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This document provides lecture notes on high voltage engineering. It introduces the concepts of electric potential, electric field intensity, electric flux density, and volume charge density. It describes how Poisson's equation and Laplace's equation relate these concepts and can be used to determine potential distributions. It then discusses several numerical methods for solving Laplace's equation, including the finite difference method (FDM), finite element method (FEM), and others. FDM uses a grid to approximate derivatives and solve for potential values iteratively. FEM seeks to minimize the total electric field energy by dividing the region into discrete elements and solving a system of equations relating node potentials.Read less
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	2. UNIT-I
INTRODUCTION TO HIGH  VOLTAGE TECHNOLOGY AND APPLICATIONS
INTRODUCTION
The potential at a point plays an important role in obtaining any information regarding the electrostatic
field at that point. The electric field intensity can be obtained from the potential by gradient operation
on the potential
i.e. E = – ∇ V ...(1)
which is nothing but differentiation and the electric field intensity can be used to find electric flux
density using the relation
D = εE ...(2)
The divergence of this flux density which is again a differentiation results in volume charge
density.
∇ . D = ρv ...(3)
Therefore, our objective should be to evaluate potential which of course can be found in terms
of, charge configuration. However it is not a simple job as the exact distribution of charges for a
particular potential at a point is not readily available. Writing εE = D in equation (3) we have
 εE = ρv
or – ∇  ε  ∇ V = ρv
or ε ∇
2
V = – ρv
ρ v
or ∇
2
V = – ε ...(4)
This is known as Poisson‘s equation. However, in most of the high voltage equipments, space
charges are not present and hence ρv = 0 and hence equation (4) is written as
∇
2
V = 0 ...(5)
Equation (5) is known as Laplace‘s equation
If ρv = 0, it indicates zero volume charge density but it allows point charges, line charge, ring
charge and surface charge density to exist at singular location as sources of the field.
Here ∇ is a vector operator and is termed as del operator and expressed mathematically in
cartesian coordinates as
∇ =
∂
x 
∂
y 
∂
z ...(6)
a a a
∂x ∂y ∂z
where a x , ay and az are unit vectors in the respective increasing directions.
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	3. Hence Laplace‘s equation  in cartesian coordinates is given as
∇
2
V =
∂
2
V

∂
2
V

∂
2
V
∂x 2 ∂y 2 ∂z 2 = 0 ...(7)
Since ∇ . ∇ is a dot produce of two vectors, it is a scalar quantity. Following methods are
normally used for determination of the potential distribution
(i) Numerical methods
(ii) Electrolytic tank method.
Some of the numerical methods used are
(a) Finite difference method (FDM)
(b) Finite element method (FEM)
(c) Charge simulation method (CSM)
(d) Surface charge simulation method (SCSM).
FINITE DIFFERENCE METHOD
Let us assume that voltage variations is a two dimensional problem i.e. it varies in x-y plane and it
does not vary along z-co-ordinate and let us divide the interior of a cross section of the region where
the potential distribution is required into squares of length h on a side as shown in Fig. 0.1.
y
V2
V3
b
V1
c a
x
V0
d
V
4
Fig. 0.1 A portion of a region containing a two-dimensional potential field divided
into square of side h .
Assuming the region to be charge free
∇ . D = 0 or ∇ . E = 0
and for a two-dimensional situation
∂Ex

∂Ey
= 0
∂x ∂y
and from equation (7) the Laplace equation is
∂
2
V

∂
2
V
= 0 ...(8)
∂x
2
∂y
2
Approximate values for these partial derivatives may be obtained in terms of the assumed
values (Here V0 is to be obtained when V1, V2, V3 and V4 are known Fig. 1.
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	4. ∂V V1 −  V0 and ∂V  V0 − V3 ...(9)
∂x h ∂x h
From the gradients
a c
∂
2
V
∂V − ∂V

∂x a ∂x c
 V1 − V0 − V0  V3 ...(10)
∂x
2
0 h h
2
Similarly ∂
2
V V2 − V0 − V0  V4
∂y
2
0 h
2
Substituting in equation (8) we have
∂
2
V  ∂
2
V V1  V2  V3  V4 − 4V0 = 0
∂x
2
∂y
2
h2
1
or V0 = (V1 + V2 + V3 + V4) ...(11)
4
As mentioned earlier the potentials at four corners of the square are either known through com-
putations or at start, these correspond to boundary potentials which are known a priori. From equation
(11) it is clear that the potential at point O is the average of the potential at the four neighbouring
points. The iterative method uses equation (11) to determine the potential at the corner of every square
sub-division in turn and then the process is repeated over the entire region until the difference in values is
less than a prespecified value.
The method is found suitable only for two dimensional symmetrical field where a direct solution is
possible. In order to work for irregular three dimensional field so that these nodes are fixed upon
boundaries, becomes extremely difficult. Also to solve for such fields as very large number of V(x, y)
values of potential are required which needs very large computer memory and computation time and hence
this method is normally not recommended for a solution of such electrostatic problems.
FINITE ELEMENT METHOD
This method is not based on seeking the direct solution of Laplace equation as in case of FDM, instead
in Finite element method use is made of the fact that in an electrostatic field the total energy enclosed
in the whole field region acquires a minimum value. This means that this voltage distribution under
given conditions of electrode surface should make the enclosed energy function to be a minimum for a
given dielectric volume v.
We know that electrostatic energy stored per unit volume is given as
W = 1 ∈ E
2
...(12)
2
For a situation where electric field is not uniform, and if it can be assumed uniform for a differ-
ential volume δv, the electric energy over the complete volume is given as
W =
1
2 zV
1
2 ∈ ( − ∇V ) dv ...(13)
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	5. To obtain voltage  distribution, our performance index is to minimise W as given in equation
(13).
Let us assume an isotropic dielectric medium and an electrostatic field without any space charge.
The potential V would be determined by the boundaries formed by the metal electrode surfaces.
Equation (13) can be rewritten in cartesian co-ordinates as
1
zzz
L
F ∂V I2
F ∂V I2
F∂V I 2 O
W = ∈ MG J  G J  G J P dxdydz ...(14)
2 M
H
∂x K H ∂y K H ∂z K P
N Q
Assuming that potential distribution is only two-dimensional and there is no change in potential
∂V
along z-direction, then ∂z = 0 and hence equation (14) reduces to
WA = z L
1
R ∂V I2
 F ∂V I2UO ...(15)
∈
M |F |
P dxdy
G J
zz M 2
G J V
S
∂x K P
H H ∂y K |
N
|
T WQ
Here z is constant and WA represents the energy density per unit area and the quantity within
integral sign represents differential energy per elementary area dA = dxdy.
In this method also the field between electrodes is divided into discrete elements as in FDM.
The shape of these elements is chosen to be triangular for two dimensional representation and tetrahe-
dron for three dimensional field representation Fig. 0.2 (a) and (b).
Vk
Vk
V
h Vj
V
i
V
j
Vi
Fig. (a) Triangular finite element (b) Tetrahedron finite element.
The shape and size of these finite elements is suitably chosen and these are irregularly distrib-
uted within the field. It is to be noted that wherever within the medium higher electric stresses are
expected e.g. corners and edges of electrodes, triangles of smaller size should be chosen.
Let us consider an element e1 as shown in Fig. 0.2(a) as part of the total field having nodes i, j
and k in anti-clockwise direction. There will be a large no. of such elements e1, e2 .....eN . Having
obtained the potential of the nodes of these elements, the potential distribution within each elements is
required to be obtained. For this normally a linear relations of V on x and y is assumed and hence the
first order approximation gives
V(x, y) = a1 + a2x + a3 y ...(16)
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	6. It is to  be noted that for better accuracy of results higher order approximation e.g. square or
cubic would be required. Equation (16) implies that electric field intensity within the element is con-
stant and potentials at any point within the element are linearly distributed. The potentials at nodes i, j
and k are given as
Vi = a1 + a2xi + a3yi
Vj = a1 + a2xj + a3yj
Vk = a1 + a2xk + a3yk ...(17)
Equation (17) can be rewritten in matrix form as
L
V 1 xi
y a
i O L i O L 1 O
M P M x
j
P M P
M
V
j P  M1 y
j P M
a
2 P
NV
k Q N1 x
k
y
k Q Na
3 Q
By using Cramer‘s rules, the coefficient a1, a2, a3 can be obtained as follows
a = 1 (α V + α V + α V )
1
2∆ e
i i j j k k
a = 1 (β V + β V + β V )
2 k
2∆ e
i i j j k
and a3 =
1
(γi Vi + γj Vj + γk Vk)
2∆ e
...(18)
...(19)
where αi = xj yk – xk yj, αj = xk yi – xi yk , αk = xi yj – xj yi
βi = yi – yk , βj = yk – yi, βk = yi – yj
γi = xk – xj, γj = xi – xk, γk = xj – xi
and 2∆e = αi + αj + αk = βiγj – βjγi
where ∆e represents the area of the triangular element under consideration. As mentioned earlier the
nodes must be numbered anticlockwise, else ∆e may turn out to be negative.
From equation (16), the partial derivatives of V are
∂V = a
2
= f(V , V , V ) and ∂V = a
3
= f(V , V , V ) ...(20)
∂x ij k
∂y ijk
We know that for obtaining the voltage at various nodes we have to minimise the energy within
the whole system for which derivatives of energies with respect to potential distribution in each ele-
ment is required. For the element e under consideration, let We be the energy enclosed in the element,
then energy per unit length in the z-direction We /z denoted by W∆e can be obtained by using equation
(15) as follows
W 1 R∂V I 2 F ∂V I 2
U
e |F |
W =  ∈ ∆e G J 
G J V ...(21)
∆e
z 2 S
∂x K
H H ∂y K |
|
∆e = zze dxdy
T We
Here
To obtain condition for energy minimisation we differentiate partially equation (21) with
respect to Vi , Vj and Vk separately. Thus partially differentiating equation (21) with respect to Vi and
making use of equations (19) and (20).
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	7. ∂W 1 F  ∂a ∂a I
We have ∆e  ∈ ∆ e G 2a2
2
 3 J= 1
∈ ( a 2 β i  a3 γ i )
2 ∂Vi 2
∂Vi H ∂Vi K
= ε [(β
2
 γ
2
) V  (β β γ γ )V  (β β γ γ )V ] ...(22)
j j j k k
4∆ e
i i i i i i i k
Similarly, finding partial derivatives of equation (21) with respect to Vj and Vk and following
the procedure outlined above for partial derivative with respect to Vi and arranging all the three
equation in matrix from we have
∂W
∆e ε
L (β i
2
 γ i
2
)
M
 M(β j β i  γ j γ i )
∂Ve
4∆ e
M(β k β i  γ k γ i )
N
ε M
L(C
ii
)(C
ij
)
= M
(C ji )
C
jj
C
kj
4∆ e
M Cki
N
(β i β j  γ i γ j ) (β i β k  γ i γ k ) OLVi O
(β j
2
 γ j
2
) (β jβ k  γ j γ k )
PM
Vj P
(β β  γ γ ) (β 2
γ 2
) PM
Vk
P
k j k j k k P
N Q
Q
C
ik O LVi O
C jk
P
M
V P = [C] [V]
P M j
P ee
C
kk P NV
k Qe
Qe
...(22a)
...(23)
After considering a typical element e, the next step is to take into account all such elements in
the region under consideration and the energy associated with all the elements will then be
N
1
W =∑ We  ∈ [V
T
] [C] [V] ...(24)
2
e  1
LV
1 O
where MV2 P
[V] =
M M P
M P
NV
n Q
and n is the total number of nodes in the system and N is the no. of elements and [C] is called the
global stiffness matrix which is the sum of the individual matrices.
In general ∂W leads to
∂Vh
n
∑Vi Cik = 0 ...(25)
i  1
The solution of the above equations gives voltage distribution in the region. Of course while
seeking the final solution the boundary conditions must be satisfied and hence this would require
some iterative method for the exact solution.
The second approach could be to formulate energy function in terms of the unknown nodal voltage.
This energy function is subjected to certain constraints in terms of boundary conditions. The objective then
is to min. [W] subject to certain constraints. For this various mathematical programming techniques like,
Fletcher Powell technique, Fletcher technique, direct search techniques, self scaling variable metric
techniques can be used. A computer program can be developed and accuracy of the result can be obtained
depending upon the convergence critsion fed into the computer. A suitable initial guess for the solution can
always be made depending upon the system configuration and during every iteration the voltage can be
updated till all the boundary conditions are satisfied and the energy
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	8. function is minimised  that is when the change in the energy function between two consecutive itera-
tions is less than a prespecified value.
The finite element method is useful for estimating electric fields at highly curved and thin elec-
trode surfaces with composite dielectric materials especially when the electric fields are uniform or
weakly non-uniform and can be expressed in two dimensioned geometrics. The method is normally
not recommended for three dimensional non-uniform fields.
CHARGE SIMULATION METHOD
As suggested by the name itself, in this method, the distributed charges on the surface of a conductor/
electrode or dielectric interfaces is simulated by replacing these charges by n discrete fictitious indi-
vidual charges arranged suitably inside the conductor or outside the space in which the field is to be
computed. These charges could be in the form of point, line or ring, depending upon the shape of the
electrode under consideration. It could be a suitable combination of these fictitious charges. The posi-
tion and type of simulation charges are to be determined first and then the field on the electrode
surface is determined by the potential function of these individual charges. In order to determine the
magnitude of these charges n no. of points are chosen on the surface of the conductor. These points
are known as ―contour points‘‘. The sum of the potentials due to fictitious charge distribution at any
contour points should correspond to the conductor potential Vc which is known a priori.
Suppose qi, is one of the fictitious charges and Vi is the potential of any point Pi in space which
is independent of the coordinate system chosen, the total potential Vi due to all the charges is given as
n
Vi = ∑
p
ij
q
j ...(26)
j  1
where pij are known as ‗‗potential Co-efficient‘‘ which are to be determined for different types of
charges by using Laplace‘s equation. We know that potential at a point P at a distance ‗a‘ from a point
charge q is given as
q
V = ...(27)
4π ∈a
So here the potential co-efficient p is 1
4π ∈ a
Similarly, these co-efficients for linear and ring or circular charges can also be obtained. It is
found these are also dependent upon various distance of these charges from the point under considera-
tion where potential is to be obtained and the permittivity of the medium as in case of a point charge
and hence potential co-efficients are constant number and hence the potential due to various types of
charges are a linear function of charges and this is how we get the potential at a point due to various
charges as an algebraic sum of potential due to individual charges.
A few contour points must also be taken at the electrode boundaries also and the potential due
to the simulated charge system should be obtained at these points and this should correspond to the
equipotentials or else, the type and location of charges should be changed to acquire the desired shape
and the given potential. Suppose we take ‗n‘ number of contour points and n no. of charges, the
follow-ing set of equations can be written
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	9. L p
11
p
12
M
Mp
21
p
22
M :
p
n  2
N p
n1
... p1n
... p2n
... pnn
O Lq
1 O
P Mq P
P M :
2
P
P M P
Q Nq
n Q
LV
1 O
MV P
...(28)
 M 2 P
M :
P
NV
n Q
The solution of these equations gives the magnitude of the individual charges and which corre-
sponds to electrode potential (V1 ....... Vn) at the given discrete points. Next, it is necessary to check
whether the type and location of charges as obtained from the solution of equation (28) satisfies the
actual boundary conditions every where on the electrode surfaces. It is just possible that at certain
check points the charges may not satisfy the potential at those points. This check for individual point
is carried out using equation (26). If simulation does not meet the accuracy criterion, the procedure is
repeated by changing either the number or type or location or all, of the simulation charges till
adequate charge system (simulation) is obtained. Once, this is achieved, potential or electric field
intensity at any point can be obtained.
The field intensity at a point due to various charges is obtained by vector addition of intensity
due to individual charges at that point. However, it is desirable to obtain the individual directional
components of field intensity separately. In cartesion coordinate system, the component of electric
field intensity along x-direction for n number of charges is given as
n
∂pij
n
E
x

∑
q
j

∑
(f
ij
)
x
q
j ...(29)
∂x
j  1 j  1
where (fij)x are known as field intensity co-efficients in x-direction.
In this method it is very important to select a suitable type of simulation charges and their
location for faster convergence of the solution e.g. for cylindrical electrodes finite line charges are
suitable, spherical electrodes have point charges or ring charges as suitable charges. However, for
fields with axial symmetry having projected circular structures, ring charges are found better. Experi-
ence of working on such problems certainly will play an important role for better and faster selection.
The procedure for CSM is summarised as follows :
1. Choose a suitable type and location of simulation charges within the electride system.
2. Select some contour point on the surface of the electrodes. A relatively larger no. of
contour points should be selected on the curved or corner points of the electrode.
3. Calculate the pij for different charges and locations (contour points) and assemble in the
form of a matrix.
4. Obtain inverse of this matrix and calculate the magnitude of charges (simulation).
5. Test whether the solution so obtained is feasible or not by selecting some check points on
the conductor surface. If the solution is feasible stop and calculate the electric field
intensity at requisite point. If not, repeat the procedure by either changing the type or
location of the simulation charges.
CSM has proved quite useful for estimation of electric field intensity for two and three dimen-
sional fields both with or without axial symmetry. It is a simple method and is found computationally
efficient and provides accurate results.
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	10. The simplicity with  which CSM takes care of curved and rounded surfaces of electrodes or
interfaces of composite dielectric medium makes it a suitable method for field estimation. The compu-
tation time is much less as compared to FDM and FEM.
However, it is difficult to apply this methods for thin electrodes e.g. foils, plates or coatings as
some minimum gap distance between the location of a charge and electrode contours is required. Also,
it is found difficult to apply this method for electrodes with highly irregular and complicated bounda-
ries with sharp edges etc.
However, as mentioned earlier a good experience of selecting type and location of simulation
charge may solve some of these problem.
An improved version of CSM known as surface charge simulation method (SCSM) described
below is used to overcome the problem faced in CSM.
SURFACE CHARGE SIMULATION METHOD
Here a suitably distributed surface charge is used to simulate the complete equipotential surface i.e.
the electrode contour since the surface charge is located on the contour surface itself. In actual practice
the existing surface charge on the electrode configuration is simulated by integration of ring charges
placed on the electrode contour and dielectric boundaries. This results into a physically correct
reproduction of the whole electrode configuration.
The electrode contours are segmented as shown in Fig. 0.3 and to each segment ‗S’ a surface
charge density is assigned by a given function Sk(x) which could be a first degree approximation or a
polynomial as follows
n
σ(x) = ∑Sk (x).σ k ...(29)
k  0
(x)
surfacechargedens
ity
x

k–1 k

k+1
Distance along the electrode contour
Fig. . Segmented Contour path with assigned σ
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	11. The individual segments  along the contour path can be represented as shown in Fig. 0.4.
Sk(x)
1
O x
k–1 xk
x
x
k+1
Fig. Representation of a segment Sk(x)
The value of Sk (x) is zero for x < xk–1 and is unity at x = xk and in between xk–1 and xk is given as
x −x
k −1 .
x
k
− x
k −1
With the representation the contour sarface is reproduced accurately and exactly and thus the
continuity of charge between the segments is assumed. Surface charges can be simulated either by line
or ring charges. Ring charge simulation is found to be more useful for fields with symmetry of
rotation. Each contour segment is assigned m no. of charges and the potential due to a charge qj, is
given by equation (26) and is rewritten here
m
V
i
=
∑
p
i
q
j
j  1
The potential co-efficient pik for a contour point i due to kth contour segment is obtained as
shown in Fig. 05.
y
x
l
x x x x
x
l = 1
m
Fig. 0.5. Concentrated charges to simulate surface charges
and is give as
p
ik σk
=
zx
σ( x ) . p
ix
dx ...(30)
Now substituting equation (29) in equation (30) we have
n
p
ikσk
=
zx ∑
S
k
(x) . σk
p
ix
dx
...(31)
k  0
Since each segment is divided into m intervals as shown in Fig. 0.5, equation (31) can be
rewritten as
xk m
(x) p dx 
∑ (y ) p σ
s s
...(32)
p
ikσk
=
zxk −1 k ix k l i l k
l  1
The potential coefficient pil are similar to the coefficients derived from a single concentrated
charge in CSM. This coefficient, therefore, can be obtained for a line charge or by solving elliptical
integral for a ring charge. The electric field intensity at any contour point i due to kth contour segment
is given as
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	12. m
E
i
=
∑σk
f
ik ...(33)
x   1
where fik are the field intensity co-efficients.
As discussed this method requires a large number of elements, normally more than 2500, inde-
pendent of the surface shape and thus require large computational efforts. Also, due to certain
practical difficulties this method is not used as frequently as other numerical methods for estimation of
electric fields.
COMPARISON OF VARIOUS TECHNIQUES
Out of the various techniques FDM is the simplest to compute and understand but the computation
effort and computer memory requirements are the highest. Also, since all difference equations are
approximation to the actual field conditions, the final solution may have considerable error.
Finite element method is a general method and has been used for almost all fields of engineer-
ing. The method is suitable for estimating fields at highly curved and thin electrode surfaces with
different dielectric materials. However, this method is more useful for uniform or weakly non-uniform
fields and which can be represented by two dimensional geometries. This method is recommended for
three dimensional complicated field configurations.
Charge Simulation Method (CSM) is considered to be one of the most superior and acceptable
method for two and three dimensional configuration with more than one dielectric and with electrode
systems of any desired shape since this method is based on minimization of the energy function which
could be subjected to any operating constraints e.g. environmental condition, it has proved to be
highly accurate method. Because of inherent features of the technique, this method also helps in
optimising electrode configuration. In this electrode configuration optimisation problems the objective
is to have field intensity as low as possible subject to the condition that a constant field intensity exists
on the complete electrode surface. With this optimisation, a higher life expectancy of high voltage
equipments can be achieved.
However, as mentioned earlier this method can not be used for thin electrodes e.g. foils, plates
or coatings due to the requirement of a minimum gap distance between the location of a charge and
electrode contour. Also, this method is not suitable for highly irregular electrode boundaries.
The surface charge simulation method even though takes into account the actual surface charge
distribution on the electrode surface, this method is not normally recommended for solution of field
problem due to some practical difficulties.
An important difference between the various method is that the FDM and FEM can be used
only for bounded field whereas CSM and SCMS can also be used for unbounded fields.
OPTIMISATION OF ELECTRODE CONFIGURATION
Various numerical techniques have been used to optimise the electrode configuration so that the
dielectric material is optimally utilised as a result a considerable improvement in dielectric behaviour
is achieved and a higher life expectancy of high voltage equipments can be anticipated. When we talk
of electrode configuration optimisation, we really mean the electric field intensity optimisation. Even
though some work has been dedicated for electrode configurations optimisation by FDM and FEM
methods, yet the inherent suitability of CSM for optimisation, lot of work has been reported in
literature using this technique.
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	13. The objective of  optimisation is to determine the configuration of electrodes which may result into a
minimum and constant field intensity on the complete electrode surface. The optimisation tech-nique is
based on the partial discharge inception electric field intensity Epd which depends upon the dielectric
material, its pressure (if gas is the medium) and the electrode configuration. It is to be noted that if the
electric field is uniform or weakly non-uniform, the partial discharge or normal breakdown takes place at
the same electric field intensity. Therefore, it is only the electrode configuration which can be optimised. If
Epd is more than the electric field intensity E applied, partial discharge can not take place which means the
electrode can be said to be optimised, if at a given voltage the maximum value
of
E
on its surface is as small as possible. Since the maximum value of E/Epd depends upon three
E
pd
parametres the shape, size and position of electrodes, three different types of optimisation possibilities
exist. The optimum shape of an electrode in characterised by
Min. (E/Epd)max = constant ...(34) The optimisation methods are based on
iterative process and when equation (0.34) is satisfied, the optimum electrode configuration is
obtained. While using CSM, following strategies are used for
optomisation of electrode configuration.
(i) Displacement of contour points perpendicular to the surface
(ii) Changing the position of the ‗‗optimisation charges‘‘ and contour points
(iii) Modification of contour elements
A brief view of these methods is given below.
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	14. UNIT-II:
BREAK DOWN IN  GASEOUS AND LIQUID DIELECTRICS
INTRODUCTION
With ever increasing demand of electrical energy, the power system is growing both in size and com-
plexities. The generating capacities of power plants and transmission voltage are on the increase be-
cause of their inherent advantages. If the transmission voltage is doubled, the power transfer capability
of the system becomes four times and the line losses are also relatively reduced. As a result, it
becomes a stronger and economical system. In India, we already have 400 kV lines in operation and
800 kV lines are being planned. In big cities, the conventional transmission voltages (110 kV–220 kV
etc.) are being used as distribution voltages because of increased demand. A system (transmission,
switchgear, etc.) designed for 400 kV and above using conventional insulating materials is both bulky
and expensive and, therefore, newer and newer insulating materials are being investigated to bring
down both the cost and space requirements. The electrically live conductors are supported on
insulating materials and sufficient air clearances are provided to avoid flashover or short circuits
between the live parts of the system and the grounded structures. Sometimes, a live conductor is to be
immersed in an insulating liquid to bring down the size of the container and at the same time provide
sufficient insulation between the live conductor and the grounded container. In electrical engineering
all the three media, viz. the gas, the liquid and the solid are being used and, therefore, we study here
the mechanism of breakdown of these media.
MECHANISM OF BREAKDOWN OF GASES
At normal temperature and pressure, the gases are excellent insulators. The current conduction is of
the order of 10
–10
A/cm
2
. This current conduction results from the ionisation of air by the cosmic
radiation and the radioactive substances present in the atmosphere and the earth. At higher fields,
charged parti-cles may gain sufficient energy between collision to cause ionisation on impact with
neutral molecules. It is known that during an elastic collision, an electron loses little energy and
rapidly builds up its kinetic energy which is supplied by an external electric field. On the other hand,
during elastic colli-sion, a large part of the kinetic energy is transformed into potential energy by
ionising the molecule struck by the electron. Ionisation by electron impact under strong electric field
is the most important process leading to breakdown of gases.
This ionisation by radiation or photons involves the interaction of radiation with matter.
Photoionisation occurs when the amount of radiation energy absorbed by an atom or molecule exceeds its
ionisation energy and is represented as A + hν → A
+
+ e where A represents a neutral atom or
1
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	15. molecule in the  gas and hν the photon energy. Photoionization is a secondary ionization process and is
essential in the streamer breakdown mechanism and in some corona discharges. If the photon energy
is less than the ionization energy, it may still be absorbed thus raising the atom to a higher energy
level. This is known as photoexcitation.
The life time of certain elements in some of the excited electronic states extends to seconds.
These are known as metastable states and these atoms are known as metastables. Metastables have a
relatively high potential energy and are, therefore, able to ionize neutral particles. Let A be the atom to
be ionized and B
m
the metastable, when B
m
collides with A, ionization may take place according to the
reaction.
A + B
m
→ A
+
+ B + e
Ionization by metastable interactions comes into operation long after excitation and it has been
shown that these reactions are responsible for long-time lags observed in some gases.
Thermal Ionisation: The term thermal ionisation in general applies to the ionizing actions of
molecular collisions, radiation and electron collisions occurring in gases at high temperatures. When a
gas is heated to high temperature, some of the gas molecules acquire high kinetic energy and these
particles after collision with neutral particles ionize them and release electrons. These electrons and
other high-velocity molecules in turn collide with other particles and release more electrons. Thus, the
gas gets ionized. In this process, some of the electrons may recombine with positive ions resulting into
neutral molecule. Therefore, a situation is reached when under thermodynamic equilibrium condition
the rate of new ion formation must be equal to the rate of recombination. Using this assumption, Saha
derived an expression for the degree of ionization β in terms of the gas pressure and absolute tempera-
ture as follows:
β
2
1 (2πme )
3 / 2
(KT)5 / 2 e− W / KT
1 − β
2
p h
or β2
2.4  10 − 4
T
5 / 2
e−W
i
/KT
1− β
2
p
where p is the pressure in Torr, Wi the ionization energy of the gas, K the Boltzmann‘s constant, β the
ratio ni/n and ni the number of ionized particles of total n particles. Since β depends upon the tempera-
ture it is clear that the degree of ionization is negligible at room temperature. Also, if we substitute the
values of p, Wi, K and T, it can be shown that thermal ionization of gas becomes significant only if
temperature exceeds 1000° K.
TOWNSEND’S FIRST IONIZATION COEFFICIENT
Consider a parallel plate capacitor having gas as an insulat-ing
medium and separated by a distance d as shown in Fig. 1.1.
When no electric field is set up between the plates, a state of
equilibrium exists between the state of electron and positive
ion generation due to the decay processes. This state of
equilibrium will be disturbed moment a high electric field is
applied. The variation of current as a function of voltage
Fig. Parallel plate capacitor
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	16. was studied by  Townsend. He found that the current at
first increased proportionally as the voltage is increased and
then remains constant, at I0 which corresponds to the
saturation current. At still higher voltages, the current in-
creases exponentially. The variation of current as
a function of voltage is shown in Fig. 1.2. The exponen-
tial increase in current is due to ionization of gas by elec-
tron collision. As the voltage increases V/d increases and
hence the electrons are accelerated more and more and
between collisions these acquire higher kinetic energy
and, therefore, knock out more and more electrons.
To explain the exponential rise in current, Townsend
introduced a coefficient α known as Townsend’s first ionization coefficient and is defined as the
number of electrons produced by an elec-tron per unit length of path in the direction of field. Let n0 be
the number of electons leaving the cathode and when these have moved through a distance x from the
cathode, these become n. Now when these n electrons move through a distance dx produce additional
dn electrons due to collision. There-fore,
or
or
or
or
dn = α n dx
dn
 α dx
n
ln n = αx + A
Now at x = 0, n = n0. Therefore,
ln n0 = A
ln n = α x + ln n0
ln
n
 α x
n0
At x = d, n = n0 eαd
. Therefore, in terms of current
I = I0 eαd
The term eαd
is called the electron avalanche and it represents the number of electrons
produced by one electron in travelling from cathode to anode.
CATHODE PROCESSES—SECONDARY EFFECTS
Cathode plays an important role in gas discharges by supplying electrons for the initiation, sustainance
and completion of a discharge. In a metal, under normal condition, electrons are not allowed to leave
the surface as they are tied together due to the electrostatic force between the electrons and the ions in
the lattice. The energy required to knock out an electron from a Fermi level is konwn as the work
function and is a characteristic of a given material. There are various ways in which this energy can be
supplied to release the electron.
Fig. Variation of current as a
function of voltage
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	17. Thermionic Emission: At  room temperature, the conduction electrons of the metal do not have suffi-cient
thermal energy to leave the surface. However, if the metals are heated to temperature 1500°K and above,
the electrons will receive energy from the violent thermal lattice in vibration sufficient to cross the surface
barrier and leave the metal. After extensive investigation of electron emission from metals at high
temperature, Richardson developed an expression for the saturation current density Js as
Js =
4πme K
2
T
2
e
− Wα / KT
A/m
2
h
3
where the various terms have their usual significance.
Let A =
4πme K
2
h
3
the above expression becomes
Js = AT
2
e
–W/KT
which shows that the saturation current density increases with decrease in work function and increase
in temperature. Substituting the values of me, K and h, A is found to be 120 × 10
4
A/m
2
K
2
. However,
the experimentally obtained value of A is lower than what is predicted by the equation above. The
discrep-ancy is due to the surface imperfections and surface impurities of the metal. The gas present
between the electrode affects the thermionic emission as the gas may be absorbed by the metal and
can also damage the electrode surface due to continuous impinging of ions. Also, the work function is
observed to be lowered due to thermal expansion of crystal structure. Normally metals with low work
function are used as cathode for thermionic emission.
Field Emission: If a strong electric field is applied between the electrodes, the effective work function
of the cathode decreases and is given by
W′ = W – ε
3/2
E
1/2
and the saturation current density is then given by
Js = AT
2
e
–W′/KT
This is known as Schottky effect and holds good over a wide range of temperature and electric
fields. Calculations have shown that at room temperature the total emission is still low even when
fields of the order of 10
5
V/cm are applied. However, if the field is of the order of 10
7
V/cm, the
emission current has been observed to be much larger than the calculated thermionic value. This can
be ex-plained only through quantum mechanics at these high surface gradients, the cathode surface
barrier becomes very thin and quantum tunnelling of electrons occurs which leads to field emission
even at room temperature.
Electron Emission by Positive Ion and Excited Atom Bombardment
Electrons may be emitted by the bombardment of positive ion on the cathode surface. This is known as
secondary emission. In order to effect secondary emission, the positive ion must have energy more than
twice the work function of the metal since one electron will neutralize the bombarding positive ion and the
other electron will be released. If Wk and Wp are the kinetic and potential energies, respectively of the
positive ion then for secondary emission to take place Wk + Wp ≥ 2W. The electron emission by positive
ion is the principal secondary process in the Townsend spark discharge mechanism. Neutral
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	18. excited atoms or  molecules (metastables) incident upon the cathode surface are also capable of releas-
ing electron from the surface.
TOWNSEND SECOND IONISATION COEFFICIENT
From the equation
I = I0 eαx
We have, taking log on both the sides.
Fig. Variation of gap current with electrode spacing in uniform E
ln I = ln I0 + αx
This is a straight line equation with slope α and intercept ln I0 as shown in Fig. if for a given
pressure p, E is kept constant.
Townsend in his earlier investigations had observed that the current in parallel plate gap in-
creased more rapidly with increase in voltage as compared to the one given by the above equation. To
explain this departure from linearity, Townsend suggested that a second mechanism must be affecting
the current. He postulated that the additional current must be due to the presence of positive ions and
the photons. The positive ions will liberate electrons by collision with gas molecules and by bombard-
ment against the cathode. Similarly, the photons will also release electrons after collision with gas
molecules and from the cathode after photon impact.
Let us consider the phenomenon of self-sustained discharge where the electrons are released
from the cathode by positive ion bombardment.
Let n0 be the number of electrons released from the cathode by ultraviolet radiation, n+ the
number of electrons released from the cathode due to positive ion bombardment and n the number of
electrons reaching the anode. Let ν, known as Townsend second ionization co-efficient be defined as
the number of electrons released from cathode per incident positive ion, Then
n = (n0 + n+)eαd
Now total number of electrons released from the cathode is (n0 + n+) and those reaching the
anode are n, therefore, the number of electrons released from the gas = n – (n0 + n+), and
corresponding to each electron released from the gas there will be one positive ion and assuming each
positive ion releases ν effective electrons from the cathode then
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	19. or
or
or
n+ = ν  [n – (n0 + n+)]
n+ = νn – νn0 – νn+
(1 + ν) n+ = ν(n – n0)
n =
ν(n − n
0
)
+
1  ν
Substituting n+ in the previous expression for n, we have
L ν( n − n0 ) Oαd (1  ν ) n  νn − νn
n = Mn
0  Pe
= 0 0
eαd
1 1  ν
N  v Q
n
0  νn αd
= e
1 ν
or (n + νn) = n0 eαd
+ νneαd
or n + νn – νneαd
= n0eαd
or n[1+ ν – νeαd
] = n eαd
0
n eαd n eαd
or n = 0 = 0
1  νn(1 − eαd
) 1 − ν (eαd
− 1)
In terms of current
I =
I 0 eαd
1 − ν(eαd
− 1)
Earlier Townsend derived an expression for current as
I = I
(α − β) e
( α − β)d
0
α − β e( α − β )d
where β represents the number of ion pairs produced by positive ion travelling 1 cm path in the direc-
tion of field. Townsend‘s original suggestion that the positive ion after collision with gas molecule
releases electron does not hold good as ions rapidly lose energy in elastic collision and ordinarily are
unable to gain sufficient energy from the electric field to cause ionization on collision with gas
molecules or atoms.
In practice positive ions, photons and metastable, all the three may participate in the process of
ionization. It depends upon the experimental conditions. There may be more than one mechanism
producing secondary ionization in the discharge gap and, therefore, it is customary to express the net
secondary ionization effect by a single coefficient v and represent the current by the above equation
keeping in mind that ν may represent one or more of the several possible mechanism.
ν = ν1 + ν2 + ν3 + .....
It is to be noted that the value of ν depends upon the work function of the material. If the work
function of the cathode surface is low, under the same experimental conditions will produce more
emission. Also, the value of ν is relatively small at low value of E/p and will increase with increase in
E/p. This is because at higher values of E/p, there will be more number of positive ions and photons of
sufficiently large energy to cause ionization upon impact on the cathode surface. It is to be noted that
the influence of ν on breakdown mechanism is restricted to Townsend breakdown mechanism i.e., to
low-pressure breakdown only.
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	20. TOWNSEND BREAKDOWN MECHANISM
When  voltage between the anode and cathode is increased, the current at the anode is given by
I =
I 0 eαd
1 − ν (eαd
− 1)
The current becomes infinite if
1 – ν(eαd
–1) = 0
or ν(eα d
– 1) = 1
or νeα d
≈ 1
Since normally eα d
 1
the current in the anode equals the current in the external cirrcuit. Theoretically the current becomes
infinitely large under the above mentioned condition but practically it is limited by the resistance of the
external circuit and partially by the voltage drop in the arc. The condition νeαd
= 1 defines the condition for
beginning of spark and is known as the Townsend criterion for spark formation or Townsend break-down
criterion. Using the above equations, the following three conditions are possible.
(1) νeαd
=1
The number of ion pairs produced in the gap by the passage of arc electron avalanche is suffi-
ciently large and the resulting positive ions on bombarding the cathode are able to relase one
secondary electron and so cause a repetition of the avalanche process. The discharge is then
said to be self-sustained as the discharge will sustain itself even if the source producing I0 is
removed. Therefore, the condition νeαd
 defines the threshold sparking condition.
(2) νeαd
> 1
Here ionization produced by successive avalanche is cumulative. The spark discharge grows
more rapidly the more νeαd
exceeds unity.
(3) νeαd
< 1
Here the current I is not self-sustained i.e., on removal of the source the current I0 ceases to flow.
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	21. electric field E0  due to the space charge field. Fig. shows the electric field around an avalanche as it
progresses along the gap and the resultant field i.e., the superposition of the space charge field and the
original field E0. Since the electrons have higher mobility, the space charge at the head of the avalanche is
considered to be negative and is assumed to be concentrated within a spherical volume. It can be seen from
Fig. 1.4 that the filed at the head of the avalanche is strengthened. The field between the two assumed
charge centres i.e., the electrons and positive ions is decreased as the field due to the charge centres
opposes the main field E0 and again the field between the positive space charge centre and the cathode is
strengthened as the space charge field aids the main field E0 in this region. It has been observed that if the
charge carrier number exceeds 10
6
, the field distortion becomes noticeable. If the distortion of field is of
1%, it would lead to a doubling of the avalanche but as the field distortion is only near the head of the
avalanche, it does not have a significance on the discharge phenomenon. However, if the charge carrier
exceeds 10
8
, the space charge field becomes almost of the same magni-tude as the main field E0 and hence
it may lead to initiation of a streamer. The space charge field, therefore, plays a very important role in the
mechanism of electric discharge in a non-uniform gap.
Townsend suggested that the electric spark discharge is due to the ionization of gas molecule
by the electron impact and release of electrons from cathode due to positive ion bombardment at the
cathode. According to this theory, the formative time lag of the spark should be at best equal to the
electron transit time tr. At pressures around atmospheric and above p.d. > 10
3
Torr-cm, the
experimen-tally determined time lags have been found to be much shorter than tr. Study of the
photographs of the avalanche development has also shown that under certain conditions, the space
charge developed in an avalanche is capable of transforming the avalanche into channels of ionization
known as streamers that lead to rapid development of breakdown. It has also been observed through
measurement that the transformation from avalanche to streamer generally takes place when the
charge within the avalanche head reaches a critical value of
n0eαx
≈ 10
8
or αxc ≈ 18 to 20
where Xc is the length of the avalanche parth in field direction when it reaches the critical size. If the
gap length d < Xc, the initiation of streamer is unlikely.
The short-time lags associated with the discharge development led Raether and independently
Meek and Meek and Loeb to the advancement of the theory of streamer of Kanal mechanism for spark
formation, in which the secondary mechanism results from photoionization of gas molecules and is
independent of the electrodes.
Raether and Meek have proposed that when the avalanche in the gap reaches a certain critical
size the combined space charge field and externally applied field E0 lead to intense ionization and
excitation of the gas particles in front of the avalanche head. There is recombination of electrons and
positive ion resulting in generation of photons and these photons in turn generate secondary electrons
by the photoionization process. These electrons under the influence of the electric field develop into
secondary avalanches as shown in Fig. Since photons travel with velocity of light, the process leads to
a rapid development of conduction channel across the gap.
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	22. Fig. Secondary avalanche  formation by photoelectrons
Raether after thorough experimental investigation developed an empirical relation for the
streamer spark criterion of the form
αxc = 17.7 + ln xc + ln
Er
E0
where Er is the radial field due to space charge and E0 is the externally applied field.
Now for transformation of avalanche into a streamer Er ≈ E
Therefore, αxc = 17.7 + ln xc
For a uniform field gap, breakdown voltage through streamer mechanism is obtained on the
assumption that the transition from avalanche to streamer occurs when the avalanche has just crossed
the gap. The equation above, therefore, becomes
αd = 17.7 + ln d
When the critical length xc ≥ d minimum breakdown by streamer mechanism is brought about.
The condition Xc = d gives the smallest value of α to produce streamer breakdown.
Meek suggested that the transition from avalanche to streamer takes place when the radial field
about the positive space charge in an electron avalanche attains a value of the order of the externally
applied field. He showed that the value of the radial field can be otained by using the expression.
Er = 5.3 × 10
–7 αeαx
volts/cm.
1 / 2
(x / P)
where x is the distance in cm which the avalanche has progressed, p the gas pressure in Torr and α the
Townsend coefficient of ionization by electrons corresponding to the applied field E. The minimum
breakdown voltage is assumed to correspond to the condition when the avalanche has crossed the gap
of length d and the space charge field Er approaches the externally applied field i.e., at x = d, Er = E.
Substituting these values in the above equation, we have
αeαd
E= 5.3 × 10–7
(d/p)1/ 2
Taking ln on both the sides, we have
ln E = – 14.5 + ln α –
1
ln
d
+ αd
2 p
ln E – ln p = – 14.5 + ln α – ln p –
1
1n
d
+ αd
2 p
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	23. 1n E   − 14.5  ln
α − 1 ln d  αd
p p 2 p
The experimentally determined values of α/p and the corresponding E/p are used to solve the
above equation using trial and error method. Values of α/p corresponding to E/p at a given pressure
are chosen until the equation is satisfied.
THE SPARKING POTENTIAL—PASCHEN’S LAW
The Townsend‘s Criterion
ν(eαd
– 1) = 1
enables the evaluation of breakdown voltage of the gap by the use of appropriate values of α/p and ν
corresponding to the values E/p when the current is too low to damage the cathode and also the space
charge distortions are minimum. A close agreement between the calculated and experimentally deter-
mined values is obtained when the gaps are short or long and the pressure is relatively low.
An expression for the breakdown voltage for uniform field gaps as a function of gap length and
gas pressure can be derived from the threshold equation by expressing the ionization coefficient α/p as
a function of field strength E and gas pressure p i.e.,
α F E I
p
 f G J
H p K
Substituting this, we have
ef(E/p) pd = 1  1
ν
Taking ln both the sides, we have
F E I L 1 O
f
G Jpd  ln
M
 1  K say
H p K ν
P
N Q
For uniform field E = Vb .
FVb I
d
Therefore, f G J. pd  K
H pd K
F Vb I K
or f G J 
pd
H pd K
or Vb = F (p.d)
This shows that the breakdown voltage of a uniform field gap is a unique function of the
product of gas pressure and the gap length for a particular gas and electrode material. This relation is
known as Paschen’s law. This relation does not mean that the breakdown voltage is directly
proportional to product pd even though it is found that for some region of the product pd the relation is
linear i.e., the breakdown voltage varies linearly with the product pd. The variation over a large range
is shown in Fig. 1.6.
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	24. Fig. 1.6 Paschen’s  law curve
Let us now compare Paschen‘s law and the Townsend‘s criterion for spark potential. We draw the
experimentally obtained relation between the ionization coefficient α/p and the field strength f(E/p)
FEbI
for a given gas. Fig. 1.7. Here point G J represents the onset of ionization.
H p Kc
Fig. The relation between Townsend’s criterion for spark = k and Paschen’s criterion
Now the Townsend‘s criterion αd = K can be re-written as
α . V  K or α  K . E
p Ep p V P
This is equation to a straight line with slope equal to K/V depending upon the value of K. The
higher the voltage the smaller the slope and therefore, this line will intersect the ionization curve at
two points e.g., A and B in Fig. Therefore, there must exist two breakdown voltages at a constant
pressure (p = constant), one corresponding to the small value of gap length i.e., higher E (E = V/d) i.e.,
point B and the other to the longer gap length i.e., smaller E or smaller E/p i.e., the point A. At low
values of voltage V the slope of the straight line is large and, therefore, there is no intersection between
the line and the curve 1. This means no breakdown occurs with small voltages below Paschen‘s mini-
mum irrespective of the value of pd. The point C on the curve indicates the lowest breakdown voltage
or the minimum sparking potential. The spark over voltages corresponding to points A, B, C are shown
in the Paschen‘s curve in Fig.
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	25. The fact that  there exists a minimum sparking potential in the relation between the sparking
potential and the gap length assuming p to be constant can be explained quantitatively by considering
the efficiency of ionization of electrons traversing the gap with different electron energies. Assuming
that the Townsend‘s second ionization coefficient ν is small for values pd > (pd)min., electrons cross-
ing the gap make more frequent collision with the gas molecules than at (pd)min. but the energy
gained between the successive collision is smaller than at (pd). Hence, the probability of ionization is
lower unless the voltage is increased. In case of (pd) < (pd) min., the electrons cross the gap without
making any collision and thus the sparking potential is higher. The point (pd)min., therefore,
corresponds to the highest ionization efficiency and hence minimum sparking potential.
An analytical expression for the minimum sparking potential can be obtained using the general
expression for α/p.
αAeBp/ E
or α  pAe
− Bpd /Vb
p
− Bpd / Vb
pA 1 e
Bpd / Vb
or e = α or α  pA
1 e
B
pd
/V
or d . 
b
αd pA
F
1
I
We know that αd = 1n H1  K
ν
d 
e
Bpd /Vb
1n
F
1
1 I
Therefore, pA H ν K
F
Assuming ν to be constant, let
1 I
1n H1  K
 k
ν
d 
e Bpd / Vb
K
Then
pA
In order to obtain minimum sparking potential, we rearrange the above expression as
Vb = f(pd)
Taking 1n on both sides, we have
Bpd  ln Apd
Vb K
or Vb =
Bpd
ln Apd / k
Differentiating Vb w.r. to pd and equating the derivative to zero
ln
Apd
. B − Bpd .
K
.
A
B ln Apd
dVb Apd K B
K

K
= −  0
d ( pd) F Apd I 2
F Apd I 2
F Apd I 2
H1n K H1n K H1n K
K K K
or
1 1
ln Apd F Apd I2
K Hln K K
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	26. or 1n Apd  = 1
K
or 1n Apd = e
K
or
e K
(pd)
min
=
A
or V = B eK / A
 B . eK
b min 1 A
1 I
B F
Vbmin = 2.718 1n H1  K
A ν
If values of A, B and ν are known both the (pd) min and Vbmin can be obtained. However, in
practice these values are obtained through measurements and values of some of the gases are given in
the following Table 1.1.
Table Minimum Sparking Constant for various gases
Gas (pd)min Vb min volts
Air 0.55 352
Nitrogen 0.65 240
Hydrogen 1.05 230
SF6 0.26 507
CO2 0.57 420
O
2 0.70 450
Neon 4.0 245
Helium 4.0 155
Typical values for A, B and ν for air are A = 12, B = 365 and ν = 0.02.
Schuman has suggested a quadratic formulation between α/p and E/p under uniform field over
a wide but restricted range as
L E FE I O2
α
s  C M − G J P
p N p
H p K Q
where (E/p)c is the minimum value of E at which the effective ionization begins and p is the pressure,
C a constant.
We know that Townsend‘s spark criterion for uniform fields is αd = k where k = (1 + 1/ν).
Therefore, the equation above can be re-written as
K L E F E I O2
 C M − G J P
dp M p
H
p K
c P
N Q
F K 1 I1 / 2 E FE I
or G . J  − G J
p
H C pd K H p Kc
E F E I F K / C I1 / 2
or G J G J
p H p K c H pd K
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	27. V F E  I F K /C I1 / 2

G J 
G J
dp H p Kc H pd K
or
V
b
F E I
pd 
F K
I 1/ 2
 G J
H c K
. pd
H p Kc
Sohst and Schröder have suggested values for Ec = 24.36 kV/cm K/C = 45.16 (kV)
2
/cm for air
at p = 1 bar and temperature 20°C.
Substituting these values in the above equation, we have
Vb = 6.72 pd + 24.36 (pd) kV
The breakdown voltages suggested in tables or obtained through the use of empirical relation
normally correspond to ambient temperature and pressure conditions, whereas the atmospheric air
provides basic insulation between various electrical equipments. Since the atmospheric conditions
(Tem-perature, pressure) vary widely from time to time and from location to location, to obtain the
actual breakdown voltage, the voltage obtained from the STP condition should be multiplied by the air
den-sity correction factor. The air density correction factor is given as
δ = 3.92 b
273  t
where b is the atmospheric pressure in cm of Hg and t the temperature in °C.
.
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	28. Breakdown in Electronegative  Gases
SF6, has excellent insulating strength because of its affinity for electrons (electronegativity) i.e.,
when-ever a free electron collides with the neutral gas molecule to form negative ion, the electron is
absorbed by the neutral gas molecule. The attachment of the electron with the neutral gas molecule
may occur in two ways:
SF6 + e → SF6
–
SF6 +
e → SF5
–
+ F
The negative ions formed are relatively heavier as compared to free electrons and, therefore,
under a given electric field the ions do not attain sufficient energy to lead cumulative ionization in the
gas. Thus, these processes represent an effective way of removing electrons from the space which
otherwise would have contributed to form electron avalanche. This property, therefore, gives rise to
very high dielectric strength for SF6. The gas not only possesses a good dielectric strength but it has
the unique property of fast recombination after the source energizing the spark is removed.
The dielectric strength of SF6 at normal pressure and temperature is 2–3 times that of air and at
2 atm its strength is comparable with the transformer oil. Although SF6 is a vapour, it can be liquified
at moderate pressure and stored in steel cylinders. Even though SF6 has better insulating and arc-
quencling properties than air at an equal pressure, it has the important disadvantage that it can not be
used much above 14 kg/cm
2
unless the gas is heated to avoid liquifaction.
Application of Gases in Power System
The gases find wide application in power system to provide insulation to various 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 (ii) oxygen (iii) hydrogen (iv) nitrogen (v) CO2 and (vi) electronegative gases
like sulphur hexafluoride, arcton etc.
The various properties required for providing insulation and arc interruption are:
(i) High dielectric strength.
(ii) Thermal and chemical stability.
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	29. (iii) Non-inflammability.
(iv) High  thermal conductivity. This assists cooling of current carrying conductors immersed in
the gas and also assists the arc-extinction process.
(v) Arc extinguishing ability. It should have a low dissociation temperature, a short thermal time
constant (ratio of energy contained in an arc column at any instant to the rate of energy dissipation at the
same instant) and should not produce conducting products such as carbon during arcing.
(vi) Commercial availability at moderate cost. Of the simple gases air is the cheapest and most
widely used for circuit breaking. Hydrogen has better arc extinguishing property but it has lower di-
electric strength as compared with air. Also if hydrogen is contaminated with air, it forms an explosive
mixture. Nitrogen has similar properties as air, CO2 has almost the same dielectric strength as air but
is a better arc extinguishing medium at moderate currents. Oxygen is a good extinguishing medium
but is chemically active. SF6 has outstanding arc-quenching properties and good dielectric strength.
Of all these gases, SF6 and air are used in commercial gas blast circuit breakers.
Air at atmospheric pressure is ‗free‘ but dry air costs a lot when stored at say 75 atmosphere. The
compressed air supply system is a vital part of an air blast C.B. Moisture from the air is removed by
refrigeration, by drying agents or by storing at several times the working pressure and then expanding it to
the working pressure for use in the C.B. The relative cost of storing the air reduces with increase in
pressure. If the air to be used by the breaker is at 35 kg/cm
2
it is common to store it at 210 kg/cm
2
.
Air has an advantage over the electronegative gases in that air can be compressed to extremely
high pressures at room temperature and then its dielectric strength even exceeds that of these gases.
The SF6 gas is toxic and its release in the form of leakage causes environmental problems.
Therefore, the electrical industry has been looking for an alternative gas or a mixture of SF6 with
some other gas as an insulating and arc interrupting medium. It has been observed that a suitable
mixture of SF6 with N2 is a good replacement for SF6. This mixture is not only finding acceptability
for providing insulation e.g., gas insulated substation and other equipments, it is able to quench high
current magni-tude arcs. The mixture is not only cost effective, it is less sensitive to find non-
uniformities present within the equipment. Electric power industry is trying to find optimum SF6 to
N2 mixture ratio for various components of the system viz., GIS, C.B., capacitors, CT, PT and cables.
A ratio 70% of SF6 and 30% of N2 is found to be optimum for circuit breaking. With this ratio, the
C.B. has higher recovery rate than pure SF6 at the same partial pressure. The future of using SF6 with
N2 or He for providing insulation and arc interruption is quite bright.
BREAKDOWN IN LIQUID DIELECTRICS
Liquid dielectrics are used for filling transformers, circuit breakers and as impregnants in high voltage
cables and capacitors. For transformer, the liquid dielectric is used both for providing insulation
between the live parts of the transformer and the grounded parts besides carrying out the heat from the
transformer to the atmosphere thus providing cooling effect. For circuit breaker, again besides
providing insulation between the live parts and the grounded parts, the liquid dielectric is used to
quench the arc developed between the breaker contacts. The liquid dielectrics mostly used are
petroleum oils. Other oils used are synthetic hydrocarbons and halogenated hydrocarbons and for very
high temperature applications sillicone oils and fluorinated hyrocarbons are also used.
The three most important properties of liquid dielectric are (i) The dielectric strength (ii) The
dielectric constant and (iii) The electrical conductivity. Other important properties are viscosity, ther-
mal stability, specific gravity, flash point etc. The most important factors which affect the dielectric
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	30. strength of oil  are the, presence of fine water droplets and the fibrous impurities. The presence of even
0.01% water in oil brings down the dielectric strength to 20% of the dry oil value and the presence of
fibrous impurities brings down the dielectric strength much sharply. Therefore, whenever these oils
are used for providing electrical insulation, these should be free from moisture, products of oxidation
and other contaminants.
The main consideration in the selection of a liquid dielectric is its chemical stability. The other
considerations are the cost, the saving in space, susceptibility to environmental influences etc. The use
of liquid dielectric has brought down the size of equipment tremendously. In fact, it is practically
impossible to construct a 765 kV transformer with air as the insulating medium. Table 1.2. shows the
properties of some dielectrics commonly used in electrical equipments.
Table Dielectric properties of some liquids
S.No. Property Transformer Capacitor Cable Silicone
Oil Oil Oil Oil
1. Relative permittivity 50 Hz 2.2 – 2.3 2.1 2.3 – 2.6 2.7 – 3.0
2. Breakdown strength at 12 kV/mm 18 kV/mm 25 kV/mm 35 kV/mm
20°C 2.5 mm 1 min
3. (a) Tan δ 50 Hz 10
–3
2.5 × 10
–4
2 × 10
–3
10
–3
(b) 1 kHz 5 × 10
–4
10
–4
10
–4
10
–4
4. Resistivity ohm-cm 10
12
– 10
13
10
13
– 10
14
10
12
– 10
13
2.5 × 10
14
5. Maximum permissible water
content (ppm) 50 50 50 < 40
6. Acid value mg/gm of KOH NIL NIL NIL NIL
7. Sponification mg of KOH/gm 0.01 0.01 0.01 < 0.01
of oil
8. Specific gravity at 20°C 0.89 0.89 0.93 1.0–1.1
Liquids which are chemically pure, structurally simple and do not contain any impurity even in
traces of 1 in 10
9
, are known as pure liquids. In contrast, commercial liquids used as insulating liquids
are chemically impure and contain mixtures of complex organic molecules. In fact their behaviour is
quite erratic. No two samples of oil taken out from the same container will behave identically.
The theory of liquid insulation breakdown is less understood as of today as compared to the gas or
even solids. Many aspects of liquid breakdown have been investigated over the last decades but no general
theory has been evolved so far to explain the breakdown in liquids. Investigations carried out so far,
however, can be classified into two schools of thought. The first one tries to explain the break-down in
liquids on a model which is an extension of gaseous breakdown, based on the avalanche ionization of the
atoms caused by electon collisiron in the applied field. The electrons are assumed to be ejected from the
cathode into the liquid by either a field emission or by the field enhanced thermionic effect (Shottky‘s
effect). This breakdown mechanism explains breakdown only of highly pure liquid and does not apply to
explain the breakdown mechanism in commercially available liquids. It has been observed that conduction
in pure liquids at low electric field (1 kV/cm) is largely ionic due to dissocia-tion of impurities and
increases linearily with the field strength. At moderately high fields the conduc-tion saturates but at high
field (electric), 100 kV/cm the conduction increases more rapidly and thus breakdown takes place. Fig. 1.11
(a) shows the variation of current as a function of electric field for
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	31. hexane. This is  the condition nearer to breakdown. However, if the figure is redrawn starting with low
fields, a current-electric field characteristic as shown in Fig. 1.11 (b) will be obtained. This curve has
three distinct regions as discussed above.
Conductioncurrent
High field
Saturation
Linear
(a) (b)
Fig. 1.11 Variation of current as a function of electric field
(a) High fields (b) Low fields
The second school of thought recognises that the presence of foreign particles in liquid
insulations has a marked effect on the dielectric strength of liquid dielectrics. It has been suggested
that the sus-pended particles are polarizable and are of higher permittivity than the liquid. These
particles experi-ence an electrical force directed towards the place of maximum stress. With uniform
field electrodes the movement of particles is presumed to be initiated by surface irregularities on the
electrodes, which give rise to local field gradients. The particles thus get accumulated and tend to
form a bridge across the gap which leads finally to initiation of breakdown. The impurities could also
be in the form of gaseous bubbles which obviously have lower dielectric strength than the liquid itself
and hence on breakdown of bubble the total breakdown of liquid may be triggered.
Electronic Breakdown
Once an electron is injected into the liquid, it gains energy from the electric field applied between the
electrodes. It is presumed that some electrons will gain more energy due to field than they would lose
during collision. These electrons are accelerated under the electric field and would gain sufficient
energy to knock out an electron and thus initiate the process of avalanche. The threshold condition for
the beginning of avalanche is achieved when the energy gained by the electron equals the energy lost
during ionization (electron emission) and is given by
e λ E = Chv
where λ is the mean free path, hv is the energy of ionization and C is a constant. Table 1.3 gives
typical values of dielectric strengths of some of the highly purified liquids.
Table 1.3. Dielectric strengths of pure liquids
Liquid Strength (MV/cm)
Benzene 1.1
Goodoil 1.0–4.0
Hexane 1.1–1.3
Nitrogen 1.6–1.88
Oxygen 2.4
Silicon 1.0–1.2
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	32. The electronic theory  whereas predicts the relative values of dielectric strength satisfactorily,
the formative time lags observed are much longer as compared to the ones predicted by the electronic
theory.
Suspended Solid Particle Mechanism
Commercial liquids will always contain solid impurities either as fibers or as dispersed solid particles.
The permittivity of these solids (E1) will always be different from that of the liquid (E2). Let us
assume these particles to be sphere of radisus r. These particles get polarized in an electric field E and
experi-ence a force which is given as
F=r3
ε1
–ε2 E.
dE
ε 1  2ε 2 dx
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 → ∞
F=r3
1− ε2
/ε1 E
dE
1  2ε 2 / ε1 dx
Let ε1 → ∞
F = r
3
E .
dE
dx
Thus, the 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.
Therefore, the particles will be dragged into the uniform field region. Since the 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. If the particles present are large, they become aligned due to these forces and form a bridge
across the gap. The field in the liquid between the gap will increase and if it reaches critical value,
brakdown will take place. If the number of particles is not sufficient to bridge the gap, the particles will
give rise to local field enhancement and if the field exceeds the dielectric strength of liquid, local
breakdown will occur near the particles and thus will result in the formation of gas bubbles which have
much less dielectric strength and hence finally lead to the breakdown of the liquid.
The movement of the particle under the influence of electric field is oposed 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
6πηrν = r
3
E
dE
or ν =
r 2E dE
dx 6πη dx
However, if the diffusion process is included, the drift velocity due to diffusion will be given by
νd = –
D dN − KT dN
6πηr Ndx
N dx
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	33. 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
– KT . dN r
2
E . dE
Ndx 6πη dx
6πη r
or KT dN  − r
2
E dE
r N
or KT 1n N  − r
2
E
2
r 2
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. Also, it has been observed that larger the size of the particles impurity the lower the
overall dielectric strength of the liquid containing the impurity.
Cavity Breakdown
It has been observed experimentally that the dielectric strength of liquid depnds upon the hydrostatic
pressure above the gap length. The higher the hydrostatic pressure, the higher the electric strength,
which suggests that a change in phase of the liquid is involved in the breakdown process. In fact,
smaller the head of liquid, the more are the chances of partially ionized gases coming out of the gap
and higher the chances of breakdown. This means a kind of vapour bubble formed is responsible for
the breakdown. The following processes might lead to formation of bubbles in the liquids:
(i) Gas pockets on the surface of electrodes.
(ii) Due to irregular surface of electrodes, point charge concentration may lead to corona dis-
charge, thus vapourizing the liquid.
(iii) Changes in temperature and pressure.
(iv) Dissociation of products by electron collisions giving rise to gaseous products.
It has been suggested that the electric field in a gas bubble which is immersed in a liquid of
permittivity ε2 is given by
Eb 
3E0
ε 2  2
Where E0 is the field in the liquid in absence of the bubble. The bubble under the influence of
the electric field E0 elongates keeping its volume constant. When the field Eb equals the gaseous ioni-
zation field, discharge takes place which will lead to decomposition of liquid and breakdown may
follow.
A more accurate expression for the bubble breakdown strength is given as
1 R 2πσ (2ε 2
ε 1
) Lπ V OU1 / 2
E
b 
|
M
b |
ε − ε
S
r 4 2rE
− 1PV
2 1 | M 0 P|
T N QW
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	34. where σ is  the surface tension of the liquid, ε2 and ε1 are the permittivities of the liquid and bubble,
respectively, r the initial radius of the bubble and Vb the voltage drop in the bubble. From the expres-
sion it can be seen that the breakdown strength depends on the initial size of the bubble which of
course depends upon the hydrostatic pressure above the bubble and temperature of the liquid. Since
the above formation does not take into account the production of the initial bubble, the experimental
values of breakdown were found to be much less than the calculated values. Later on it was suggested
that only incompressible bubbles like water bubbles can elongate at constant volume according to the
simple gas law pV = RT. Such a bubble under the influence of electric field changes its shape to that of
a prolate spheroid and reaches a condition of instability when β, the ratio of the longer to the shorter
diameter of the spheroid is about 1.85 and the critical field producing the instability will be given by
Ec = 600
π σ L ε 2 O
ε
M
ε 2 − ε1
− G P H
2
r
N Q
1 Lβ cosh −1
β O
where G = M − 1P
β
2
− 1 (β
2
−
1/ 2
N 1) Q
F 1I
and H
2
= 2β1/3
G 2 β − 1 − J
β
2
H K
For transformer oil ε2 = 2.0 and water globule with r = 1 m, σ = 43 dynes/cm, the above
equation gives Ec = 226 KV/cm.
Electroconvection Breakdown
It has been recognized that the electroconvection plays an important role in breakdown of insulating fluids
subjected to high voltages. When a highly pure insulating liquid is subjected to high voltage, electrical
conduction results from charge carriers injected into the liquid from the electrode surface. The resulting
space charge gives rise to coulombic forces which under certain conditions causes hydro-dynamic
instability, yielding convecting current. It has been shown that the onset of instability is asso-ciated with a
critical voltage. As the applied voltage approaches the critical voltage, the motion at first exhibits a
structure of hexagonal cells and as the voltage is increased further the motion becomes turbulent. Thus,
interaction between the space charge and the electric field gives rise to forces creating an eddy motion of
liquid. It has been shown that when the voltage applied is near to breakdown value,
the speed of the eddy motion is given by νe = ε 2 /ρ where ρ is the density of liquid. In liquids, the
ionic drift velocity is given by
νd =
KE where K is the mobility of ions.
Let M ν e  ε 2/ KE
ν d ρ
The ratio M is usually greater than unity and sometimes much greater than unity (Table 1.4).
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	35. Table
Medium Ion ε  M
Air NTP O– 1.0 2.3 × 10
–2
2
Ethanol Cl
–
2.5 26.5
Methanol H+ 33.5 4.1
Nitrobenzene Cl
–
35.5 22
Propylene Carbonate Cl
–
69 51
Transformer Oil H
+
2.3 200
Thus, in the theory of electroconvection, M plays a dominant role. The charge transport will be
largely by liquid motion rather than by ionic drift. The criterion for instability is that the local flow
velocity should be greater than drift velocity.
TREATMENT OF TRANSFORMER OIL
Even though new synthetic materials with better mechanical and thermal properties are being
developed, the use of oil/paper complex for high voltages is still finding applications. Oil, besides
being a good insulating medium, it allows better dispersion of heat. It allows transfer and absorption
of water, air and residues created by the ageing of the solid insulation. In order to achieve operational
requirements, it must be treated to attain high degree of purity.
Whatever be the nature of impurities whether solid, liquid or gaseous, these bring down the
dielectric strength of oil materially. Oil at 20°C with water contents of 44 ppm will have 25% of its
normal dielectric strength. The presence of water in paper not only increases the loss angle tan δ, it
accelerates the process of ageing. Similarly, air dissolved in oil produces a risk of forming bubble and
reduces the dielectric strength of oil.
Air Absorption: The process of air absorption can be compared to a diffusing phenomenon in
which a gaseous substance in this case air is in contact with liquid (oil here).
If the viscosity of the liquid is low, the convection movements bring about a continuous inter-
mixing whereby a uniform concentration is achieved. This phenomenon can, for example, be checked
in a tank where the air content or the water content measured both at the top and the bottom are
approximately equal.
Let G(t) = Air content of the oil after time t
Gm = Air content under saturation condition
p = Probability of absorption per unit time
S = Surface of oil
V = Volume of oil
The absorption of air by oil can be given by the equation
dG
 p .
S
[ Gm − G (
t)] dt V
with boundary condition at t = 0 G = G0
A
l
l
J
N
T
U
W
o
r
l
d
 


	36. Solving the above  equation
dG  p S dt
Gm − G ( t) V
or 1n {G – G (t)} = – p S t  A
m V
At t = 0 G = G0. Therefore, A = + 1n ← {Gm – G0}
or 1n Gm − G ( t)  − pS t
Gm − G0 V
or G
m
– G (t) = (G – G ) e -pSt/V
m 0
Fig. (a) shows the schematic for the measurement of air absorption by insulating oil which has
previously been degassed as a function of the absorption time. The oil is degassed and dried with the
help of the vacuum pump (1) and then introduced into the installation until the desired pressure is
reached. A part of this air is absorbed by the oil, the pressure being maintained at a constant (2) Value
by reducing the volume in absorption meter (3) Thus, air content of oil by volume can be measured.
Precision manometer (4) is used to calibrate the absorption meter. Phosphorus pentaoxide trap (5)
takes in the remainder of the water vapour.
In case of a completely degassed oil i.e., at t = 0 G = 0, we obtain
G(t) = Gm (1 – e
–pSt/V
)
To have an estimate of air absorbed by oil, let us consider a hermetically sealed bushing
impregnated under vacuum contains 20 litres of degassed oil (G0 = 0). Suppose the bushing is opened
at 25°C and remains under atmospheric pressure for 10 hours, the oil surface S = 10
3
cm
2
. Assume a
typical value of p = 0.4 cm/hr, the percentage of air absorbed in given as
G (10 hr) = 10(1 − e−10 3 / 10 4  0.4 10
)
1
2
5
4
6
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Fig. (a), (b)
The molecules of oil are held together by their internal binding energy. In order that water
molecule takes the place of oil molecule and is dissolved in the mixture, it is necessary to provide this
molecule with a quantity of energy E in the form of heat.
Let N be the number of oil molecule n, the number of water molecules.
Pn the number of possibilities of combination for n water molecules among (N + n) molecules.
i.e.,
where
and
Pn  N  n !
N ! n!
S = Entropy of the oil
T = Absolute temperature of mixture
K = Boltzamann‘s constant
E(T) = Energy required for a water molecule to take the palce of an oil molecule
W = Water content of the oil (p.p.m.)
Wm = Maximum water content of the oil, at saturation point
Thermal equilibrium will be reached when free energy F is minimum i.e.,
∂F  0
∂n
F = E (T) – TS
S = k 1n Pn
Now ∂F  ∂E (T ) − T ∂S  0
∂n ∂n ∂n
Since P =( N  n)!
n
N ! n!
Taking 1n both sides, we have
1n Pn = 1n (N + n)! – 1n N ! – 1n n !
= 1n (N + n) + 1n (N + n – 1) + 1n (N + n – 2)
... – 1n N ! – 1n n – ln (n – 1) – 1n (n – 2) – 1n (n – 3) ...
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	38. Differentiating both sides,
1  ∂Pn  1
Pn ∂n N  n
≈
1
N  n
Since ∂S  K ∂Pn
∂n Pn ∂n
Substituting for ∂S/∂n in the equation
 1  ... −
N  n − 1
−
1
= –
N
n n (N  n)
≈ –
KN
n (N  n)
1 − 1 ...
n n − 1
We have,
or
Since
Therefore,
∂E (T ) − T ∂S  0
∂n ∂n
∂E (T )  T TKN  0
∂n n (N  n)
∂E  − TKN
∂n n (N  n)
∂E = – TK
N dn
n (N  n)
N >> N + n ≈ N
dn
∂E = – TK n
or E = – TK ln n + A
when E = 0, n = N. Therefore, 0 = – TK ln N + A or A = TK ln N
or E = TK ln N
n
or ln n − E or n ≈e− E / TK
N TK N
or n = N e
–E/TK
≈ W
m
Following impurities should be considered for purification of oil (i) solid impurities (ii) free
and dissolved water particles (iii) dissolved air. Some of the methods used to remove these impurities
have been described below.
Filtration and Treatment Under Vacuum: Different types of filters have been used. Filter press with
soft and hard filter papers is found to be more suitable for insulating oil. Due to hygroscopic
properties of the paper, oil is predried before filtering. Therefore, this oil can not be used for high
voltage insulation. The subsequent process of drying is carried out in a specially, designed tank under
vacuum. The oil is distributed over a large surface by a so-called ‗‗Rasching-ring‘‘ degassing column.
Through this process, both the complete drying and degassing are achieved simultaneously. By
suitable selection of the various components of the plant e.g., rate of flow of oil, degassing surface,
vacuum pump etc., a desired degree of purity can be obtained.
Fig. (b) shows a typical plant for oil treatment. The oil from a transformer or a storage tank is
prefiltered (1) so as to protect the feeder pump (2). In (3), the oil is heated up and is allowed to flow
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	39. through filter press  (4) into degassing tank (5). The degassing tank is evacuated by means of vacuum
pump (6) whereas the second vacuum pump (7) is either connected with the degassing tank in parallel
with pump (6) or can be used for evacuating the transformer tank which is to be treated.
The operating temperature depends upon the quality and the vapour pressure of oil. In order to
prevent an excessive evaporation of the aromatics, the pressure should be greater than 0.1 Torr. The
filteration should be carried out at a suitable temperature as a higher temperature will cause certain
products of the ageing process to be dissolved again in the oil.
Centrifugal Method: This method is helpful in partially extracting solid impurities and free water. It is
totally ineffective as far as removal of water and dissolved gases is concerned and oil treated in this
manner is even over-saturated with air as air, is thoroughly mixed into it during the process. However,
if the centrifugal device is kept in a tank kept under vacuum, partial improvement can be obtained. But
the slight increase in efficiency of oil achieved is out of proportion to the additional costs involved.
Adsorption Columns: Here the oil is made to flow through one or several columns filled with an
adsorbing agent either in the form of grains or powder. Following adsorbing agents have been used:
(i) Fuller earth
(ii) Silica gel
(iii) Molecular sieves
Activated Fuller earths absorb carbonyl and hydroxyl groups which from the principal ageing
products of oil and small amount of humidity. Best results of oil treatment are obtained by a combina-
tion of Fuller earth and subsequent drying under vacuum.
Silica gel and in particular molecular sieves whose pore diameter measures 4 Å show a strong
affinity for water. Molecular sieves are capable of adsorbing water 20% of its original weight at 25°C
and water vapour pressure of 1 Torr whereas sillica gel and Fuller earth take up 6 and 4 per cent
respectively.
Molecular sieves are synthetically produced Zeolites which are activated by removal of the
crystallisation water. Their adsorption capacity remains constant upto saturation point. The
construction of an oil drying plant using molecular sieves is, therefore, simple. The plant consists of
an adsorption column containing the sieves and of an oil circulating pump.
The adsorption cycle is followed by a desorption cycle once the water content of the sieves has
exceeded 20 per cent. It has been found that the two processes adsorption and desorption are readily
reversible. In order to attain disorption of the sieves, it is sufficient to dry them in air stream of 200°C.
Electrostatic Filters: The oil to be treated is passed between the two electrodes placed in a container.
The electrostatic field charges the impurities and traces of water which are then attracted and retained
by the foam coated electrodes. This method of drying oil is found to be economical if the water
content of the oil is less than 2 ppm. It is, therefore, essential that the oil is dried before hand if the
water content is large. Also, it is desirable that the oil flow should be slow if efficient filtering is
required. Therefore, for industrial application where large quantity of oil is to be filtered, large number
of filters will have to be connected in parallel which may prove uneconomical.
TESTING OF TRANSFORMER OIL
The oil is poured in a container known as test-cell which has internal dimensions of 55 mm × 90 mm ×
100 mm high. The electrodes are polished spheres of 12.7 to 13 mm diameter, preferably of brass,
arranged horizontally with their axis not less than 40 mm above the bottom of the cell. For the test, the
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	40. distance between the  spheres shall be 4 + 0.02 mm. A suitable gauge is used to adjust the gap. While
preparing the oil sample, the test-cell should be thoroughly cleaned and the moisture and suspended
particles should be avoided. Fig. 1.13 shows an experimental set-up for finding out the dielectric
strength of the given sample of oil. The voltmeter is connected on to the primary side of the high
voltage transformer but calibrated on the high voltage side.
Fig. 1.13
The gap between the spheres is adjusted to 4 mm with the help of a gauge and the spheres are
immersed in oil to a depth as mentioned earlier. The voltage is increased gradually and continuously
till a flash over of the gap is seen or the MCB operates. Note down this voltage. This voltage is known
as rapidly-applied voltage. The breakdown of the gap has taken place mainly due to field effect. The
thermal effect is minimal as the time of application is short.
Next bring the voltage back to zero and start with 40% of the rapidly applied voltage and wait
for one minute. See if the gap has broken. If not, increase the voltage everytime by 2.1/2% of the
rapidly applied voltage and wait for one minute till the flash over is seen or the MCB trips. Note down
this voltage.
Start again with zero voltage and increase the voltage to a value just obtained in the previous
step and wait for a minute. It is expected that the breakdown will take place. A few trials around this
point will give us the breakdown value of the dielectric strength. The acceptable value is 30 kV for 4
mm applied for one minute. In fact these days transformer oils with 65 kV for 4 mm 1 minute value
are available. If it is less than 30 kV, the oil should be sent for reconditioning. It is to be noted that if
the electrodes are immersed vertically in the oil, the dielectric strength measured may turn out to be
lower than what we obtained by placing the electrodes in horizontal position which is the normal
configura-tion. It is due to the fact that when oil decomposes carbon particles being lighter rise up and
if the electrodes are in vertical configuration, these will bridge the gap and the breakdown will take
place at a relatively lower value.
Application of Oil in Power Apparatus
Oil is normally used for providing insulation between the live parts of different phases and between
phases and the grounded enclosure containing the oil and the main parts of the apparatus. Also it
provides cooling effect to the apparatus placed within the enclosure. Besides providing insulation, the
oil helps the C.B. to quench the arc produced between the breaker contacts when they begin to
separate to eliminate the faulted section from the healthy section of the system.
A
l
l
J
N
T
U
W
o
r
l
d
 


	41. In an oil  circuit breaker, the heat of the oil decomposes the oil which boils at 658 K. The gases
liberated are approx. (i) Hydrogen, 70%, (ii) Acetylene, 20%, (iii) Methane, 5% and (iv) Ethane, 5%.
(the abbreviation for these gases could be used as HAME).
The temperature about the arc is too high for the three last-named gases to exist and the arc
itself runs into a mixture of hydrogen, carbon and copper vapour at temperature above 6000 K. The
hydrogen being a diatomic gas gets dissociated into the atomic state which changes the characteristics
of the arc on account of its associated change in its thermal conductivity. The outcome of this is that
the discharge suddenly contracts and acquires an appreciably higher core temperature. In certain cases,
the thermal ionization may be so great that the discharge runs with a lower voltage which may stop the
ionization due to the electric field strength. The transition from the field ionization to thermal
ionization is most marked in hydrogen and, therefore, in oil circuit breakers.
The separation of the C.B. contacts which are carrying current gives rise to an arc without
changing much the current wave form. Initially when the contacts just begin to separate the magnitude
of current is very large but the contact resistance being very small, a small voltage appears across
them. But the distance of separation being very very small, a large voltage gradient is set up which is
good enough to cause ionization of the particles between the contacts. Also it is known that with the
copper contacts which are generally used for the circuit breakers very little thermal ionization can
occur at temperature below the melting point. For effective field emission, the voltage gradient
required is 10
6
V/cm. From this it is clear that the arc is initiated by the field emission rather than the
thermal ioniza-tion. This high voltage gradient exists only for a fraction of a micro-second. But in this
short period, a large number of electrons would have been liberated from the cathode and these
electrons while reach-ing anode, on their way would have collided with the atoms and molecules of
the gases. Thus, each emitted electron tends to create others and these in turn derive energy from the
field and multiply. In short, the work done by the initially-emitted electrons enables the discharge to
be maintained. Finally, if the current is high, the discharge attains the form of an arc having a
temperature high enough for thermal ionization, which results in lower voltage gradient. Thus, an arc
is initiated due to field effect and then maintained due to thermal ionization.
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	42. UNIT-III
BREAKDOWN IN SOLID  DIELECTRICS
Introduction:
Solid insulating materials are used almost in all electrical equipments, be it an electric heater or a 500
MW generator or a circuit breaker, solid insulation forms an integral part of all electrical equipments
especially when the operating voltages are high. The solid insulation not only provides insulation to
the live parts of the equipment from the grounded structures, it sometimes provides mechanical
support to the equipment. In general, of course, a suitable combination of solid, liquid and gaseous
insulations are used.
The processes responsible for the breakdown of gaseous dielectrics are governed by the rapid
growth of current due to emission of electrons from the cathode, ionization of the gas particles and
fast development of avalanche process. When breakdown occurs the gases regain their dielectric
strength very fast, the liquids regain partially and solid dielectrics lose their strength completely.
The breakdown of solid dielectrics not only depends upon the magnitude of voltage applied but
also it is a function of time for which the voltage is applied. Roughly speaking, the product of the
breakdown voltage and the log of the time required for breakdown is almost a constant i.e.,
Vb = 1n tb = constant
Fig. 1.14. Variation of Vb with time of application
The dielectric strength of solid materials is affected by many factors viz. ambient temperature,
humidity, duration of test, impurities or structural defects whether a.c., d.c. or impulse voltages are
being used, pressure applied to these electrodes etc. The mechanism of breakdown in solids is again
less understood. However, as is said earlier the time of application plays an important role in break-
down process, for discussion purposes, it is convenient to divide the time scale of voltage application
into regions in which different mechanisms operate. The various mechanisms are:
(i) Intrinisic Breakdown
(ii) Electromechanical Breakdown
(iii) Breakdown Due to Treeing and Tracking
(iv) Thermal Breakdown
(v) Electrochemical Breakdown
Intrinsic Breakdown
If the dielectric material is pure and homogeneous, the temperature and environmental conditions
suitably controlled and if the voltage is applied for a very short time of the order of 10
–8
second, the
dielectric strength of the specimen increases rapidly to an
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	43. upper limit known  as intrinsic dielectric strength.
The intrinsic strength, therefore, depends mainly
upon the structural design of the material i.e., the
Fig. Specimen designed for intrinsic breakdown
material itself and is affected by the ambient
temperature as the structure itself might change slightly by temperature condition. In order to obtain
the intrinsic dielectric strength of a material, the samples are so prepared that there is high stress in the
centre of the specimen and much low stress at the corners as shown in Fig.
The intrinsic breakdown is obtained in times of the order of 10
–8
sec. and, therefore, has been
considered to be electronic in nature. The stresses required are of the order of one million volt/cm. The
intrinsic strength is generally assumed to have been reached when electrons in the valance band gain
sufficient energy from the electric field to cross the forbidden energy band to the conduction band. In
pure and homogenous materials, the valence and the conduction bands are separated by a large energy
gap at room temperature, no electron can jump from valance band to the conduction band.
The conductivity of pure dielectrics at room temperature is, therfore, zero. However, in
practice, no insulating material is pure and, therefore, has some impurities and/or imperfections in
their structural designs. The impurity atoms may act as traps for free electrons in energy levels that lie
just below the conduction band is small. An amorphous crystal will, therefore, always have some free
electrons in the conduction band. At room temperature some of the trapped electrons will be excited
thermally into the conduction band as the energy gap between the trapping band and the conduction
band is small. An amorphous crystal will, therefore, always have some free electrons in the
conduction band. As an electric field is applied, the electrons gain energy and due to collisions
between them the energy is shared by all electrons. In an amorphous dielectric the energy gained by
electrons from the electric field is much more than they can transfer it to the lattice. Therefore, the
temperature of electrons will exceed the lattice temperature and this will result into increase in the
number of trapped electrons reaching the conduction band and finally leading to complete breakdown.
When an electrode embeded in a solid specimen is subjected to a uniform electric field, breakdown
may occur. An electron entering the conduction band of the dielectric at the cathode will move towards the
anode under the effect of the electric field. During its movement, it gains energy and on collision it loses a
part of the energy. If the mean free path is long, the energy gained due to motion is more than lost during
collision. The process continues and finally may lead to formation of an electron avalanche similar to gases
and will lead finally to breakdown if the avalanche exceeds a certain critical size.
Electromechanical Breakdown
When a dielectric material is subjected to an electric field, charges of opposite nature are induced on
the two opposite surfaces of the material and hence a force of attraction is developed and the
speciment is subjected to electrostatic compressive forces and when these forces exceed the
mechanical withstand strength of the material, the material collapses. If the initial thickness of the
material is d0 and is compressed to a thickness d under the applied voltage V then the compressive
stress developed due to electric field is
2
F =
1
ε 0 ε r
V
2
2 d
where εr is the relative permittivity of the specimen. If γ is the Young‘s modulus, the mechanical
compressive strength is
γ 1n
d0
d
Equating the two under equilibrium condition, we have
1
ε0
εr
V
2
γ 1n
d0
2 d 2 d
2 2 2γ d 0 2 d0
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