
CHAPTER-2
LITERATURE REVIEW

2.1 General
The ever increasing demand of more electricity for industr
ial and public consumption and the trend of progressive 
concentration of generating plants at the mouth of the coal 
mines are major factors in favour of bulk power transmiss
ion. The use of Extra High Voltage (EHV) and Ultra High 
Voltage (UHV) overhead lines is still seem to be the prefe
rable solution.

Air is the least expensive and major outdoor insulation,its 
importance increases as the rated system voltage goes up
wards. Hence, the insulation in air becomes one of the most 
important parameters for the design of overhead lines and 
the various equipments required for substations e.g. circu
it breakers, isolators etc. While designing such systems, 
safety margins for dimensioning air clearances have to be 
considered in order to avoid unexpected flasnovers. On the 
other hand, the dimensions have to be optimised for economi
cal conditions. As a consequence, care has to be taken in 
evaluating withstand voltages and in clarifying the nature 
of standard deviation 6 .
Various types of overvoltages occur in power systems becau
se of system disturbances. Switching operations in three 
phase systems result in switching overvoltages to ground on 
all three phases. Since these overvoltages are not synchro
nous and have different polarity and shapes, they also cau
se overvoltage stresses across the longitudinal insulation
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and between phases , bearing in mind that the overvoltage 
is tne difference of the phase-to-ground components.

The longitudinal insulation is understood to be an insu
lation which is subjected to the combined stress of the 
operating voltage on the one side and an overvoltage or an 
out-ot-phase operating voltage on the other. If the two 
voltage components have opposite polarity at the instant 
of wnich the overvoltages to ground reach their peak valu
es, tne overvoltage stress across tne longituainal insu
lation will be much higher than that to the ground.Besides 
the air insulation in substations between different syste
ms , the insulation across the terminals of open disconn
ectors and open circuit breakers are typical representative 
of tnis class of insulation. IEC Tecnnicai committee 17 
•Switcngear ard control gear’/92,93,94/ has specified to 
conduct two-terminal tests with both the terminals energi
zed simultaneously apart from the switching impulse tests 
for rated voltages 300kv and above.

A great many tests nave been conducted and results are re
ported on more realistic configurations with better repre
sentation of service stresses for phase-to-ground, phase- 
to-pnase and longitudinal insulation systems considering 
the effect of various influencing factors, which affect 
tne breakdown parameters and withstand voltages of a sys
tem. Further , tne flashover voltages are greatly influen
ced by the air density and humidity variations.

The various published reports/literature on these subjects
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have been reviewed in brief in this Chapter. This Chapter 
has been divided into five sections as detailed below:

- Breakdown phenomena under switching impulses,
- Longitudinal insulation: general philosophy,
- Longitudinal insulation testing,
- Air density correction factor, and
- Humidity correction factor.

All the topics mentioned aoove are described in brief in 
the following sections.

2.2 Breakdown phenomena under switching impulses

rfith the advent of transmission voltages higher than 3Q0kV, 
the switching surges have become an important factor for 
the design of the insulation. Until about 30 years ago, 
the informations on the switching impulse dielectric stren
gth of air clearances were limited to few reference confi
gurations, aid principally to the rod-plane gap. Subsequ
ently many tests were conducted on more realistic configu
rations and empirical methods were derived for asses'sing 
the required open gap clearances/17,19,20,22,62/.

The breakdown voltages for various electrode configurations 
were then co-related to a reference value by the concept 
of the gap factor first by Paris/20/ and later re-examined 
by Schneider and Weck/107/, and tnat was extensively and 
successfully used for the design of typical air insulat
ion for 750kV system configurations/52/.

Also, a large amount of work has been performed to invest
igate from a physical point of view, the phenomena of the
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dielectric discharge in large air gaps subjected to impulse 
voltages mainly of positive polarity, having time-to-crest 

between few tens and some thousands of micro-seconds/21J 
/23-30, 61-63/.

Some of the important factors which affect the breakdown 
strength of the open gap insulation are briefly discussed 
in the following sections. Special reference is made to 
the switching impulses of positive polarity.

2.2.1 Influence of switching impulse waveshape

Switching overvoltages, occuring mainly in networks at 
closing and reclosing off load lines, have a variety of 
damped complex waves. Unidirectional waves with positive 
polarity and fairly long time-to-crest produce the most 
unfavourable conditions for testing the dielectric air 
strength.

Many authors conducted laboratory testing by producing 
unidirectional double exponential wave shapes/13-20/. The 
test results are represented by U^q and , mean value and 
standard deviation of the law of probability of the dis
ruptive voltage. Figure 2.1 gives the 50% discharge vol
tage U50 as a function of time-to-crest and the gap dis
tance/17/. The voltage U5Q as a function of time-to-crest 
varies according to a U curve. The minimum of this curve, 
i.e. the critical sparkover voltage (CSOV) corresponds to 
a particular value of the time-to-crest called the 'Cri
tical time-to-crest' , Thie critical time-to-
crest increases with gap distances/17,52/.
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The analysis of the results obtained by damped oscillatory 
switching impulses virtually gives the same U^q value for 
each distance but corresponds to a very different Tcr-crit 
/28/. This difference will compel laboratories to define 
more clearly their wave-shapes, making greater allowances 
for the part where it affects the breakdown process.

The other electrode configurations show curves U5o“f^Tcr^ 
as'having the same characteristics using different numeri
cal values. T .. remains same for a given distance,cr-crxt

The value of is more difficult to determine as its est
imation needs very long series of impulses during which the 
U5Q vaJLue presents erratic fluctuations making interpretat
ion of txie test results difficult. However, the little in
formation available on this suoject seems to show that the 
standard deviation as a function of T^ elso presents a 
U snape characteristics/52/.

2.2.2 Influence of gap clearance
Prom Figure 2.1, it is seen tnat the electrode yap clear
ances increases rapidly with the increase of switching im
pulse disruptive discharge voltage. Therefore, it is inte
resting to study how this voltage increases with gap clea
rance. Figure 2.2 gives the critical sparkover voltage 
(CSOV). as a function of gap distance *d ’/17,52/.

Gaiiet et al/17/ represented this characteristic by the 
following formula:

U50
3400

1+8cT
(2.1)
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Where U5q is 50% critical discharge voltage (kv) and d is 
open gap clearance in meters. This expression is in good 
agreement with the experimental results obtained over a 
range of clearances from 1 to 21 meters. Test results up 
to 29 meters for time-to-crest lower than the critical va
lues are also available/108/ and are consistent with this 
expression. A generalization of all wave shapes is possi
ble but the results are less consistent, since the results 
obtained by different laboratories disagree/19/. Many other 
researchers have conducted extensive testing at various 
international laboratory and have suggested new empirical 
formulae for calculating the switching impulse flashover 
voltage^which are summarised in reference no. 22.

2.2.3 Influence of electrode configuration

The switching impulse strength of air gaps for a given 
sparkover distance depends strongly on the geometrical 
cuaracteristics of the gap electrodes. When the electrode 
configuration differs from the extreme rod-plane gap, the 
switching impulse sparkover voltage with positive polarity 
is nigher.

Paris/20/ conducted experiments on rod-plane, rod-rod, 
conaactor-plane, conductor-rod, conductor-structure, con
ductor-window, conductor-rod, at various gap spacings 
using 120/4000 /us wave. It was observed that the behavi
our of all the tested air gaps at positive polarity, eith
er with or without insulator strings through them, can be 
characterised both in dry and wet conditions by a similar 
law for variation of U50 as a function of gap spacing.
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In other words, the ratio between U£0 values of different

gaps do not vary with gap spacings. Thus, the positive po
larity discharge voltage of any gap can be defined by ass
ociating the variation law with the spacing of 50% disch
arge voltage U&0 of one gap only, which is assumed as the 

reference gap with a multiplying factor representing the 
constant ratio between the U^q of the gap considered and 

that of the reference gap.

This multiplying factor is called 'GAP FACTOR'.

2.2.3.1 Gap factor concept/109-113/.
The gap factor for a given configuration is defined as the 
ratio between the minimum U50 value measured for a given 
electrode configuration and the minimum U^q value for a 

rod-plane gap with equal gap length. The rod-plane elect
rode configuration is chosen as a reference because | 

it usually gives reproducible results depending on the gap 
spacing and after applying atmospheric correction factors 
according to IEC publication-60/5 /. The 50% discharge 
voltage U5Q of a rod-plane configuration can be calculat

ed with a good accuracy using equation (2.1> The critical 
flashover voltage U^q of any other electrode configurat
ions subjected to critical time-.to-crest switching impulses 
can be determined by the expression.

(2.2)
Where d is gap spacing in meters, and K is gap factor 

corresponding to the electrode configurations, K equal 
to one, corresponds to the rod-plane configuration. For

31

U,50 = K 3400
1+
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rod-rod gap configuration K is in the range of 1.*3 to 1.4. 
The roost representative air gaps for substation installat
ions are the rod-structure and conductor-structure configu
rations. It is possible that the height of the structure 
and the rod may vary from system to system and hence it is 
usual to express the gap factor as a function of ratio:
H/(H+h)/46/. Where H is height of the bottom structure from 
ground level and h is open gap spacing. The ratio of the 
switching impulse strength of such air gaps to the switch
ing impulse strength of basic rod-plane configuration as a 
function of ratio t/H+h is shown in Figure 2.3.

While using the calculated value of the discharge voltage,, 
care should be taken such that it is applicable only to 
similar structures because any modifications in the design , 
may lead to change in the value of the gap factor and hence 
extrapolation is not valid. With the knowledge of the gap 
factor.. the behaviour of the gap under the two other typi
cal stressess i.e. lightning impulses and AC voltage can 
be also determined. However, the generalization is hardly 
applicable to switching impulse shapes other than the cri
tical ones. This is probably due to the incomplete repres
entation of the phenomena involved, i.e. the lack of weigh
ing parameters playing an important role/52,110,112/.

2.3 Longitudinal Insulation{General Philosophy:
The insulation between terminals of circuit breakers and 
disconnectors known as longitudinal insulation is most 
important for the system reliability. Failure of longitu
dinal insulation is considered a major failure of the eg-



20

1.1

1.0
0 ai 0 2 0-3 0-4 0-5 0-6 0-7 0.8

H
H* h

Fig. 2-3 Effect of ground clearance on flashover 
voltage ( ref. 46)

C
O 

C
M

G
ap

 fac
to

r K

Fig. 2 4 Switching surge sparkover characteristics as a 
function of the impulse front time (ref. 118 )



34

uipraent/154/. A disconnector in the open position provides 

a visible separation between the segments of the electrical 

network which it interconnects when closed. The requiremen

ts regarding the insulation of a disconnector are thus de

fined according to the following two functions/88/.

- A working function by which it is required to isolate 

two parts of a network, each of these parts generally 

being energised and operating at the same frequency or 

at slightly different frequencies.

- A security function by which it is required to isolate 

an energised part of the systems from another part and 

the latter is grounded for maintenance work.

The circuit breaker is generally required to satisfy a si

ngle function, generally identical to the working function 

of the disconnector.

Some of the stanaards/117/ recommend that the insulation 

across the open disconnector should be higher than the 

insulation to ground by some arbitrary margin usually ex

pressed in percent of the insulation level to ground, such 

as 12.5% higher than the insulation to ground. At first 

glance this recommendation may look appealing because of 

its simplicitybut a closer analysis indicates that it is 

not accurate and leads to ambiguous interpretations (dis

cussed in section 2.3.D/118/. Moreover, the Insulation 

level of the open gap selected in accordance with the 

above rules may even result in an unnecessarily large gap. 

Historically,*the gap clearance was not a major concern
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in tne design of disconnectors for rated voltages upto 
245kv because an increase of the gap by another length of 
a meter or so was not a big problem. However* in the range 
of rated voltages greater than 30QkV, disconnectors become 
more susceptible to mechanical failures as the gap size 
increases.
In the following sections the aspects of self-co-jordi- 
nation between the insulation of a disconnector to ground 
and across the gap* and of tne voltage stresses which 
appear in service across the longitudinal insulation of 
circuit breaker and disconnector are described. The re
quirements for the longitudinal insulation and a basis 
of tests intended to verify its ability to withstand the 
relevant stresses are also described.

2.3.1 Self co-ordination of two gaps

The basic philosophy of insulation co-ordination is to 
take appropriate measures so that the flashovers which 
cannot be prevented should preferably occur where the 
least damage will result. Based on this concept* the idea 
of self co-ordination was developed and designers used to 
keep open gap clearance of a disconnector little more than 
the ground clearance to prevent flashovers across the open 
gap. However* this approach has several shortcomings.

The two parallel insulation paths, namely the open gap 
and the insulation to ground* will respond differently to 
variations of parameters such as magnitude* polarity and 
shape of the applied voltage. Figure 2.4 gives an example
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of the dependence of the dielectric strength on the front 
time of the applied impulse voltage. The minimum strength 
of the open gap insulation will not necessarily coincide 
with the mjn-timmi dielectric strepgth of the insulation to 
ground. Depending on the distances involved, the time shi
ft between the two minimum values may be such that for an 
impulse with front time T' , self co-ordination is success
fully demonstrated whereas for an impulse with front time 
T" it is not- (T* and T" are defined in Figure 2.4.).

Secondly even if the influence of tne shape or polarity 
of the applied voltage or the assymmetry of the gap con
figuration is neglected, the fact that only flashovers to 
ground have occured at a certain voltage is by no means a 
valid proof of self co-ordination for voltage magnitudes 
below or above tested level. This is so, because of the 
complex flashover performance of the parallel gaps when 
simultaneously exposed to a voltage stress/77/.

While conducting dielectric tests on a disconnector int
ended for 55GkV system it was observed that even if the 
distance across the open disconnector was 1.5 times great
er than that to ground, flashovers across the gap could not 
be avoided if the voltage magnitude is sufficiently 
high/118/. If one takes into account all the parameters 
that could affect the result of such tests, (like volt
age polarity, impuls^ shape, gap configurations, dry and 
wet conditions,, etc.), the picture will only become more 
confusing. Therefore, an alternative approach for the 
selection of the gap insulation had been proposed/118/ and
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the same is discussed below:

The logical alternative to the concept of self-co-ordinat
ion is to select the insulation of a disconnector based on 
a comparison between the various voltage stresses expect
ed to occur under service conditions and the ability of 
the insulation to withstand the stresses. The margin by 
which the dielectric strength should exceed the stress may 
be either arbitrary or calculated so that a specific value 
of the risk of failure is achieved/119/.

The obvious pre-requisites for this method are:
- a thorough analysis of voltage stresses which occur in 

a system
- an accurate determination of the dielectric strength 

of the equipments.

2.3.2 Voltage stresses
The technical committee 28 of IEC have defined the follow
ing stresses in publication 71 (5th edition), 1972.

- Power frequency voltage under normal conditions.
- Temporary overvoltages at or near to 50 Hz
- Switching overvoltages.
- Lightning overvoltages.

These are important both for deciding the ground insulat
ion and open gap insulation requirements. The longitudinal 
stresses in the security function are the same as those 
appearing on one terminal.

The combination of these stresses appearing on each termi
nal are important as far as tne working function of the
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longitudinal insulation is concerned. Under operating*;con
ditions, the voltage applied to one terminal will be the 
power frequency voltage and on the opposite terminal, it 
may be one of the types of overvoltage mentioned above.On 
account of this situation the open apparatus is subjected 
to overvoltages depending upon the phase-shift between 
peaks of two voltages.

The voltage stress on a disconnector will depend on its 
intended application as well as on the operating practice 
of the particular user. For example, a H.V. circuit break
er will usually have one disconnector at each of its ter
minals. These two disconnectors will be open at the same 
time. Obviously the stress across tnese two gaps connected 
in series is considerably lower than the stress occuring 
on an open disconnector isolating an overhead transmission 
line.
Furthermore, the voltage stress likely to appear across 
tne disconnector gap is not identical to that occuring on 
the insulation to ground, although this may be the case 
when one of tne disconnector terminals is grounded. In all 
other cases, the stress across the open disconnector will 
be the result of stresses appearing at each of its termi
nals.
Qualitative analysis of overvoltages appearing on a syst
em has been carried by many researchers/4,7,9,11/ and the 
same have been also verified experimentally/1,6,10/. As a 
result, the magnitude of overvoltages and the frequency 
of their occurrence is known. Hence, it remains to define
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the tests necessary to determine the dielectric strength 
of the insulation system. For longitudinal insulation the 
tests for the insulation to ground are not different from 
those for other high voltage apparatus and hence in the fo
llowing sections only the tests required for the longitu
dinal insulation is discussed in detail.

2.3.3 Withstand Voltage and tests
According to IEC publication 71, each type of voltage stre
ss must be represented by a test and a withstand test. As 
far as insulation between phase and earth is concerned, the 
IEC publication 71 leaves it to the relevant Technical 
Committee to fix the withstand voltages for the power fre
quency tests intended to represent the power frequency st
resses arising under normal operating conditions as well 
as stresses due to temporary overvoltages.

IEC publication 71 has specified the rated withstand volt
ages for switching impulses and lightning impulses intended 
to represent the corresponding stresses in the system. It 
has been also mentioned to eliminate those tests which 
would be rendered superfluous by other more severe tests, 
as for example, if wet switching impulse test is to be 
conducted, then dry switching impulse test may not be con
ducted .

2.3.3.1 Switching overvoltages:
The choice of the insulation level between terminals of 
a circuit breaker and disconnector depends on the accept
ed risk of flashovex. This probability of flashover may 
be decided based on the probability of flashover to earth
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of the circuit breaker or of the substation.
Assuming as- a first approach that the total stress is ex
pressed by the sum of the peax value of the switching over
voltage on, one terminal and of the.peak value of the power 
frequency voltage of opposite polarity on the other termi
nal , the ratios between withstand voltage of the terminal- 
to-terminal insulation and the withstand voltage of the 
phase-to-earth insulation can be derived with the help of 
IEC publication 71. For 420kV and 765kV systems this ratios 
would be 1.21 and 1.3 for closing overvoltages, and 1.37 
and 1.5 for reclosing overvoltages respectively/88/. Also, 
the longitudinal insulation withstand level depends upon 
the ratio between the closing overvoltages and the reclosing 
overvoltages.

It may be concluded from these .ratios that, lower the le
vel of the phase-to-earth insulation, the higher is the 
ratio between the two withstand voltages. The trend to 
reduce the insulation levels leads to 'long circuit break
ers'. This means circuit breakers in which the phase-to- 
earth insulation is reduced more than the longitudinal in
sulation.

For longitudinal insulation tne withstand voltage results 
from the combination of _a-. switching overvoltage and a 
power frequency voltage (namely known as Bias voltage test^ 
recently IEC has defined this as a 'combined voltage test' 
instead of 'Bias voltage test'). It is certainly not admi
ssible to consider that the sum of two such components 
corresponds to a ‘pure switching overvoltage'. Consequent-
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ly^any attempt to replace this combination by a pure swit
ching impulse, for example by replacing the ‘bias* with 
an appropriate increase in the amplitude of the switching 
impulse voltage (known as equivalent test) necessitates 
to increase the earth insulation to avoid flashovers to 
earth. This modifies the electrode field configuration and 
hence exact site conditions are not simulated in the labo
ratory while conducting the withstand voltage test. Thus 
any tentative view to replace this combination must be 
based on the tests conducted on sufficiently representat
ive apparatus: in the case of air insulation, the 'conver-' 
sion factor* depends upon the electrode shapes and for 
other types of insulation, it depends upon many parameters.

2.3.4 Bias voltage test

In the bias voltage test one terminal of the test object 
is energised at the rated voltage while the other terminal 
is impulsed with either a switching impulse or lightning 
impulse of opposite polarity. This test has been introdu
ced several years ago/88/.

The bias voltage test is a simple proof of the adequacy of 
the gap to withstand the combined voltage stresses likely 
to occur in service. Also, it demonstrates that the insu
lation across the open pole is capable of withstanding a 
voltage stress exceeding the applied switching or lightning 
impulse level by at least the value corresponding to the 
power frequency voltage applied to the other terminal.

Tests have been conducted by few researchers with such 
combinations having various proportions of * bias voltage1
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together with a ‘switching impulse'/75 ,87*121#122/. It has 
been established that the total withstand voltage (Ugj+U^ ) 
of the open gap insulation increases with the increase in 
bias voltage level. The lowest withstand voltage correspo
nd with a pure switching impulse# that is O-c - 0.0 where

* 4*W <UAC + USIJ' and U" is peak value of ac vol-AC4"tage and USI is switching impulse voltage.

If there is no correlation between the instantaneous value 
of trie power frequency voltage applied at tne bus-bar 
ena and the amplitude of tne switching overvoltages appear
ing at tne line end# the probability of simultaneous occ
urrence of a switching overvoltage and a power frequency 
voltage of opposite polarity of greater amplitude than 
K-J2/ x U is given in Tabie2.i (U is rated system vol
tage ).

TABLE 2.1
Probability of simultaneous occurrence of two peaks

Sr.
No. K‘ Probability of occ

urrence
1 1.0 0.0
2 0.9 0.15
3 0.7 0.25
4 0.5 0.33

Prom this# it is clear that tne value of K' should be 
fairly high. Even when K* =0.9# the probability of simu
ltaneous occurrence is still 15%. It should be attempted 
to consider this problem in a more general manner# invest-
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igating the scatter affecting the breakdown voltage and 
the law of the distribution of the values of the overvol
tages.

In bias voltage test, the magnitude of the switching imp
ulse voltage to be applied is less than the rated switch
ing impulse withstand voltage to earth, because the simul
taneous application of the rated switching impulse withst
and voltage and the peak of the power frequency voltage 
would correspond to an overvoltage whose probability of 
being exceeded would be much less than the standard 2%. 
Therefore, some reduced value is applied , but what really 
of interest is to relate this test value to the actual di
electric strength of the disconnector.

In conclusion, it can be said that for the majority of 

casesi
- the withstand voltage between terminals for switching 

impulses should depend upon the value of the closing 
overvoltages.

- the test voltages should be a combination of the fo
llowing stresses:

a. On one terminal a power frequency voltage equal to

b. On the other terminal a switching impulse, the amp
litude of which should be determined from a statis
tical study of the closing overvoltages taking into 
account a suitable safety factor.

u and



2.4 Longitudinal insulation testing

Switchgears are differentiated in respect of dielectric 
testing from other H.V. apparatus through the existence of 
a longitudinal insulation, besides the phase-to-earth and 
phase-to-phase insulation. The insulation between two ter
minals of a pole is denoted as longitudinal insulation.It 
is subjected to a voltage stress of difference of tne vol
tages at the two terminals. If these voltages are of diff
erent polarity then the voltage stress on the longitudinal 
insulation is higher than that of tne phase-to-earth insu
lation. If one disregards the very improbable case of si
multaneous occurrence of overvoltage waves of opposite po
larity at the terminals of the pole then the maximum stre
ss on the longitudinal insulation is different from that 
of the phase-to-garth insulation by the peak value of 
the phase-to-earth operating voltage. The relative diffe
rence between the longitudinal and the phase-to-earth vol
tage stress is especially large in hv switcngear, where 
the ratio between the insulation level and operating vol
tage is small.
There are two principal possibilities to test the longitu
dinal insulation of a switchgears with higher voltage 
stress than the phase-to-earth insulation, which are des
cribed in Chapter-1, section 1.4. Bachofen/121/ conduct
ed dielectric tests using both these procedures. It was 
concluded;that for the switchgears of EHV class, it is an 
important considerations that tne test objects need not 
be isolated (i.e. ground insulation should not be raised)
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for testing of tne longitudinal insulation, i.e. the one 

terminal test procedure should be avoided. Markussen et 

al/88/ have also recommended that the longitudinal insula

tion system should be tested using bias test procedure. 

Various researchers have conducted extensive research work 

on tne dielectric strength of phase-to-phase insulation 
using two impulse waves/9,64-70/. It has been concluded 
that the conclusions reached for the phase-to-phase insu

lation are also applicable to the longitudinal insulation. 
Week et al/87/ conducted experiments on phase-to-phase 

and longitudinal insulation and have proved that the beha

viour of the insulation is same for both type of insulat

ion systems.

The longitudinal insulation should be normally tested with 

an impulse wave on one terminal and a power frequency AC 
wave on the other terminal. However, the power frequency 
voltage may be replaced by a switching impulse voltage/87/. 

In such case two impulse generators would be required to 

conduct bias voltage test. This procedure solves many other 

problems which are discussed in Chapter-3.

Some of tne published results on rod-rod gap (disconnector 

type open gap) and capacitive controlled rod-rod gap (cir

cuit breaker type open gap) obtained for lightning impulse 

and switching impulse bias voltages are discussed in the 
following sections.

2.4.1 Bias voltage test on rod-rod gap insulation

2.4.1.1 Switching impulse bias test
Week et al/87/ conducted the bias voltage test on a disco-
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nnector by simulating the open gap using horizontal rod-rod 
gap configuration. The results for the switching impulse 
bias test are shown in Figure 2.5. The test set up of the 
rod-rod gap as the simulation of a disconnector type 
isolating gap is shown in Figure 2.7a. The results 
of bias voltage test obtained by them using two switching 
impulses (SI-SI) are also given for comparison. The depen-

4. —dencies of (U + U as a function of Oc show an approxi
mately increasing characteristics. For Oc = 1, the value is 
only presumed, since the gap will breakdown in the positi
ve AC half-cycle.

Similarity exists in the results for the switching impulse 
bias voltage test with SI-SI test results. For a 4m gap, 
the 50% breakdown voltages are equal, whereas for the lower 
distances the bias test results in slightly lower values. 
The differences are about 6% for the lm gap and about 2% 
for the 2m gap. The decreasing tendency may be caused by a 
decreasing influence of the AC-corona. However, this influ
ence is practically zero for the 4m gap, which was proved 
by a comparative tests with and without AC corona. The to
tal breakdown voltage always increases with OC even for 
very non-symmetrioal gap configurations/66/.

The positive impulse bias test results in lower breakdown 
voltages than the negative one, therefore negative switch
ing impulse bias test is less severe compared to the posi
tive switching impulse bias test.

Udo/75/ obtained such sparkover characteristic for rod-rod 
gap when a switching impulse voltage and a 50 Hz voltage is
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appliecf to each electrode separately. It was observed that 
the positive switching impulse bias flashover voltage 
(Ugj + uac^5Q some what higher than the ordinary positi
ve switching impulse flashover voltage 0n the
otherhand, the negative switching impulse bias flashover 
voltage (USI+ uac^50 *i‘S £ound to ke extremely lower than 
the ordinary negative switching impulse flashover voltage 

This data is indispensible for the design of the 
clearances between the electrodes of a disconnect switch.

Bachofen /121/ conducted dielectric tests on 420kV and 525kV 
system voltage swivel type isolators using one terminal 
test and bias voltage test procedures. It is reported that 
when the longitudinal insulation is tested under bias 
voltages, the voltage withstand capability of the gap under 
positive switching impulse bias voltages increases by 12% 
and 17% for 420kV and 525kV swivel isolator respectively.

Boehne and Carrara/122/ also conuucted experiments on a 
rod-rod gap (gap spacing 1.65m and 3.8 m) to study the in
fluence of bias voltages on total flashover voltage. The 
test performed showed that the existence of a bias voltage 
on the electrode opposite to that subjected to the switch
ing surge causes a reduction in the permissible overvolt-

-age to ground that the gap may withstand. The reduction, 
however, is smaller tnan the crest value of the bias vol
tage. It was observed that only 70% of the peak value of 
the bias voltage need be added to the peak value of the 
switching impulse to be withstood in order to determine 
the 'equivalent' switching impulse voltage with no bias,
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that the gap must withstand.
2.4.1.2 Lightning impulse bias test
Lightning impulse bias voltage test on rod-rod gap confi
guration was conducted by Week et al/87/ on the 4m gap.The 
results are shown in Figure 2.6. The results obtained with 
lightning impulse voltage on one terminal and switching im
pulse voltage on the other terminal (instead of Ac volt
age) are also given for comparison. The differences in the 
results of the two test procedures are negligibly small in 
the specified Oc range of 0.14 to 0.19 for the positive 
lic^tning impulse bias test. It is seen from the results, 
that, for the positive lightning impulse bias voltage test, 
the total 50% discharge voltage is nearly independent of 
and equal to the sum of the two voltage components. This 
means that the bias test produces the same stress in the 
gap as tne one-terminal test witn the sum of the two vol
tage components applied to one terminal the opposite being 
earthed (i.e.OC « 0.0). The same conclusion was also 
drawn by Bachofep/126/ when he conducted lightning impulse 
bias voltage tests oh 420kV swivel type isolator. For the 
negative lightning impulse bias test the 50% discharge vo
ltage slightly increases with cc. The bias test is, the
refore , slightly more severe than the one terminal test 
with the sum of the two voltage components ( cx.=i).The 
reason is that for the latter, the AC part, which is 
responsible for a leader formation has been removed.
2*4.2 Bias voltage test on capacitive controlled 

gap insulation
More parameters need to be considered in the case of bias
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voltage testing of tne longitudinal insulation of the jcir-
cuit breaker than the isolating gap of a disconnector.jHere,

Ithe internal insulation of the control capacitors is tjest- 
ed in parallel with the external insulation across thej br
eaker units. The open gap of the resistance chambers also 
comes in parallel with the main gap of the breaker. Sejco-

tndly, as regards the external insulation two flashover|
]

paths are involved, if two or more breaker units are c;o-
i

nnected in series. One flashover path is given by a dire
ct fl<-shover between the terminals, the other by a subse

quent . flashover of the breaker units. Both the gaps di
ffer in their dielectric flashover strength at the vari
ous test: procedures.

Tne voltage dxstribution across tne units connected in 
series was studied using computer simulation/87/ and it

i
was observed that the overstress of the unit at the high

!i
voltage terminal increases with the number of units conn
ected in series. For example of an 8 unit circuit breaker, 
having a ratio of control capacitance to stray capacitance 
of about 100, the overs tress of the first unit is of abo
ut 11% for a one terminal test ( CC= 0.0). It is of 
about 11% for a lightning impulse bias test (OC=0.j2), 
and of about 9% for a switching impulse bias test (OC=G.3). 
Although the degrees of overstress are not very large, 
their decrease with OC should be taken into account when 
substituting a two terminal test by a one terminal test 
with the sum of tne two voltage components/87/. The one 
terminal test always represents the higher voltage stress 
for the breaker unit at tne high vole.age terminal.
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2.4.2.1 Switching impulse bias test/87/
The test set-up of the capacitive controlled g&p as, the si-

" | h

mulation of an open circuit breaker is snown i|/Figure. 2.7b. ;

The test results are shown in Figure 2.8 for t helmet a 1 basely 

grounded as well as ungrounded. The results of switc 
impulse-switching impulse (Si-Si) test (i.e. switching im

pulse voltage is applied to both the electrodes having 
opposite polarity i.e. Ugj and U~ ) are also given for com

parison. ForOC<&-5 botn the test procedures result in pra

ctically the same 50% discnarge voltages. With the increase 
of OC , the U^q increases as for the case of single air 
gap. Forc^O.? non-gaussion distributions have been obtain

ed, which indicate the complexity of the discharge phenome

na of multiple gaps, however, from the testing point of 

view the range of OC/'O.S, is of lower interest because the 

measured 50% discharge voltages are considerably higher 
than for oc<u.5, i.e. the positive switching impulse bias 

test is more severe than the negative one. The difference 
in the results reported for the grounded and tne ungrounded 

base is because of the higher flashover probability to gro

und for the arrangement with grounded,base, for oC =o near

ly all flasnovers occur from the high voltage terminal to 

ground.

Figure 2.9 snows the comparison of the positive switching 

impulse test results of the controlled gap as a simulation 
of circuit breaker and actual circuit breakers. All values 
indicated are relative numbers with the 50% discharge vol
tage at OC = 0 as the basis. The results for the actual 
breakers show a considerable dispersion, which may, howe-
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J d_*j f«60 mm
h

i
a) rod-rod gap as the simulation of a 

disconnector isolating gap.
d: gap distance 
h: height above ground

2*
oo<D
IM

b) capacitive controlled gap as the
simulation of an open circuit - breaker, 

terminals
F : metal base frame (8x 0-3 x0-15m) 
Cj_: control capacitance (1050 pF±1 */•) 

dimentions in mm.

*1 '*2

Figure.27 Investigated longitudinal gap configurations, 
(ref. 87)
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O : positive SI-AC, metal base grounded 
+ : negative SI-AC, metal base grounded 

fjj : test range

Cf: positive SI-AC, metal base ungrounded 
^■.negative SI-AC, metal base ungrounded 
o: SI- SI, metal base grounded

Figure. 2-8 Switching impulse bias test results for 
the circuit breaker simulation. 50 percent 
flashover voltage (U+ + U")5q as a function 
of a . ( ref. 87 )
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0:4- unit circuit - breaker 
+ : 6 - unit circuit - breaker
t : results for the breaker simulation acc to 

Figure. 2.8- metal base ungrounded.

Figure. 2-9 Positive switching impulse bias test, comparison 
between circuit - breaker simulation and actual 
circuit - breaker test results. Related 50 percent 
flashover voltage (U+U )gg /Uar=0 
as a function of or. (ref. 87)

1,0 ; positive LI- AC, 
* ; positive LI - SI, 
3 : positive LI-AC, 

/// : test range-

base grounded 
base grounded 
rod-rod gap, d = 2-84m

1,0= positive 
2,x ; negative 

a: negative

LI-AC, base ungrounded 
LI-AC, base grounded 
LI-AC, base ungrounded

Figure.2-10 Lightning impulse bias test, controlled breaker 
simulation. 50 percent flashover voltage 
(U*+U~)5g as a function of or.(ref.87)
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ver, be simply caused by statistical inaccuracies in the 
determination of U^q. In average,-the circuit breaker re
sults are in good agreement with those of the breaker simu
lation for the ungrounded base.

2.4.2.z Lightning impulse bias test/87/
The lightning impulse bias test results obtained by Week 
et al/87/ for a gap simulating a circuit breaker are shown 
in Figure 2.10. The results of lightning impulse-switching 
impulse (LI-SI) bias test are also given for comparison.The 
50% discharge voltages obtained witn both the procedures 
show a difference of about 3%.

It is seen from Figure 2.10 tnat tne positive lightning 
impulse 50% discharge voltage increases witn oc. This is 
in contracsiction with the results for the single rod-rod 
gap presented in Figure 2.6. For a rod-rod gap with the 
same open gap distance as a simulated circuit breaker gap, 
the total 50% discharge voltage is practically independent 
from oc , (curve 3 of Figure 2.10). The single air gap 
behaves symmetricalxy, i.e. tne positive and the negative 
50% lightning impulse discharge voltages are nearly equal. 
Tne capacitive controlled gap behaves non-symmetrically as 
a rod-plane gap. The positive and tne negative 50% lightn
ing impulse flashover voltages of tne capacitive controlled 
gap are practically the same as tne relevant rod-plane va
lues. Tne explanation of this gap behaviour can be partly 
found in the presence of the capacitance feeding energy 
unto the stremer channel.
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For all bias voltage tests tne positive polarity of the im
pulse voltage is more severe than the negative polarity.In 
all bias voltage tests the power frequency voltage can be 
substituted by a switching impulse voltage which may be 
of advantage especially for the switcning impulse bias test. 
It seems the lightning impulse bias test governs the req
uirement of the open gap clearances for circuit breakers.

2.5 Air density correction factor
The dielectric strength of air decreases at high altitudes 
where air is less dense. The extent of this lowering is 
much affected by the electrode configuration, the gap spa
cing ard the waveshape of the applied voltage. Uncertain
ties about cne influence of tne above factors may there
fore have important economic eonsequencies in the design 
of transmission lines ana substation.

A few studies nave been conducted on the influence of air 
density on the impulse strength of large air gaps for 
different electrodes configurations/98,125,126/ and some 
correction factors have been suggested/5/. The correction 
philosophy of the standards is based on in depth analysis 
of a large quantity of experimental results, heverthless, 
the matter cannot be considered as sufficiently ration
alised. As an example, in tne standards/5,95/ a subdivi
sion between non-uniform configurations with 'essentially 
symmetrical voltage distribution', and with 'pronounced 
asymmetrical distribution' is made and it is difficult to 
decide to wnich category the actual line and sub-station 
configurations belong.



In order to get comprehensive information on the influence 
of air density as a function of gap geometry, impulse shape 
and voltage polarity, systematic tests were performed at 
altitudes ranging from 0 to 1800 m/129,130/. The same tests 
on very similar configurations and with the same procedures 
were carried out in three laboratories, tne results are re
ported in the literature/130,134,135/. It was observed that 
the air density influences both the minimum value of the 
U curves and their shapes, thus contributing to deterr* 
rmine the critical time-to-crest of the impulses/135/. •
A decrease of air density causes a decrease of the criti
cal time-to-crest. Also, the time to breakdown•and stand
ard deviation, , decreases witn increasing air density 
/135/.
Kucera and Fiklik/99/ conducted experiments on rod-plane 
and rod-rod gap, using switching impulses of 200/3200 ais 
and 450/430Qus wave. It was observed that the correction 
factors specified by IEC publication-60 for gap spacing 
greater than 1.5m are too hign. For 3m gap spacing the 
difference is about 3%. The results published by them were 
further analysed by Kachler et al/127/ and it was investi
gated tnat the influence of both humidity and relative 
air density is similar to a change in dimension of the 
test object, the change being the same in percentage for 
any kind of object and stress.

Kuffel et al/128/ carried out extensive work bn rod-rod 
gap. Although, IEC publication 60 and IEEE Standard-4 
do not give specific recommendations for correcting the
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data measured under negative switching impulses, it was 
confirmed that the air density has a very significant inf
luence on the breakdown value. The application of this co
rrection factor to the data obtained with the negative po
larity rod gap results in a linear relationship between the 
corrected breakdown voltage and tne absolute humidity.

Aihara et al/100/ conducted experiments on rod-plane gaps 
using switching impulses. It was observed tnat the variat
ion of flashover voltage with relative air density depends 
only on the gap spacing irrespective of the waveform, po
larity and electrode configuration.

2.5.1 Hew correction approach

Pigini et al/130/ have slightly modified the present corr
ection factors specified by IEC publication 60 for atmos
pheric correction.

A relation of the following type is assumed between the 
50% discharge voltage U5Q, relative air density cT and ab
solute humidity A evaluated in the prevailing atmospheric 
conditions, and the corresponding parameter evaluat-
ed in the standard atmospheric conditions*

U5Q = U50 (cr)n* <K>W .... (2.3)
o

with K = 1 + H"H0 .... (2.4)
100

where n, w = exponents wnicn vary with the geometry
and impulse characteristics

= Standard reference numidity, 11 gm.m 
The above expressions are slightly different from those
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given by IEC publication-60. Here# both the correction fa
ctors are acting as a multiplying factor /131/. In princi
ple, the determination of the density influence from expe
rimental results would imply the correction of the data for 
the influence of -humidity.

Asstiming that n and w are very similar/5,130/, the follow
ing expression may be assumed:

u50 = U50Q ( ) .... (2.5)

The exponent n can be determined by applying formula £.5) 
to the sets of results obtained at different atmospheric 
parameters.

Joint reseaxca work was conducted by ENEL, CESI, ESCOM and 
CFE to study the influence of air density -on the impulse 
strength of external insulation/130,134^135/. The tests 
were performed on various electrode cofigurations with 
positive and negative polarity impulses, whose shapes 
were varied from the standard lightning to long switching 
impulses.
Three sets of results were obtained at three different
sites and exponent n was derived by applying formula 2.5.
Eventhough the determination of exponent n is affected by

/

a large statistical uncertainty, the following qualitat
ive remarks were made for standard impulses/130/.

a) For lightning impulse n is close to 1, with some 
tendency to lower values for the negative polarity 
and small gaps.



59
b) For positive switching impulses n is in the range 

0 to 0.7, with a tendency to decrease with incre
asing gap clearance.

c) For negative switching impulses n is strongly dependent 
on the configuration, ranging from 0.2 to 1.2

The above trends are in line with the present IEC Stand
ards for lightning impulse. However, when switching impul
se is considered, the IEC correction factors seem to be 
too large for positive polarity, and completely inadequate 
for negative polarity. In a more general way, the data 
obtained indicated a very complex dependence of air densi
ty influence on impulse shape, polarity and gap geometry. 
Based on basic discharge processes involved they have 
proposed a new correction approach which is described in 
reference no. 132.

2.6 Humidity Correction Factors;

Flashover voltages of external insulation such as air gaps, 
suspension insulator strings, bushings, capacitors and so 
on vary with the change of atmospheric humidity.

For this reason, this effect must be taken into conside-
o

ration for tne design of various external insulation sys
tems. While stardard correction factors are available for 
positive polarity switching impulses, no such corrections 
are given by the IEC or IEEE for the negative switching 
impulse breakdown of non-uniform symmetrical field gaps 
"owing to uncertainty of the available experimental data". 
Also, no mention is made of tne likely effect of the ele-
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ctrode shape ox of conditioning of the electrodes. The co— 

rrection factors given by standards are based on the ,data 

obtained from nearly standard lightning and switching im

pulses, therefore, it is not clear whether application is 

possible for various other impulses including wave fronts 

of very long duration, as for example 1000 yus.

Busch/103/has studied the effect of humidity on the flash- 

over characteristics of air gaps with spacing of 5 m or 

more and has reported that for rod-plane gaps of 5 m or 

more in spacing, the critical time-to-crest and the time- 

to-flashover changed significantly according to tne abso

lute humidity.

Aihara et al/lQO/ have investigated the influence of at
mospheric humidity on rod-rod and rod-plane gaps with 

various wavefroncs of positive and negative polarities at 

CRIEPI. It was observed that the ratio between two fla-
shover voltages under standard atmospheric conditions of 

which the gap spacing , size of the electrode and the du

ration of impulse are all in a constant relation, is det

ermined by each gap spacing irrespective of the electrode 
configuration, waveform and polarity. Further, the humidi

ty correction of flashover voltage when air density is 

constant differs with the waveform, polarity, gap spacing 
and electrode configuration. The humidity correction fact

or and the humidity co-efficients(k) assume U-shaped cur
ves when shown as a function of wavefront. However, if the 

ratio of time-to-crest to the gap spacing is constant, 
the humidity correction factor has only one value, whereas
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humidity co-efficient becomes smaller as the gap spacing is 
increased. Based on these investigations# they have propos
ed a new humidity correction factor for UHV class equipments 
which is described in reference no. 100.

Many reports of test results concerning the effect of atmos
pheric humidity on impulse flashover voltages for short and 
long air gaps have been published for phase-to-ground insu
lation. However# no published results are available concern
ing the humidity correction factors for bias voltages.

A brief summary of the published results on humidity corr
ection factor for phase-to-ground insulation is given in 
the following sections.
2.6.1 Influence of humidity on rod-rod-gap

Allibone and Driny/97/ conducted experiments on rod-rod 
gap which were made of 1.25 cm square cross-sectional 
steel-bar# cut square. To determine the breakdown volt
age, twenty impulses of the same voltage were applied be
low the expected breakdown value at intervals of 15 to 20 
secs. Figure 2.11 gives tne resultsof breakdown voltage 
at several humidities from 4 to 18.6 gm.m for impulses of 
short wavefront, i.e. , 1/50 /is. From these curves humidity 
correction factors can be determined with fair precision. 
Figure 2.11b gives the breakdown voltage as a function of 
gap spacing for three humidities for positive polarity 
and one curve for negative polarity (as the correction 
factor on negative polarity is small# only one curve is 
shown in this figure). Tne standard deviation (S' ranges
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80/1000jus ,
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Fig. 2-12 Effect of humidity on breakdown voltage for 
different gap spacings. (ref. 97)

a. Breakdown voltages (corrected to s. t.p.) of rod rod 
gaps under ± 80 / lOOOps waves at various 
humidities
-----------  positive
------------- negative

b. Curves derived from fig. 2-T2a

0 5 10. 15 20.^. 0 20 40 60
humidity, g/m® gop spacing, cm

a b

Fig. 2-11 Effect of humidity on breakdown voltage for 
different gap spacings. (ref.97)

a. Breakdown voltages (corrected to s.t.p.) of rod
rod gaps under ± 1/50 ps waves at various 
humidities------------positivenegative.

b. Curves for ♦l/SO/us waves derived from fig.
2-11 a and -1/50ps 'waves derived from the 
results obtained.
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from 1% to 4%.

Figure 2.12a gives the switching impulse (80/1000 /as) 50% 

discharge voltage for positive and negative polarities.

The breakdown voltages were corrected to standard tempera

ture and pressure. The breakdown voltage increases with 

the increase in humidity. The breakdown voltage curves 

derived from Figure 2.12a for three selected humidities 

are given in Figure 2.12b. The scatter for all tests was 
small, ranging from 1% to 4%. It was concluded that the 
humidity correction factor does not change much with the 

gap spacing. The breakdown voltage under positive polari

ty is more affected by humiaity than the breakdown under 

negative polarity, and switching surge breakdown is more 

affected by humidity than the lightning impulse breakdown. 
These results were in good agreement with those of others 

for lightning impulses of positive polarit.y/98 }99/.

Kuffel et ai/128/ conducted extensive researcn work on 

1 m rod-rod and sphere-sphere gap (the sphere diameter 

was 12.5cm). The tests were performed outdoors at various 

naturally occuring humidity conditions. It was found 
that the breakdown voltage, when corrected for air densi

ty using the factor recommended by IEC for positive po
larity switching impulses changes by approximately 1.7% 
per 1 gm.m increase in absolute humidity for the rod

gap under switching impulses of both polarities and for 
the sphere gap under positive switching impulses. It 

was also observed that in general the spread between st
atistical withstand and statistical flashover voltages
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increases with the increase in humidity. This is due to 
the general trend towards increased values of sigma at 
higher humidities/128/.

2.6.2 Influence of humidity on rod-plane gap

Allibone and Dring/97,104/ conducted experiments upto 80am 
rod-plane gap spacing using lightning and switching impu
lse waves by creating different humidities artificially. 
The correction factor did not appear to depend much on 
the gap length over the voltage range of 130kv to 500kV. 
Standard deviation of the scatter of results fall with
increased spacing to about 2% and are not dependent on

-3humidity for the range of 4 to 18.6 gm.m

Hahn et al/ioi/ conducted experiments- on a 50 cm rod-plane
gap. it was observed that with increase in humidity the

—3U5q increases approximately by 1.04% /gm.m (results were 
obtained with an impulse waveshapes of 45/2500 /us. and 
520/3000 /us.). The standard deviation <? also increases, 
changing from about 3% to more than 5%, U^q and time to 
break down T0 were not influenced by the shape of the

O

h.v. electrode (hemisphere or cone).

Busse and Feser/136/ also conducted experiments on a rod-
plane gap. The rod was made of 4cm diameter tube which
ended in a cone, 30° radius u.5 mm. The earthed plane was

, 2made of aluminium sheet ( 2 x 2 m ) and tne open gap 
spacing was 1 meter. In the case of lightning impulse vol
tage a correction factor of 1.02% /gm.m 3 was evaluated 

upto a absolute numidity of 30 gm.m-3 At higher humidi-
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ty the predischarge at the lightning impulse voltage beco
mes a leader predischarge and hence the correction gets 
lowered. It was also concluded that the effect of humidi
ty on U50 of a positive rod-plane gap is dependent upon 
the different discharge phenomenas.

Tne 50% flashover voltage when expressed as a function of 
the time-to-crest, exhibits the famous U-curves (refer 
Figure 2.1).which are particularly more pronounced for 
geometries with very divergent fields. The minimum value 
of obtained at the“critical time to crest is essential 
for the design of insulation and therefore it is of great 
importance to examine the influence of humidity on the U- 
curves and especially on the values of U^q minimum and 
T , . Busch/103/examined this effect on rod-plane gapCJT-*01" Xv
and the following observations were made.

- the U-curves are signiricantly modified by humidity, 
with an increase of humidity, the minimum of the 
curve shifts towards shorter values of time to crest 
and the minimum flashover voltage decreases.

- for a given spacing the influence of humidity is more 
pronounced for long time-to-crest.

- the critical time-to-crest is a function of humidity 
and gap spacing.


