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UNIT No:-1 
Breakdown in Gases Dielectric 

 

Introduction:- 
In modern times, high voltages are used for a wide variety of applications covering the power 
systems, industry, and research laboratories. Such applications have become essential to sustain 
modern civilization. High voltages are applied in laboratories in nuclear research, in particle 
accelerators, and Van de Graaff generators. For transmission of large bulks of power over long 
distances, high voltages are indispensable. Also, voltages up to 100 kV are used in electrostatic 
precipitators, in automobile ignition coils, etc. X-ray equipment for medical and industrial 
applications also uses high voltages. Modern high voltage test laboratories employ voltages up to 
6 MV or more. The diverse conditions under which a high voltage apparatus is 
used necessitate careful design of its insulation and the electrostatic field profiles. The principal 
media of insulation used are gases, vacuum, solid, and liquid, or a combination of these. For 
achieving reliability and economy, a knowledge of the causes of deterioration is essential, and 
the tendency to increase the voltage stress for optimum design calls for judicious selection of 
insulation in relation to the dielectric strength, corona discharges, and other relevant factors. 
 
GAS/VACUUM AS INSULATOR 

Air at atmospheric pressure is the most common gaseous insulation. The breakdown of air is of 
considerable practical importance to the design engineers of power transmission lines and power 
apparatus. Breakdown occurs in gases due to the process of collisional ionization. Electrons get 
multiplied in an exponential manner, and if the 
applied voltage is sufficiently large, breakdown occurs. In some gases, free electrons are 
removed by attachment to neutral gas molecules; the breakdown strength of such gases is 
substantially large. An example of such a gas with larger dielectric strength is sulphur 
hexaflouride (SF6). The breakdown strength of gases increases steadily with the gap distance 
between the electrodes; but the breakdown voltage gradient reduces from 3 MV/m for uniform 
fields and small distances to about 0.6 MV/m for large gaps of several metres. For very large 
gaps as in lightning, the average gradient reduces to 0.1 to 0.3 MV/m. High pressure gas 
provides a flexible and reliable medium for high voltage insulation. Using gases at high 
pressures, field gradients up to 25 MV/m have been realized. Nitrogen (N^ was the gas first used 
at high pressures because of its inertness and chemical stability, but its dielectric strength is the 
same as that of air. Other important practical insulating gases are carbon-dioxide 
,dichlorodifluoromethane (popularly known as freon), and sulphur hexafluoride. Investigations 
are continuing with more complex and heavier gases to be adopted as possible insulators. SF& 
has been found to maintain its insulation superiority, about 2.5 times over N2 and CO2 at 
atmospheric pressure, the ratio increasing at higher pressures. SF6 gas was also observed to have 
superior arc quenching properties over any other gas. The breakdown voltage at higher pressures 
in gases shows an increasing dependence on the nature and smoothness of the electrode material. 
It is relevant to point out that, of the gases examined to-dat£, SF6 has probably the most 
attractive overall dielectric and arc quenching properties for gas insulated high voltage systems. 
Ideally, vacuum is the best insulator with field strengths up to 10 V/cm, limited only by 
emissions from the electrode surfaces.  
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LIQUID BREAKDOWN 
Liquids are used in high voltage equipment to serve the dual purpose of insulation and heat 
conduction. They have the advantage that a puncture path is self-healing. Temporary failures due 
to overvoltages are reinsulated quickly by liquid flow to the attacked area. However, the products 
of the discharges may deposit on solid insulation supports and may lead to surface breakdown 
over these solid supports Highly purified liquids have dielectric strengths as high as 1 MV/cm. 
Under actual service conditions, the breakdown strength reduces considerably due to the  
presence of impurities. The breakdown mechanism in the case of very pure liquids is the same as 
the gas breakdown, but in commercial liquids, the breakdown mechanisms are significantly 
altered by the presence of the solid impurities and dissolved gases. Petroleum oils are the 
commonest insulating liquids. However, askarels, fluorocarbons, silicones, and organic esters 
including castor oil are used in significant quantities. A number of considerations enter into the 
selection of any dielectric liquid. The important electricial properties of the liquid include the 
dielectric strength, conductivity, flash point, gas content, viscosity, dielectric constant, 
dissipation factor, stability, etc. Because of their low dissipation factor and other excellent 
characteristics, polybutanes are being increasingly used in the electrical industry. Askarels and 
silicones are particularly useful in transformers and capacitors and can be used at temperatures of 
20O0C and higher. Castor oil is a good dielectric for high voltage energy storage capacitors 
because of its high corona resistance, high dielectric constant, non-toxicity, and high flash point. 
In practical applications liquids are normally used at voltage stresses of about 50-60 kV/cm when 
the equipment is continuously operated. On the other hand, in applications like high voltage 
bushings, where the liquid only fills up the voids in the solid dielectric, it can be used at stresses 
as high as 100-200 kV/cm. 
 
SOLID BREAKDOWN 
 If the solid insulating material is truly homogeneous and is free from imperfections, its 
breakdown stress will be as high as 10 MV/cm. This is the 'intrinsic breakdown strength', and 
can be obtained only under carefully controlled laboratory conditions. However, in practice, the 
breakdown fields obtained are very much lower than this value. The breakdown occurs due to 
many mechanisms. In general, the breakdown occurs over the surface than in the solid itself, and 
the surface insulation failure is the most frequent cause of trouble in practice. 
The breakdown of insulation can occur due to mechanical failure caused by the mechanical 
stresses produced by the electrical fields. This is called "electromechanical" breakdown. 
On the other hand, breakdown can also occur due to chemical degradation caused by the heat 
generated due to dielectric losses in the insulating material. This process is cumulative and is 
more severe in the presence of air and moisture. When breakdown occurs on the surface of an 
insulator, it can be a simple flashover or formation of a conducting path on the surface. When the 
conducting path is formed, it is called "tracking", and results in the degradation of the material. 
Surface flashover normally occurs when the solid insulator is immersed in a liquid dielectric. 
Surface flashover, as already mentioned, is the most frequent cause of trouble in practice. 
Porcelain insulators for use on transmission lines must therefore be designed to have a long path 
over the surface. Surface contamination of electrical insulation exists almost everywhere to some 
degree. In porcelain high voltage insulators of the suspension type, the length of the path over the 
surface will be 20 to 30 times greater than that through the solid. Even there, surface breakdown 
is the commonest form of failure. The failure of solid insulation by discharges which may occur 
in the internal voids and cavities of the dielectric, called partial discharges, is receiving much 
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attention today, mostly because it determines the life versus stress characteristics of the material. 

The energy dissipated in the partial discharges causes further deterioration of the cavity walls 
and gives rise to further evolution of gas. This is a cumulative process eventually leading to 
"breakdown. In practice, it is not possible to completely eliminate partial discharges, but a level 
of partial discharges is fixed depending on the expected operating life of the equipment Also, the 
insulation engineer should attempt to raise the discharge inception level, by carefully choosing 
electric field distributions and eliminating voids, particularly from high field systems. This 
requires a very high quality control during manufacture and assembly. In some applications, the 
effect of the partial discharges can be minimized by vacuum impregnation of the insulation. For 
high voltage applications, cast epoxy resin is solving many problems, but great care should be 
exercised during casting. High voltage switchgear  bushings, cables, and transformers are typical 
devices for which partial discharge effects should be considered in design. So far, the various 
mechanisms that cause breakdown in dielectrics have been discussed. It is the intensity of the 
electric field that determines the onset of breakdown and the rate of increase of current before 
breakdown. Therefore, it is very essential that the electric stress should be properly estimated and 
its distribution known in a high voltage apparatus. Special care should be exercised in 
eliminating the stress in the regions where it is expected to be-maximum, such as in the presence 
of sharp points. 
 
IONIZATION PROCESSES 
 

A gas in its normal state is almost a perfect insulator. However, when a high voltage is applied 
between the two electrodes immersed in a gaseous medium, the gas becomes a conductor and an 
electrical breakdown occurs. 
The processes that are primarily responsible for the breakdown of a gas are ionization by 
collision, photo-ionization, and the secondary ionization processes. In insulating gases (also 
called electron-attaching gases) the process of attachment also plays an important role. 
 
Ionization by Collision 
 

The process of liberating an electron from a gas molecule with the simultaneous production of a 
positive ion is called ionisation. In the process of ionisation by collision, a free electron collides 
with a neutral gas molecule and gives rise to a new electron and a positive ion. If we consider a 
low pressure gas column in which an electric field E is applied across two plane parallel 
electrodes, as shown in Figure below then, any electron starting at the cathode will be 
accelerated more and more between collisions with other gas molecules during its travel towards 
the anode. If the energy (E) gained during this travel between collisions exceeds the ionisation 
potential, Vi which is the energy required to dislodge an electron from its atomic shell, then 
ionisation takes place. This process can be represented as 
 

e� + A → e� + A�+ e� 

 

Where, A is the atom, A+ is the positive ion and e- is the electron.  
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electron, so the new electrons and positive ions are created. Thus created electrons form a 
group or an avalanche and reach the anode. This is the electric current and if it is 
sufficiently large it results in the formation of a conducting path between the electrodes 
resulting in the breakdown of the gap. 
Townsend conducted experiments on the growth of these currents which led to 
breakdown under d.c. voltage conditions, and he proposed a theory to explain the 
phenomenon.  
 

 
1.3 Townsend’s Current Growth Equation 
 
Assuming n0 electrons are emitted from the cathode and when one electron collides with 
a neutral particle, a positive atom and electron formed. This is called an ionization 
collision.  
Let   be the average  number of ionizing collisions made by an electron per centimeter 
travel in the direction of the field where it depends on gas pressure p and E/p, and is 
called the Townsend’s first ionization coefficient or primary ionization coefficient. At 
any distance x from the cathode(cathode is at x=0) when the number of electrons, nx , 
travel a distance of dx they give rise to ( dxnx ) electrons.  Then, the number of electrons 
reaching the anode at x=d, nd will be   

00 


xxnn   (eqn. 1.2)  

x
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dx
dn

 or   x
x enn 

0         (eqn. 1.3)  

and  
d

d enn 
0  at x=d.          (eqn. 1.4) 

 
The number of new electrons created, on the average, by each electron is 

0

01
n

nne dd 
          (eqn. 1.5).  

Therefore the average current in the gap, which is equal to the number of electrons 
traveling per second will be  

deII 
0  where I0 is the initial current at the cathode.                               (eqn. 1.6) 
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Fig. 1.1 Arrangement for study of a Townsend discharge 
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This current being dependent on I0 does not represent self sustaining discharge. 
 
1.4 Current Growth Equation in the Presence of Secondary  Processes 
 
When the initial set of electrons reaches the anode, the single avalanche process is 
completed. Since the amplification of electrons de  is occurring in the field, the 
probability of additional new electrons being liberated by other mechanisms increases, 
and created further avalanches and are called as secondary electrons. The other 
mechanisms resulting in secondary processes are   
i) The positive ions created in the gap due to ionization shall drift towards cathode and 
may have sufficient energy to cause liberation of electrons from the cathode(emission) 
when they impinge on it.(less efficient) 
ii) The exited atoms or molecules in avalanches may emit photons, and this will lead to 
the emission of electrons due to photo-emission.  
iii) the metastable particles (like mercury, and rare gases) may diffuse back causing 
electron emission. 
Defining the Townsend’s secondary ionization coefficient   in the same way as , then 
the net number of secondary electrons produced per incident positive ion, photon, excited 
particle or metastable particle and the total value of   due to the three different processes 
is 321    and is function of gas pressure p and E/p. 
Following Townsend’s procedure for current growth, let us assume 

'
0n  number of secondary electrons produced due to secondary   processes. 

Let ''
0n  total number of electrons leaving the cathode. 

Then '
00

''
0 nnn           (eqn. 1.7)  

the total number of electrons n reaching to the anode becomes, 
 denn ''

0
denn )( '

00   and )]([ '
00

'
0 nnnn     

Eliminating '
0n ,  

)1(1
0


 d

d

e
en

n 




 or 

)1(1
0


 d

d

e
eI

I 




                              (eqn. 1.8) 

 
 
1.5 Townsend’s Criterion for Breakdown 
Eqn. 1.8 give the total average current in a gap before the occurrence of breakdown. The 
denominator in this Eqn.1.8 (2nd Term) is less than unity. So as   increases due to more 
gradient or d is increased, the denominator becomes smaller and current larger. 
As the distance between the electrodes d is increased, the denominator of equation tend to 
zero and at some critical distance d=ds  

0)1(1  de          (eqn. 1.9) 
For values of d<ds, I  is approximately equal to 0I  and if the external source for the 
supply of 0I  is removed,  I  becomes zero. If d=ds, I  and the current will be 
limited only by the resistance of power supply and the external circuit.  
This condition is called Townsend’s Breakdown Criterion and can be written as 

1)1( de . 
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Normally, de  is very large, and hence the above equation reduces to 

     1de                                                                                                        (eqn. 1.10) 
For a given gap spacing and at a given pressure the value of voltage V which gives the 
values of  and   satisfying the breakdown criterion is called the spark breakdown 
voltage V, and the corresponding distance d is called the sparking distance. 
 
Townsend Mechanism explains the phenomena of breakdown only at low pressures, 
corresponding to dp   values of 1000 torr-cm and below.  
 
1.5.1 Determination of Townsend's Coefficients    and   

Townsend's coefficients are determined in an ionisation chamber which is first 
evacuated to a very high vacuum of the order of 10-4 and 10-6  torr before filling with the 
desired gas at a pressure of a few torr. The applied direct voltage is about 2 to 10 kV, and 
the electrode system consists of a plane high voltage electrode and a low voltage 
electrode surrounded by a guard electrode to maintain a uniform field. The low voltage 
electrode is earthed through an electrometer amplifier capable of measuring currents in 
the range 0.01 pA to 10nA. The cathode is irradiated using an ultra-violet lamp from the 
outside to produce the initiation electron. The voltage current characteristics are then 
obtained for different gap settings. At low voltage the current growth is not steady. 
Afterwards the steady Townsend process develops as shown in Fig. 1.2. 
 

 
Fig.1.2 Growth of Current in gaseous dielectrics 
 
 

 
Fig.1.3 Plot of ln I vs. gap spacing d to determine the coeeficients   and   
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1.6  Breakdown in Electronegative Gases 
 
One process that gives high breakdown strength to a gas is the electron attachment in 
which free electrons get attached to a neutral atoms or molecules to form negative ions.  
Since negative ions like positive ions are too massive to produce ionization due to 
collisions, attachment represents an effective way of removing electrons which otherwise  
would have led to current growth and breakdown at low voltages. The gases in which 
attachment plays an active role are called electronegative gases. Two types of attachment 
are encountered in gases as; 
a) Associative or Direct attachment: An electron directly attaches to form a negative ion. 
      ABeAB       
b) Dissociative attachment: The gas molecules split into their constituent atoms and the 
electronegative atom forms a negative ion. 
     BAeAB   
A simple gas for this type is the oxygen and others are sulphur hexafluoride(SF6), Freon, 
carbon dioxide and fluorocarbons. In these gases, ‘A’ is usually sulphur or carbon atom 
and ‘B’ is oxygen atom or one of the halogen atoms or molecules. 
The Townsend current growth equation is modified to include ionization and attachment 
with such gases. The current reaching the anode, can be written as, 
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The Townsend breakdown criterion for attaching gases can also be deduced from the 
denominator as, 
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 . When   , breakdown is always possible irrespective of 

the values of  and, . If    then an asymptotic form is approached with increasing 

value of d , 1
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Normally   is very small  410  and the above equation can be written   . This 

condition puts a limit for p
E  below which no breakdown is possible irrespective of the 

value of d , and the limit value is called the critical p
E . For SF6 it is 117 Vcm-1torr-1, for 

CCl2F2 121 Vcm-1torr-1 both at 20˚C.    values can also experimentally determined. 
 
 
1.7 Paschen’s Law 
 
The breakdown criterion 0)1(1  de  (1.9) where   and  are functions of p

E , i.e. 

where   is the number of attaching 
collisions made by one electron drifting 
one centimeter in the direction of the field 
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Also  for uniform field gap d
VE  . 

Substituting for E in the expressions   and   and rewriting equation (1.9) we have 
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This equation shows a relationship between V and pd, and implies that the breakdown 
voltage varies as the product pd varies. Knowing the nature of functions 21 fandf   we 
can write the equation  pdfV   known as Paschen’s law and has been experimentally 
established for many gases. Paschen’s law is a very important law in high voltage 
engineering. 

 
        Fig.1.4 Variation of Breakdown voltage vs. pd 
The relationship between  pdandV  is not linear and has has a minimum value for any 
gas. The minimum breakdown voltages for various gases are as follow;  
 

Gas                 Vsmin(V)                     pd at Vsmin(torr-cm)  
                           Air                      327                                      0.567 
                            H2                      273                                      1.15 
                           CO2                    420                                      0.51 
                             O2                     450                                     0.7 
                            SO2                    457                                     0..33 
                          Helium                  156                                     4.0 
 
The existence of a minimum sparking potential in Paschen’s curve may be explained as 
follows: 
For values  minpdpd   electrons crossing the gap make more frequent collisions with 
gas molecules than  minpd , but the energy gained between collisions is lower. Hence to 
maintain the desired ionization more voltage has to be applied. 
For   minpdpd   electron may cross the gap without even making a collision or making 
only less number of collisions. Hence more voltage has to be applied for breakdown to 
occur. 
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For the effect of temperature, the  Paschen’s law is generally stated as  NdfV   where 
N is the density of the gas molecules. This is necessary since the pressure of the gas 
changes with temperature according to the gas law NRTpv  .The breakdown potential 
of air is expressed due to the experimental results as; 

2
1

760
29308.6

760
29322.24 









T
pd

T
pdV  

At 760 torr and 293˚K 

cm
kV

dd
VE 










08.622.24 . This equation yields a limiting value for E of 24 cm
kV  

for long gaps and a value of 30 cm
kV  for 1

760
293







T
pd , which means a pressure of 760 

torr at 20˚C with 1 cm gap. This is the breakdown strength of air at room temperature and 
at atmospheric pressure. 
 
 
 
1.8 Time Lags for Breakdown 
 
Theoretically the mechanism of spark breakdown is considered as a function of ionization 
processes under uniform field conditions. In practical engineering designs, the breakdown 
due to rapidly changing voltages or impulse voltages is of great importance. Actually 
there is a time difference between the application of a voltage sufficient to cause 
breakdown and the occurrence of breakdown itself. This time difference is called as the 
time lag. 
 
In considering the time lag observed between the application of a voltage sufficient to 
cause breakdown and the actual breakdown the two basic processes of concern are the 
appearance of avalanche initiating electrons and the temporal growth of current after the 
criterion for static breakdown is satisfied. 
In the case of slowly varying fields, there is usually no difficulty in finding an initiatory 
electron from natural sources (ex. cosmic rays, detachment of gaseous ions etc). 
However, for impulses of short duration (around 1 microsecond), depending on the gap 
volume, natural sources may not be sufficient to provide an initiating electron while the 
voltage is applied, and in the absence of any other source, breakdown will not occur.  
The time ts which elapses between the application of a voltage greater than or equal to 
the static breakdown voltage (Vs) to the spark gap and the appearance of a suitably placed 
initiatory  electron is called the statistical time lag of the gap, the appearance being 
usually statistically distributed. 
After such an electron appears, the time tf required by the ionisation processes to 
generate a current of a magnitude which may be used to specify breakdown of the gap is 
known as the formative time lag. The sum tf + ts = t is the total time lag, and is shown in 
the diagram. The ratio V/Vs, which is greater than unity, is called the impulse ratio, and 
clearly depends on ts + tf and the rate of growth of the applied voltage. 
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(i) Statistical Time lag ts 
The statistical time lag is the average time required for an electron to appear in the gap in 
order that breakdown may be initiated. 
If  ß = rate at which electrons are produced in the gap by external irradiation 
P1 = probability of an electron appearing in a region of the gap where it can lead to a 
spark 
P2 = probability that such an electron appearing in the gap will lead to a spark 
then, the average time lag 
 
ts=1/(ß P1 P2  ) 
If the level of irradiation is increased, ß increases and therefore ts decreases. Also, with 
clean cathodes of higher work function ß will be smaller for a given level of illumination 
producing longer time lags. 
The type of irradiation used will be an important factor controlling P1, the probability of 
an electron appearing in a favourable position to produce breakdown. The most 
favourable position is, of course near the cathode. 
 
 (ii) Formative time lag(tf) 
After the statistical time lag, it can be assumed that the initiatory electron is available 
which will 
eventually lead to breakdown. The additional time lag required for the breakdown 
process to form is the formative time lag. An uninterrupted series of avalanches is 
necessary to produce the requisite gap current (A) which leads to breakdown, and the 
time rate of development of ionisation will depend on the particular secondary process 
operative. The value of the formative time lag will depend on the various secondary 
ionisation processes. Here again, an increase of the voltage above the static breakdown 
voltage will cause a decrease of the formative time lag tf. 
 
 
The Townsend criterion for breakdown is satisfied only if at least one electron is present 
in the gap between the electrodes as in the case of applied d.c. or slowly varying (50 Hz 
a.c.) voltages. With rapidly varying voltages of short duration (≈10-6s), the initiatory 
electron may not be present in the gap that the breakdown can not occur. 
 
(iii) Time lag characteristics 
The time lag characteristic is the variation of the breakdown voltage with time of 
breakdown, and can be defined for a particular waveshape. The time lag characteristic 
based on the impulse waveform is shown in Fig.1.5. 
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                Fig.1.5 Time lag characteristic based on impulse waveform 
 
 
 

 
 
                  Fig.1.6 Voltage Time characeteristics 
The time lag characteristic is important in designing insulation. If a rod gap is to provide 
secondary protection to a transformer, then the breakdown voltage characteristic of the 
rod gap must be less than that of the transformer at all times (gap i) to protect it from 
dangerous surge voltages. This will ensure that the gap will always flashover before the 
protected apparatus. This is shown in figure 1.6. 
However, with such a rod gap, the gap setting will be low, as the sharpness of the two 
characteristics are different. Thus it is likely that there would be frequent interruptions, 
even due to the smallest overvoltages which would in fact cause no harm to the system. 
Thus it is usual to have the rod gap characteristic slightly higher (gap ii) resulting in the 
intersection of the characteristics as shown. In such a case, protection will be offered only 
in the region where the rod gap characteristic is lower than that of the transformer. This 
crossing point is found from experience for a value of voltage which is highly unlikely to 
occur. The other alternative is of course to increase the transformer characteristic which 
would increase the cost of the transformer a great deal. [This decision is something like 
saying, it is better and cheaper to replace 1 transformer a year due to this decision than 
have to double the cost of each of 100 such transformers in the system.] 
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1.9. Limitations of Townsend Theory 
(i) Fails to explain the formative time lag of breakdown 
(ii) Fails to explain the effect of space charge 
(iii) Fails to explain the discharge under high PD 
 
1.10 Streamer Theory of Breakdown in Gases 
 
According to the Townsend theory; 

- firstly, current growth occurs as a result of ionization process only. But in 
practice, breakdown voltages were found to depend on the gas pressure and the 
geometry of the gap;  

- secondly, the mechanism predicts time lags of order of 10-5 s, but practically it 
was observed to occur at a very short time of 10-8 s.  

- Also the Townsend mechanism predicts a very diffused form of discharge, that 
actually discharges were found to be filamentary and irregular. 

Townsend mechanism failed to explain all these observed phenomena and as a result The 
Streamer theory was proposed. 
 
The theory predicts the development of a spark discharge directly from a single 
avalanche in which the space charge develop by the avalanche itself is said to transform 

the avalanche into a plasma 
steamer. In the Fig 1.7, a single 
electron starting at the cathode by 
ionization builds up an avalanche 
that crosses the gap. The electrons 
in the avalanche move very fast 
compared with the positive ions. By 
the time the electrons reach the 
anode the positive ions are in their 
original positions and form a 
positive space charge at the anode. 
This enhances the field, and the 
secondary avalanches are formed 
from a few electrons produced due 
to the photo-ionization in the space 
charge region. This occurs first near 
the anode where the space charge is 
maximum and a further increase in 
the space charge. This process is 

very fast and the positive space charge extends to the cathode very rapidly resulting in the 
formation of a streamer. Comparatively narrow luminous tracks occurring at breakdown 
at pressures are called streamers. As soon as the streamer tip approaches to the cathode, a 
cathode spot is formed and a stream of electrons rush from the cathode to neutralize the 

 

 + 

  - 

- cathode 

+ anode 

E1>E 

E3>E 

E 

Fig.1.7 Effect of space charge produced by an  
avalanche on the applied electric field 
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positive space charge in the streamer; the result is a spark and the spark breakdown has 
occurred. 
A simple quantitative criterion to estimate the electric field rE  which is produced by the 
space charge, at the radius r and that transforms an avalanche into streamer is given by 

 
cm
V

p
x
eE

x

r

71027.5  where  is the Townsend’s first ionization coefficient, p is 

the gas pressure in torr and x  is the distance to which the streamer has extended in the 
gap. When EEr   and dx   the equation above simplifies into; 

p
d

p
E

pd ln5.0ln5.14ln   . This equation is solved between p
Eandp

  at 

which a given p  and d  satisfy the equation. The breakdown voltage is given by the 
corresponding product Ed . 
It is generally assumed that for pd values below 1000 torr-cm and gas pressures varying 
from 0.01 to 300 torr, The Townsend mechanism operates, while at higher pressures and 
pd  values the streamer mechanism plays the dominant role in explaining the breakdown 

phenomena. However controversies still exist in these statements. 
 
 
1.11 Breakdown in non-uniform field and Corona Discharges 
In a uniform electric field, a gradual increase in voltage across a gap produces a 
breakdown of the gap in the form of a spark without any preliminary discharges. On the 
other hand, if the field is non-uniform, an increase in voltage will first cause a localised 
discharge in the gas to appear at points with the highest electric field intensity, namely at 
sharp points or where the electrodes are curved or on transmission line conductors. This 
form of discharge is called a corona discharge and can be observed as a bluish luminance. 
This phenomena is always accompanied by a hissing noise, and the air surrounding the 
corona region becomes converted to ozone. Corona is responsible for considerable power 
loss in transmission lines and also gives rise to radio interference. This also leads to 
deterioration of insulation by the combined action of the discharge ion bombarding the 
surface and the action of chemical compounds that are formed by the corona discharge. 
In non-uniform fields, e.g. in point-plane, sphere-plane gaps or coaxial cylinders, the 
field strength and hence the effective ionization coefficient α vary across the gap. The 
electron multiplication is governed by the integral of α over the path  dx . 
 
The electrode configuration has great influence on the characteristics of the corona 
discharge. The typical configurations include point-to-plane or point-to-point, wire-to-
wire, wire-to-plane or wire-to-cylinder, etc. Among them, the point-to-plane (or needle-
to-plate) is the most typical and popular configuration. The corona discharge with the 
point-to-plane configuration has been investigated widely in air under various conditions 
Investigation with point-plane gaps in air have shown that when point is positive, the 
corona current increases steadily with voltage. At sufficiently high voltage, current 
amplification increases rapidly with voltage upto a current of about 10–7 A, after which 
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the current becomes pulsed with repetition frequency of about 1 kHz composed of small 
bursts. This form of corona is known as burst corona. 
The average current then increases steadily with applied voltage, leading to breakdown. 
With point-plane gap in air when negative polarity voltage is applied to the point and the 
voltage exceeds the onset value, the current flows in vary regular pulses known as Trichel 
pulses. The onset voltage is independent of the gap length and is numerically equal to the 
onset of streamers under positive voltage for the same arrangement. The pulse frequency 
increases with voltage and is a function of the radius of the cathode, the gap length and 
the pressure. A decrease in pressure decreases the frequency of the pulses. It should be 
noted that the breakdown voltage with negative polarity is higher than with positive 
polarity except at low pressure. Therefore, under alternating power frequency voltage the 
breakdown of non-uniform field gap invariably takes place during the positive half cycle 
of the voltage wave. Table 1 gives out the measured onset voltage VC, the inception 
voltage of spark Vspark and the corresponding transition current Ispark 
 
 

 
 
The results show a significant polarity-effect. In all gases the onset voltage of positive 
corona is much higher than the negative corona. The breakdown Voltage of positive 
corona to spark is also higher than the negative except in O2 that the result is inversed. 
The current of  the negative corona is much larger than the positive in all gases. The 
current-voltage dependence of  negative or positive corona shows the Townsend’s 
relation. The negative corona has a large luminous area than the positive in all gases and 
shows a stable bell-shaped glow before spark, except in case of O2 in which the negative 
corona exists near the tip of the cathode. The positive corona in all gases occurs only in a 
small region around the anode needle. The electronegative oxygen is suggested to  
play an important role in the characteristics of negative corona discharge.  
 
The formation of corona causes the current waveform in the line, and hence the voltage 
drop to be non-sinusoidal. It also causes a loss of power. There is always some electrons 
present in the atmosphere due to cosmic radiation etc. When the line voltage is increased, 
the velocity of the electrons in the vicinity of the line increases, and the electrons acquire 
sufficient velocity to cause ionization. 
To prevent the formation of corona, the working voltage under fair weather conditions 
should be kept at least 10% less than the disruptive critical voltage. Corona formation 
may be reduced by increasing the effective radius. Thus steel cored aluminium has the 
advantage over hard drawn copper conductors on account of the larger diameter, other 
conditions remaining the same. The effective conductor diameter can also be increased 
by the use of bundle conductors. Corona acts as a safety valve for lightning surges, by 
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causing a short circuit. The advantage of corona in this instance is that it reduces 
transients by reducing the effective magnitude of the surge by partially dissipating its 
energy due to corona. 
The effect of corona on radio reception is a matter of some importance. The Corona 
frequency lies between 20 Hz and 20 kHz. The current flowing into a corona discharge 
contains high-frequency components. These cause interference in the immediate vicinity 
of the line. As the voltage is gradually increased, the disturbing field makes its 
appearance long before corona loss becomes appreciable. The field has its maximum 
value under the line and attenuates rapidly with distance. The interference fails to about a 
tenth at 50 m from the axis of the line 
 
1.12 Post-Breakdown Phenomena and Applications 
 
Post-Breakdown phenomenon (after actual breakdown) is of technical importance which 
occurs after the actual breakdown has taken place. Glow and arc discharges are the post-
breakdown phenomena and there are many devices that operate over these regions. In a 
Townsend discharge (see Fig 1.8) the current increases gradually as a function of the 
applied voltage from point A. Further to this point B only the current increases and the 
discharge  

 
changes from the Townsend type to Glow type (BC). Further increase in current results in 
a very small reduction I voltage across the gap (CD) corresponding to the normal glow 
region. The gap voltage again increases (DE), when the current increase more, but 
eventually leads a considerable drop to the applied voltage. This is the region of the Arc 
discharge (EG). The phenomena occur in the region CG are the post-breakdown 
phenomena consisting of glow discharge CE and the arc discharge EG. 

A             B 

Townsend dark 
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Glow 

Transition 
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Glow to Arc 
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Fig.1.8  DC. voltage current characteristic at an electrical discharge with       
            electrodes having no sharp points or edges 

15 



Atmospheric pressure air plasmas have potential applications in biomedical and surface 
treatment, chemical and biological decontamination, aerodynamic flow control, and 
combustion. Many of these applications require diffuse non-thermal i.e., glow discharges 
to meet requirements of large volume, low power, high chemical reactivity, and low gas 
temperature. At atmospheric pressure, glow discharges in air easily transition into spark 
discharges that significantly heat the gas, which is problematic for applications sensitive 
to temperature. 
 
 
1.12.1 Glow Discharge(low-current, high-voltage discharge.) 
A glow discharge is characterized by a diffused luminous glow. The color of the glow 
discharge depends on the cathode materials and the gas used. The glow discharge covers 
the cathode partly and the space between the cathode and the anode will have 
intermediate dark and bright regions. In a glow discharge the voltage drop between the 
electrodes is substantially constant, ranging from 75 to 300 V over a current range of 1 
mA to 100 mA depending on the type of the gas. The properties of the glow discharge are 
used in many practical applications, such as, voltage regulation (VR) tubes, for 
rectification and as an amplifier. Corona is the name given to glow discharges at high 
pressure near points of high fields, usually caused by a small radius of curvature. Points 
are an obvious place for corona, and this is their intention in lightning rods. High tension 
conductors are another good place, but here it is very undesirable. 
 
1.12.2 Arc Discharge(a high-current, low-voltage discharge) 
If the current in the gap is increased to about 1 A or more, the voltage across the gap 
suddenly reduces to a few volts (20-50 V). The discharge becomes very luminous and 
noisy (region EG). The current density over the cathode region increases to very high  
values of 103 to 107

2cm
A . Arcing is associated with high temperature, ranging from 

1000˚C to several thousands degrees celcius. The discharge contain very high density of 
electrons and positive ions, and called as arc plasma. The study of arcs is important in 
circuit breakers and other switch contacts. It is convenient high temperature high 
intensity light source. It is used for welding and cutting of metals. It is the light source in 
lamps such as carbon arc lamp. High temperature plasmas are used for generation of 
electricity through magneto-hydro dynamic or nuclear fusion processes.  
 
It was Humphrey Davy who investigated the basic spark gap and the nature of the arc 
between the conductors. 
 
1.13  Write a brief note on CORONA 
 
If the field is uniform , then an increase in voltage(A.C.)  directly leads to breakdown 
without any preliminary discharge. 
      However in non-uniform geometry , the increase in a.c. voltage  will  cause a 
luminous discharge with the production of hissing noise at points with highest  electric 
field intensity. 
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This form of discharge is termed as Corona discharge and is accompanied by the 
formation of ozone , as is indicated by  the characteristic order of this gas. 
             If the voltage is d.c., then the appearance will be different . The positive wire will 
be having a uniform glow and negative wire has a more patchy glow often accompanied  
by streamers. 
            An important point in connection with corona that it is accompanied by a loss of 
power and this means that there is a flow of current to the wire. The current waveform is 
nonsinusoidal  and the non-sinusoidal drop of volts caused by it may be more important 
than loss of power. It gives rise to radio interference. 
            The loss of power during corona discharge leads to deterioration of consulation 
due to combined action of the bombardment of ions  and of the chemical compounds 
formed  during discharges. 
 
1.13.1 Practical Importance of Corona: 
1.)Under normal conditions the loss of power due to corona is of no good importance , 
and consequently corona calculations do not enter directly  into transmission line design. 
The basis  of such design is entirely  financially the most economical line being the most 
acceptable. 
2.)The nonsinusoidal  coronal  current causes a nonsinusoidal drop  of volts and these 
may cause some interference with neighboring communication (Carrardig TV) circuits 
due to electromagnetic  and electrostatic  induction  .The current contains large third 
harmonic. 
3.)Average corona loss on several lines from 345 KV to 750 KV gave 1 to 20 KW/Km in 
fair weather the higher values referring  to higher voltages . In foul-weather the losses can 
go upto 300 KW/Km.                  
A  reasonable estimate of  the yearly average loss for 400 Km line is 2 KW/Km to 10 
KW/Km and 20-40 KW/Km  for 800 Km lines  and it is 10% of I2R loss. 
           None the less, during rainy months , the generating station has to supply heavy 
corona loss. 
          When a line is energized  and no corona is present , the current is a pure sine wave 
and capacitive.It leads the voltage by 90O as shown in Fig(a).With  corona it calls, for a 
loss component  and a typical waveform  of the total current is as shown in Fig(b). When 
the two components  are separated ,the resulting  inphase  component has  a waveform 
which is not purely sinusoidal  (Fig.(c)). It is still a current  at power frequency , but only 
the fundamental component of this  distorted current can result in power loss.  
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4.)An advantage of corona is that it reduces transients , since charges induced on the line 
by lightning or other causes will be partially dissipated as a corona loss . In this way it 
acts as a safety value , and in one or two cases , lines have been purposely designed  to 
have an operating voltage near to critical voltage in order to do away with the necessity  
for, and expense of lightning arrestor gear. An objection to this scheme is that the critical 
voltage is not fixed for a given line , but may vary considerably  with changes  in 
weather. 
5.)Audible noise: generation  and characteristics. 
                       When corona is present on the conductors EHV lines generate audible 
noise which is especially  high during  foul weather . The noise is in broad band , which 
extends from a very low frequency to about 20 KHz. Corona discharges generate  
positive and negative ions which are alternatively  attracted and repelled  by the periodic 
reversal of polarity  of the ac excitation  . Their movement gives rise to sound pressure 
waves at frequencies  of twice the power frequency  and its multiples in  addition to the 
broadband spectrum which is the result of random motions of the ions as shown  in Fig. 
below. The noise has a pure tone superimposed on the broad band noise. Due to 
difference in ionic motion between ac and dc excitations, dc lines extend only a broad 
band noise and it is nearly same for fair and foul weather conditions. Since AN (audible 
noise) is man-made , measured in the same manner as other types  of man-made noise 
such as aircraft noise, transformer hum etc. 

   ic 
   V 

  (a) 

   V    ic 

  (b) 

  (c) 

18 



  Audible noise can become a serious problem from a “psycho-acoustics” point of view, 
leading to insanity due to loss of sleep at night to inhabitants residing close to an lhv line. 
This problem came into focus in the 1960s with the energisation of 500kV lines in the 
USA. Regulation bodies have not as yet fixed limits to AN from power transmission lines 
since such regulations do not exist for other manmade sources of noise. The problem is 
left as a social one which has to be settled by public opinion. 
The audible noise generated by a line is a function of the following factors: 

1. The surface voltage greadient on conductor. 
2. The number of sub conductors in the bundle. 
3. Conductor diameter. 
4. Atmospheric conditions. 
5. The lateral distance(aerial distance) from the line conductors to the point where 

noise is to be evaluated. 

The AN limits are: 
 No complaints: less than 52.5dB 
 Few complaints: 52.5 to 59 dB 
 Many complaints: greater than 59dB 

Radio interference: 
There are in general two types of corona discharge from transmission line conductors 

1. Pulse less or glow corona 
2. Pulse type or streamer corona. 

Both give rise to energy loss, but only the pulse type of ma gives interference to 
radio broadcast in the range of 5MHz to 1.6MHz. Besides thin, sparked 
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0 
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AN 
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dc 

Fig.1.9 Audible noise spectra from  ac and dc 
transmission  lines  
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discharges from bnroken insul;ators and loose guy wives interfere with TV 
reception in the 80-200MHz range. Corona on conductors also causes interference 
to carrier communication and signalling in the frequency range 30kHz to 500kHz. 
Mechanism of generation of pulse type corona: 
In most gas discharge phenomenon, under high impressed electric fields, free 
electrons and charged particles(ions) are created in space which contain very few 
initial electrons. We can expect therefore a build up of resulting current in the 
conductor, from a zero value to a maximum or peak. Once the peak value is 
reached there is a fall in current because of lowering of electric field due to 
relatively heavy immobile space chargew cloud which lowers the velocity of ions. 
We can therefore expect pulses to be generated with short rest times and relatively 
longer fall times. 
 
 
 
 
 
 
 
 
 
 
The repetition rate of pulses is governed by factors local to the conductor. It has 
been observed that only one pulse usually occurs during a positive half that only 
one pulse usually occurs during a positive half cycle in fair weather and could 
increase to 10 in rain if the conductor is +ve.  
The situation when the conductor is negative is reverse. The electron avalanche 
moves away from conductor. Heavy positive ions more in the direction of high 
field. The lighter electrons move rapidly away from the conductor and the 
electrical field near the conductor regains its original value for the next pulse 
generation quicker than the positive case. Therefore negative pulses are smaller in 
amplitude, have much smaller rise and fall times but much higher repetition rates 
than positive pulses. The negative pulses are called Trichel pulses. Typical 
average values of pulse properties: 

Type  Time to crest 
(ns) 

Time to 50% 
on tail(ns) 

Peak value of 
current 
(in mA) 

Repetition rate pulses 
per second 
 
AC                   DC 

Positive 50 200 100 50                   1000 
Negative 20 50 10 100*p.f.         10000 

 
Pulses are larger as the diameter of conductor increases because the reduction in 
electric field strength as one moves away from the conductor is not as steep as for 
a small conductor so that conditions for longer pulse duration are more 
favourable. 
RI level is governed by amplitude, wave shape and repetition rate of pulses. 

Positive pulse 

Negative pulse 
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1.14 Practical considerations in using gases for insulation purposes 
 
The gases find wide application in power system to provide insulation to various 
electrical equipments and substations. The gases are also used in circuit breakers for arc 
interruption besides providing insulation between breaker contacts and from contact to 
the enclosure used for contacts. The various gases used are (i) air(widely used and 
cheapest) (ii) oxygen (iii) hydrogen(better arc quenching) (iv) nitrogen (v) CO2 and (vi) 
electronegative gases like sulphur hexafluoride,(SF6) (outstanding arc quenching and 
dielectric strength) or  arcton(or Chlorodifluoromethane (HCFC 22)) etc. 
For high voltage power applications, the gaseous insulation should possess the following 
properties 
 
(a)high dielectric strength, 
(b) thermal stability and chemical inactivity towards materials of construction, 
(c) non-flammability and physiological intertness, 
(d) low temperature of condensation, 
(e) good heat transfer(Thermal Conductivity), and 
(/) Commercial availability at moderate cost 
Dielectric strength of a gaseous dielectric is the most important property for practical use. 
The dielectric strength of gases is comparable with those of solid and liquid dielectrics 
(see Fig. 1.9). In recent years, the dielectric properties of many complex chlorinated and 
flourinated molecular compounds have also been studied. These are shown in Fig. 1.10. 
This feature of high dielectric strength of gases is attributed to the molecular complexity 
and the high rates of electron attachment.  

 
Fig.1.9 DC breakdown strength of typical solid, liquid, gas and vacuum 
insulations in uniform fields. 
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Fig.1.10 Breakdown Strength of insulating gases for 75cm diameter uniform field 
electrodes having 12mm gap. 
SF6 has high dielectric strength and low liquification temperature, and it can be used over 
a wide range of operating conditions. SF6 was also found to have excellent arc-quenching 
properties. Therefore, it is widely used as an insulating as well as arc-quenching medium 
in high voltage apparatus such as high voltage cables, current and voltage transformers, 
circuit breakers and metal encapsulated substations. It may also be noted  that addition of 
30% SF6 to air (by volume) increases the dielectric strength of air by 100%. One of the 
qualitative effects of mixing SF6  to air is to reduce the overall cost of the gas, and at the 
same time attaining relatively high dielectric strength or simply preventing the onset of 
corona at desired operating voltages.  
 
 
Old End Semester University questions 
1. Derive the current growth equation in electronegative gases. 
2.Differentiate elastic and inelastic collision. Explain how Townsend criterion 
enables the breakdown voltage of the gap. 
3. In an experiment to measure α for a certain gas, it was found that the steady current is 
3.8×10-8 A at a voltage of 8 kV and at a distance of 4 mm between the plane electrodes. 
Keeping the field constant and reducing the distance to 1 mm resulted in a current of 
3.8×10-9 A. 
(a) Calculate α; 
(b)Calculate the number of electrons emitted from the cathode to anode; 
(c) Determine the electrode spacing that would lead to an electron multiplication factor of 
10-8. 
4.What is Paschen’s law? How do you account for the minimum voltage under a given 
PD condition? State its value for Air 
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2.2 PURE LIQUIDS AND COMMERCIAL LIQUIDS 
 
Pure liquids are those which are chemically pure and do not contain any other impurity 
even in traces of 1 in 109, and are structurally simple.   
Examples of such simple pure liquids are :  
n-hexane (C6H14). n-heptane (C7H16) and other paraffin hydrocarbons.   
By using simple and pure liquids, it is easier to separate out the various factors that 
influence condition and breakdown in them.   
On the other hand, the commercial liquids which are insulating liquids like oils, not 
chemically pure, normally consist of mixture of complex organic molecules which cannot 
be easily specified or reproduced in a series of experiments. 
 
2.2.1 Purification 
 
The main impurities in liquid dielectrics are dust, moisture, dissolved, gases and 
ionic impurities. Various methods employed for purification are filtration (through 
mechanical filters, spray filters, and electrostatic filters), centrifuging, degassing and 
distillation, and chemical treatment (adding ion exchange material such as alumina, 
fuller’s earth etc. filtering).   
Dust particles when present become charged and reduce the breakdown strength of the 
liquid dielectrics, and they can be removed by careful filtration.   
Liquid will normally contain moisture and dissolved gases in small quantities. Gases like 
oxygen and carbon dioxide significantly affect the breakdown strength of the liquids, and 
hence it is necessary to control the amount of gas present.  This is done by distillation and 
degassing.   
Ionic impurity in liquids, like water vapor which easily dissociates, leads to very high 
conductivity and heating of the liquid depending on the applied electric field.  Water is 
removed using drying agents or by vacuum drying.   
Sometimes, liquids are shaken with concentrated sulphuric acid to remove wax and 
residue and washed with caustic soda and distilled water.  A commonly used closed-cycle 
liquid purification system to prepare liquids as per the above requirements is shown in 
Fig.2.1.   
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This system provides for cycling the liquids.  The liquid from the reservoir flows through 
the distillation column where ionic impurities are removed.  Water is removed by drying 
agents or frozen out in the low-temperature bath.  The gases dissolve in the liquid are 
removed by passing them through the cooling tower and/or pumped out by the vacuum 
pumps.  The liquids then passes thought the filter where dust particles are removed.  The 
liquid thus purified is then use in the test cell.  The used liquid then flows back into the 
reservoir.  The vacuum system thus helps to remove the moisture and other gaseous 
impurities.  
 
OIL Breakdown Tests 
Breakdown tests are normally conduced using test cell.  For testing pure liquids, the test 
cells used are small so that less quantity of liquid is used during testing.  Also, test cells 
are usually an integral part of the purification system as shown in Fig. 3.1.  The 
electrodes used for breakdown voltage measurement are usually spheres of 0.5 to 1 cm in 
diameter with gap spacing of about 100-200 μm.  The gas is accurately controlled by 
using a micrometer. Electrode separation is very critical in measurement with liquids, and 
also the electrode surface smoothness and the presence of oxide films have a marked 
influence on the breakdown strength.  The test voltages required for these tests are 
usually low, of the order of 50-100 kV, because of small electrode spacing.  The 
breakdown strengths and d.c conductivities obtained in pure liquids are very high, of the 
order of 1 MV/cm and 10-18-10-20 mho/cm respectively, the conductivity being measured 
at electric field of the order of 1 kV/cm.  However, the corresponding values in 
commercial liquids are relatively low.        
 
2.2 CONDUCTION AND BREAKDOWN IN PURE LIQUIDS 
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Fig. 2.1 Liquid  purification system with test cell. 
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When low electric fields less than 1 kV/cm are applied, conductivities of   
10-18 -10-20   mho/cm are obtained.  These are probably due to the impurities remaining 
after purification.  However, when the fields are high (>100kV/cm) the currents not only 
increase rapidly, but also undergo violent fluctuations which will die down after some 
time.  A typical mean value of the conduction current in hexane is shown in Fig. 2.2. This 
is the condition nearer to breakdown. 

 
However, if this figure is redrawn starting from very small currents, a current-electric 
field characteristics as shown in Fig. 2.3, can be obtained.  This curve will have three 
distinct regions as shown.  At very low fields the current is due to the dissociation of 
ions.  With intermediate fields the current reaches a saturation value, and at high fields 
the current generated because of the field-aided electron emission from the cathode gets 
multiplied in the liquid medium by a Townsend type of mechanism .The current 
multiplication also occurs from the electrons generated at the interfaces of liquid and 
impurities.  The increase in current by these processes continues till breakdown occurs. 
The exact mechanism of current growth is not known; however, it appears that the 
electrons are generated from the cathode by field emission of electrons. 
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Fig.2.2  Conduction current-electric field characteristics in hexane  
             at high fields 
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The electrons so liberated get multiple by a process similar to Townsend’s primary and 
secondary ionization in gases  As the breakdown field is approaches, the current increases 
rapidly due to process similar to the primary ionization process and also the positive ions 
reaching the cathode generate secondary electrons, leading breakdown.  The breakdown 
voltage depends on the field, gap separation, cathode work-function, and the temperature 
of the cathode.  In addition, the liquid viscosity, the liquid temperature, the density, and 
the molecular structure of the liquid also influence the breakdown strength of the liquid.  
Typical maximum breakdown strengths of some highly purified liquids and liquefied 
gases are given in Table 2.1. 
 

Table 2.1 Maximum Breakdown strength of some liquid 
 

Liquid                            Maximum breakdown strength 
                              (MV/cm) 

                     Hexane                                         1.1-1.3 
                     Benzene                                           1.1 
                     Transformer oil                                 1.0 
                     Silicone                                         1.0-1.2 
                     Liquid Oxygen                                  2.4 
                     Liquid Nitrogen                              1.6-1.9  
                     Liquid Hydrogen                                1.0 
                     Liquid Helium                                     0.7 
                     Liquid Argon                                    1.1-1.42 
 
It has been observed that the increase in breakdown strength is more, if the dissolved 
gases are electronegative in character (like oxygen). Similarly, the increase in the liquid 
hydrostatic pressure increases the breakdown strength.  
To sum up, this type of breakdown process in pure liquids, called the electronic 
breakdown, involves emission of electrons at fields greater than 100 kV/cm.  This 
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Fig.2.3 Conduction current-electric field characteristics  
            in hydrocarbon liquid  
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emission occurs either at the electrode surface irregularities or at the interfaces of 
impurities and the liquid.  These electrons get further multiplied by Townsend’s type of 
primary and secondary ionization processes, leading to breakdown. 
 

 
2.3 CONDUCTION AND BREAKDOWN IN COMMERCIAL LIQUIDS 
 
As already mentioned commercial insulating liquids are not chemically pure and have 
impurities like gas bubbles, suspended particles, etc. These impurities reduce the 
breakdown strength of these liquids considerably.  The breakdown mechanisms are also 
considerably influenced by the presence of these impurities.  In addition, when 
breakdown occurs in these liquids, additional gases and gas bubbles are evolved and solid 
decomposition products are formed.  The electrode surfaces become rough, and at times 
explosive sounds are heard due to the generation of impulsive pressure through the liquid.   
The breakdown mechanism in commercial liquids is dependent on several factors, such 
as, the nature and condition of the electrodes, the physical properties of the liquid, and the 
impurities and gases present in the liquid.  Several theories have been proposed to explain 
the breakdown in liquids, and they are classified as follows: 

a) Electronic breakdown 
b) Suspended Particle Mechanism 
c) Cavitation and Bubble Mechanism 
d) Stressed Oil Volume Mechanism 

2.3.1 Electronic breakdown 
Both the field emission and the field-enhanced thermionic emission mechanisms 
discussed earlier have been considered responsible for the current at the cathode. 
Conduction studies in insulating liquids at high fields show that most experimental data 
for current fit well the Schottky-type equation in which the current is temperature 
dependent. Breakdown measurements carried out over a wide range of temperatures, 
however, show little temperature dependence. This suggests that the cathode process is 
field emission rather than thermionic emission. It is possible that the return of positive 
ions and particularly positively charged foreign particles to the cathode 
will cause local field enhancement and give rise to local electron emission. Once the 
electron is injected into the liquid it gains energy from the applied field. In the electronic 
theory of breakdown it is assumed that some electrons gain more energy from the field 
than they lose in collisions with molecules. These electrons are accelerated until they gain 
sufficient energy to ionize molecules on collisions and initiate avalanche. The condition 
for the onset of electron avalanche is obtained by equating the gain in energy of an 
electron over its mean free path to that required for ionization of the molecule.              
eEλ= chv      
where E is the applied field, λ the electron mean free path, hv the quantum of energy lost 
in ionizing the molecule and c an arbitrary constant. The electronic theory satisfactorily 
predicts the relative magnitude of breakdown strength of liquids, but the observed 
formative time lags are much longer than predicted by electronic theory. 
 
2.3.2 Suspended Particle Theory 
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Solid impurities may be present in the liquid either as fibres or as dispersed 
solid particles and their  presence of solid impurities cannot be avoided.  The permittivity 
of these particles ߳1will be different from the permittivity of the liquid ߳2.  If we consider 
these impurities to be spherical particles of radius r, and if the applied field is E, then the 
particles experience of force F, where  
 
F= ࣕିࣕ

ࣕାࣕ
  


         (2.1) 

 
This force is directed towards areas of maximum stress, if  ε2 > ε1 , for example, in the 
case of the presence of solid particles like paper in the liquid.  On the other hand, if only 
gas bubbles are present in the liquid, i.e.  ε2 < ε1, the force will be in the direction of areas 
of lower stress (opposite direction).  If the voltage is continuously applied (d.c) or the 
duration of the voltage is long (a.c), then this force drives the particles towards the area of 
maximum stress.  If the number of particles is large, they become aligned due to these 
forces, and thus form a stable chain bridging the electrode gap causing a breakdown 
between the electrodes.  
The force given by eqn (2.1) increases as the permittivity of the suspended particle (ε) 
increases, and for a conducting particle for which ߳1  the force becomes  
 F = F = r3 E grad E 
 
Thus the force will urge the particle to move to the strongest region of the field. 
In a uniform field gap or sphere gap of small spacing the strongest field is in the uniform 
region.In this region grad E is equal to zero so that the particle will remain in equilibrium 
there. Accordingly, particles will be dragged into the uniform field region. If the 
permittivity of the particle is higher than that of the medium, then its presence in the 
uniform field region will cause flux concentration at its surface. Other particles will be 
attracted into the region of higher flux concentration and in time will become aligned 
head to tail to form a bridge across the gap. The field in the liquid between the particles 
will be enhanced, and if it reaches critical value breakdown will follow. 
The movement of particles by electrical force is opposed by viscous drag, and since the 
particles are moving into the region of high stress, diffusion must also be taken into 
account. 
If there is only a single conducting particle between the electrodes, it will give rise to 
local field enhancement depending on its shape.  If this field exceeds the breakdown 
strength of the liquid, local breakdown will occur near the particle, and this will result in 
the formation of gas bubbles which may lead to the breakdown of the liquid. 
The value of the breakdown strength of the liquids containing solid impurities was found 
to be much less than the values for pure liquids.  The impurity particles reduce the 
breakdown strength, and it was also observed that the larger the size of the particles the 
lower were the breakdown strengths.  
 
2.3.3. Cavitation and the Bubble Theory   
 
It was experimentally observed that in many liquids, the breakdown strength depends 
strongly on the applied hydrostatic pressure, suggesting that a change of phase of the 
medium is involved in the breakdown process, which in other words means that a kind of 
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vapor bubble formed is responsible for breakdown.  The following processes have been 
suggested to be responsible for the formation of the vapor bubbles: 

a) Gas pockets at the surface of the electrodes; 
b) electrostatic repulsive forces between space charges which may be sufficient to 

overcome the surface tension; 
c) gaseous products due to the dissociation of liquid molecules by electron 

collisions; and  
d) Vaporization of the liquid by corona type discharges from sharp points and 

irregularities on the electrode surfaces. 
Once a bubble is formed it will elongated (long and thin) in the direction of the electric 
field under the influence of electrostatic forces.  The volume of the bubble remains 
constant during elongation.  Breakdown occurs when the voltage drop along the length of 
the bubble becomes equal to the minimum value on the Paschen’s curve for the gas in the 
bubble.   
 
The electric field in a spherical gas bubble which is immersed in a liquid of permittivity 
ε2  is given by Eb =3E0/( ε2+2)  ; where E0 is the field in the liquid in the absence of 
the bubble. When the field Eb becomes equal to the gaseous ionization field, discharge 
takes place which will lead to decomposition of the liquid and breakdown may follow. 
Kao has developed more accurate expression for the  breakdown field as 
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     (2.2) 

 
where  is the surface tension of the liquid, 1 is the permittivity of the liquid, 2 is the 
permittivity of the gas bubble, r is the initial radius of the bubble assumed as a sphere and 

bV  is the voltage drop in the bubble (corresponding to minimum on the Paschen’s curve).  
From this equation it can be seen that the breakdown strength depends on the initial size 
of the bubble which in turn is influenced by the hydrostatic pressure and temperature of 
the liquid. But this theory does not take into account the production of the initial bubble 
and hence the results given by this theory do not agree well with the experimental results.  
       
 
In general, the cavitation and bubble theories try to explain the highest breakdown 
strengths obtainable, considering the cavities or bubbles formed in the liquid dielectrics. 

 
2.3.4. Stressed Oil Volume Theory 
 
In commercial liquids where minute traces of impurities are present, the breakdown 
strength is determined by the “largest possible impurity” or “weak link”.  On a statistical 
basis it was proposed that the electrical breakdown strength of the oil is defined by the 
weakest region in the oil, namely, the region which is stressed to the maximum and by 
the volume of oil included in that region.  In non-uniform fields, the stressed oil volume 
is taken as the volume which is contained between the maximum stress  maxE  contour 
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and 0.9  maxE contour.  According to this theory the breakdown strength is inversely 
proportional to the stressed oil volume. 
 The breakdown voltage is highly influenced by the gas content in the oil, the 
viscosity of the oil, and the presence of other impurities.  These being uniformly 
distributed, increase in the stressed oil volume consequently results in a reduction in the 
breakdown voltage.  The variation of the breakdown voltage stress with the stressed oil 
volume is shown in Fig. 2.4. 
 

 
 
2.4 CONCLUSIONS 
 
All the theories discussed above do not consider the dependence of breakdown strength 
on the gap length.  They all try to account for the maximum obtainable breakdown 
strength only.  However, the experimental evidence showed that the breakdown strength 
of a liquid depends on the gap length, given by the following expression,  

n
bV Ad   where, 

d=gap length,
A=constant,and
n=constant,always less than 1.

 

 
The breakdown voltage also depends on the nature of the voltage, the mode in which the 
voltage is applied, and the time of application.  The above relationship is of practical 
importance, and the electrical stress of given oil used in design is obtained from this.  
During the last ten years, research work is directed on the measurements of discharge 
inception (starting) levels in oil and the breakdown strengths of large volumes of oil 
under different conditions. 
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 It may be summarized that the actual mechanism of breakdown in oil is not a simple 
phenomenon and the breakdown voltages are determined by experimental investigations 
only.  Electrical stresses obtained for small volumes should not be used in the case of 
large volumes.  
 
 
 
QUESTIONS 
 
1. Explain the phenomena of electrical conduction in liquids.  How does it differs 

from those in gases? 
2. What are the commercial liquids dielectrics, and how are they different from pure 
         liquids dielectrics? 
3. What are the factors that influence conduction in pure liquid dielectrics and in 
         commercial liquid dielectrics? 
4. Explain the various theories that explain breakdown in commercial liquids 
         dielectrics. 
5. What is “stressed oil volume theory”, and how does it explain breakdown in large 
         volumes of commercial liquid dielectrics? 
6.  State the electrical properties which are essential for electrical performance of     
Liquid Dielectrics. 
 
   
BREAKDOWN IN SOLID DIELECTRICS 
 
3.1  INTRODUCTION 
 
Solid dielectric materials are used in all kinds of electrical circuits and devices to insulate 
one current carrying part from another when they operate at different voltages.  A good 
dielectric should have low dielectric loss, high mechanical strength, should be free from 
gaseous inclusion, and moisture, and be resistant to thermal and chemical deterioration. 
Solid dielectrics have higher breakdown strength compared to liquids and gases.  
 
 Studies of the breakdown of solid dielectrics are of extreme importance in 
insulation studies.  When breakdown occurs, solids get permanently damaged while gases 
fully and liquids partly recover their dielectric strength after the applied electric field 
removed.  
 

The mechanism of breakdown is a complex phenomenon in the case of solids, and 
varies depending on the time of application of voltage as shown in Fig. 3. 1.  
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The various breakdown mechanisms can be classified as follows:  
       (a)Intrinsic or ionic breakdown, 

(b)electromechanical breakdown, 
(c)failure due to treeing and tracking, 
(d)thermal breakdown, 
(e)electrochemical breakdown, and  
(f)breakdown due to internal discharges. 

 
3.2 INTRINSIC BREAKDOWN 
 
 
When voltages are applied only for short durations of the order of 810 s the dielectric 
strength of a solid dielectric increases very rapidly to an upper limit called the intrinsic 
electric strength.  Experimentally, this highest dielectric strength can be obtained only 
under the best experimental conditions when all extraneous influences have been isolated 
and the value depends only on the structure of the material and the temperature.  The 
maximum electrical strength recorder is 15 MV/cm for polyvinyl-alcohol at -1960C.   The 
maximum strength usually obtainable ranges from 5 MV/cm. 
 
 Intrinsic breakdown depends upon the presence of free electrons which are 
capable of migration through the lattice of the dielectric.  Usually, a small number of 
conduction electrons are present in solid dielectrics, along with some structural 
imperfections and small amounts of impurities.   The impurity atoms, or molecules or 
both act as traps for the conduction electrons up to certain ranges of electric fields and 
temperatures.  When these ranges are exceeded, additional electrons in addition to 
trapped electrons are released, and these electrons participate in the conduction process.  

Intrinsic, Electromechanical 

Streamer 

Thermal 

Erosion and Electrochemical 

                    Log Time 

Breakdown 
Strength 

Fig.3.1Variation of breakdown strength with time after application of voltage 
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Based on this principle, two types of intrinsic breakdown mechanisms have been 
proposed. 
 
i) Electronic Breakdown   
 
Intrinsic breakdown occurs in time of the order of 10-8 s and therefore is assumed to be 
electronic in nature.  The initial density of conduction (free) electrons is also assumed to 
be large, and electron-electron collisions occur.  When an electric field is applied, 
electrons gain energy from the electric field and cross the forbidden energy gap from the 
valence band to the conduction band.  When this process is repeated, more and more 
electrons become available in the conduction band, eventually leading to breakdown.   
 
ii) Avalanche or Streamer Breakdown 
 
This is similar to breakdown in gases due to cumulative ionization.  Conduction electrons 
gain sufficient energy above a certain critical electric field and cause liberation of 
electrons from the lattice atoms by collision.  Under uniform field conditions, if the 
electrodes 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 towards the anode 
and during this motion gains energy from the field and loses it during collisions.  When 
the energy gained by an electron exceeds the lattice ionization potential, an additional 
electron will be liberated due to collision of the first electron.  This process repeats itself 
resulting in the formation of an electron avalanche. Breakdown will occur, when the 
avalanche exceeds a certain critical size. 
 
In practice, breakdown does not occur by the formation of a single avalanche itself, but 
occurs as a result of many avalanches formed within the dielectric and extending step by 
step through the entire thickness of the material.  
 
 
3.3  ELECTROMECHANICAL BREAKDOWN 
 
When solid dielectrics are subjected to high electric fields, failure occurs due to 
electrostatic compressive forces which can exceed the mechanical compressive 
strength.  If the thickness of the specimen is d0 and is compressed to thickness d under 
an applied voltage V, then the electrically developed compressive stress is in equilibrium 
if  
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dV Yln
2d dr       

 (3.1)     where Y is the Young’s modulus. From Eq. (3.1) 

2 2 0

0
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           (3.2) 

Usually, mechanical instability occurs when 
0 0d/d 0.6or d / d=1.67  

Substituting this Eq.3.2, the highest apparent electric stress before breakdown,  
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The above equation is only approximate as Y depends on the mechanical stress.  Also 
when the material is subjected to high stresses the theory of elasticity does not hold 
good, and plastic deformation has to be considered. 
 
3.4 THERMAL BREAKDOWN 
 
In general, 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 
dielectric due to the flow of current determines the conduction. 
 
When an electric field is applied to a dielectric, conduction current however small it may 
be, flows through the material. The current heats up the specimen and the temperature 
rise. The heat generated is transferred to the surrounding medium by conduction 
through the solid dielectric and by radiation from its outer surfaces.  Equilibrium is 
reached when the heat used to raise the temperature of the dielectric, plus the heat 
radiated out, equals the heat generated.  The heat generated under d. c. stress E is 
given as 

2 3
d.c.W E W/cm   (3.4) where   is the d. c. conductivity of the specimen. 

Under a. c. fields, the heat generated 
2

3r 
a.c. 12

E f tan W W/cm
1.8 10

 



 (3.5)  where,  f= frequency in Hz,  loss angle of the 

dielectric material, and E= rms value. The heat dissipated  rW is given by 

r v
dTW C div (K grad T)
dt

   (3.6)  where,  Cv= specific heat of the specimen,   

T = temperature of the specımen, K = thermal conductivity of the  specimen, and  
t =  time over which the heat is dissipated. 
Equilibrium is reached when the heat generated d.c a.c(W or W ) becomes equal to the heat 
dissipated (Wr).  In actual practice there is always some heat that is radiated out. 
 
Breakdown occurs when d.c. a.c.W or W exceeds Wr. The thermal instability condition is 
shown in Fig. 3.2. Here, the heat lost is shown by a straight line, while the heat 
generated at fields 1 2E and E  is shown by separate curves.  At field  2E  breakdown 
occurs both at temperatures A BT and T heat generated is less than the heat lost for the 
field 2E , and hence the breakdown will not occur. 
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The thermal breakdown voltages of various materials under d.c. and a.c. fields are shown 
in the table 3.1 
. 
Table 3.1 
 
                                                                   Maximum thermal breakdown stress 
Material                                                                              in MV/cm 
                                                                         d.c.                                    a.c. 
 
 
Muscovite mica                                                 24                                    7.18 
Rock salt                                                           38                                    1.4 
High grade porcelain                                         -                                       2.8 
H.V. Steatite                                                      -                                       9.8 
Quartz-perpendicular to axis                            1200                                 - 
           -parallel to axis                                       66                                    - 
Capacitor paper                                                 -                                      3.4-4.4 
Polythene                                                           -                                      3.5 
Polystyrene                                                        -                                      5.0 
  
 
It can be seen from this table 3.1 that since the power loss under a.c. fields is higher, the 
heat generation is also high, and hence the thermal breakdown stresses are lower under 
a.c. conditions than under d.c. conditions. 
 
3.5 BREAKDOWN OF SOLID DIELECTRICS IN PRACTICE  
 
There are certain types of breakdown which do not come under either intrinsic 
breakdown, but actually occur after prolonged operation.  These are, for example, 
breakdown due to tracking in which dry conducting tracks act as conducting paths on the 

Heat Generated 

Heat Lost 

Temperature 

Heat Generated 
          Or 
Heat Lost E1 

E2 

T0 TA TB 

Fig.3.2  Thermal instability in solid dielectrics 
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insulator surfaces leading to gradual breakdown along the surface of the insulator.  
Another type of breakdown in this category is the electrochemical breakdown caused by 
chemical transformations such as electrolysis, formation of ozone, etc. In addition, failure 
also occurs due to partial discharges which are brought about in the air pockets inside the 
insulation.  This type of breakdown is very important impregnated paper insulation used 
in high voltage cables and capacitors. 
 
  
3.5.1 Chemical and Electrochemical Deterioration and Breakdown 
 
In the presence of air and other gases some dielectric materials undergo chemical changes 
when subjected to continuous stresses.  Some of the important chemical reactions that 
occur are:  

-Oxidation: In the presence of air or oxygen, material such as rubber and 
polyethylene undergo oxidation giving rise to surface cracks. 

-Hydrolysis: When moisture or water vapor is present on the surface of a solid 
dielectric, hydrolysis occurs and the material loses their electrical and mechanical 
properties.  Electrical properties of materials such as paper, cotton tape, and other 
cellulose materials deteriorate very rapidly due to hydrolysis.  Plastics like polyethylene 
undergo changes, and their service life considerably reduces.  

-Chemical Action: Even in the absence of electric fields, progressive chemical 
degradation of insulating materials can occur due to a variety of processes such as 
chemical instability at high temperatures, oxidation and cracking in the presence of air 
and ozone, and hydrolysis due to moisture and heat.  Since different insulating materials 
come into contact with each other in any practical reactions occur between these various 
materials leading to reduction in electrical and mechanical strengths resulting in a failure.  
 
The effects of electrochemical and chemical deterioration could be minimized by 
carefully studying and examining the materials. High soda content glass insulation should 
be avoided in moist and damp conditions, because sodium, being very mobile, leaches to 
the surface giving rise to the formation of a strong alkali which will cause deterioration.  
It was observed that this type of material will lose its mechanical strength within 24 hrs, 
when it is exposed to atmospheres having 100% relative humidity at 700 C.  In paper 
insulation, even if partial discharges are prevented completely, breakdown can occur due 
to chemical degradation.  The chemical and electrochemical deterioration increases very 
rapidly with temperature, and hence high temperatures should be avoided. 

 
 
3.5.2 Breakdown Due to Treeing and Tracking 
 
When a solid dielectric subjected to electrical stresses for a long time fails, normally two 
kinds of visible markings are observed on the dielectric material.  They are:  
 
a) the presence of a conducting path across the surface of the insulation:  
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b) a mechanism whereby leakage current passes through the conducting path finally 
leading to the formation of a spark.  Insulation deterioration occurs as a result of these 
sparks.  
 
The spreading of spark channels during tracking, in the form of the branches of a tree is 
called treeing. 
Consider a system of a solid dielectric having a conducting film and two electrodes on its 
surface. In practice, the conducting film very often is formed due to moisture.  On 
application of voltage, the film starts conducting, resulting in generation of heat, and the 
surface starts becoming dry.  The conducting film becomes separate due to drying, and so 
sparks are drawn damaging the dielectric surface.  With organic insulating materials such 
as paper and bakelite, the dielectric carbonizes at the region of sparking, and the 
carbonized regions act as permanent conducting channels resulting in increased stress 
over the rest of the region.  This is a cumulative process, and insulation failure occurs 
when carbonized tracks bridge the distance between the electrodes.  This phenomenon, 
called tracking is common between layers of bakelite, paper and similar dielectrics built 
of laminates. 
On the other hand treeing occurs 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 dirt and 
contamination. This causes increased conductivity resulting either in the formation of 
conducting path bridging the electrodes or in a mechanical failure of the dielectric. 

 
When a dielectric material lies between two electrodes as shown in Fig. 3.3, there is 
possibility for two different dielectric media, the air and the dielectric, to come series.  
The voltages across the two media are as shown (V1 across the air gap, and V2 across the 
dielectric).  The voltage V1 across the air gap is given as,  
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  (3.7)          where V is the applied voltage. 
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Fig.3.3  Arrangement for study of treeing phenomena.1 and 2 are electrodes. 
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Since 2 1  most of the voltage appears across 1d , the air gap. Sparking will occur in the 
air gap and charge accumulation takes place on the surface of the insulation.  Sometimes 
the spark erodes the surface of the insulation.  As time passes, break-down channels 
spread through the insulation in an irregular “tree’ like fashion leading to the formation of 
conducting channels.  This kind of channeling is called treeing.  
Under a.c. voltage conditions treeing can occur in a few minute or several hours.  Hence, 
care must be taken to see that no series air gaps or other weaker insulation gaps are 
formed.  
 
Usually, tracking occurs even at very low voltage of the order of about 100 V, whereas 
treeing requires high voltages.  For testing of tracking, low and medium voltage tracking 
tests are specified.  These tests are done at low voltages but for times of about 100 hr or 
more.  The insulation should not fail.  Sometimes the tests are done using 5 to 10 kV with 
shorter durations of 4 to 6 hour. The numerical value that initiates or causes the formation 
of a track is called “tracking index” and this is used to qualify the surface properties of 
dielectric materials. 
 
Treeing can be prevented by having clean, dry, and undamaged surfaces and a clean 
environment.  The materials chosen should be resistant to tracking.  Sometimes moisture 
repellant greases are used.  But this needs frequent cleaning and regressing.  Increasing 
creeping distances should prevent tracking, but in practice the presence of moisture films 
defeat the purpose.  
Usually, treeing phenomena is observed in capacitors and cables, and extensive work is 
being done to investigate the real nature and causes of this phenomenon.     
 
 
3.5.3 Breakdown Due to Internal Discharges  
 
Solid insulating materials, and to a lesser extent liquid dielectrics contain voids or 
cavities within the medium or at the boundaries between the dielectric and the electrodes.  
These voids are generally filled with a medium of lower dielectric strength, and the 
dielectric constant of the medium in the voids is lower than that of the insulation.  Hence, 
the electric field strength in the voids is higher than that across the dielectric.  Therefore, 
even under normal working voltages the field in the voids may exceed their breakdown 
value, and breakdown may occur. 
 
Let us consider a dielectric between two conductors as shown in Fig. 3.4.a.  If we divide 
the insulation into three parts, an electrical network of 1 2 3C ,C ,and C  can be formed as 
shown in Fig. 3.4.b.  In this, C1 represents the capacitance of the void or cavity, C2 is the 
capacitance of the dielectric which is in series with the void, and C3 is the capacitance of 
the dielectric 
. 
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. 
When the applied voltage is V, the voltage across the void, V1 is given by the same 
equation as (3.7) 
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  where 1 2d and d  are the thickness of the void and the dielectric, 

respectively, having permittivities 0 1 1 2and .Usually d d ,   and if we assume that the 
cavity is filled with a gas, then  
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  (3.8) where r is the relative permittivity of the dielectric. 

 
When a voltage V is applied, V1 reaches the breakdown strength of the medium in the 
cavity (Vi) and breakdown occurs. Vi  is called the “discharge inception voltage”.  When 
the applied 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 
cavity occurs the breakdown voltage across it becomes zero.  When once the voltage V1 
becomes zero, the spark gets extinguished and again the voltage rises till breakdown 
occurs again.  This process repeats again and again, and current pulses  will be 
obtained both in the positive and negative half cycles. 
 
These internal discharges (also called partial discharges) will have the same effect as 
“treeing” on the insulation.  When the breakdown occurs in the voids, electrons and 
positive ions are formed.  They will have sufficient energy and when they reach the void 
surfaces they may break the chemical bonds.  Also, in each discharge there will be 
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 
activate discharge products formed during breakdown. 
 All these effect will result in a gradual erosion of the material and consequent 
reduction 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 
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Fig.3.4 Electrical discharge in a cavity and its equivalent circuit 
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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 single material rarely constitutes the insulation in equipment.  Two or more insulating 
materials are used either due to design considerations or due to practical difficulties of 
fabrication. 
 In certain cases the behavior of the insulation system can be predicted by the 
behavior of the components.  But in most cases, the system as a whole has to be 
considered.  The following considerations determine the performance of the system as a 
whole:  

(i) The stress distribution at different parts of the insulation system is distorted 
due to the component dielectric constant and conductivities, 

(ii) the breakdown characteristics at the surface are affected by the insulation 
boundaries of various components, 

(iii) the internal or partial discharge products of one component invariably affect 
the other components in the system, and  

(iv) the chemical ageing products of one component also affect the performance 
of other components in the system. 

 
Another important consideration is the economic life of the system; the criterion being 
the ultimate breakdown of the solid insulation.  The end point is normally reached by 
through puncture, thermal runaway, electrochemical breakdown, or mechanical failure 
leading to complete electrical breakdown of the system.  Hence, tests for assessing the 
life of insulation (ageing) are very necessary.  
 
Ageing is the process by which the electrical and mechanical properties of insulation 
normally becomes worse in condition (deteriorate) with time.  Ageing occurs mainly due 
to oxidation, chemical degradation, irradiation, and electron and ion bombardment on the 
insulation.  Tracking is another process by which ageing of the insulation occurs.  
Usually partial discharge tests are used in ageing studies to estimate the discharge 
magnitudes, discharge inception, and extinction voltages.  Change of loss angle (tan ) 
during electrical stressing provides information of the deterioration occurring in 
insulation systems. The knowledge of the mechanical stresses in the insulation, 
controlling of the ambient conditions such as temperature and humidity, and a study of 
the gaseous products evolved during ageing processes will also help to control the 
breakdown process in composite insulation.  Finally, stress control in insulation systems 
to avoid high electric stress regions is an important factor in controlling the failure of 
insulation systems. 
Questions 
3.1 What do you understand by ‘intrinsic strength’ of a solid dielectric? How does 
breakdown occur due to electrons in solid dielectric? 
3.2 What is ‘thermal breakdown’ in solid dielectrics, and how is practically more 
significant than other mechanism? 
3.3 How does the ‘internal discharge’ phenomenon lead to breakdown in solid 
dielectrics?  
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3.4 How do the temperature and moisture affect the breakdown strength of solid 
dielectrics? 
3.5.Determine the specific heat generated in 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 
electric field is 40kV/cm at 50HZ. 
 
 
37 SOLID DIELECTRICS USED IN PRACTICE (Not in course but useful in GATE/IES 
and other PSU Examns) 
 
Solid insulating materials are used in all kinds of electrical circuits and devices to 
insulate one current carrying part from another 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 deterioration. 
 
Solid dielectrics vary widely in their origin and properties.  They may be natural 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 important materials 
and their properties are discussed here. 
 
3.7.1 Paper 
The kind of paper normally employed for insulation purposes is a special variety known 
as tissue paper or Kraft paper.  The thickness and density of paper vary depending on 
the application.  Low-density paper (0.8 gms/cm3) is preferred in high frequency 
capacitors and cables, while medium density paper is used in power capacitors.  High-
density papers are preferable in d.c. and energy storage capacitors and for the insulation 
of d.c. machines. 
 
Paper is hygroscopic.  Therefore, it has to be dried and impregnate with impregnants, 
such as mineral oil, chlorinated diphenyl and vegetable oils.  The relative dielectric 
constant of impregnated paper depends upon the permittivity of cellulose of which the 
paper is made, and permittivity of the impregnant and the density of the paper.  Table 
3.2 gives the dielectric constants for different densities of paper impregnated with 
different oils. 
 
Table 3.2 Dielectric constantof paper with different densities 
                                                                                       Density (g/cm3)                                     
Impregnant                                                           0.8             1.0                 1.2                                                     
 
Trichlorodiphenyl      at 20˚C   ε = 6.1                  6.28           6.30              6.40 
Trichlorodiphenyl      at 50˚C   ε = 5.6                  6.0             6.14              6.24 
Pentachlorodiphenyl at 20˚C   ε = 5.7                  5.71           5.88              6.06 
Transformer oil                            ε = 2.2                  3.26          3.72              4.30  
  
 
When very thin (thickness 8-20 m ) 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 indicated by means of head phones.   
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3.7.2 Fibers 
                   
Fibers when used for electrical purposes will have the ability to combine strength and 
durability with extreme fitness and durability with extreme fitness and flexibility.  The 
fibers used are both natural and men-made.  They include cotton, jute, flax, wool, silk 
(natural fibers), rayon, nylon, terylene, teflon and fiberglass.  
 
The properties of fibrous materials depend on the temperature and humidity.  Figures 
4.5 and 4.6 show the variation of r and tan   of various fibrous materials as a function 
of the frequency.  It can be observed from these figures that r  decreases with 
frequency, while tan  is higher lower frequencies.  Most of the perfectly-dried fibers 
have a dielectric constant between 3 and 8.  The presence of ionic impurities (e.g., salt) 
considerably reduces the electrical resistance of the fiber.  Artificial fibers, such as 
terylene and fiberglass absorb very little water and hence have very high resistance.   
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Fig.3.5 Variation of dielectric constant,  εr with temperature for paper 
1. Trichlorodiphenyl impregnated paper,  2. Pentachlorodiphenyl impregnated paper 
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Table 3.3 gives the density, r  and tan of various fibers. 
 
 
 
Table 3.3 
Fibers                                               Density                              εr                     tan    
Vegetable fiber-Natural                      
Cotton                                               1.53                               4.4-7.3               0.120 
Flax                                                   1.53                               4.4-7.3               0.120 
Jute                                                   1.53                               4.4-7.3               0.120 
Animal fiber-Natural 
Wool                                                  1.31                               1.52                    0.016 
Silk                                                    1.30                                3.4                      0.016 
                                                                                        4.4 with no air voids 
Man-made Fibers 
Rayon                                                 1.52                               2.03                    0.031  
Acetate                                                1.33                              2.2                      0.015 
Nylon                                                   1.14                              2.51                    0.053 
Terylene                                              1.38                              1.97                    0.030 
Teflon                                                  2.38                            1.9-2.2             0.001-0.003 
Fiberglass                                            2.34                             5-7                  0.001-0.0025 
 
 
 
 
3.7.3 Mica and Its Products 
 
Mica is the generic name of a class of crystalline into four main groups:  
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Fig.3.6 Variation of tan  with the density of paper 
1.Trichlorodiphenyl impregnated paper, 2. Mineral oil impregnated paper 3. Dry paper 
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      (i) muscovite,  
      (ii) phlogopite,  
      (iii) fibiolite, and  
      (iv) lipidolite.   
The last two groups are hard and brittle and hence are unsuitable for electrical insulation 
purposes.  Mica can be split into very thin flat laminae.  It has got a unique combination 
of electrical properties, such as high dielectric 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 is used for high frequency 
applications.  Spotted mica is used for low voltage insulation, such as for commutator 
segment separators, armature windings, switchgear and in electrical heating and cooling 
equipments. Dielectric strength (up to 30˚C) varies about 700 – 1000 kV/mm, surface 
resistivity (60% humidity) 1010 -1012 ohm-cm and volume resistivity (constant up to 
200˚C) 1013 -1015 ohm-cm. 
 
Mica is built into sheet form by bonding together with a suitable resin or varnish.  
Depending on the type of a application, mica can be mixed with the required type of 
resin to meet the operating temperature requirements.  Micanite is another form of mica 
which is extensively used for insulation purposes.  Mica splitting and mica powder are 
used as filters in insulating materials, such as glass and phenolic resins.  The use of 
mica as a filter results in improved dielectric strength, reduces dielectric loss and 
improved heat resistance and hardness of the material.   
 
3.7.4 Glass   
Glass is a thermoplastic inorganic material comprising complex systems of oxides 
 2SiO .   The dielectric constant of glass varies from 3.7 to 10 and the density varies 
from 2.2 to 6 g/cm3.  At room temperature, the volume resistivity of glass varies from 
1012 to 1020 ohm cm.  The dielectric loss of glass varies from 0.004 to 0.020 depending 
on the frequency.  The losses are highest at lowest frequencies.  The dielectric strength 
of glass varies from 3000 to 5000 kV/cm and decreases with increases in temperature, 
reaching half the value at 1000C. 
Glass is used a cover and for internal supports in electric bulbs, electronic valves, 
mercury arc switches, x-ray equipment, capacitors and as insulators in telephones. 
 
3.7.5 Ceramics 
Ceramics are inorganic materials produced by consolidating minerals into monolithic 
bodies by high temperature heat treatment.  Ceramics can be divided into two groups 
depending on the dielectric constant.  Low permittivity ceramics  12r  are used as 

insulators, while the high permittivity ceramics )12( r are used in capacitors and 
transducers.   
 Tables 4.5 give the various dielectric properties of some ceramics commonly 
used for electrical purposes. 
 
Table 3.5 Properties of low permittivity Ceramics 
 
Property                 H.T                    L.T                  Low loss         lumina        Forsterite 
                          Porcelain          Porcelain                steatite 
     
Chemical           50% clay           50% clay                   3Mgo,            95%          2MgO 
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Composition    25% Feldspar     25% Feldspar            4SiO2                                 SiO 
                         25% Flint            25% Flint                     H2O 
 
Water 
Absorption                0                     0.5 – 2                         0                 0                 0 
(p.p.m.) 
Safe  
Temperature (˚C)   1000                   900                      1050               1600          1050 
Dielectric 
Strength (kV/mm)      25                      3                        8 – 25                16            8 – 12 
εr                               5 – 7                5 – 7                       6                       9               6 
tanδ ×104                  50-100          100-200                    10                      5             3-4 
                         
 
3.7.6 Plastics 
Plastics are very widely insulating materials because of their excellent dielectric 
properties.  Many new developments in electrical engineering and electronics would not 
have been possible without the development of plastics.  Plastics are made by 
combining large numbers of small molecules into 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 
thousand atoms are tied together in one direction.  The thermosetting resins on the other 
hand, form a three-dimensional network.  In view of the large number of plastics 
available, it will not be possible to deal with all of them, and only material which are 
commonly used for insulation purposes are described.   
-Polyethylene is a thermoplastic material which combines unusual electrical properties, 
high resistance to moisture and chemicals, easy processability, and low cost. They have 
got dielectric strengths varying from 170 to 1000 kV/cm and volume resistivity greater 
than 1016 ohm-cm.  
-Fluorocarbon Plastics are the best plastics used for insulation because of their excellent 
electrical and mechanical properties. They have got dielectric strengths varying from 104 
to 512 kV/cm and volume resistivity greater than 1016 ohm-cm.  
-Nylon is a thermoplastic which possesses high impact, tensile and flexural strengths 
over a wide range of temperature (0 to 300˚C) with high dielectric strength and good 
surface and volume resistivities even after lengthy exposure to high humidity, resistant to 
chemical action, can be easily moulded, extruded and machined. It has got dielectric 
strength varying from 154 to 204 kV/cm, volume resistivity greater than 1012 ohm-cm.  
-Polyvinyl chloride or P.V.C. is used in various commercial in various form. It is 
chemically resistant to strong acids and alkalis and is insoluble in water, alcohol and 
organic solvents like benzene. The dielectric strength, volume resistivity and surface 
resistivity are relatively high. The upper temperature limit of operation is about 60˚C. 
-Polyesters have excellent dielectric 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 a dielectric strength of 2000 kV/cm, volume 
resistivity is better than 1015 ohm-cm at 100˚C. 
-Polystyrene has a dielectric strength comparable to that of mica about 200-350 kV/cm 
and volume resistivity is about 1019 ohm-cm. They are used in the manufacture of low 
loss capacitors, which will have a very stable capacitance and extremely high insulation 
resistance. 
 
3.7.7 Rubber 
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Rubber is a natural or synthetic vulcanizable high polymer having high elastic properties.  
Electrical properties of rubber depend on the degree of compounding and vulcanizing.  
General impurities, chemical changes due to ageing, moisture content and variations in 
temperature and frequency have substantial effects on the electrical properties of 
rubber. They have got dielectric strengths varying from 80 to 390 kV/cm and 
temperature from 60˚C to 150˚C. 
 
3.7.8 Epoxy Resins 
They are thermo settings types of insulating materials. They possess excellent dielectric 
and mechanical properties. The dielectric strength is75 kV/mm and volume resistivity is 
about1013 ohm-cm. It can be formed into an insulator of any desired shape for almost 
any type of high voltage application. It is used for encapsulation of electronic 
components, generator windings and transformers, 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.   
 

Module-III 
Generation of High Voltages and Currents 

 
İn the fields of electrical engineering and applied physics, high voltages (d.c., a.c., and 
impulse) are required for several applications.  For example, electron microscopes and x-
ray units require high d.c. voltages of the order of 100 kV or more.  Electrostatic 
precipitators, particle accelerators in nuclear physics, etc. require high voltage (d.c) of 
several kilovolts and even megavolts.  High a.c. voltages of one million volts or even 
more are required for testing power apparatus rated for extra high transmission voltages 
(400 kV system and above).  High impulse voltages are required for testing purposes to 
simulate overvoltages that occur in power systems due to lightning or switching surges.  
For electrical engineers, the main concern of high voltages is for the insulation testing of 
various components in power systems for different types of voltages, namely, power 
frequency a.c., high frequency, switching or lightning impulse.  Hence, generation of 
high voltages in laboratories for testing purposes is essential and is discussed in this 
chapter. 
 
Different forms of high voltages mentioned above are classified as  

(i) high d.c. voltages, 
(ii) high a.c. voltages of power frequency, 
(iii) high a.c. voltages of high frequency, 
(iv) high transient or impulse voltages of very short duration such as lightning 

overvoltages, and 
(v) transient voltages of longer duration such as switching surges. 

 
Normally, in high voltage testing, the current under conditions of failure is limited to a 
small value (less than an ampere in the case of d.c. or a.c. voltages and few amperes in 
the case of impulse or transient voltages).  But in certain cases, like the testing of surge 
diverters or the short circuit testing of switchgear, high current testing with several 
hundreds of ampere is of importance.  Tests on surge diverters require high surge currents 
of the order of several kiloamperes.  Therefore, test facilities require high voltage and 
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