained between the maximum siress (E__ | contour



and 09 (E_. Jjeontour. According to this theory the breakdown sirengih is inversely

proportional to the stressed oil volome.

The breakdown voltage & lughly mfluenced by the gas content in the oil, the
viscosity of the oil, and the presence of other impurities. These being uniformiy
distributed, increase in the stressed o1l volune consequently resalts in a reduction in the
breakdown veltage. The vanation of the breakdown voltage stiess with the stresed oil
vohmme 15 shown in Fig. 2.4.

Breakdown
Shress =
(kviem) i
300
—With steady voltage rise
= one minute withstand voltage
100 —
o | | | |
10+ 10 10* 10 16"

Stressed ol volume (ce)

Fig 2.4 Power frequancy (50 Hz) a.c breakdown stress as funclion of
etressed ol volume

24 CONCLUSIONS

All the theories diseussed above do not consider the dependence of breakdown strength
on the gap length. They all fry fo acconnt for the maximmm obtainahle breakdown
strength only. However, the experimental evidence showed that the breakdown strength
of & liguid depends on the gap length, given by the following expression,

d=gap length,
v, =ad® where, A=constant.and

n=constant always less than |

The breakdown voltage al=o depends on the nature of the voltage, the mode m which the
voltage 15 applied, and the tope of application. The above relationsluop 18 of piactical
anpottance, and the electnical stress of given o1l wsad m design 15 obtaied from this
Dwrmg the last ten vears, research work 8 directed on the measurements of discharge
meeption (starting} levels m oll and the breakdown strengths of large volomes of ol
mmder different comditions



BREAKDOWN IN SOLID DIELECTRICS
31  INTRODUCTION

Solid dielectric waterials are nsed in all kmds of electrical cireuns and devices to insulate
one current carymg parl from another when ey operaie at diferent vollages, A good
diefecrmic should have low dielectie loss, high mechanical strength, shonld be frée from
gaseons nclusion, and moisture, and be resistant to themmal and chemical deterioration
Solid dielectnics have hagher breakdown strength compared to liquids and gazes.

Studies of the breakdown of solid dieleetnes are of extreme mportance
msulation studes. When breakdovwn occurs, solids get permanently damaged while gases
fully and Liguids partly recover ther diclectnic strength after the applied electrc field
retved

The mechanism of breakdown 15 a complex phenomenon i the case of solids, and
vanes depending on the tume of appheation of voltage as shown m Fig. 3. 1.
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The verious breakdown mechamsms can be classified as follows;
(a)Intrinsic o wnie breakdown,

(electromechanical breakdown,

{¢)failure due 10 weeing and tracking,

(d)thermal breakdown,

{e)electrochemical breakdown, and

(fibreakdown due to mternal discharges.

32  INTRINSIC BREAKDOWN

When voliages are spplied only for shor durations of the order of 1075 the dielectnic
sirength of a solid dielectric increases very rapadly to an upper limit called the mtrinsic
electric strength.  Expenimentally. this highest dielectric strength can be obtamed only
umder the best experimental conditions when all extranzons mfluences have been solated
and the valne depends only on the stucture of the material and the temperature. The
maximum elestrical strength recorder is 15 MV/em for polyvinyl-aleohol at -196°C., The
maxitmn strength nsnally obtamahle ranges from 5 MViem.

Infrmsic breakdown depends opon the presence of fiee electrons which are
capable of migration throngh the laitice of the dielectric. Usually, a small munber of
conduction electrons are present in solid diclectrics, along with some structural
mnperfections and small amomits of mpurities.  The impurity atoms. or moleciles or
both act as traps for the conduction electrons up to certain ranges of electric fields and
temperatives.  When these ranges are exeesded, additwnal electrons m addition to
trapped electrons are released, and these electrons participate in the conduction process,



Based on this prmeiple, two types of mirmsic breakdown mechamsms hawve been
proposed

i} Electronie Breakdown

Intrinsic breakdown eccurs in time of the order of 10" s and therefore is assumed fo be
electronic in nature. The initial density of conduction {free) electrons is also assumed to
be large, and eleciron-electron collisions occur. When an eleclric field is applied,
alectrons gain enarngy from the alectric field and cross the forbidden energy gap from the
valence band to the conduction band. When this process |s repeated, more and more
elecirens bacome availabke in the conduction dand, eventually leading 1o breakdown,

il Avalanche or Streamer Breakdown

This is simiiar to breakdown In gases due 1o cumulative ionization. Conduction electrons
gain sufficlent energy abowe & certain crtical electric field and cause lberalion of
electrons from the lattice atoms by collision. Under uniform field conditions, if the
electrcdes are embedded in the specimen, breakdown will occur when an electron
avalanche bridges the electrode gap.

An electron within the dielectric, starting from the cathode will drift tcwards the anode
and during this motion gains energy from the fieid and loses it during colisions. When
the energy geined by an electron exceeds the |attice ionizaton potential, an addibonal
electron will be lberated due to collision of the first eleciron. This process repeals tsalf
resulting in the formation of an electron avalanche. Breakdown will occur, when the
avalanche exceeds a cerain crtical size.

In practice, breakdown does not occur by the formation of a single avalanche itsslf, but
occurs as a result of many avalanches formed within the dielectric and extending step by
step through the entire thicknass of the material

3.3 ELECTROMECHANICAL BREAKDOWN

When solid dielecirics are subjected to high electric fields, failure occurs due o
elecfrostatic compressive forces which can exceed the mechanical compressive
strengih. I the thickness of the specimen is dy and is compressed to thicknass d under
an applied voltage V. then the electrically developed compressive siress is in equilibrium
if

o, —E} - ‘r’]n[%l (3.1)  whera ¥ is the Young's modulus, From Eq. (3.1)
.

vi_g [ = ]m[ﬂl] (3.2)
E£qE, d

Usually, mechanical instability cccurs when
d'd, =0.60r d, /d=1.67
Substituting this Eg.3.2, the highest apparent electric stress before breakdown,



|
_ Tﬂ_f_[_"”’.. ] (3.3)
a, e,

The above equation is only approximate as % depends on the mechanical stress. Also
whan the materal Is subjeclted to high stresses the theory of elasticty does not hold
good, and plastic deformaftion has to be considered.

3.4 THERMAL BREAKDOWN

In gen=ral, the breakdown voltage of a solid dielectric should increase with its thickness.
But this Is true only up to a certain thickness above which the heat generated in the
dielecric due to the flow of current determines the conduction

When an electric field is applied 1o a delectric, conduction current however small it may
be, flows through the materal, The current heats up the specimen and the temperature
rnse. The heat generated s fransfered to the surrounding medium by conduction
through the solid dielectric and by radiation from its ouler surfaces. Equilibrium is
reached when the heat used to raise the temperature of the dielectnc, plus the heat
radiated out, equals the heat generated. The heal generated under d, ¢ shress E i
gven as

W, =E'cWim' (3.4) where o Is the d. ¢. conductivity of the specimen.
Linder a, ¢ fields, the heat generated
w, B0 S o a8y whems, f= fedusnéy I Cb S —loes angis of tha

= LEx1D"
dieleciric material, and E= rms value. The heat dissipated (W, }is giver by

W.=C, d_‘;rI riiv (K prad T) (3.8) where, C.= specific heat of the specimen,

T = temparature of the specimen, K = thermal conductivity of the specimen, and
1= fime over which the heat is dissipated
Equilibrium is reached when the heat generated (W,, o0 W, ) becomes equal to the heat

dissipated (W,). In aciual practice there is always some heat that s radiated out

Breakdown occurs when W, or W _ exceeds W,. The thermal instability condttion s

shown in Fig. 3.2. Here, the heat lost is shown by a siraight line, while the heat
generated at fields Ejand E, i5 shown by separate curves, At field E, breskdown

occurs bath et termperalures T, and T heat generaled is less than the heal lost for the
field E,, and hence the breakdown will not occur,
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Fig.3.2 Thermal instability in solid dielectrics

The tharmal reakdown voliages of vations materials under d.c. and a.¢. fields are shown
i the {ahle 1.1

Table 3.1
Maximum thermal breakdown stress
Material in MYWiem
d.c ac,
hMuscovite mica 24 T.18
Fock sal 38 1.4
High grade porcelain - 2.8
H.Y, Slealite - 9.8
Quartz-perpendicuiar to axis 1200 -
-parallel to axis BE -
Capadlor paper - 3.4-4.4
FPalyihansa - 3.5
Polystyrene - 2.0

It can be seen fiom this table 31 that smee the power loss imder ae. fields s higher, the

heat generation i also high, and hence the thermal breakdown stresses are Jower under
ac. conditions than wnder d.¢ condstions.

35 BREAKDOWN OF SOLID DIELECTRICS IN PRACTICE

There are certam types of breakdown which do net come under either mtrimsic
breakdown, but actually oceur afier prolonged operation. These are. for example,
breakdown due 10 wacking in which dry conducting riacks act as conducting paths on the



msulator surfaces leadimg to gradual breakdown along the surface of the msulator.
Another type of breakdown m this category 1s the electrochemical breakdown cavsed by
chemical transformations such as electrolysis. formation of orone, etc. In addition. faihmre
also oecurs due to partial discharges which are bronght about in the air pockets insde the
malation. This type of hreakdown 1= very important nmpregnated paper imsulation nsed
i gl voltage cables and capacitors.

3.5.1 Chemieal and Electrochemical Deterioration and Breakdown

In the presence of an and other zases some dielectric matenals undergo chenucal changes
when subyected to contmuous stresses. Some of the mportant chemmcal reactions that
OCCUT AL

-Dxidation: In the presence of ar or oxyeen, matertal such as mibber and
polvethylene undergoe oxidation giving rise to surface cracks

Hydrolysis: When mopstare or water vapos is present on the surface of a solid
dietectric, hvdrolvsis occurs and the imatertal loses thelr electncal and mechanical
properties.  Electrical properties of marerials such as paper, collon tape, and other
celiulose materials deteriorate very rapidly due to lydrolvsis. Plastics like polvethylene
undergo changes, and ther service life considerably reduces.

<Chemical Action: Even m the absence of electric fields. propressive chemical
depradation of msaltmg materials can ocour due to a vanety of processes such as
chemieal mstability at high temperatures, oxidation and cracking o the presence of ai
and ozone, and hydrobysis due to mosture and heat. Smee diffevent meulatimg matenals
come mto contact with each other in any practical reactions oceur between these varions
materials leading fo reduction in electrical and mechanscal sirengths resulting m a falure.

The eflects of eleclrochemucal and chemical deteriomtion could be mmimired by
carefilly studying and examining the materials, High soda conteat glass msulation should
be avoided in moist and damp conditions. because sodmm, being verv mobile. leaches to
the surface giving rise fo the formation of a strong alkall which will canse deterworation,
It was observed that thas type of matenial will lose s mechanical strength withm 24 hrs,
when it is exposed to stmospheres having 100% relative humidity at 70° C. Iu paper
msulation, even if partial discharges are prevented completely, breakdown can oceur due
to chemical degradation. The chemical and electrochennical deterioration ncreases very
rapidly with remperatnre, and hence high temperatures should be avoided,

3.5.2 Breakdown Due to Treeing and Tracking

When a sohd dielectne subjected 1o electrical stresses for a long tune fals, normally o
kinds of visible markings are observed on the dielectre material. They are:

a) the presence of a conducting path across the surface of the msulation:



b) a mechanism whereby leakage current passes tloough the conducting path fmally
keading to the formation of a spark. Tnsulation deterioration ocows as a result of these
sparks

The spreadmg of spark chammek durng trackng, in the form of the branches of a tree =
called treeing.

Consider & system of a solid dielectric having a conducting film and two electrodes on its
swface, In pracrice, the conducting film very offen is formed doe o moisiure, On
application of voltage, the filin stams comducting, resulting i generation of beat, and the
anrface starts hecommg drv. The conductimg film becomes sepamte doe to drymg, and so0
sparks are drawn damaging the dielectric surface, With organic msulating materials such
as paper amnd bakelite, the dmlectric carbomizes at the region of sparking, and the
carbonized regions act as permanent conductng channels resulting m increased stress
over the rest of the region. This 18 a cumulative process, and msulation fmlure ocours
when carbomzed tracks bridge the distance between the electrodes, This phenomenon,
called tracking is common between layers of bakelite, paper and similar dielecinics built
of laminates.

On the other hand treeing ocowrs due to the erosion of material at the tips of the spark.
Erosion results in the roughening of the surfaces, and hence becomes a source of dit and
contammation. This causes moreased conductivity resuiting either n the formation of
conductmg path bradging the electrodes or i a mechanieal failure of the dielectric.

( )2

Fig.3.3 Amangement for study of treeing phenomena.1 and 2 are electrodes.

When a dielectric material lies between two electrodes as shown m Fig. 3.3, there is
passibality for two different dieleetnie media, the air and the dielectric, to come seri2s.
The voltages across the two media are as shown {(Vy across the ar gap, and Vs across the
dielectric). The voltape V across the air gap 15 given as,

v,

o, +[2]{I_.

LS

V=

(A7) where \ is the applied voltage



Sitce £, most of the voltage appears across d,, the air gap. Sparking will oceur in the
ar gap and charge accunmlation takes place on the surface of the msulation. Sometimes
the spark erodes the swrface of the msulation. As fime passes, break-down channels
spread through the insulation in an wregnlar “tree’ like fashion leading to the formation of
contducting channels, This kind of channelng is called treeing.

Undet a.c. voltage condilions treeing can ocour i a few minute o several hours. Henece,
care must be taken to see that no senes afr gaps or other weaker msulation gaps are
fonmed.

Usnally, tracking ocenis even at verv ow voltage of the order of about 100 V, whereas
treemng requires lngh voltages, For testme of tracking, low and medimm voltage tmeking
tests are specified. These tests are done at low voltages but for times of about 100 hr or
more. The insulation should no: fail. Sometimes the tests are done using 5 to 10 kV with
shorter durations of 4 to 6 hour. The numerical value that mitiates or causes the formarion
of a track 5 called “tracking mndex” and this s used to qualify the surface properties of
dielectric materials.

Treeing can be prevented by having clean dry, and undamaged surfaces and & clean
environment. The matenials chosen should be resistant to tracking. Sometmes moshire
repellant greases are used. But this needs frequent cleaning and regressing. Increasing
creeping distances should prevent tracking, but in practice the presence of moshire flms
defieat the purpose.

Usnally, treemg phenomena 15 observed m capacitors and cables, and extensive work 1s
bemg done to mvestigate the real namre and canses of this phenomenon,

3.5.3 Breakdown Due to Internal Discharges

Solid msulating materials, and to a lesser extent higuud dielectrics comtam vouds or
cavilies witlhun the wediomn o at e bowndanies belween the dielecine amd (e eledodes.
These vouds are generally Glled with a medivm of lower dielectric strength, i the
dielectric constant of the mediim i the voids 13 lower than that of the insulation. Hence,
the electric field strength in the voids 15 higher than that across the dielectric, Therefore,
even under normal working voltages the field m the voids may exceed their breakdown
value, amnd breakdown may ocour.

Let us consider a dielectric between two condnctors as shown m Fig. 340 If we dmvide
the msulation mto three parts, an elecineal network of C,C, and €, can be formed as
shown m Fig. 3.4.b. In tlus, C; represents the capacitance of the void or cavity, C; isthe
capacitance of the dielectric which is in series with the void, and Cs 15 the capacitance of
the dielectric
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Fig. 3.4 Elecrnicsl discharge in a cavity and its aguivalent Sifoull

When the applied voitage is V., the voltage across the void. V', is given by the same
equation as (3.7)

v,
W= N where d and d, are the thickness of he void and the dislectric,

d, + d.

i}

£
respectively, having permittivities £ and £ Usnally d (d, and if we assume that the
cavity Is filled with a gas, then

V=V

i' I (3.8} where ¢ is the relative permittivity of the dieleciric.

When a vollage V is applied, V, reaches the breakdown strength of the medium in the
cavity (V) and breakdown occurs. V| is called the “discharge inception voltage™. When
the apolied voltage is a.c., breakdown occurs on both the half cycles and the number of
discharges will depend on the applied voltage. When the first breakdown across the
cavily occurs the breakdown voitage across it becomes zemo. When once the voltage vy
becomes zero, the spark gets extinguished and again the voltage rises till breakdoam
occurs again. This process repeats again and again, and current pulses will be
oblained both in the positive and negative half cycles.

These intermal discharges (also called partial discharges] will have the same affect as
“treeing” on the insulation. When the breakdown occurs 'n the volds, electrons and
pasitiva ions are formed. They will have sufficient energy and when they reach the void
surfacas they may break the chamical bonds. Also, in each discharge thers will ba
some heat dissipated in the cavities, and this will carbonize the surface of the voids and
will caused erosions of the material. Channels and pits formed on the cavity surfaces
increase the conduction. Chemical degradation may also occur as a result of the
aclivate discharge products farmed during breakdown.

All these effect will resull in & gradual erosion of the material and consequent
reducton in the thickness of insulation leading to breakdown. The life of the insulation
with internal discharges depends upon the applied voltage and the number of



discharges, Breakdown by this process may occur in a few or days or may take a few
years.

3.6 BREAKDOWN OF COMPOSITE INSULATION

A smgle matenal rarely constifutes the msulaton m equipment. Two or more msulating
materials are used either due to design considerations or due to pactical difficulties of
fabrication.

In certam cases the behavior of the msulation svstem can be predicted by the
behavior of the components. But in most cases, the systemn as a whole has to be
considered, The followmg considerations determine the performance of the system as a
whole:

(i) The stress distribition at different parts of the msulation system & distorted
due to the component dielectric constant and conductivities,

()  the breakdown characteristics at the surface are affected by the msulanon
bonmdanes of varos components,

(i) the mtemal or partial discharge products of one composent invariably affect
the other components m the system, and

(tv)  the chemcal ageing products of one component also affect the performance
of oiber components m the system.

Another wportant consideration s the economic lfe of the system; the aiterion bemg
the ultimate breakdown of the solid msulation. The end point 15 nommally reached by
through punctare, thermal runaway. electirochemucal breakdown. or mechanical fathme
leading to complate electrical breakdown of the system. Henee, tests for assessimg the
life of insulation (agemg) are very necessary

Apemg 15 the process by which the electiical and mechanical properties of msunlation
normally becomes worse in condition (deteriorate) with time. Agemg occurs mainly due
to oxidation, chemical degradation, iradiation, and electron and ion bombardinent on the
msulation.  Trackmng 15 another process by which agemg of the msulation oceurs.
Usnally partial disclarge tests are used m apeing studies to estimate the discharge
mapnimides, discharpe inception, and extmetion voltapes. Change of loss angle (tand )
during electncal stressmg provides mformation of the deterioration occurmng m
msulation systems. The knowledge of the mechanieal stresses i the insulation,
controllmg of the ambient conditions such as temperatre and mnidity, and a study of
the gaseous products evolved during ageing processes will also help o control the
breakdown process il composite msnlation. Finally, stress control in insulation svatems
to avoud high electric stress rezions 1= an mportant factor m contrelling the filwe of
msulation systems.

Questions

3.1 What do you undersiand by ‘infrinsic strength’ of 8 solid dielectric? How does
breakdown occur due to elecirons in solid dielectrc?

3.2 What Is ‘thermal breakdown’ in solid dislectrics. and how Is practically more
significant than other mechanism?

3.3 How does the 'infemal discharge’ phenomenon lead to breakdown in solid
dielecirics?



3.4 How do the temperature and moisture affect the breakdown strength of solid
dielactrics?

3.5.Detemune the specific heat gencrated m the test specimen due to diectric loss if the
dielectric constant and loass angle of the specimen are 3.8 and 0.0085 respectively. The
electrie field is 40kViem at S0HZ.

37 SOLID DIELECTRICS USED IN PRACTICE (Mot in course but useful in GATE/IES
and other PSU Examns)

Solid insulating materials are used in all kinds of electrical circuits and davices to
insulate one current carmying part from ancther when they operate at different voltages.
A good Insulator should be of low dielectric loss, having high mechanical strength, free
from gaseous inclusions and moisture, and should also be resistant to thermal and
chemical detericration

Solid dielectrics vary widely in their origin and properties, They may be nalural organic
substances, such as paper, cloth, rubber, etc, or inorganic materials, such as mica,
glass and ceramics or synthetic materials like plastics. Some of the impontant materials
and their properties are discussed hera.

3.7.1 Paper
The kind of paper normally employed for insulation purpases is a special varety known

as tissue paper or Kraft papar. The thickness and density of paper vary depending on
the apolication. Low-densilty paper (0.8 gmsfem’| is preferrad in high fraquency
capaciors and cables, while medium density paper IS used in power capacitors. High-
density papers ane preferable in d.c. and enargy storage capacitors and for tha insulation
of d.¢c. machines.

Paper |s hygroscopic. Therefora, it has to be dried and iImpragnate with impregnants,
such as mineral ail, chlarinated diphenyl and vegetable oils, The reative dielectric
constant of impregnaled paper depends upon the pemitiivity of cellulose of which the
paper is made, and parmitiivity of the impregnant and the density of the paper. Table
35&55 01*t115 dielectric constants for different densities of paper impregnated with

ad tolls.

_Table 3.2 Dieleciric constantof paper with different densiiies

R ey
Impregnant 0.8 1.0 12
Trichlarodiphenyl at20°C e=6.1 628 6.30 640
Trichleradiphenyl at50°C =56 6.0 G6.14 6.24
Pentachlorodiphenyl at 20°C e=5.7 5.7 5.8 606
Transformer cil =22 3.26 372 4.30

When very thin {thickness B-20 ;v ) paper is used, it is very essential to see that the

number of conducting particles on the surface of the paper is minimum. The
conventional method of detecting conducting particles is by means of using a roller and
place, the conduction being indicaled by means of head phones,



3.7.2 Fibers

Fibers when used for electrical purposes will have the ability to combine strength and
durabiity with extreme fiiness and durability with extreme fitness and flexibility. The
fibers used are both natural and men-made. Thev include cotton, jute, flax. wool, silk
(natural fibers), rayon, nylon, terylene, teflon and fiberglass.

The properies of fibrous matenals depend on the tempermature and humidity. Figures
4 5 and 4 6 show the variation of £ and tan & of various fibrous materials as a function

of the frequency. It can be observed from these figures that £ decreases with

frequency, while tan & is higher lower frequencies. Most of the pedectly-dred fibers
have & dieleciric constant befween 3 and 8. The presence of ionic impurities (e.g., salt)
considarably reducas the elecirical resistance of the fiber.  Artificial fibers, such as
terylena and fibergiass absorb very little water and hence have very high resistance.

Dielectric
constant, & | [
\\1\
E B -m
"-—\___‘__ 2
5 | _F—-—-_______-_—_..
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2 | | | | | )
it 20 40 B8O An jon Temperature "C

Fig.3.5 Variation of dielectric constant, e, with temperature for paper
1. Trichlorodiphenyl impregnated paper, 2. Pentachlorodiphenyl impregnated paper
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Fig.3.6 Variation of tand with the density of paper
1. Trichlorodipheny! impregnated paper. 2. Mineral oil impregnated paper 3. Dry paper

Table 3.3 gives the density, £ and tand of vanous fibers,

Table 3.3

Fibers Deansity By fan &
\epetable fiber-Natural

Cotion 1.53 4.4-T 3 0120
Flax 1.53 4.4-T 3 0,120
Juke 1.53 44-7.3 0120
Animal fiber-MNatural

Wool 1.3 1.62 0.018
Silk 1.30 3.4 0016

4.4 with no air voids

Mar-made Fibers

Rayan 152 2.03 0.031
Acelals 1.33 22 0.015
MNylon 1.14 251 0.053
Terylena 138 1.87 0.030
Teflan 238 1822 0.001-0.003

Fiberglass 234 5.7 0.0010.0025

3.7.3 Mica and |ts Products

Mica is the genere name of a class of crystalline inta four main groups:



(i) muscovite,

{1} phingopite,

(Hi} fibiclite, and

{iv1 lipidolite.
The last fwo groups ane hard and briftle and hence are unsuable for elecirical insulation
purposes. Mica can be spiit into very thin flat laminae. Ithas got a unique combination
of electrical properties, such as high dieleciric strength, low dielectric losses, resistance
to high temperatures and good mechanical strength. These have made it possible for in
to be used In many electrical apparatus. Very pure mica s usad for high frequency
applications. Spotied mica is used for low vollage insulation, such as for commutator
segment separators, armature windings, switchgear and in electrical heating and cooling
equipments. Dielectric slrenq!h {ul:_:u to 30°C) varies about 700 = 1000 K\imm, surface
reststivity [60% humidity) 10" -10™ ehm-cm and volume resistiviy (constant up to
200°C) 10" -10" chm-cm.

Mica is built into sheet form by bonding logether with a suitable resin or vamish.
Depending on the type of & application, mica can be mixed with the required type of
regin o maet the operating lemperature requirements. Micanite (s another farm of mica
which is exlensively used for insulation purpases. Mica splitting and mica powder are
used &5 filters in insulating materials, such as glass and phanolic resins. The use of
mica as a filter results in improved diglectnic strength, reduces dislectnc loss and
improved heal resistance and hardness of the material.

374 Glass

Glass is a thermoplastic inorganic material comprising complex syslems of oxides
(510, ). The dielectric constarn. of giass varies from 3.7 [0 10 and he densily varies
from 2.2 to 6 gicm®. Al room temperature, the volume resistivity of glass vares fram
1010 10* ohm cm. The dielectric Inss of glass vares from 0.004 1o 0 020 depending
on the frequency. The losses are highest at lowest frequencies. The dielectric strangth

of glass varies from 3000 to 5000 kVfcm and decreases with increases in temperaiure,
reaching half the value at 100°C.

Glass is used a cover and for infemal supports in eleciric bulbs, electronic valves,
Mercury arc switches, x-ray equipment, capadtors and as insulators in telephones,

375 Ceramics
Ceramics are inorganic materals produced by consolidaing minerals into monolithic
badies by high temperature heat treatment. Ceramics can be divided into fwo groups

depending on the dieleciric constant, Low permittivity ceramics (£, {12 )are used as

insulators, while the high permittivity ceramics (£ 12)are used n capacitors and

transducers.
Tables 4.5 give the varlous delectic properties of some ceramics commonly
usedd for eleciical purposes.

Table 3.5 Properies of low permittivity Ceramics

Property HT LT Low loss lumina Forsterite
Forcelain Porcelain steatite

" Chemical " 50% clay 50% clay IMgo, 5% 2MgO




Composition 25% Feldspar 25% Feldspar 45i0, S0

29% Flint 25% Flint H.O
Waler
Absorption 4] 05=2 0 0 0
(p-p.m.}
Safe
Temperature ("C) 1000 800 1050 1600 1050
Dieleciric
Strength (kVimm) 25 3 B-25 16 B-12
2 5-7 e G 9 3]
tand =10° HO-100 100-200 10 5 a4
3.7 8 Plastics

Plastice are wvery widely insulating materials because of their excelent dieleciric
properties. Many new developments in electrical engineanng and alactronics would not
have bDeen possible without the development of plastics. Plaslics are made by
combining large numbers of small molecules ndo a few big ones, When small
molecules link to form the bigger molecules of the plastics, many different types of
structures result. Most thermoplastic resins approximate to a structure in which several
thousend atoms are fied together in one direction, The thermosetting resins on the other
hand, form a three-dimensional network.  In view of the large number of plasfics
available, it will not be possible fo deal with all of them, and only material which are
commonly used far insulation purposes are described,

-Folyethylene is a thermoplastic matedal which combines urusual elecirical properties,
high resistence to moisture and chemicals, easy processability, and low cost. They have
got dielectric strengths varying from 170 to 1000 kKVicm and volume resistivity greater
than 10" ohm-cm.

-Fluorocarbon Plastics are the best plastics used for insulation because of their excellent
electrical and mechanical properties, They have got dislectric strengths varying from 104
to 512 Kvicm and volume resistvity greater than 10" chm-cm,

-fiylon Is a thermoplastic which possesses high impad, tensile and flexural strengths
over 8 wide range of temperature (0 to 300°C) with high dielectric stremgth and good
surfaca and volume resistivities even after lengthy expasure to high humidity, resistant fo
chemical action, can be easily moulded, extruded and machined. It has got dielectrc
strength varying from 154 to 204 k\/cm, volume resistivity greater than 10" ohm-cm.
Polywvinyl chioride of PV.C. Is used in variclus commercial in various form. It is
chemically resistant o strong acids and alkalis and s Insoluble In water, alcehol and
organic solvents like benZene. The dieleclric strength, volume resistivity and surface
resistivity are relatively high, The upper temperature limit of operation is about 60 °C.
-Folyesters have excellent deleciric properties and superior surface hardness and are
highly resistant to most chemicals. Mylor polyester film is being largely used in
preference to paper insulation. It has got & dielectnc strength of 2000 k\fcm, volume
resistivity is better than 10" chm-cm at 100°C.

-Polysiyrene has a dielectric strm%m comparable to that of mica about 200-350 kVicm
and volume resistivity is about 10™ ohm-cm. They are used in the manufaciure of low
loss capacitors, which will have a very stable capacitance and axtramely high insulation
resistance.

377 Rubber



Rubter is & natural or synthetic vulcanzable high polymer having high elastic properties.
Electrical properties of ubber depend on the degree of compounding and vulcanizing.
General impurities, chemical changes due 10 ageing, moisture content and varations in
temperature and frequency have substanttal effects on the electrical properties of
rubber. They have got dielectic strengths varying from 80 to 390 k\WWem and
temperature from 60°C to 150°C.

3.7.8 Epoxy Resins

They are thermmao setlings types of insulating materials. They possess excellent dislechric
and mechanical properties. The dielectric sfrength is75 kK\V/mm and volume resistivity is
about10™ ohm-cm. it cen be formed into an insulator of any desired shape for almost
any type of high voltage applicetion. K is used for encapsulafion of electronic
compenents, generator windings and fransformers, for bonding of very divers materials
such as porcelain, wood, metals, plastics, etc. It is very important adhesive used for
sealing of high vacuum joints,



