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1b Electrostatis separator 
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2b Limitation In Townsend’s Mechanism 

• Townsend mechanism when applied to breakdown at atmospheric pressure was found to 

have certain drawbacks.  



• A)  according to the Townsend theory, current growth 

occurs as a result of ionization processes only. But in practice, breakdown voltages were found to 

depend on the gas pressure and the geometry of the gap. 

B) Mechanism  predicts time lags of the order of 10-5S, while in actual practice breakdown was 

observed to occur at very short times of the order of 10-8S.  

C) Townsend mechanism predicts a very diffused form of discharge, in actual practice, discharges 

were found to be filamentary and irregular.  

The Townsend mechanism failed to explain all these observed phenomena and as a result, around 

1940, Raether and, Meek and Loeb independently proposed the Streamer theory. 
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4.a THERMAL BREAKDOWN 

• The  breakdown voltage of a solid dielectric should increase with its thickness.  

• 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 rises.  

• 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 

 

• where, б is the d.c. conductivity of the specimen. 

• Under a.c. fields, the heat generated 

•  

• where, f= frequency in Hz, 

• δ= loss angle of the dielectric material, and 



• E- rms value. 

• The heat dissipated (WT )is given by 

•  

• where, CV= specific heat of the specimen, 

• T= temperature of the specimen, 

• K = thermal conductivity of the specimen, and 

• t = time over which the heat is dissipated. 

• Equilibrium is reached when the heat generated (Wa.c.or Wd.c.) becomes equal to 

Equilibrium is reached when the heat generated Wa.c.or Wd.c becomes equal to the heat 

dissipated (WT).  

• In actual practice there is always some heat that is radiated out). 

• Breakdown occurs when Wd.c. or Wa.c. exceeds WT.  

• The thermal instability condition is shown in Fig.  

•  Here, the heat lost is shown by a straight line 

• the heat generated at fields E1 and E2 are shown by separate curves. 

•  At field EI breakdown occurs both at temperatures TA and TB 

• In the temperature region of TA and TB heat generated is less than the heat lost for the field 

E2    the breakdown will not occur. 

• This is of great importance to practising engineers, as most of the insulation failures in high 

voltage power apparatus occur due to thermal breakdown.  

• Thermal breakdown sets up an upper limit for increasing the breakdown voltage when the 

thickness of the insulation is increased.  

• For a given loss angle and applied stress, the heat generated is proportional to the frequency 

and hence thermal breakdown is more serious at high frequencies. 



•   

• It can be seen  

•  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. 

 

4b 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 4$ and is compressed to a thickness d under an applied 

voltage  V, then the electrically developed  compressive stress is in equilibrium 

 

where Y is the Young's modulus. 

Usually, mechanical instability occurs when 

 

Substituting this in Equation the highest apparent electric stress before breakdown, 



 

• The above equation is only approximate as Y depends on the mechanical stress. 

• When  the material is subjected to high stresses the theory of elasticity does not hold good, 

and plastic deformation has to be considered 

 

5. Suspended Particle Theory  

• In commercial liquids, the presence of solid impurities cannot be avoided. 

•  These impurities will be present as fibres or as dispersed solid particles.  

• The permittivity of these particles (ε1) will be different from the permittivity of the liquid 

(ε2). 

•  If we consider these impurities to be spherical particles of radius r, and if the applied field is 

E, then the particles experience a force F, where 

 

• and this force is directed towards a place of higher stress if ε1 > ε2 and towards a place of 

lower stress if ε1 < ε2 when ε1 is the permittivity of gas bubbles.  

• The force given above increases as the permittivity of the suspended particles (ε1) increases. 

If ε1 → ∞ 

 



 

• Force  will tend the particle to move towards the strongest region of the field. 

•  In a  uniform electric field which usually can be developed by a small sphere gap,  the field is 

the strongest in the uniform field region. Here dE/dx → 0 so that the force on the particle is 

zero and the particle remains in equilibrium.  

• Particles  will be dragged into the uniform field region.  

• Permittivity  of the particles is higher than that of the liquid, the presence of particle in the 

uniform field region will cause flux concentration at its surface.   

• Other particles if present will be attracted towards the higher flux concentration.  

• The movement of the particle under the influence of electric field is opposed by the viscous 

force posed by the liquid and since the particles are moving into the region of high stress, 

diffusion must also be taken into account. 

•  We know that the viscous force is given by (Stoke’s relation) FV = 6πnrν where  η is the 

viscosity of liquid, r the raidus of the particle and v the velocity of the particle. 

• Equating the electrical force with the viscous force we have 

 

However, if the diffusion process is included, the drift velocity due to diffusion will be given by 

 

where D = KT/6πηr a relation known as Stokes-Einstein relation. Here K is Boltzmann’s constant and 

T the absolute temperature. 



 At any instant of time, the particle should have one velocity and, therefore, equation 

                                       v = vd 

We have 

• It is clear that the breakdown strength E 

depends upon the concentration of particles N, radius r of particle, viscosity η of liquid and 

temperature T of the liquid. 

• It has been found that liquid with solid impurities has lower dielectric strength as compared 

to its pure form.  

• larger the size of the particles impurity the lower the overall dielectric strength of the liquid 

containing the impurity. 

• 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 values of the breakdown strength of 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 

• Cavitation and the Bubble Theory 

• 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 

means kind of vapour bubble formed is responsible for breakdown.  

The following processes are responsible for formation of the vapour bubbles: 



• (a) Gas pockets at the surfaces 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  

• (d) vaporizations of the liquid by corona type discharge from sharp points and 

irregularities on the electrode surfaces. 

• Once a bubble is formed it will elongate 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 

• The breakdown field is given as 

• Where б is the surface tension 

of the liquid,  

• ε 1 is the permittivity of the liquid,  

• ε2 is the permittivity of the gas bubble, 

•  r is the initial radius of the bubble assumed as a sphere  

• Vb  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. 

• 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 



 

 

 

 

 

 

6a 

When a solid dielectric subjected to electrical stresses for a long time fails, normally two kinds of 

visible markings are observed on the dielectric materials. They are: 

(a) the presence of a conducting path across the surface of the insulation; 

(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 phenomena, called tracking is common between layers of bakelite, paper and similar dielectrics 

built of laminates 

• 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 a conducting path 

bridging the electrodes or in a mechanical failure of the dielectric. 

 

• Arrangement for study of treeing phenomena. 1 and 2 are electrodes 

• When a dielectric material lies between two electrodes as shown in Fig. there is a possibility 

for two different dielectric media, the air and the dielectric, to come in 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, 

 

where V is the applied voltage. 

 Since ε2>ε1, most of the voltage appears across d1 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, breakdown channels spread through the insulation in an irregular "tree" like 

fashion leading to the formation of conducting channels. 

 This kind of channelling is called treeing 

 Usually, tracking occurs even at very low voltages of the order of about 100 V, whereas 

treeing requires high voltage.  

 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 hr.  

 The numerical value of voltage that initiates or causes the formation of a track is called the 

"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 regreasing. 

 Increasing creepage distances should prevent tracking, but in practice the presence of 

moisture films defeat the purpose. 

 Usually, treeing phenomena is observed in capacitors and cables. 



  

 

6b 

• It has been recognized that one process that gives high breakdown strength to a gas is  the 

electron attachment in which free electrons get attached to 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. 

• The most common attachment processes encountered in gases are  

• (a) the direct attachment in which an electron directly attaches to form a negative ion, 

•  (b) the dissociative attachment in which the gas molecules split into their constituent atoms  

and the electronegative atom forms a negative ion.  

• These processes may be symbolically represented as: 

• (a) Direct attachment 

•  

•  (b) Dissociative attachment 



•  

• A simple gas of this type is oxygen. Other gases are sulphur hexafluoride, 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. 

• With such gases, the Townsend current growth equation is modified to include ionization 

and attachment 

• . An attachment coefficient (η) is defined, as the number of attaching collisions made by 

one electron drifting one centimetre in the direction of the field. 

• Under these conditions the current reaching the anode, can be written as: 

•  

• The Townsend breakdown criterion for attaching gases can also be deduced by equating the 

denominator to zero: 

•  

• This shows that for  η  < α breakdown is always possible irrespective of the values of  α, η, γ 

• If on the other hand, η  > α   Eq approaches an asymptotic form with  increasing value of d,  

•  

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

value of d, and the limit value is called the critical E/p. Critical E/p for SF6 is 117 V cm-1 torr-1, 

and for CCl2F2 it is 121 V cm-1 torr-1 (both at 2O0C).  

 

 

6c 



• The mechanism of spark breakdown is considered as a function  of ionization processes 

under uniform field conditions.  

But 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 the time lag. 

• The Townsend criterion for breakdown is satisfied, only if at least one election is present in 

the gap between the electrodes.  

• In the case of applied d.c. or slowly varying (50 Hz a.c) voltages, there is no difficulty in 

satisfying this condition.  

• With rapidly varying voltages of short duration (=10-6 s), the initiatory electron may not be 

present in the gap. 

•  In  the absence of such an electron breakdown cannot occur. 

• The time t which lapses between the application of the voltage sufficient to cause 

breakdown and the appearance of the initiating electron is called a statistical time lag (ts)of 

the gap.  

• The appearance of electrons is usually statistically distributed.  

• After the appearance of the electron, a time tt is required for the ionization processes to 

develop fully to cause the breakdown of the gap 

•  this time is called the formative time lag (tt).  

• The total time ts + tt=t  is called the total time lag. 

• Time lags are of considerable practical importance.  

• For breakdown to occur the  applied voltage V should be greater than the static breakdown 

voltage Vs as shown in Fig.  

• The difference in voltage ΔV = V- Vs is called the overvoltage 

•  ratio V/Vs is called the impulse ratio. 



 

Breakdown on the front of the applied impulse voltage wave 

 

• The variation of tt with overvoltage (ΔV) is shown in Fig.  

•   

 

7a Withstand Voltage 



• The voltage which has to be applied to a test object under specified conditions in a 

withstand test is called the withstand voltage 

7b  Hundred Per Cent Flashover Voltage 

The voltage that causes a flashover at each of its applications under specified conditions when 

applied to test objects is specified as hundred per cent flashover  voltage. 

7c Fifty Per Cent Flashover Voltage 

• This is the voltage which has a probability of 50% flashover, when applied to a test object.  

• This is normally applied in impulse tests in which the loss of insulation  strength is temporary 

7d Disruptive Discharge Voltage 

• This is defined as the voltage which produces the loss of dielectric strength of an insulation. 

•  It is that voltage at which the electrical stress in the insulation causes a  failure which 

includes the collapse of voltage and passage of current. 

•  In solids, this causes a permanent loss of strength. 

• In  liquids or gases only temporary loss may be caused.  

• When a discharge takes place between two electrodes in a gas or a liquid or over a solid 

surface in air, it is called fiashover.  

• If the discharge occurs through a solid insulation it is called puncture. 

7e Creepage Distance 

It is the shortest distance on the contour of the external surface of the insulator unit or between two 

metal fittings on the insulator. 
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