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ABSTRACT 

Pollution of insulator surface could lead to a flashover of insulators, The flashover 

of insulators caused by pollution generally dominates at voltages above 500 KV. 

Mechankm of pollution flashover is veiy complex as it depends on numerous factors. 

Over the years the researchers have presented vanous models for better 

understanding of flashover phenomenon and prediction of fiashover voltages. Due to 

complexity of problem researchers made various assumptions to simp1i.Q the problem. 

The objective of this dissertation is to review and compare various models and to 

evaluate their capabilities in predicting the flashover voltages of insulators. Severai models 

have been reviewed and out of these models, those which contain sufficient information 

for predicting the flashover voltages have been selected. The selected models have been 

applied to different types of insulators and the flashover voltages are calculated. In order 

to compare the models the conditions e.g. resistivity, under which the mode1 are applied to 

insulators are kept the same. Five types of configurations of insulator models are 

considered, i) 10 x 1 cm fiat plate, ii) 10 x 10 cm flat plate, üi) cylinder, 100 cm long and 15 

cm diameter, iv) IEEE ïnsulator and v) Anti-Fog insulator. The calculated flashover 

voltages and other results are wmpared with each other and with experimental results. 
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Cbapter 1 

1.1 Introduction 

Outdoor power transmission iine indation is subjected to mainly three 

types of over voltages i.e. 1) Lightning, 2)switching surges, and 3) abnormal voltage 

gradients caused by contamination on insulator surface. These over voltages may lead to 

flashover and subsequent outage of transmission lines. Wtth higher transmission voltages 

the flashover due to contaminated surfaces become more predominant. The factors which 

affect the flashover of polluted insulaton are nurnerous and therefore the fiashover 

phenornenon is cornplex. 

The flashover process develops in the following stages: 

a) Surf'ace contamination: Insulators operating in poliuted atrnosphere coilect 

pollutants which are deposited on insulator surfaces. Deposition of poiiutants 

on insulator surface depends on many factors e-g. shape ofinsulator, nature of 

voltage Le. ac or dc, location, angle of inclination of insulator, winâ, rain etc. 

The performance of the insulator itself is not altered significantly by the 

presence of dry contaminant because the electricd strength of a dry polluted 

insulator is close to that of a c1ean insulator. 

b) Wetting process: When the poiiuted surface becomes moist due to fog or rain 

then the polluted layer becomes conductive. The process of moistening 



depends on wetting conditions e-g. moisture absorption depending on the 

nature of contaminant, temperature ofsurroundings, condensation, mounting, 

etc. 

Dry band formation: Due to the presence of the conducting layer the electric 

field is greatiy distorted along the polluted surface. The electric stress may 

exceed that of air and the spark over oc-, causing discharges to occur 

along smd portions of the insulator surface. The discharges are maintained by 

current which flows through the wet but discharge Eee surface. Due to higher 

resistance at some locations the heat dissipated in that location may be greater 

and therefore moisture drïes more rapidly at these locations leading to the 

formation of dry bands. 

Break down of drv bands: Almost the entire applied voltage appears across the 

dry band and when the dry band can not sustain the applied voltage an arc is 

initiated and bridges the dry band. 

Propagation of arc: Depending on the conditions e-g. applied voltage, leakage 

current, etc. the arc may travel fùrther and bridge the insulator sufiace resdting in 

flashover or it may extinguish prior to flashover. 

DC flashover voltages are lower than the AC under the sarne operating 

conditions. Under DC voltage there is no current zero. Moreover more pollutants are 

attracted to an hsulator under DC voltage than AC. Also, due to absence of current zero 

in DC the propagation of arc is easier than in AC. The fiashover voltages of both AC and 

DC depend on many factors and even when experirnents are conducted under the same 



controlled conditions, the flashover voltage may not be the same. Thus, the two flashover 

voltages for the same exact conditions are not the same. T'his applies to both AC and DC. 

Fiashover of transmission iine insulation due to poilution Uisulators were 

reported as early as in 1902. Shce then an apprecïable number ofexperimentai and 

theoretical studies have been conducted to understand the complex process of insulator 

flashover. nie flashover process maidy kvolves the propagation of an arc on a poliuted 

sunace. For an arc to propagate two conditions must be satisfied. These conditions are: 1) 

elearical condition, initiation and maintaining the arc (Le. applied voltage and current) and 

2) mechanism involving force which is responsible for movement of the arc generated 

fiom condition " 1". Despite considerable research work, the process involved in flashover 

are still not fiiily understood. Studies were aimed to h d  the necessary conditions for 

initiation of an arc and then elongation of the arc. The process of flashover depends on 

factors such as type and nature of pollutant, non uniforni wetting process, conductivity of 

wet layer, orientation, shape and profile of insulator, wind, location, etc. Therefore the 

researchers faced a formidable task to find a suitable solution which will take into account 

the effects of ail the factors. 

Based on experimental and theoretical studies many models were presented 

to explain the process of flashover. Since it is impossible to account all the factors 

involved, therefore the researchers had to make some assumptions in developing these 

models. Lt is therefore not surprishg to see dinerent theories explaining the Dashover 

mechanism. It is desirable to compare some important models to predict the flashover 

voltages. 



Chapter 2 

Review of models 

2.1 Brief Histo y 

Since the early days of transmission, pollution caused fiashover has plagued over 

head lines. Fiashover due to early morning fog were reported in 1902. System research 

into the pollution problem started in 1907 &er the flashover of 25 kV Lines in the Italian 

coastal area. This study considered the effects of electrostatic forces and self cleaning 

properties of insulators. A number of numerical studies in the 1930's contnbuted towards 

an understanding of practical problems, leading to improved hsulator design. 

In 1958 Obenaus proposed the first quantitative theory of fiashover, known 

as the extinction theory 1441 . During these early years many original, even bizarre ideas 

were suggested such as, wind driven bnishes to sweep away the deposits [q. M e r  World 

War II, the adoption of higher transmission line voltages 1ed to renewed interest in this 

problem. Since then a number of models based on experiments and theoretical studies 

have been proposed. 

In this chapter severai models, since the early model of Obenaus (1958) 

have been reviewed. Some of the reviewed models are not considered for cornparison due 

to the reasons such as; 1) no fomla for calculation is available, 2) only experimental 

model without any empiricd formula, 3) not enough data avdable for calculating the 

flashover voltage, although some formula is given. 



In order to understand the mechanism of pollution flashover it is necessary 

to explain the formation of dry bands on poiiuted surface- Almost aU the models consider 

the formation of dry band in the process of flashover. 

2.2 Formation of Dry Bands 

The voltage gradient needed to initiate sparlc over in air is about 30 

KV/cm. The average surface voltage gradient of an out door h. v. insulator is about 500 

V/crn. Therefore in order to initiate an arc on a polluted insulator surface, the voltage 

distribution mua be highly non unSiorm. Formation of dry band on a poiiuted flat plate 

surface takes place in the foiiowing steps 1131. 

Fig. 2. i Typiucrl voltage disfnsfnbution and formation of dry bund 



Initially the plate is dry and then subjected to wetting. In Fig. 2.1-a the voltage 

distribution is linear as the resistivity oflayer is uniforni. As the layer becomes wet its 

resistïvity decreases and the surface leakage current increases. This condition does not last 

long due to süghtly higher resistance values in same locations the voltage gradient in these 

locations may exceed that of air resulting in arc discharges dong the s m d  portions of 

insulator d a c e .  Owing to heat generated at discharge root the area in the near vicuiity 

of discharge dries out. The heat dissipation is more in these locations and therefore the 

area dries more rapidly than remahhg surfice, fomilng dry bands Fig. 2.1-b. If several dry 

bands are formed then after a short time only one dry band remains and due to its.@gh 

resistance nearly al1 the source voltage is dropped across this dry band Fig. 2.1-c. The 

width of the dry band changes until the voltage across it is just less than that required to 

initiate a discharge in air across it. Any moisture fallig on the dry band distorts the 

electncal field in the band and discharge occun, a surge of current is generated which 

dissipates the heat energy in discharge thereby d@ng band. The fiequency of these surges, 

each of which may last for several cycles, is such that the mean power dissipated in the dry 

band is just enough keep it dxy. After the formation of dry band a sudden increase in the 

applied voltage may lead to Dashover of surface, while a gradua1 increase may cause d w  

band to widen. When this happens the arc extinguishes at current zero and resbikes in the 

next half cycle. Fig. 2.1-d, e, f indicate the conditions several cycles after restdce. In Fig. 

2.111 the voltage distribution is linear. During subsequent cycles the leakage current 

increases and the arc lengthens and a greater portion of applied voltage appears across the 

rest of the polluted su~ace. A fkther dry band forms and flashes over immediately, 



Fig.2.1 -e and finally, the separate discharges combine to span the entire poUuted surtàce, 

Fig. 2. l f  

2.3 Poilution flashover models 

From fiterature review the foilowing models were considerd These models are 

divided into two main categories. 

2.3.1 Categoy 1 

The models under this category have sufncient details which permit their 

applications to the insulators. 

These models are firther categorized on the basis oftheir applications. 

2.3.1.1 Flat plate models 

2.3mlwloAe Modd of F e  Obenaus [44] 

Obenaus was the first to propose a quantitative anaiysis of the arcs on a poliuted 

surface. In this mode1 an arc oflength 'Y' is considered in series with the wet polluted 

layer having a resistance 'Xp". Based on this simple model and the knowledge of arc 

voltage, the formulae for calculating the minimum voltage requued to sustain an arc has 

been derived. 

2.3.1.1.B. Model of  Ge Neumarker [19] 

The model of Obenaus was applied by Neumarker with one difference. 

Instead of considering a fixed resistance of pollution layer in series with arc, Neumarker 

considered a uniform resistance per unit length of wet poUuted layer. In this model the 

formula relating the minimum voltage required to maintain an arc and x/L are derived, 



where L is length ofpolluted surface. Aise an equation for the critical arc length is 

derived. 

Â3.l.l.C. Modd of R Wükins [IS] 

Poliution can lead to formation of quasi stable gas discharges which burn in senes 

with poliuted resistive layer. A model for discharge buniing in a rectangular strip is 

presented. Formula for calculating the resistance of the poUuted layer and the factor which 

takes into account the change in resistance due to heat are derived. Criteria for flashover 

i.e. di/dx z O is presented and applied to compare the experimentd results. The model can 

be applied to axi-syrnmetric insulators with complex shapes by replacing the practical 

insulator by its equivalent cylinder. The model is applicable to dc voltages and could be 

valid under ac energization by considering ac as series of applications of fixed voltages 

equal to that of peak altemating voltage. 

2.3.1.1.D. Mode1 of P. Claverie [16] 

This mode1 deals with the phenornenon of flashover mechanism. Discharge 

development is studied using a flat plate of glazed porcelain and the movement of arc is 

studied by using a high speed camerit. The circuit resistance of poliution in senes with the 

arc is considered with arc re-ignition conditions. Formulae for arc voltage is derived, 

together with voltage required for re-ignition. Conditions e.g maximum arc length and 

resistance of pollution layer at maximum arc length is derived. Formulae for critical arc 

length and flashover voltage are derived and applied to practical insulators and results 

compared with experimental data It is concluded that when geometric characteristics of 

pollution deposit do not Vary and when the electrolyte conductivity is the only parameter 



then it is possible to evaiuate safety margins of an insulator energized at a given voltage by 

measurement of leakage current. 

L3.1ol.E. Modd o f  P. S. Ghosb & No Chatterje [18] 

A mathematical model to predict the flashover voltage ofpohted insulator under 

ac is presented. This model takes into consideration the appropriate arc constants for 

different chernical nature of pollutants. The cntical values offlashover voltage and current 

are derived based on Renyu's mode1 [I 11. This model is compared with other model and 

experiments. 

2.3.1.2 Cylindrical models 

2.3.1.2.A. Model of L. L. Alston & S. Zoledziow~ki (91 

The mechankm of extinction has been considered in this model. The voltage 

required to maintain the discharge on polluted insulators may increase with an increase in 

discharge length, and ifthis voltage exceeds the supply voltage, the discharge extinguishes 

without causing a flashover. Based on this mechanism, criteria which define flashover 

conditions have been developed. A simple geometry of insulator with constant surface 

resistance per unit length is considered. Flashover criteria in ternis of formulae relating to 

applied voltage, aitical stress, discharge length and resistance have been developed. 

Flashover is considered impossible if the applied voltage and the initial arc length are less 

than the critical values defineà in this model. 

The authors have also included experimental results to vaüdate their modei. 



2.3.1.2.B. Modd of H. Boehme & F. Obenaus [10] 

ï he  authors have deriveci fonnulae to calalate the creepage-path flashover 

voltages or simply the flashover voltage of polluted insulators. Cylindrical insulators with 

and without the sheds with uniforni poliution are considered. The phenomenon of 

flashover is described using a single arc in series with polluted layer of insuiator. One 

individual arc is considered to represent a nurnber of partial arcs and similarly a single 

layer of resistance represents many partial layers. Flashover is initiated by elongation of 

the  partial arc. For elongation of the root the electric field is considered to be of main 

importance. If the electnc field in the resistive layer is greater than the electric field in arc, 

then the arc wiil elongate. Fonnulae have been developed to calculate and predict the 

flashover voltages. The movement of arc is explained. Based on calculations the utilization 

factor for creepage path is shown. The calculated values using this model are compared 

with experimental values and data fiom other authors. The speed of arc travel which 

depends on the difference beîween field strength along the polluted layer and arc is 

measured. 

2.3.1.2.C. Mode1 of B. F. Hampton 1131 

This paper deals with the flashover mechanism. In this model a Bat insulating strip 

(polluted and wet) is considered for experiment and the voltage distribution along the 

plate as measured is shown. A good explanation of the formation of dry bands is given in 

this paper. Experiments done on water column of constant resistivity indicate that the if an 



arc propagates along the water surface, the arc d l  bum in an atmosphere of stem. The 

necessary condition for flashover along the water column is that the voltage gradient in the 

water column should exceed that of in the arc, 

2.3.1.2.D. Mode1 of H. H. Woodson & A. 8. Mcelroy [17] 

This papa deals with the mechanism of discharge. This model is not exaaly based 

on cyiindncal insulator but is based on a circular insulators. A mathematical model is 

considered using a simple geometry of a flat plate with concentnc circular electrodes. 

When one or more discharges occur across a dry zone, the width increases by vaporization 

of water until either the dry zone becomes too wide for the discharge to continue or it 

attains a critical length beyond which the discharges rapidly cross the remaining portion of 

polluted surface and flashover occurs. A critical value of sufice resistance is suggested 

below which flashover may occur and above which £lashover may not occur. The model is 

applied to practical insulators ( pin-cap). 

2.3.1.3 Model of G. Zhicheng & Zhang Renyu 1111 

In this model the surface a r a  of pin-cap insulator is expressed as a two 

dimensional plane model having the same area as that of pin - cap insulator. 

The phenomenon and arc propagation of ac and dc arcs have been recorded for 

wet polluted surface of cylindncal rods by means ofa high speed camera From the 

experimental results it is observed that for dc, the arc elongated along the su~ace  and as 

soon as it reached a critical length of about 2/3 leakage length, flashover occurred. Ac arcs 

are more cornplex because two phenomenon were obsenred ; in one case the arc 

extinguishes and then reignites when curent passes through zero and in the second case, 



the arc does not extlnguish but is weakened and shortened when passing through zero. 

Based on thes  experimentai results an empirical formula for ac and dc arcs are developed. 

Also the aitical resistance is derived to calculate flashover voltage. 

2.3.1.4 Modd of  R Suodamjan & R S. Gonir [29] 

This model considers the actuai geometry ( shape) of an insulator. A dynarnic 

model Le. the one which takes into account the configuration of insulator profile at every 

instant (actual geometry) for dc is presented. As flashover is a very rapid process therefore 

dynamic models which take into consideration the instantaneous changes in arc parameters 

are more redistic. The model is based on Neumarker's model 1191 which is an extension 

of Obenaus model [ 441. The criteria for propagation of arc ive. Ep > Ea are checked at 

each instant and when arc length is almost equal to leakage length then the flashover is 

said to have occurred. 

2.3.2 Category II 

The models under this category do not have sufficient idormation to calculate the 

flashover voltage but contain some signifiant information. 

2.3.2.A. Mode1 of P. Claverie & Y. Porcheron [12] 

Based on an experimental study the authors have suggested a theoretical approach 

to explain the flashover mechanism. Accordhg to this theoqr the resistance in series with 

arc depends on the position ofarc root on the surface of the hsulator. Thus R(x) is 

resistance at length x. It is shown that this function R(x) can be split into two factors p 

and F(x), where p is resistivity and F(x) is  termed as distribution finction. They develop a 



formula for calculating the criticai flashover voltage and current based on this theory. An 

empirical fonnula for reignition condition of arc is presented. 

However, based on information available in this paper it is not possible to do any 

signifïcant calculations. Further, the value of funcrions F(x) and R(x) must be determined 

fiom experiments by measurement of leakage current. Therefore this model wiii not be 

considered for cornparison analysis with other models. 

2.3.2.B. Mode1 of A M. Rabal& C. Huirux a] 
The flashover phenornenon is studied in this model. It is indicated that two 

conditions are responsible for flashover: 1) during the entire propagation of arc the source 

voltage should be large enough to maintain the arc, 2) a physical mechanism is present 

which pulls the discharge and leads to flashover. A laboratory model consisting of h.v. 

electrodes and electrolyte is used. This model in tems of electncal circuit is the same as of 

that of Obenaus ive. an arc in senes with the pollution layer of constant resistance. Values 

of critical flashover voltage, critical arc length are derived. The existence of a force on the 

arc is investigated. The authors conclude that it is mainiy electrostatic force that is 

responsible for movement of arc. 

The electrical conditions Le. critical voltage etc. are not new and have been 

denved by others. Although the authors showed through experiments that the electrostatic 

force was the main force responsible for flashover as the discharge can be fed by power 

source. Stiii there is not enough evidence (experimental) or application to the insulaton to 

explain their theory of electrostatic forces on arc. There is no calculation of flashover 



voltage based on this theory. Therefore this model is not considered for cornparison 

analysis with other models. 

2m3.2.C. Model of Dm A. Swift [Il 

This rnodel mainly de& with the cirwnstances leading to propagation of the arc. 

If the arc is arrested before it reaches the opposite electrode then the fiashover c m  be 

avoided. Experiments are conducted to study the behavior of arc movement, in particular 

of arc arrest when a narrow metal strip is placed within or near the metal surfiace of an 

electrolyte contained in a flat insulating trough. Arc propagation and arrest are 

photographed and corresponding wavefonns recorded. A theoretical model was 

developed to describe the arc mest. 

Although the paper descnies some interesting phenornenon and includes a 

t heoretical model to describe the arc arrest by deriving the formula for conditions which 

will stop the movement of the arc by placing a narrow stnp across the flashover path. As 

no evidence on practical applications and no calculations for flashover are given, therefore 

this model will not be considered for cornparison analysis with other models. 

2.3.2.D. Model oCT. C. Cheng, C. Y. W u  & N. Nour [3] 

Experiments are conducted on a water channel model ( simulated as insulator 

surface) to study the effects of chernical nature of contaminants and contamination levels 

on flashover voltages. A mathematical model which takes into account the presence of 

multiple arcs has been introduced to study the breakdown ofthe electrotyte surface. In 

contrast to a single arc, therefore the power source has to sustain multiple arcs with 



correspondhg electrode drops, resulting in overd higher voltage than a single arc at 

critical condition. A model to develop electrode fd drop voltage is also introduced. The 

model is compared with one experirnental result. 

This model (paper) does not hdicate any calculation to calculate the critical 

voltage. It seems impossible to calculate the dtical voltage fiom the given data / 

information. Depending on the number ofarcs the arc current will diner. The number of 

arcs is not shown in calculations and in the figures. It would have been helpfiil if the 

authors would have given the curves for cntical voltages versus critical current. Therefore 

this model is not considered for comparison analysis with other models. 

2.3.2.E. Mode! of Ta C. Cheng & Ha 1. M. Nour [25] 

The paper deals with discharge region consisting of multiple arcs and the wet 

pollution region in senes with it. The wet region is characterized by conductance of 

pollution layer and fonn factor ( depends on insulator profile). A mathematical -formula 

has been developed to calculate the minimum voltage required to sustain the "m" number 

of arcs. Maxhization of minimum voltage leads to flashover voltage. A parameter, 

effectiveness of leakage length is introduced and an empiricai formula for it is developed. 

The critical voltage is proportional to effective portion and to total creepage path. 

There is no cornparison of this model with experiments and others. The paper is 

not very clear as to how to decide the value of "m" and how many arcs are to be 

considered. This model is therefore not considered for comparison aoalysis with other 

models. 



2.3.2.F Mode1 of F. A. Chagas [40] 

This model is developed to study the effect of voltage source on critical flashover 

voltage of dc insulaton under pollution. The experimentai resuIts offlashover voltages for 

insulators are presented and these are compared with mode1 of Sundararajan [20]. 

The fiashover voltage equations denved in the model are for calculating the effect 

of source on experimentai procedures. Therefore this model is not considered in detail for 

comparison anaiysis with other models, although the experhental results fiom this model 

are used for comparison. 



Chapter 3 

Analysis of selected models 

3.1 Procedures 

The selected models are descn'bed in this chapter. Each mode1 is applied to the 

four types of insulaton i.e. a) 10 x 1 cm flat plate, Fig. 3.1, b) 10 x 10 cm flat plate, Fig. 

3.2, c) cylinder, 100 cm long and 15 cm dia, Fig. 3.3, and d) IEEE insulator, Fig. 3.4. 

Fi' 3.1 Flcrr plate ida tor ,  10 r I cm. 

Fig. 3.2 Fïat plate insuIator, 1 O x 10 cm. 



Fig. 3.4 I E E  insulutor [40]. 



Models are derived fiom diierent types of insulator configurations and therefore 

when applying these modds to the above four types of insulators foiiowing approach is 

considered. 

When applying the models deriveâ nom flat plate to the cyhdricd insulator, the 

equivalent surface of cyhder is considered. This means that the area ofa  flat plate is qua1 

to the surfkce area of cyhder. Therefore, equivalent flat plate of cyIinder will have L = 

100 cm and a = 47.12 cm. 

When applying the models derived from flat plate to the IEEE insuiator, the 

equivalent sudiace area of insulator is considered. This means that the total sudace area of 

insulator is equal to the area of a Bat plate. For IEEE insulator L = 30.5 an and total area 

is 1559 cm Therefore equivalent flat plate will have L = 30.5 cm and a = 5 1.1 1 cm. 

When models derived fiom cylinder are applied to the flat plate insulator, then the 

area of flat plate is considered equal to the su&ace area of cyhder. Thus for 10 x lcm 

plate the equivalent cylinder wiii have L = 10 cm and D = 0.32 cm, and for 10 x 10 cm the 

equivalent cylinder will have L = 10 cm and D = 3.2 cm. 

When models denved fkom cyhder are applied to IEEE insulator, then the surface 

area ofthe insulator is considered equal to that of cyünder. Thus equivalent cyhder for 

IEEE insulator will have L = 30.5 cm and D ~16 .28  cm, 

When applying dc models to ac some researchers i.e. Ghosh, Machhiaroli [18] 

considered a factor of 1.3 between ac peak and dc. Wilkllrs 1151 suggested a constant peak 

equai to dc as a first approximation, others gave a factor ranging from 1.3 to 1.6. For 



practical purposes and in this cornparison study a fiiaor of 1.4 is considered between ac 

peak and dc. Therefixe, the dc values are considered qua1 to ac mis. 

3.2 Fiat plate modds 

3.2.1. Modd of  Obenaus[44] 

This is the fht rnodel in which a quantitative treatment of pollution phenornenon 

has been considered. An arc buming in series with a pohted layer is considered as shown 

in Fig. 3 Sa. 

PmnaL oisar~rici 

The equivalent electtical circuit of the above model is shown in Fig. 3 .Sb 

Arc Dischrge EWhbn 
Q P 

Fig3.56 EquivaIent circuit for Obenms m d e l  



The following main assumptions are made in this model: 

A k e d  raistance is considered for wet Iayer. 

Electric field is uniform. 

Flashover d l  ocair when the arc is able to bridge the insulator Le. when arc length is 

equal to insulator length and it travels without extinguishing at critical voltage. 

The applied voltage can be related to the arc voltage and resistance of the wet 

polluted layer by the foiiowing eq.: 

The arc voltage is given as, 

Therefore fiom eqs. 1 and 2 we get, 

V = x. N . Ï n  + R, .i 
Where, 
V, = arc voltage 
V = applied voltage 
x = arc Iength 
i = leakage current 
R, = pollution resistance 
n = exponent of static arc charecterstic 
N = static arc constant 



From above the value of leakage length x is given as, 

in 
x=-.(V-i-R,) 

N 
The maximum arc length c m  be found by differentiiating x with respect to i and 
equating it to zero, thus, 

This " i" is the critical value of current and is denoted as i,. 

and the critical 

( 5 4  

value of arc length x, is obtained by substituting the value of i, in 

equation (4), thus 

Obenaus did not solve this eq. any fiirther. By substituting the value of x, in eq. (6) 

the cntical value of voltage V = V, for cntical arc length of x is given as, 

This mode1 only identifies the necessary condition for flashover but not the sufficient 

condition. This means that it identifies the voltage, below which no flashover can occur 

due to discharge extinction, but not the higher vaiue at which the flashover will occur. 



This model assumes that flashover occurs if the discharge is able to bridge the insulator 

without extinguishing. Thk model was developed for dc voltage. 

3w2w1wl Application of model 

This model is applied to a flat polluted insulator plate, 10 cm long and 1 cm wide 

as shown in Fig. 3.1. 

Pollution resistance of wet plate is 50,000 ohm. 

A voltage of 10,000 volt is applied Let us assume an arc length of 1 cm. 

The d u e s  of N = 63 and n = O S  have been used in this model- 

From eq. (Sa) critical current is calculated as, 

and critical arc length from equation (6) is, 

To maintain an arc length of 27-32 a voltage of 10000 V is required 
From equation (7) 

According to this model the arc should be able to bridge the hsulator for 

flashover to take place. This means x = 10 cm. Minimum voltage required to maintain this 

arc is calculated using eq. (7) and is, 

Therefore the cntical current at this voltage using eq. (Sa) is: 



i, =J* 51 17 / (15 * 50,000) = 34.1 1 mA 

From the above it means that the flashover can not take place below 5 1 17 v o b  

and that at this voltage the currat is 34.11 mA The flashover is assumed to occur when 

arc length is equal to insulator leakage length, and the fiashover voltage is 51 17 V. 

The minimum voltage required ta maintain an arc of x = 1 cm can be calculated 

using eq. (7) and is : 

The critical voltage is calculated for different values of resistance for the same geometry 

and is shown in Fig.3 -6. 

O 50 100 150 2 0 0 2 5 0 3 0 a  350 400 450 SOC] 

Resistance (kCI) 

Fig 3.6 Relafionship between cnlical voltage mdpolIution resismce for 10 x 1 cm 
phte in 0ber1art.s maiel. 

3.2.1.l.b mat Plate 10 x 10 cm 

This mode1 is applied to flat plate configuration of 10 x 10 cm shown in Fig. 3.2 



According to this model flashover may take place when the arc bridges the 

insulator. From eq. (7) the minimum voltage required to maintah this arc length of x = 10 

cm, is calculated for différent vaiues of poilution resistance, %. ïhe  critical c u m t  for 

each of these voltages is caiculated using eq. ( Sa). 

Fig.3.7 shows the cornparison of cnticd voltage obtained using this mode1 with the 

experimental resdts [15]. 

2 3 4 5 

Conductivity (fi) 

Fig. 3.7 Relatiorsrhip between cn'ticaI vuZtuge and conductivity for IO x 10 cm plare. 
i )  Obenaus modei 
ii) Erperimet~tai - - - - - 

3.2.1.l.c Cylindricd insuiator, LOO cm long and 15 cm diameter 

This model is applied to a cyliridnd hsulator ofL = 100 cm and diameter of 15 

cm shown in Fig. 3 -3. 

From eqs. ( 7 ) and ( 5a ) the critical voltage and current can be calculated for 

different values of pollution resistance. 



Fig. 3 -8 shows the comparison of the criticai voltage obtained using this model with the 

experimental results[9]. 
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Fig. 3.8 Reliztionship Oetween criticaI volîage ami cond4ctivity for cylnder 
100 cm long, und I S  cm dicr. 

i )  Obettm~s indel 
fi') Erperimen fai - - - - - 

3.2.Ll.d IEEE insulator 

This model is applied to the IEEE 

The critical voltage and current can be calculated fiom eqs. ( 7 ) and ( Sa ) for dinèrent 

values of pollution resistance. 

Fig. 3 -9 shows the comparison of the criticai 

experimental results[40]. 

voltage obtained ushg this model with the 
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Conductivity (pS) 

Fig 3.9 Relarionship between crirical voltuge aitd conductiM'ty for IEEE imulator. 
5) Obenausmdel 
ii) Experimertfal ----- 

3.2.2 Mode1 of Neumarker [19] 

The model of Obenaus is applied with a slight modification. Instead of a resistance 

&, representing the pollution layer connected in series with the arc (as in Obenaus model), 

a uniform pollution resistance per unit length is assumed for the wet portion. 

Unifotm pollution resistance per unit length is assumed. 

Therefore, % = r, (L - x) 

Where r, is  the pollution resistance per unit length. 

The applied voltage V is given as, 

The relationship between arc length x f L bridging a portion of leakage length L, and 

minimum voltage requùed to maintain the arc, i.e. V, is given by the following equation: 



(n+I)/n L/n (n+l)/n 
n N I r, ( V,/((l+n) NL)} =(x /L)  -(x/L) 

The maximum value of V, can be obtained by dinerentiathg it by with respect to 

x. This maximum value is the criticai value of voltage denoted by V.. The foilowing eq. is 

obtained: 

(n +1) 1 n (n+L)/n 
n N / r, { V, /((l+n) NL)) = n/(n+l) 

and the critical arc distance, %/ L = l/(n+l) 

and the inverse ofeq. (13) is E., the critical voltage gradient or electrical stress. 

l/(n+t) nl(ire1) 
Theiefore, & = N r, 

The critical current, i, is defined as 

3.2.2.1 Application of  model 

3.2.2.1.a Rat plate 10 x 1 cm 

This model is appiied to the same fiat plate geornetry of Fig.3.1 

For x =l cm and r, = 5000 ohmlcm the minimum value of voltage required to support this 

arc length is calculated from eq. (10) and is, Va = 1064 V. 

The minimum voltage required to maintain an arc length of 1 cm fiom Obenaus model can 

be calculated using Neumarker model. 



From eq. (8) R, = 45000 and fiom eq. (7) ofobenaus, V, = 1064 V 

Maximum value of V, Le. cntical voltage fiom eq.(13) is calculated as, V. = 2707 

and fkom eq. (12) critical length, xs =6.67 cm. 

Using this aitical length of6.67 in Obenaus modei, R, = 5000(10 -6.67) = 16650 ohm 

fiom eq. (7) V. = 2706 volts, which compares very weii with V. of 2707 of this model. 

From eq. (15) of this model i. = 5.4 14' 10-~ amp. The same current is obtained fiom eq. 

(Sa) of Obenaus model. 

It can be seen that in this model the critical current is independent of leakage length. In 

this model critical length is about 2/3 of leakage length. 

For different values of resistance, the value of criticai voltage, critical length, and critical 

currents can be calculated fkom eqs. (IO), (12) and (15) respectively. 

The relationship betsveen r, and cntical voltage V. is shown in Fig. 3-10 

l Resistance (W /cm) 

Fig. 3.10 Relatio~tsship between critical volage dpoIlut ion resistance per unit 
length for 110 x I crnflbtplate in Neummkw mudel 



3.2m2m1.b Flat plate 10 x 10 cm 

This model is appiied to 10 x 10 cm flat plate of Fig. 3.2. Critical current and arc 

length can be calculateci fkom eqs. (15) and (12) respectively. For this calcuiated critical 

length the value of aitical voltage (voltage requüed to maintain this arc ) is caiculated 

fiom eq. ( 13). 

Fig.3.11 shows the cornparison of critical voltage obtained using this modei with the 

experimental results [15]. 

Fig. 3.11 Rel'ionship between cnrical voltage md conductrivty for IO x IO cm plate. 
i )  Narnarker &el 
ii) EqerirneMal- - - - - 



3.2.2.1.c Cylinder, LOO cm long and 15 cm diameter 

This model is appiied to configuration ofFig. 3.3 From eqs. (13) and (15) the 

cntical voltage and curent c m  be calculated for different values of poliution resistance. 

The cntical leakage length is calculated from eq. (12) and is, x. - 66.7 cm. 

Fig.3.12shows the comparison of critical voltage obtained using this model with the 

experimental results 191. 

l I l l I 
O 2 4 6 8 1 O 12 14 16 18 20 

Conductivity (pS) 

Fig. 3-12 Reluiionsh@ between crirical voltage and cond(ctiivity for cyiinder, 
L = iOOcm, dia = 15. cm. 

i )  Ner~marker model 
ii)   ri mental - - - - - 

3.2.2.l.d IEEE insulator 

The model is applied to IEEE innilator of Fig- 3.4. The critical voltage and current 

can be calculated tiom eqs. ( 13 ) and ( 15 ) for different pollution resïstance. The critical 

length is calculated fiam eq. (12) and is 20.33 cm Fig.3.13 shows the comparison of 

critical voltage obtained using this model with the experimental results 1401. 
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Fig 3.13 Relatio~tship between crirical voltage und condttctivity for IEEE insuIatorr. 
i )  Netnnarker m a k i  
ii) Expen~me~~iuZ - - - - - 

3.2.3 Mode1 of  R Wilkins [lS] 

This model uses the same initial idea as that used by Obenaus Le. the arc bums in 

senes with the resistance of pollution. Pollution cm lead to formation of quasi stable gas 

discharges which bum in senes with resistive polhted film. A model for discharge burning 

on rectangular plate is presented. The following assumptions are made: 

Unifom pollution is considered. 

Electrode fa11 voltage for both cathode and anode is 840 volts and electrode f d  voltage is 

independent of discharge Current. 

When voltage is appiied to a flat plate with uniform pollution film, it will heat up 

uniformiy until boiling point is reached and the surface conductivity wiii change by a 

factor given below: 



F-=l+P(Tb-Td) 

Where, 

F- is maximum forn factor 

p is temperature coefficient of conduaivity 

Tb is boiling point temperature 

T& is ambient temperature 

In case ofpractical insulators the film dries non unirody. The conductivity factor 

" F' is given as, 

F = I t r / I t  (18) 

Where, 1 L is the leakage current upon initial application oftest voltage and 1 LI 

leakage current just before the dry band formation. Based on numerical analysis of thermo 

dynamic equations, a conductivity factor of 2-52 was calculated. 

Flashover criteria 

It is assumed that the discharge moves to a position where the rate of energy 

expenditure is maximum. A critical current value may be caiculated above which power 

increases with the discharge length and below which power decreases with discharge 

length. For a discharge length of x, the movement will occur ifdP / dx > O. Where P is 

power taken fkom source. 

If the applied voltage is constant Le. dc, during discharge movement, then, 

dildx > O. This cnteria was first proposed by Shkuropat and later on deduced by Hesketh. 

The flat plate mode1 and discharge are shown in Fig. 3.14 



Discharge bums centraliy upon uni fody polluted plate of width "a" and length L. 

The applied voltage V is given as, 

V = x  Ni"+Ve+2 iR  (19) 

Where, 

R = resistance of polluted surface between each discharge root and its corresponding 

electrode. 

V. = voltage drop of electrode. 

Calculation of resistance 

INtiaily it is assumed that the dry band is much smaller to the Iength L, so 

that this band is at right angle to strip and the discharge roots are circular. Resistance was 



calculateci using Laplacian field problem for two cases, 1) Narrow strip, when a L and 

2) Wide strip, where a is 3 times L. 

For narrow strip resistance is given as, 

R= 1/(2xns)(n(L-x ) l a + h ( d ( 2 n t ) )  

Where, 

a. = surfiace conductivity, S 

r .  = radius of discharge 

For wide strip resistance is given as, 

R= 142 n c,)( in (2L l (2n rd ) - In. tan (n x /2 L)} (21) 

Based on expenment it was found that the radius of discharge root is function of current 

and is given as, 

i l ( n r ~ ) = ~ = l . 4 5 ~ m ~ / c m ~  (22) 

Where, 

J = current density in amplcd 

Substitution of in above eq-s results in the following: 

a) For narrow strip, 

R =  1/(2 n a.)( (n(. - x )  l a +  ('/) in ( ~ a ~ / 4  ni)} 

and 

R= (r, /Z ) { (L -x )  +(a/2 @ln (~a~/(4ni))}  

Where, r, is resistance of pollution per unit length and is given as, 

rp = 1 / (o. . a) 

b) For wide strïp, 



R = 1 / ( 2 . n a . ) ( ( 1 / 2 ) l n ( 4 ~ ~ ~ / n ~  - .In. tan(nx/2L)} 

and 

R =  ( r , a / 2 n )  { ( I / ~ ) I ~ ( ~ L * J / z . ~ )  -h.tan(rrx/2L)} 

Flashover Voltage: 

a) Narrow strip 

Substitution of the value ofR fiom eq. (24) in eq. (19) results in the 

following eq., 

v = x  Ni"+V.+ir,((L-x) +(a/2. n)ln(Ja2/4zi)} (28) 

As applied voltage is constant, therefore, 

Since dt / â is always positive, flashover d l  result 

when & / & < O  

or, 

At criticai condition E, = E, , V, = V, therefore, 

The critical current is the same as that obtained by Aiston [9] and Neumarker 1191. 
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Criticai voltage at ic is obtained from eq. (28) by substituthg the vaiue ofL fonn eq. (34). 

Thus V, is, 

b) Wide Strip 

Substituthg the value of R fiom eq. (21) into (19) results in the following 

V = x N i " + V . +  l / ( n ~ , ) ( ( 1 / 2 ) 1 n ( 4 ~ ~ ~ / x i ) - h t a n ( n x / 2 L ) )  (37) 

Applying flashover critena i.e. dddx > O, when d v / dx < 0, the foliowing eq. is obtained, 

N.ia - i /(n a. ) ( (K /2 L) 2cosec((n x 12 L) ) c O (38) 

Criteria of di Idx > O for al1 x is not satisfied until x = L /2. When x = L 1 2, then for 

flashover to occur the following condition should be satisfied, 

i > ( N  o , L )  U(n+ 1) 
(3 9) 

At critical condition at fiashover, critical current L is given as, 

L=(No.L) U (n+i) 
(40) 

and critical voltage Vc as, 

V, =Q(Z a,) ln(4 L * T / Z . ~ J + & / ~ ) N .  P+V. (41) 

Of, 

V. = (i,r,. a / 2n ) ln(4 L * J l n.iJ + (L /2) N. 4- + V. (42) 



The above equations use the d u e s  of hot surface conductivity ie.  the conductivity at the 

time offlashover which is affecteci by high temperature. Therehre the flashover voltage 

values form these equations give higher values when compared with experimental values. 

These values may be divided by a suggested factor of about 1.8 (eq. 18 ), to take into 

account the variation in conductivity due to temperature. 

3.2.3.1 Application 

3.X3.1.a Flat plate 10 s 1 cm 

This model is applied to flat plate geomew of 10 x 1 cm of Fig.3.1. L 4 0  , a =l, 

r, = 5000 ohm / cm 

For narrow strip using the eq. (34) the cntical cunent i, is = 0.0833 amp and from (3Sa) 

cnticd voltage, V, is = 5030 V. 

The caiculated values of critical voltage are for hot conductivity and are divided by a 

factor of 1.8 to convert them to nonnal conductivity values Le. to V, (normal). 

The flashover voltage, V,(nonnal) and the resistance, r, and are shown in Fig. 3-15 

O 5 10 15 20 25 30 35 40 45 50 

Resistance (Wcm) 

Fig 3. IS  Relationship between cnrical voltage and resistance per unit 
length for 10 x I cm fkltpkàte for Wilkns mudel 
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3.2.3.1.b Hat plate 10 s 10 cm 
When length and width of flat plate are equal then either eq. (35) or (41) can be 

used for cdculating the critical voltage and either (32) or (40) can be used to calculate the 

critical current Eqs. (32) and (35) are used here to calculate the critical voltage and 

current for different resistance vaiues- 

The calculated values of Vc ( n o d )  &om this model are compared with experimental 

results [15] and show in Fig.3.16. 

Fig. 3.16 Relationship between crirical voltage and conduclvity for f 0x1 O cm plate. 
i )  WilRns madel 
ii) Experimentd ----- 

3.2.3.l.c Cylinder L = 100 cm, dia. = 15 cm 

This model is applied to cylinder ofFig.3.3. The equivalent flat plate of this 

cylinder has L =LOO cm and width, a = 47.12 cm. Since the length is pater than the 

width, therefore eqs. ( 32) and ( 35 ) are used for dculation of current and voltage. 



The caiculated values fiom this model are compared with experimental results [9] and 

shown in Fig. 3.17 

Fig. 3-17 Relafio~~ship between crilical voltage m7d conduciviîy for cyiinder 
L = 100 cm, dia- = 15 cm. 

i )  Wilkins mo& 
ii) ExperimenfaZ_ - - - - 

3.2.3.1.d IEEE insulator 

This model is applied to IEEE insulator of Fig. 3.4. The equivalent Bat plate will 

have L = 30.5 cm and a = 5 1.1 1 cm (width). Since the width is p a t e r  than the the length, 

therefore eqs. (40) and (41) will be used to calculate current and voltage respectively. 

The calculated values fkom this model are compared with the experimental results [40] and 

are shown in Fig. 3.18 



Fi$. 3.18 Relaiiomhip hetween m'n'cul voltage ond conhctivity for lEEE insuIbtor. 

3.2.4 Mode1 of P Claverie [16] 

This model is based on Obenaus's work An arc in series with a poiiuted layer (resistance) 

is considered. Based on experiments the criteria for reignition of arc is developed. The flat 

plate modei and the electrode arrangement used for experiments is show in Fig. 3.19. 

Fig. 3.19 C l m e  's model 



The following assumptions are made: 

It is assumed that an: propagation speed pnor to critical conditions is so low as to juste 

the quasi-stationary anaiysis. Otherwise, another voltage &op term required for 

expenditure of energy to move arc has to be added. 

Single arc is assumed. 

Uniform resistivity is assumed. 

It is assumed that the arc propagation is due to thermal phenornenon, i.e. the arc grows 

due to heat energy, as it dries the layer in front of the root. 

Based on experimental results an empirical formula for the arc voltage is given as, 

v, = 100 x /(I U2) (43) 

The resistance in series with the arc is fiinction of the arc root position on the insulator 

sudiace. R&n) is the resistance at point "m" and depends on the geometrical stmcture of 

Iiquid layer and conductivity and can not be calculated easily but can be measured. 

V =  100x/(I V 2 ) + & ( r n ) ~  (43a) 

Whete, 

V = applied voltage 

1 = peak value of nns current 

Assuming that the surface resistivity is uniform, then , 

= PW) 

Where, F(x) is fiinction of x 

V = 100 X/(I u 2 )  + p~(x) I 



Based on the several experiments the condition for arc reignition is given by the foUowing 

eq., 

V >  940 X/(I " 2 )  (46) 

Thus if an arc occurs then for it to stabiliie or glow the above condition mua be satisfïed. 

There exists a maximum arc length x, corresponding to current 1, in such that 

V (II u 2 )  = 940 xi,& (47) 

And fiorn eq.s (45) and (46) 

V = 100 '13 F(Yc~"~ (48) 

The resistance R(x) cm be detemiined by measurements of the leakage current 1, under 

several voltages "V'". An empirical formula to calculate the resistance of poilution layer, 

&(x) is given as, 

Rp(xm) = 0.9 V I Im (49) 

And, &= V (1, '12)/940 (50) 

The critical voltage V, is m h u m  of V as in eq. (48). 

It is shown that the flashover voltage of plate varies proportionally to the cubic root of 

pollution Liquid resistivity i.e. V. / pm = constant. 

Measurement of &(x) for disc insulators were more cornplex than the plate. The cntical 

flashover voltage is obtained in terms of critical length x, 

Y3 u3 ~ . = 9 0 p ~ x  F (G) 

is obtained fiom numerical solution of the following eq., 

d (x2 F(x))/dx = O 



In case of linear model ( unifonn resistance per unit length), the above equation cm be 

simplified to yield, 

x, = 2 L 13 , which when substituted in (50) gives* 

V, = 47.6 rPVJ L 

3.2.4.1 Application 

3.2.4.1.a Flat plate 10 r 1 cm 

Applying this mode1 to flat plat model geometry 10 x 1 cm of Fig. 3.1. 

L=10, a=l ,  rp=50000hdcm 

From eq. (53) the cntical flashover voltage for above conditions is = 8 139 V. 

The cntical voltage V,(ms) and resistance r, ,is plotted in fig 3.20 

O 5 10 15 20 25 30 35 40 45 Sa 

Resistance (Wm) 

Fig R Î O  Relbtionsship between critical voltage and resistance eper unit Iengh 
for 10 Y 1 cm Jizî plate in Clmerie madel. 



3.2.4.l.b Hat plate 10 x 10 cm 

This mode1 is applied to 10 x 10 cm flat plate of Fig. 3.2. Critical voltage is 

calculated fkom eq. (53) for dxerent values of pollution resiaance. 

The calculateci values of critical voltage, Vc nns Eom this model are compared with the 

experimental results 11 51 and shown in Fig.3 -21 

Fig. 3.21 Relationship between crifiml vol'ge and conductivity for IO x 10 cm plate. 
i) CIaven'emdel 
.) Experimental - - - - - 

3.2.4.l.c Cylinder L =lOO cm, dia. = 15 cm 

This model is applied to cylinder of Fig. 3.6. The cntical voltage is calculated fiom 

eqs (53) for différent values of pollution resistance. 

The calculated values tiom this model are compared with experimental results [9] and 

show in Fig.3.22 



Conductivity (pS) 

Fig. 3-22 Relationship between criticai voltage and condrrcivity for cyïinder L -100 cm. 
dkz. = 15 cm. 

i) CI&e d e l  
ii) Erperimental &---a 

3.2.4.1.d IEEE insulator 

This model is applied to IEEE insulator of Fig. 3.4. The critical voltage 

calculated from eq. (53) for dzerent values of pollution resistance. 

The calculated values from this model are comparecl with experimental results (401 and 

shown in Fig.3 -23 



O 2 4 8 8 10 12 14 16 18 

Conductivity (pS) 

Fig. 3-23 ReIationshIp between crificaf voltage and conductnrity for IEEE inmIÙtor. 
i )  Clmerie mode2 
ii) Experimenful ----- 

3.2.5 Mode1 of  P S Ghosh [I8] 

This mode1 is based on experiments conducted on dEerent electrolytic surfaces 

with dinerent electrolytes. The measured values of critical voltage, current and time to 

flashover etc. depend on electrolyte. The arc constants used in the model are derived fiom 

these measured values which were obtained for difEerent electrolytes. Thus this model 

takes into effect the change in chernical nature of pollutants on flashover voltages under ac 

system. A flashover model earlier presented by Renyu [I l ]  is used with a difference. 

Renyu used peak values of current and voltage, while this mode1 uses mis values. 

A fiat plate insulator model is used for experiments es shown in Fig.3.24 



+ % -L - xf-4 

Fig. 3-24 Two dirnetlstott4IJIatphte m&I 

The main concept of Obenaus mode1 Le. an arc in senes with polluted surface 

(resistance) is applied. From experimental results, it is show that the criticai current is 

independent of length of pollution layer. Also, it was show that for every electrolyte, 

there is a panicular value of applied voltage V, say V ,  correspondiing to t h e  to flashover 

of 1 ms, and any lùrther increase in V beyond V, does not change the value of the  to 

flashover appreciably. The metal concentration in electrolyte were reduced &er fiashover. 

Model 

Under static voltage for a polluted layer, 

V=xNi" +r,(L-x)i+V. 

Where, V = applied voltage in KV, 

i = current in amp 

r,, = resistance of pollution in KR 

As per flashover mechanism proposed by Renyu for ac 

Vw= xNie4 +r , (L -x ) iw  (55) 

From eq.s (93) and (94) and considering a factor of 1.3 between ac peak and dc 

applied voltage, the foilowing equation is obtained, 



V = k x N i *  +r,(L-x)i+V. (56) 

where, 

k = (A41.3) -(w (57) 

The voltages and currents in eq. (56) are nns values. 

Dflerentiating eq. ( 56) with respect to "i" and equating it to zero gives the critical 

values of "i" and voltage as in the following eq., 

Vc = L.k u(W1) NU (n+I) '/@+'CI" 
rp (58) 

and, & = [ k N / r p J  uwi) (59) 

The value of applied voltage at which the time to flashover is 1 ms i.e. when V = V, , at 

this time x is approximately equal to L, and i = L, therefore, eq. (56) can be written as, 

V,=kLNi,"+V, (60) 

Based on experiments and using the eq. (60) the values ofarc constants N and n are 

determined. Since V, , i, are dEerent for diEerent for different electrolytes therefor the 

calculated values of N and n take into account the chernical composition of electrolyte. 

In this model the values ofN = 450 and n = 0.49 for Nacl electrolyte are used. 

3 m 2 m 5 . 1  Application 

3.2.5.1.a Fiat plate 10 r 1 cm 

This model is appiied to flat plate model of 10 x 1 cm of Fig. 3.1. For different 

values of resistance the cntical current and voltage can be calculated from eqs. (59) and 

(58). 

The critical voltage V. and resistance r, values are plotted in fig 3 -25. 



O 5 10 15 20 25 30 35 40 45 Sa 

Resistance (Wucm) 

Fig. 3.25 Reliztiomhip between critical voltage and resisfame for IO x 1 cm flat plate in 
Ghosh 's rnodel- 

The critical current and voltage obtained in this model is simiiar to the mode1 of 

Neumarker and others and diner by a factor 0.919, as can be seen nom eq. (59). 

Therefore the critical cumnt obtained by this mode1 is slightly less than Neumarker. 

The calculated results are much higher than Neumarker and othea. It may be due 

to different value of N and n used in this mode!, 

3.2.S.l.b Flat plate 10 r 10 cm 

This model is applied to flat plate 10 x 10 cm of Fig.3.2. Critical voltage and 

current can be calculated fiom eqs. ( 58 ) and (59) respectively, for daerent values of 

pollution resistance. 

The calculated values fiom this model are compared with the experirnentd results 1151 and 

are shown in Fig.3 -26 



3.2.5.l.c Cylinder L = 100 cm, dia. = 15 cm 

This mode1 i s  applied to cyiinder of Fig.3.3. From eqs. (59) and (58) the critical 

current and criticai voltage can be calculateci for different values of pollution resistance. 

The caiculated values from this mode[ are compared with the expehental results [9] and 

are shown in Fig.3 -27 



O 2 4 6 8 I O  12 14 16 18 20 

Condudivity (pS) 

3.2.5.1.d IEEE insulator 

This model is applied to insulator of Fig. 3 -4. From eqs. (59) and (58) the cnticai 

current and critical voltage can be for difrent values of poilution resistance. 

The calculated values fkom this model are compared with the experirnentai results [40] 

and are shown in Fig.3 -28 



Conductivity (pS) 

Fig. 3-28 Relatiomhhip between critical witage a& conchrcfnrity for IEEE iwiatrw 
i )  GhoshmocteI 
ii) Expen'mental -- 

3.3 Cylindrical Models 

3.3.1 Mode1 of L Alston [9] 

This mode1 consists of a cytindricd hsulator of length L, with eiectrodes on fïat 

ends, as shown in Fig. 3.29 

Fig. 3.29 cyiinclncul m& 



The assumptions made in this mode1 are: 

Discharge current is constant dong the length of discharge, there is no contact between 

the discharge and pollution except that at discharge tip. 

The dry band does not condua the current. The current can ody flow to poiluted portion 

only through discharge and thus discharge current is same as current e n t e ~ g  pouution 

layer. 

The electrode voltage drop is neglected 

Resistance per unit Iength is constant. 

The electric field is uniform for most part oflength. 

Single arc is assumed. 

Mechanism of extinction assumed is that as arc increases in length, the voltage required to 

support it also increases. Ifthe arc voltage is more than the source voltage, the arc will 

extinguish. 

The applied voltage is related to arc voltage and drop across polluted layer as in the 

following eq. : 

V=V,+iR,, (61) 

Based on experiments, measurements of currents and voltages were plotted to determine 

the arc characteristic constants of the discharges in air and the arc voltage is given as, 

V, = x N ï n + B  (62) 

x N ïn represents the voltage drop of discharge and B represents voltage drop near 

electrode. B is less than 400 volts and can be neglected if the applied voltage is in few kv. 



&, depends on resistivity ofpollution and shape. The resistivity is assumed constant so 

that the resistance of pollution dong the axis of cylinder is constant. 

%= rp(L ex) (63 1 

rp is ""tance per unit length dong the axis ofcyünder. Ifthe discharge fia length is 

great compared to the diameter of cyhder, the elearic field can be considered uniform 

over a greater length of cybnder. 

V = x N ï n + i r P ( L - x )  (64) 

For any given arc length x, the voltage required to maintain this arc can be obtained by 

dv/di = 0, and this occurs at the fument given in eq. (65) 

i = {n N x / r,,(L-x)) m + t )  

V, =(n+l)(Nx)~+'  ((L - X )  rp/n } n (e l )  

Fig. 3.30 is a plot of V, and x. 

z 

Fig- 3.30 Dependence of V, on arc le@. 
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As can be seen that V, has a maximum value, calied critical value V,. For an 

applied voltage V., the arc can elongate up to an initial length of&, as for length greater 

than x. the voltage required to maintain the arc is more than the supply voltage. On the 

other hand ifthe initial arc was x'. then any increase in supply voltage will lead to 

flashover, 

The value of V, is given as, 

V = NU<C~) L rp><n+l) 

and this occurs at x = x, and cntical arc length is given as in eq. (68) 

G = L /(l+n) (68) 

Flashover is impossible if applied voltage and initial length of arc are less than V, and x, 

given by (67) and (68). 

It is interesting to note that the values of V, and x are the same as that given by 

Neumarker [19]. 

& = Vc / L = rcd<*l) (69) 

The above relationship defines the relation between the cntical resistance and 

applied stress. It follows that for a given r, the flashover is impossible at any stress which 

is less than the E, similarly for any given stress E, flashover is impossible for any value of 

resistance greater than r. given in eq. (69). 

In general flashover can not occur if 

E < ~ I f ( n + l )  nf(n+L) 
fp (70) 

Based on experiments the value ofN = 63 and n = 0.76 is used in this model. 

Therefore, 



E < 10.5 r,O" (7 1) 

Peak values of & and E must be used for power frequency. Since E, is the 

maximum value at which flashover is impossible. 

The condition that the initial arc length should be less than x, can be obtained using 

eq. (69) with the value of n = 0.76. 

xi = initial length < < 0.57 L (72) 

and critical current, i, = (N I r,) 1 / (ntl) 
(73) 

N or r, can be elirninated. 

& = m/&)lf" (74) 

and t = E, Ir, (75) 

Substituthg the values of N and n , the maximum value of current that can flow under a 

stress of E, without flashover is 

i-= 233. E/13'  (76) 

Eq.s (71) and (72) define the conditions under wtuch the flashover is impossible, 

not the conditions under which the flashover takes place. For example when the applied 

voltage is greater than the criticai voltage, the fiashover may not take place due to 

insufficient conditions e-g. forces for arc movement are not enough, the energy dissipated 

into discharge root is not su8icient to dry out the pouution. 

Eq. (72) is assumed to hold for almost ali praaical applications. the initial arc 

length is the distance covered by an initial sparkover distance which triggers off the 

discharges and which is due to non uniformity ofelectnc field by pollution. Ifthe initiai 



sparkover could span the distances compareci to L Le. more than critical length x, then the 

flashover may suddenly occur without being preceded by discharges. 

3.3.1.1 Application of Mode1 

3.3.1.l.a Flat plate10 r 1 cm 

This model is appiied to flat plate of Fig.3.1. 

IfRashover is assumed to take place under controlled conditions based on this model it 

must occur at critical stress- 

For r, = 5000, From eq. (71) & = 409 v /cm and V, is 10*409 4090 volts, and 

from eq. (76) & =8.83 * lu2 amp. 

It is interesting to note here that aithough the fonnulae for critical voltage and 

cntical arc length are same as in Neumarker, the calculated values are difEerent. This is due 

to the dEerent values of N and n used in two models. For N and n, Neumarker used the 

values 63 and 0.5 respectively, while Aiston used the values of63 and 0.76. 

For an arc length of x = 1 a, the calculated value of voltage required to maintain 

this arc length is 2 13 1 V using this model, (eq. 66). while using the Obenaus model it is 

1 102 V ( from eq. 7 in Obenaus's model). In Obenaus's model the value of N = 63 and n 

= 0.5 were used. If the values of N and n of Alston i.e. 63 and 0.76 respectively, are used 

in model of Obenaus then the value of supply voltage required to maintain the arc length 

of 1 cm is 2074 V, which is close to Alston's value of 213 1 V. 

For different values of r,, the values of criticai voltage, current and arc length can 

be calculated fiom eqs. (71), (76) and (72). 

The values of tesistance and critical voltage are plotted in Fig. 3.3 1. 



O 5 10 15 20 25 30 35 40 45 5( 

Resistance ( W c m )  

Fig 3-31 Rela tionship biween critical voltage and resistance for10 x I cm jlat p fate in 
AIston 's modeL 

The criticai arc length is 5.7 cm when the model is considered under ideal 

conditions. From Neumarker's mode1 the critical length is about 6.67 cm. It is quite likely 

that due to various assumptions the flashover voltage predicted by this model may be 

lower than the actual. The model may therefore give a safer but conservative values of 

flashover voltage. 

3.3.1.1.b Flat plate 10 r 10 cm 

This model is applied to flat plate of Fig. 3.1. From eqs. ( 71 ) and ( 76) the cntical 

voltage and critical current for different pollution resistance can be caiculated. Critical 

length is calculated fiom eq. ( 72 ) and is 5.7 cm. 

The caiculated critical voltage nom this model is compared with the experimental results 

[IS] and is show in Fig. 3.32 



Fig. 3.32 Relationsship between crirical voltage uad conducivity for 10 x 10 cm plate. 
i )  AIstonmodeZ 
it) Expe~mentd ----- 

3.3.1.l.c Cylinder L = 100 cm, dia. = 15 cm 

This mode1 is  applied to cylinder o f  Fïg. 3.3. From eqs. ( 7 1 ) and ( 76) the critical 

voltage and critical current for dierent pollution resistance can be calculated. Critical 

length is calculated fiom eq. ( 72 ) and is 57 cm. 

The calculated values fiom this mode1 are compared with the experimental results [9] as 

show in Fig. 3.33 
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Fig. 3.33 Relutionship heîween cnticaf volfuge and con~ctiviîy for cyIinderJ =100 cm, 
d '  = 15 cm. 

3.3.1.l.d IEEE insulator 

This mode1 is applied to IEEE insuiator of Fig. 3.4 From eqs. ( 71 ) and ( 76) the 

critical voltage and aiticai current for dEerent poilution resistance can be caiculated. 

Critical length is calculated from eq. ( 72 ) and is 17.30 cm. 

The calculated values of critical voltage from this mode1 are compared with the 

experimentai results [40] as shown in Fig. 3.34 



Conductivity (pS) 

Fig. 3-34 Dependence of critical voltage on conductnity for IEE%: ida îor .  

3.3.2 Mode1 of Boehme & Obennus [IO] 

This modei uses cyiindricai geometry for insulators. Cylindricai modeis with and 

without sheds have been considered. An arc buming in series with the resistance, 

representing the pollution layer is considered. The elongation of the arc which l a d s  to 

fiashover is based on the mechanism of Hampton [13]. The Fig. 3 -35 describes the two 

cases of cylindrical modeis, 1) without shed, and the other II) with sheds. 



Fig. 3.35 Field strength dim'bution a h g  the creepge path 
a) withmtjlash~~er 6) & n g ~ m r  

The foliowing auumptions are made: 

Single arc is considered. 

Electric field dong the aeepage path is wifonn and the tesistance of the pollution layer is 

reduced by the elongation of partial arc. - 

As soon as the movement o f  root arc began it led to complete fluhover for the case 

without sheds. 

Arc travels dong the leakage path. 

in the case of a cyhder without sheds, the arc travels M e r  if the fidd ahead of it 

i-e. of resistive loyer is gr- than the decriic fieid of  arc as in Fig. 3 -3 5. in the case of a 



cyünder with sheds, which Y asumtd to hove d o m i  rroistivity, a smgle resirtance in 

series with the arc is not adquate. Thmefixe two rcsktatl~ corresponding to shed areas 

of leaicage lengths LI and L2 arc conridacd- 'f& geomeay ofthis insulator is show in 

Fig. 3 -36 

Fig. 3.36INuurlop with sheds. 

When a partial arc burns at the edge of the poïiuted layer, forces act in two 

directions on the root. On the one hand they originate fkom the elecaic field parailel to the 

resistance and on the other nom the field dong the an. in ePch case the arc root di 

move into a zone of higher field. 

If the root travels on a stepped resistance (ii case of mode1 with sheds) rpl, then it may 

travel as fhr as the transition point benmen r,l and r@ Ifthe field magnitude in the arc is 

less than the field magnitude in resistance rp thcn the arc root travels over the transition 

and flashovcr ocnin. In case the field magnitude in the arc is  more than the rcsistive layer, 

then the movancnt of the arc is hltd. 

Fiashova voltage depaids on charactdnics of arc and conductance of plluted 

layer, I I  r,,~ and 11 r#, Ilrp = (Ll+L2)/&14i +L2 ri2 ). The path with lowcr conductance 



will be bridged first by partial arc. EL2 is mal1 cornpanxi to L1 or the conductance II r,l 

and 1/ re do not cliffer much, then fiashover wili tah place, othenvise the stationary arc 

will be produced on L1 and flashova will oniy be possible if the appiied voltage is 

increased- 

In the arc voltage eq. " N x ïm', the vaiue of n =l is assumeci in this model. 

Fiashover voltage without stationary partial arc is given as, 

v:k = rp(rpi N)'~ = (LI rPl +L2 rp2 )/ (Ll+L2) (rpl wV2 
If the flashover develops fiom stationary arcs then, 

VdL = (r**wU (78) 

Conductance rpt, rp& lealcage lengths LI, L2 can be represented by the geometry of 

insulator Fig. 3 -36. If a partial arc travels dong the leakage length L, and for aU practical 

insulators a / b > 0.5, Then, 

VJL = (rP1)O3 (O.S*d*b/@*a) in (1 + 2bafdb))" N"-' (79) 

V, /L therefore depends on conductance I I  rpl and parameters of shed a and b. The value 

of term "V, /L (r,~ depends very linle for aaual insulators, on parameters of sheds 

and on average arnounts to 0.8. Therefore, 

V. / L = 0.8 (r,~ N)" (80) 

This model shows that the flashover voltage decisively depends on leakage length L . 

3.3.2.1 Applications 

3.3.2.1.a FIat plate 10 x 1 cm 

This model is appüed to 10 r 1 cm plate of fig 3.1. From eq. ( 80) the critical 

voltage is caiculated for dinerent vahies of resistance. 



The relationship between critical voltage and resistance of pollution is shown in FÏg. 3.37. 

O 5 10 15 20 25 30 35 10 45 Sa 

Resistance (Wcrn) 

Fig. 3.3 7 Dependence of critical voltage 00 poZItltion resistance for IO x I cm flat 
plate in Boeheme 3 model. 

3.3m2.1mb Flat plate 10 x 10 cm 

This model is applied to 10 x 10 cm plate of Fig. 3.2. From eq. ( 80) the critical 

voltage is calculated for difEerent values of resistance. 

The calculateci values of critical voltage fiom this model are compared with the 

experimentai results [15] and shown in Fig.3 -38 



Fig. 3.38 Dependence of critical voltage on conducivity for IO x 10 cntjlatpkate. 
i )  Bwheme & Obenaus mode2 
ii) Erpen'meeta2- - - - - 

3.3e2el.c Cylinder L = 100 cm, dia. = 15 cm 

This model is applied to cylinder of Fig. 3.3. Critical voltage is calculated fram eq. 

( 80) for different values of poilution resistana. 

The cdculated values of critical voltage fkom this model are compareci with the 

experimental results 191 as shown in Fig. 3.39 



Fig 3.39 Dependence of criticai voltage on conahrctivity for cylinder L = 100 cm, 
dia = IS cm 

i )  Obenam & Baeheme m d e l  
ii) Qperimental - - - - - 

3.S.Z.l.d IEEE insuïator 

This model is applied to IEEE insulator of Fig. 3.4. The critical voltage is 

calculated from eq. (80) for different values of resistance. 

The calculated values of cntical voltage fiom this model are compared with the 

experimental results [40] and are shown in Fig. 3.40 



Fig. 3.40 Dependence of critical witage on conhcrivity for IEEE insirator. 
i )  O b e ~ u s  &Boehme madei 
ii) ~ t ï m e n t a i  -- 

The model does not give any calculationo for critical arc length and critical 

current. The critical voltage is oniy dependent on resistance of pollution and leakage 

Iength only. This means that the fiashover voltage is not afRected by shape, width etc. of 

insulator. 

3.3.3 B F Hampton [l3] 

The formation of dry bands and subsequent growth of discharges on poiiuted 

sufice of a fiat strip insulator are the main subjects of this model. The following 

assumptions are made: 

The resistivity of poiiution layer is constant. 

As arc moves it is not shunted any where dong its length by wet poiiuted layer. 

Experirnents were conducteci on a water column of constant resistivity. The 

flashover voltages as a function of water colurnn lengths are shown in Fig. 3.41 
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Length of water cohirnn, L cm 

Fig. 3.4IFhhover voIt4ge of water column. 

ïhe straight lines hast pus through the origin. Since the total resistance of 

water colwnn is proportional to its length, therdore these ünes are also the iines of 

constant curent. At fiashover the foilowing observations may be made: a) the arc current 

and therefore the voltage graâient along the water, is constant for wlumns ofdEerent 

Iengths but the same nsistivity, b) the arc c u ~ n  is lower and the voltage gradient along 

the column is higher for columns having -ter resistivity. 

The voltage across arc is known to decrease with increase in current, therdore it is 

possible that the gradient of arc voltage aîî the gradient of water columa wiil be equal. 

It has becn show that when the voltage gradient of resistance surfacc is greattr 

than that of arc voltage gradient, thai the arc propagatcs. This condition can ôe written as 



The arc bums in the atmosphere of steatm The voitage gradient in d u m n  of arc 

buming in amiosphere of stearn is fùnction of nirrent and has been found to be 

considerably higher than that of simiiar arc burning in an atmosphere of air. 

Under critical condition, it can be said that the E, = Q. Since the E= = N i '' 

and E, = r, i , therefore, 

Ni/'=rp 4 

Where L is cntical current at flashover, also 

&=(NI@ U(n+ 1) 

V,=r&i,=rpL(N/rp) Mn+U 

Vn+l dwl &=N r, 

The eqs. (82) and (84) are same as in Neumarker's model. 

3.3.3.1 Application of model 

3.3.3.l.a Flat plate 10 x 1 cm 

This mode1 is applied to the flat plate of 10 x 1 cm of Fig. 3.1. 

The value of arc constants are, N = 530, and n = 0.24 

For r, = 5000, fiom eq. (83) the value of critical voltage, V. = 8 183 volts and the 

criticai current, i, = 0.163 amp. 

For dinerent values of resistance, the critical values ofvoltage and current can be 

calculated from eqs. (82) and (83) 

The value of resistance and critical voltage is plotted and shown in Fig. 3.42 



Fig. 3.42 Dependence of cn'ticaI voltage on puIIution resistmceefor IO x I cm flatplate 
in Hmpton 's modeI. 

3.3*3.1.b Flat plate 10 x 10 cm 

This model is applied to 10 x 10 cm Bat plate ofFig.3.2. The calculated values of crîtical 

voltage fiom this model are compared with the experimental values [15] and shown in 

Fig.3 -43 

Fig. 3.43 Dependence of cncnticaI whge on coductiviîy for IO x 10 cm plore. 
0 Hmnponmodel 
ii) EqetimentuI - - - - 



3.3.3.1.c Cylinder L = lOOcm, dia. = 15 cm 

This made1 is applied to cylinda of Fig. 3.3. The calculateci valws fiom this model 

are cornparrd with the experimental nsults [9] and shown in Fig. 3.44 

Conductivity (pS) 

3.3.3.1.4 IEEE insulator 
This model is applied to IEEE insulator of Fig. 3.4. nie cntical voltage and current are 
calculateci fiom eq. (82) and (83). 

The calculated values âom this model are compared with the experirnental results [40] and 
shown in Fig. 3 -45. 
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Condudivity (pS) 

This model basidy gives a criteria for defining the voltage which is necessary to maintain 

an arc. The model does not describe the mechanism of movement of arc, It does not 

consider arc velocity. 

This voltage is higher than in previous models because higher values of arc constants used 

in the rnodel. 

3.3.4 Herbert Woodson [17] 

A mathematid model to consider the electrical discharge mechanism on dry bands 

across the wet contaminatecl insulation is presented. This model is based on constant 

surface resitivity. The constants useù in the model were calculateci fiom experiments. A 

fiat plate model with circular concentric electrodes was used. 



When one or m o n  discharges occur across a dry zone, the markcd incrrose in the 

c u m t  causes incrcased hcuing what the discharge enters the adjacent w a  polluted 

zone, and the dry zone width inaarer by vapomg the -ter umil either it becornes too 

wide or it attahs a aiticai length byond which the disc&rgc rapidiy crosses the 

remuning portion of poiiuied surfàcc ud the W o v a  ocnirs. Th- appean to be a 

criticai su& &stance below wbich 5shover may o c n ~  and above which it wiii not. 

The geomctry of insulator mode1 considacd is shown in Fig.3.46 

Flg 3.46 Two concenatc eiecb.D<ls orregement in W'bahn 's mdkl  

The equivaient circuit diagram for .bon arrangement is shown in Fig.3 -47 



The arc wrrent is in the range of 20 to 200 mA. Fig.3.48 shows the volt 

amp characteristic for thne discharge lengths. For ri, there are two intersections U and S 

of volt m p  characteristic of discharge with volt amp characteristic of source and wet 

contaminant. Accordmg to the KPufÎnann criteria for stability of an elecvic arc, the 

solution of U is unstable and for S it is stable. For rh the two curves are tangentid leading 

to one stable solution. For r3, there is no intersection and thus no discharge. Discharge 

acmss a dry zone with an initial length ri - f i  cm incfease upto a length r2 and Kr2 > r. 

then fiashover may o c w .  

Fig. 3.48 Volt - amp. chraaCIenensiic for URee drschmge lengihr. 



From above circuit diagnun the foliowing eq. can be written. 

v=v,+v, ,  

V,=NI"(t-ri) 

Vp = F(r, rd, ta ) 

Where, 

V, = voltage drop in pollution Iayer 

ri = radius of inner electrode 

ro = radius of outer electrode 

rd = radius of discharge 

p. = surfàce resistivity 

It is assumed that the currem density is constant and that the function F is independent of 

rd, the radius of arc root and thus of current i. Therefore F depends ody on diensiow 

only. It is fûrther assumed that, 

F = C (r. - r)" (88) 

Where C and m are constants and were determined experimentally. 

The above four equations constitue the mathematid rnodel, wiih parameters N, m, n, 

and C to be determined experimentally. 

For a given constant resistivity, and arc length, reduction in appiied voltage yields 

a minimum value of voltage below which arc wiU extinguish, as shown in Fig. 3.49 



F .  3.49 Depettdmce ofwiied wlrcrge on arc extinction 

For each di&rmt arc lengih thae wiîl be a minimum d u e  of appüed voltage . 

This when plotted with respect to r will be as shown in Fig. 3.50. 

"1 (r -ti) = discharge length 
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Fig. 3.50 Reliitiomhip be~ween qpplied vdicge and arc lmg& 
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Thus for a given sdace resitivity and insulator geometry there is a voltage 

maximum voltage VI called critical voltage, V. occuniog at discharge length x. = r, - n 
below which discharges ultimateiy extinguish and above which discharges wiU develop to 

flashover. 

Critical voltage can be calculated by s o l h g  foiiowing equations simultaneousiy 

Using eq-s (85) and 

(89) 

(90) 

(86) in above results in the foliowing: 

v,= (n+l) ~ @ j n )  *' ( ~ ( i œ r ~ )  ) (9 1) 

V, can be found by dinerentiating (91) with respect to r and equating it to zero. This wiil 

give the value of critical length r.. Since the dependence of F on r is not known therefore 

solution can be found syrnbolically only, 

Assuming (86) has bem solved for r ,  the V. can be given as, 

vc = @+1) ( F (rc, ro ) p. fn ) a'(w (N (r. - q ) ) 1 1 (n+l) 

Associated with r,, is current i,, 

i-= { (n+l )~(r- -r i ) lr  }w 

Solution of (85) at r, gives, 

~(r- ,  r.)=(n/ir+l) [N( 1 +N)] -Lk[(~~~J4(ru.-ri)-Lh] (95) 

These equations together with experimental results are used to calculate the values of 

constants. 



Based on experiments an empirical fonnula is denved for arc voltage as, 

V, 9200 i O.' (r - ri ) 
Thus arc constants are, N = 200 and n = 0.8 

A h ,  foliowing eqs. were derived : 

F(r-, r,, ) =l.6*10-* (ro - r-) L' 

and, (r. -q) = (r. -s) /(l+mn) 

3.3.4.1 Application 

3.3.3.4.1.a Fiat plate 10 x 1 cm 

This model is applied to Bat plate of Fig. 3.1. It is dicult  to appîy Qat plate model 

geometry. However some simplifying assumptions are made to apply the equivalent flat 

plate model. To represent this flat plate closely to this model it would be desirabfe to have 

the distance between two electrodes to be same Le. L be equal ta r ,  - fi , and the area 

between two electrodes be equal to 10 an2 Le. n ( r.2 - ri2 ) = 10. Under this case it is not 

feasible to satisfy both conditions. 

Let us assume ri =2, then fiom above, r. 4 2 ,  n = 0.8, m 4 . 4  

From op. (98), (rc - ri ) = criticai arc length is calculateci as 4.72. Function F(r. ) is 

calculateci fiom eq. (97) and is quel to 0.2577. 

For different surfhce resistivity per square Cui ohms per square) the aiticai voltage and 

cunents can be calculated. 

The critical voltage and resistance values are plotted in Fig.3 -5 1 



3.3.4.l.b Flat plate 10 x 10 cm 

This model is applied to fkt plate of Fig. 3.2. It is difncult to apply fiat 

plate mode1 geometry. However sorne shplifying assumptions are made to apply the 

equivalent flat plate model. To represent this fiat plate closely to this model it would be 

desirable to have the distance between two electrodes to be same Le. L be qua1 to ro - r; , 
and the a r a  between two electrodes be qua1 to 100 cm2, This meaiis that rr ( r.' - ri2 ) = 

100 and under this case it is not feasible to m m  both conditions. Therefore, the value of ri 

is assumeci as 2 cm which results in ri of5.98 cm, 

From eqs. (97) and (98) the criticai voltage is calculated for dierent values of 

pollution resistance. 



The calculated values of aiticai voltage fkom this model are compared with the 

experimental results [l S] and shown in Fig. 3 -52 

Fig. 3.52 Dependence of cncnfic(lI voltage on polIufion resisfmce for IO x 10 
cm plate. 

i )  W d o n ' s  model 
ii)&perïmentai - - - - - 

3.3.4.1.c Cylinder, L = 100 cm, dia. = 15 cm 

This model is applied to cylinder ofFig- 3.3. Assuming ri = 2 cm, r,, = 38.79 

cm. From eqs. (97) and (98) the fiashover voltage is calculated for dinerent vaiues of 

resistance. 

The calculated values &om this model are compared with experimental nailts [9] and 

show in Fig. 3.53. 



Fig. 3-53 Dependence of critical voltage on conductivity for cyiindet L = 100 
cm, d k  15 cm. 

i )  WooC11ço~on'smodeZ 
ii) Ehperimerttal ----- 

3,3,4.1,d IEEE insulator 

This model is applied to IEEE insulator ofFig.3.4. The top metai part ofinsulator 

is of about 110 mm dia Therefore iffi = 5.5 cm is assumed then r. is 22.95 cm, whidi is 

close to dia. of 25.4 cm ofinsulator. From eqs. (97) and (98) the critical voltage is 

calculated for different values of resistance. 

The calculatecl value of critical voltage from thk model is compared with the experimentai 

results 1401 and shown in Fig. 3- 54 
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Conductivity (pS) 

Fig. 3-54 Dependence of criticai voltcge on cotilducrivity Jor IEEE imfùtor. 
i) WoodmP muuiei 
ii) Eirpennmentaf - - - - - 

3.4 Z Renyu & G Zhicheng Mode1 

Based on experimental observations and investigations empincal fonnulae for ac 

and dc arc charaderistics are presented. The arc characteristic for ac and dc ditFer nom 

each other. For ac the criteria for re ignition and recovery of arc are cddered.  It has 

been shown that most important factor is recovery condition. A formula for caiculating the 

resistance ofpollution layer is derived which can be used to calculate the fiashover 

voltages. The foiiowing assumptions are made: 

The voltage drop of anode and cathode are not considered. 

Arc does not drift fkom surface when uaveling dong leakage path. 

Usuaiiy the r d  insulators with cornplex shapes are converted to reCt8ngular model 

Fig.3.55 . The area of rectanplar is equal to the surface ana of insulator. 



Fig. 3-55 Renyu 's mode2 

The fiashover process can be describeci considering a part of poiiuted insulator 

(resistance) in senes with the arc as shown in Fig.3.55. Based on experiments foiiowing 

empincai equations are given for arc, 

For dc, 

Varc = 138.x.i 

For ac, 

Var. = 140.x.i 

The arc characteristics depend on surroundings. The arc constants measured in this 

mode1 are Serai t  than othas ( as others measured arc buming in air or stem between 

fixeci electrodes). The conductivity of remahhg poilution layer changes with the arc 

movement. The conductivity at fiashover is di&mt than the nonnai temperature 

conductivity. The relationship between these two wnductivity can be represented by the 

foiiowing empiricai fornuia. 

a, = 1.25 a 



Where, a, is conductivity at fiashover and o is conductivity measured ordinariiy- 

Cap - pin insulator fig 3 .S6 can be represented as show in fig, 3 57. 

The SULface area under Fig. 3.57 is the total sudiace area ( top + bottom ) of 



In Fig-3 -57, L represents the leakage length dong the insulator. nD is circumference, D is 

diameter of uisulator and rd is radius of arc root. Resistance of pollution layer can be 

calculatecl fiom following, 

%(x) = (lh OC) h[( L x y rd ] 

Where, 

&(x) = cesistance of poliution layer at arc length x. 

From 1151 rd cm be calculated as, 

r ,  = (ii1.45~) 

Eq. (104) is suitable for models ifinsulator has enough width as in case of pin cap 

insulators. 

Flashover Criteria 

DC frmhoveer: 

For dc the eq. for applied voltage in terms of arc voltage and poilution layer 

voltage is given as, 

V = N x ln + R&)i (106) 

For a constant length of x, the minimum required voltage to maintain the arc can 

be calculated by diffierentiating V with respect to 'Y' and dv/di = 0. 

ii = ((n N x)l & ( x ) ) ~ '  (107) 

and, V ~ = [ l + l / n ] [ n ~ x ] ~ ( ~ ~ ~ , ( x ) " ( * ~  (108) 

Further when d V, /dx = O, then the critical arc length x, can be calculated from 

the following condition, 

R,,(x) = - n x dR,(x) fdx 



AC FIQShover 

For ac the eq. (100) ean be written as, 

Vw = N x + %(x)i+ (113) 

In order to complete an ac Bashover both the critical condition of arc stabiiity and 

arc recovery conditions must be satisfied. The recovery condition c m  be expressed as 

funaion of current, 

v, = 4ip3 (1 14) 

Recovery condition of arc, rather than the re ignition is used. The recovery of ac 

arc without extinguishing when passing through current zero is given as, 

Vw=531 L/iw (1 15) 

The recovery condition of arc which exfinguishes and re ignites when its current 

passes through zero is, 

vw =los0 x. / i, (116) 

The value of %(x) can be caiculated as for the case of dc using eq. (104). The 

criticai arc length x, is denved ftom eq. ( 113) as in case of dc. The critical ac current and 

voltage are calculated when both the eq. for flashover (1 13) and the recovery condition 

(1 14) is satisfied. Eq. (1 17) is obtained fiom eq.s(l13) and (1 14). 



N&ipi ; .+&&&dCtqi**)  (1 17) 

i* is caicuiated h m  eq. (1 17) and once iw is known then flashover voltage is 

calculated firom &ha eq. (1 15) or (1 16) 

if&= 0.507 L, then both ep.s (1 15) and (1 16) are same 

3.4.1 Application 

3.4.1.a Hat plate 10 r: 1 cm 

This mode1 is appiied to a 10 cm long and 1 cm wide flat plate ofFig. 3.1. 

Resistance can be calculated using eq. (104). I fx = L, Then the arc spans the entire length, 

the &(x) should be zero but the %(x) would be Uifinite as in(0) = infinity. When x = 0, Le. 

no arc, then the maximum resistance of  total layer should bc %(O) at initial stage using 

normal conductivity a and not a, . 

At x L say x = U1000, the resistance of pollution is maximum and almost equal 

to R&) 9q. (104) is solved by using a cornputer program. Since the calculated flashover 

values are obtaineà using the conductivity values at the time of flashover (1 -25 times the 

normal conductivity) therefore these values are divided by a factor of  1.25 when 

comparing with experimental results of others. 

The plot of criticai voltage and resistance is s h o w  in fig 3.58 for dc. 



Fig3.58 Dependence of cn'fical vdlage on resistance for dc m e  for 10 x I 
cm pl'e in Renyu 's m&Z. 

The plot ofcritical voltage and resistance is shown in Fig.3.59 for ac. 
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Resistance (kR) 

Fig.3.59 Dependence of critical vdtage on resistance for ac case for 10 x I cm pkàte in 
Renyu's model. 



3.4.1.b Fîat plate 10 x 10 cm 

This mode1 is appüed to 10 x 10 an fiat plate ofFig.3.2. The criticai voltage and 

current are caiculated using cornputer program 

The calculateci values of criticai voltage fkom thk program are compared with the 

merimental results 11 5]as shown in Fig. 3.60 for dc. 

Fig. 3.60 Dependence of critical wItage on corrducfM'ty for IO x IO cm plate dc. 
i) RenyumodeZ 
ii) Experimenfial - - - - - 

The critical voltage and current for ac case are calculateci nom progran 



The caiculated criticai voltage fioxn this model are compared with the experimental results 

[15] as shown in Fig. 3.61 for ac. 

- -  - - - - - 
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Fig. 3.61 Dependeme of cncntic4I wItage on conhcrivity fw f O x 10 cm plate 
uc case. 

i) R e n y u m d  
ii) Eiypen'rnenfal- - - - - 

3.4.l.e Cylindu Ir 100 cm, dia. = 15 cm 

This model is appiied to cyiinder of Fig. 3 -3. The caiculated criticai 

flashover for dxerent values of resistance are compared with the experimental resuits. 

The calculateci values of critical voltage for dc are compand with experiment results [9] 

and shown in Fig. 3.62 



Conductivity (pS) 

Fig. 3.62 Dependence of mCI1tical voltage on conciuctivity for cylider, dc case. 
i) Renyumodel 
ii) Epe~mentui - - - - - 

The calculated values of criticai voltage for ac are compared with experiment results [9] 

and shown in Fig. 3 -63. 

Conductivity (pS) 

Fig. 3-63 Depdence of critica2 voltage on corÉrhrcftvity f i  c y J i . r ,  ac case. 
i )  Renyumodol 



3.4.l.d IEEE insulator 

This mode1 is applied to insulator of Fig. 3.4. The caiailated vaiues of cntical 

voltage and m e n t  fiom program are caiculated for difrent values of poUution 

resisîance. 

The caiailated values of criticai voltage fkom this mode1 are compared widi the 

experimental r d t s  1401 as shown in Fig. 3.64 for dc. 

Fig. 3.64 Dependence of crilical voltage on conduc fivity for IEEE Ihnlator, dc case. 
i )  Renyumodel 
iQ Experimental - - - - - 

For ac case 

The caiculated values of criticai voltage are catculated ftom cornputer program for 

dEerent vaiues of resistance.. 

The calculateci values of criticai voltage are compared with the expriment results 

[40] for ac case and an shown in Fig. 3.65. 



Fig. 3.65 Dependence of critical vdfage on con&cfivrivrîy for IEEE instilator, uc case. 
i )  RenyvmaùeZ 
ig Experirnental - - - - - 

This mode1 takes into account the configuration of insu1ator profile at each instant 

of arc. Since the arc propagation is very rapid t h e  varying phenornenon, and the arc 

parameters change with the arc travel when SuffiCient conductive conditions for 

propagation exist. The variation of arc parameters e.g. arc resistance, pollution resistance, 

etc. with arc travel tirne is considerd in this model together with the necessary conditions 

for arc movement. The concept of Obenaus Le. a dry band arc in series with polluted 

insulator surface as shown in Fig. 3.66 is considered. The assunptions made in the model 

are: 

Constant resistance pet unit length is assumeci. 



Single arc dominant, effect of multiple arc and multi band w u m e d  to result in single arc 

and single band. 

Uniform pollution distribution assumed. 

Resistance o f  source ncgiected as stinswrce is asst,uncd. 

Varying thermal pmperties of arc onci pollution la& not considend, e-g. conductivity 

changes with temperature. 

Fig. 3.66 IiZator showing m WC d &y bond of an inswIutor 

The quivalent &cuit of above insulator is shown in Fig.3.67 



Fig. 3.67 BcmiE r n d  of mt arc in seties with puIIuted swjuce (resistmce) 

For a given voltage and conductivïty, the arc propagation criteria is checked. 

When arc propagates its length is checked and if the ac length is dmost quai  to 213 L 

then it represents the flashover. Ifthe arc length is lower than the prescribed flashover 

length then, the arc resistance, arc current, etc. are caicdated for that particular instant. 

With these new parameters, the above mentioned steps are repeated. In case the arc 

propagation criteria is not witisfied then the applied voltage is increased and the above 

steps are repeated. 

A unifonn resistance of pollution is considered. 

Calculation of flashover voltapg 

The flashover voltage is calcuIated in the following steps, 

Eq. for applied voltage is Wntten as, 

V=Vd+Vd+R xi+i(R,+R,) 

Where, 

V = applied voltage, V 



Vd = cathode drop, V 

Vd = anode drop, V 

i = curent e n t e ~ g  poflution layer, A 

R, = arc nxistance, ohm 

R, = pollution layer mistance. Ohm 

R, = internai source resistance 

Assuming a stiffsource, the internai resistance, & can be negiected, and thus the cunent 

at instant is given by, 

i=(V-Vd-Vi)/(R.x+RJ (119) 

At time t = O, for any given conductivity and applied voltage, the aiment is calculated 

using the following initial values, 

x = L /  100 

R =  100ohm/cm 

vd = 700 v 

vd = 200 v 

& is calculated as , 

Rf,=( i /a )FF 

Where, 

L = leakage length of insulator 

dl = inmemental leakage length 



r = radius at distance dl 

The fonn factor is dculated et every time step depending upon the arc length. 

The arc length varies with time and therefore the form f ~ o r  also varies. Fonn fjictor at 

each step is calculated with the help of cornputer pro- 

For a imnt  caiailated at each step. The arc voltage gradient & is calculateci as, 

&=NT" (121) 

Where, N = 63 and n = 0.5 N and n are arc characteristic constants. 

Poilution gradient E, is calcuiated as, [19] 

E, = N Un+t rp Ukl 

Where, 

r, = unifom poliution resistance per unit length 

rp is calculated fiom R, as, 

r p = & / ( L - x )  (124) 

If Ep > Ea Le. ifthe gradient of poUution is greater than the arc gradient, then arc 

will propagate. This is due to ionkation of path ahead ofarc by increasing the current at 

every instant, enabling the arc to proceed. 

If Ea - Ep, then the arc extinguishes, the supply voltage is increased and above 

steps are repeated. 

Ep > Ea, then the arc propagates and ifthe length ofarc is almost qua1 to 2 13 of 

leakage lengui, then it represents fiashover. Ifthe length of arc is less than this 

propagation length, then the dynamic change in arc resistance is calculated h m ,  

d & / d t = ~ . / ~ - & ~ i * ' / ( ~ ~ . )  (125) 



Where, 

T = arc time constant, = 1ûUps 

N x  = static arc eq., given as = 60 V A 

The new arc resistance is calculateci as, 

R (new) = R (old) + dR (1 26) 

The new aiment is calculateci using the new fonn fjiaor, new arc resistance, new 

&. These values are caicu1ated for each increment dt in time 'Y' Le. t = ti + dt,. Arc 

velocity = mobility * E. For a known mobility 5 - 50 an 1 v 1s and arc length traveled, 

the increment in time dt can be calculateci. For each step the arc propagation criteria is 

checked and flashover voltage calculated. 

3.5.1 Application 

3.5.1.. Hat plate 10 x 1 cm 

The model is applied to 10 x 1 cm plate of Fig. 3.1 The foliowing initial values are 

considereâ, 

x = L 1 100, Mobility = 50, R, = 100, Va = 700, Vd =ZOO, N 4 3 ,  n = 0.5 

A program is written to solve the model equations and the calculated fiashover voltages 

for dserent conduaivity values. 

The flashover voltage and resistance is plotted in Fig. 3 -68 



Resistanœ (kR) 

Fig. 3.68 Dependence of criticaï voltage on resisfm?ce for IO x 1 cm flatplale in 
Sm&arajm model. 

3.5.l.b Rat plate 10 r 10 cm 

This model is appiied to flat plate of 10 x 10 cm of Fig. 3.2. For flat plate fonn 

factor is 1. Same initial values as for 10 x 1 cm are considered.-The calculated values of 

critical voltages are compared with the experirnental values [15] as show h Fig. 3.69. 

Fi' 3.69 Depndence of cn'n'c42 wkge on codcrivity for 10 xI0 cm plofo. 
i )  S&ajmmodeI 
ii) EiFpen'mentaZ - - - - 



3.5.l.c Cylinder L = 100 cm, dia. = 15 cm 

This model is applied to cylinder of Fig. 3 -3- Same initial conditions as for lûxl cm 

plate are considered. 

The calculateci are compareci with scpeillnental results 191 and shown in Fig. 3.70. 

Fig. 3.70 Dependence of cncnticaI voZtuge on c o ~ c t i v i ï y  for cylincler. 

3.5.l.d IEEE insulator 

This model is  appiied to the insulator ofFig. 3.4. Same initial conditions as for 

10x1 cm plate are considered. 

The caicu1ated values of cntical voltage are wmpared with experimentaî rrsults 1401 and 

shown in Fig. 3.71 
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Chapter 4 

Discussion of Results 

4.1 Andysis o f  nrults 

In th% chapter the resuits obtained in chapts 3 for various models are discussed. 

Models were dweloped for application of dinerent types of voltage i.e. either ac or dc or 

both and are show in the Table 4.1 

Table 4.1 Categoty of mdels h e d  on their qplimtzion 

DC Models 

1 Obenaus's model 

2 Neumarker's model 

3 Alston's model 

4 Wilkin's model 

5 Boeheme's model 

6 Woodson's model 

7 Sundararajan's model 

AC models 

1 Ghosh's model 

2 Claverie's model 

3 Renyu's model 

AC and DC Models 

1 Renyu's model 

For a given pollution resistance of ~ O O O  ohm / cm the calculated critical voltage, critical 

current, and critical arc length fiom different model are show in Table 4.2. In the table 

"N'A'' indicates not available f?om the model. As can be seen that there is a wide range in 

results. 



Tuble 4.2 Crificd wltage. m e n t  mdmc lengrh for d'gerent models for OrIo x I cm 

Critical arc 

length in cm I l voltage in kv 

1 Neumarker 

Wilkins 

CIaverie 

Ghosh 

Obenaus 

1 NIA 1 Boeheme 

5.1 17 

1 Hampton 

amp- 

0.024 

Woodson 

Renyu (dc) 

Renyu (ac) 

The prediction of critical voltages by dierent models differ from the experimental results. 

The variation in dinérence between pndided and experhentai results for three Uisulators 

i.e. 1) 10 x lOcm plate, 2) Cylinder and 3) IEEE insulator is shown in Table 4.3. 



Table 4.3 D~xwence between the predicted whes d the qen'rnentiaI rem!& for three 

Mode1 

Obenaus 

Boeheme 

WiIkùrs 

Claverie 

Ghosh 

Alston 

Hampton 

Dineence (%) for 

10 x 10 an plate 

30 to 60 

Dinerace (%) for 

cyiïnder 

O to 10 

19 to 38 

26 to 40 

7 to 24 

40 to 55 

DEerence (%) for 

lEEE insulator 

24 to 32 (+) 

20 ta 38 

5 to 10 

40 to 80 (+) 

40 to 70 

Woodson 

Renyu (dc) 

Renyu (ac) 

S undararajan 

Note: (+) in the table indicates that the predicted d u e s  are higher than the experimental 

values. 

170 to 200 

12 to 27 (+) 

48 to 58 (+) 

130 to 184 

2 t o 6  

29 to 58 (+) 

41 to 58 (+) 

10 to 23 



Aimost iûi the models assume unifonn pollution. GeneraiIy this is not true for outdoor 

conditions. 

For almost aii  the models the cliffierence b*ween the caiculated and experimental results 

seems to decrease with inaease in conductivity values. 

AI1 the models are based on Obenaus's work 

Modd of Obenaur 1441 

For f i de r  the predictions made by the model are quite good. For IEEE insulator 

the model gives higher values than the experimental results and considering the 

assumptions made and conditions of experiment, the model can be said to predict weU. For 

10 x 10 cm plate it is comparable with the experimental results at higher conductivity 

levels, 

This model assumes a fked pollution resistance in series with the arc. The model does not 

predict any critical length. It assumes that the flashover occurs when arc length is equal to 

leakage length. The mode1 also assumes that once the criticai voltage is appüed the arc will 

move and result in flashover. This means that at critical conditions there is enough force to 

move the arc without extinction. The model does not indicate the mechanism of movement 

of arc. 

The critical voltage is independent of width of insulator. 

The critical current does not depend on leakage length as can be seen fiom eq.(5a). 



Modd of Neumarkv [19] 

Predictions made by this model for Bat plate and cylinder are not good. For IEEE the 

predictions are better than for cyünder and flat plate but stül not good. 

Neunarker's modd gives lower criticai voltage than Obenaus's model. This oui be 

explained by the fact that in Obenaus's model the aitical le@ x is assumeci to be equal 

to L, while in Newnarker's model x = 0.67 L. Critid arc length is arc length at which 

fiashover occurs. 

This model assumes uniforni poUution raistance per unit leakage length in series with the 

arc. 

Mode1 of  Wilkins [15] 

Predictions made by this model for flat plate and cylinder are quite good. For IEEE 

insulator it predicts 12 - 40 % higher values than the experimental results. 

This model takes into account the effect of width of the flat plate while others e.g. 

Obenaus [Hl, Neumarker 1191 do not consider the effèct of width in theù models. 

The eEêct of temperature on pollution layer is considered in this model. At the 

time of flashover the temperature of pollution layer is much higher than that under nonnal 

conditions, and thus the conductivity is higher than at nonnal temperature. Conductivity at 

flashover is tenneâ as hot conductivity in this model to differentiate from the conductivity 

at the nonnal temperature. 

This model defines a condition for the movement of arc i.e. criteria for flashover. 

For a discharge of length x, the movement of arc wiil occur if ciil& > 0, where i is arc 

current. 



This model considers the effect of electfode fbil voltage in calculation of critical 

voltage. The critical voltage is increased due to it. 

The mode1 assumes the discharge root to be circular and the efféct of this on 

critical voltage is considered. For the two types of Bat plates considaed Le. n m w  (when 

length is greater than the width) and wide (when the width is greater than the length), the 

pollution resistance is inad due to extra tam "(a / 2.n).ln. @a2/4 ni)" in resistance in 

eq. (28) as compared to drop h resistance of rd L -x) in other models. Thus the critical 

voltage is increased. The critical arc length for narrow plate is not affected by this tenn. 

For a wide plate no arc length can be caiculated and it is assumecl to be U2. 

Eq.(34) of this modd for critical current is same as that of Neumarker. The critical 

voltage obtained fkom this model are higher than the othen Le. Neumarker etc. due to 

temperature affects and higher pollution resistance. Therefore, when comparing this model 

with others, the values may be reduced by a factor given in eq. (18). 

Mode1 of Claverie [12] 

Generally this model predicts well for fiat plate, cylinder and IEEE insulator. 

Although for IEEE insulator the predicted velues are higher than experimental. 

The mode1 dues not give any dculations for critical current and the critical arc 

length is assumed 0.67 L. 

Since this an ac model therefon the equations demnd for an voltage are dinerent 

than those for dc. This model is baseû on the conditions of reignition of arc. 



Madel of Ghosh 1181 

This model predicts weU for flat plate insuhtor. For Eyünder and EEE insulators 

the prediction is poor as the calculateci d u e s  are higher than the experimentai. This may 

be due to the higher value of arc constant "N" used in this model. Arc constants are 

derived nom expimental measucernent of arc voltage and therefore depend on 

surrounding conditions cg. experimental conditions, poliution etc. 

It is shown in this madel that for evexy electrolyte there is a particular value of 

appüed voltage V, say V ,  correspondhg to time offiashover of 1 ms, and any nirther 

Uicrease beyond V, does aot change the value oftirne, t, to flashover appreciably. The 

values of Vi , t, and critical current depend on electrolyte. The arc constants used in this 

model are denved fkom the measured values of V, , t, and critical current and therefore 

depend on electrolyte. 

1t is interesthg to note that the formulae for cunent and voltage in this model are 

same as those in Neumarker [19] except that these values are reduced by a faaor of 

0.9 19. Thus the current in this model will be 0.9 19 of Neumarker provided the same arc 

constants are used. The cornparison between these two models reveal that the calcuiated 

values fkom this model are not lower but higher than those in Neumarker. This is due to 

higher value of arc constant 'W useci in this model. 

Eq. ( 54 ) refers to Renyu's model [ll]. In Renyu's model the dculated values of 

resistance is given as, R,, = 1/( np ) ln ( L - x ) / rd and the resistuice of pollution depends 

on the wnductivity which in turn depends on temperature and radius of discharge. In this 

model the resistance of pollution, r,, is used which is considerd independent of 



temperature and is thus diïerent fiom Renyu's mode4 but in this mode1 they are 

considerd the same. 

Modd of Abton 191 

For IEEE insulator the prediction made by this model are quite good. 

For 10 x 10 cm Bat plate, the calculateci values of flashover are 40 to 55 % lower 

than the experimental resuits. 1t is indiateci in eq.(27), + 10.5 r, of this model that 

this equation for dculating the criticai voltage is foi ideal conditions and that for practicai 

case E. = 15.6 r, is more dis t ic .  This means that the calculated vaiues can be 

multiplied by a factor of about 1.48. Thus, the calculateci values, after taking this factor in 

account, are close to experïmental results. 

For cylinder, the calculateci values of flashover voltage are 40 to 70 % lower than 

the experimental results. It is indicated that the eq. ( 27 ), E. = 10.5 r, is for ideal 

conditions and for practical case E. = 21.5 r, is more redistic. This means that the 

calculated values can be multiplied by a factor of about 2.0. Thus, the calculated values, 

after taking this factor in account, are close to experimentai nsults. 

It is interesthg to note that the equations for citical current and voltage are sarne as those 

of Neumarker [19]. However, the caiculated values are Werent. This is due to arc 

characteristic constant, namely W" and "n" having difEerent values in both models. The 

equation for arc voltage is V, = x N i -" . îhe  constants N and n are derived fiom 

measurement of arc voltage and depend on characteristic of arc, conditions of 

experiments, etc. 



The equations for criticai arc length ate spme as those in Neumarker but the caiculated 

values for arc lengths are diairent due to d i i t  values of arc constant, " n". For the 

same lealcage length, L = 10 cm, the dculated aitical arc length fiom this model and 

Neumarker's model are 5.7 cm and 6.77 cm respcctiveiy. 

Flashover voltage is proportionai to r, . 

Modd Bocheme and Obenaus 1101 

For fiat plate the prdictions made by the model are quite good. For cyhder and 

IEEE insulator the predictions made by the model are good at higher conductivity values. 

This model does not yield either the cnticai current or the nit id  leakage length. 

In this model the parameters of cylindricai insulator e-g. dia, width of sheds, etc. 

have been reduced to some constant factor and this aictor is used in calculating the critical 

voltage. ïhe  arc moves on the resistive layer of pollution if the gradient of resistive layer is 

higher than that of the arc. This is the same condition as proposed by Hampton [13]. 

Mode1 of Hampton 1131 

The predictions made by this mode1 for fiat, cylinder and IEEE insulator are not 

good. This may be due to the fâct that in this model arc is assumed to burn in the 

atmosphere of stem and therefore the higher values of arc constant N = 530 is used. 

The critical arc cumnt is lower and the aiticai voltage is higher for greater values 

of r, . 



It is interesthg to note that the fonnulae for cntical voltage and current are same 

as those ofNeumarket, but the caîculated values are dierent. Once again this is due to 

different values of arc constants used. 

The necessary condition for fiashover is that the voltage graâierit in resistive 

column (column ofwater used in the model) shwld exceed that in the arc column. 

Model o f  Woodson 1171 

Predictions made by this model for cylinder are quite good. For flat plate and IEEE 

insulator it does not predict well and this may be due to a r b i t d y  assumed values of inner 

radius s of the h e r  electrode in the model. 

This model describes the conditions for existence of discharge. According to the 

mode4 the discharge only exists in an electrieelly stable condition Le. for a given resistivity 

and insulator geornetry there is a voltage occurrllig at a cntical arc length, below which 

the discharge will extinguish and above which discharge will evolve to flashover. Beyond a 

calculable iimiting length, the discharge can not exkt at all, and when the length is not 

iimited i.e. when there is enough electrical force, then the electridy stable discharge wiil 

proceed to reach the other electrode. An additional dnving force of evaporation due to the 

surface heating of insulator also helps the movement of the discharge. 

Model of Renyu [Il] 

This model ptedicts the flashover voltages for both ac and dc applications. For dc 

and ac, the predictions made by this model for 0at plate and cyiindricai insulator are 



reasonable. (although the caldateci values are higher than the aperimental results). For 

IEEE insulator the predictions are not good for either ac or dc applications. 

This mode1 presents fonndae for arc voltage for ac and dc. The arc constants in 

these fomulae are dinerent fiom otha hvestigaton. In this mode1 the volt-amp 

characteristic of arc on an insulator are measured in cornparison to others who measured 

these constants fiom burning arc either in the air or Pieam between a pair of ked  

electrode. This model takes into the account the effect of temperature on pollution layer 

by imroduchg a factor which describes the relationship between the conductivity values at 

normal temperature and at flashover (higher temperature). 

The ac models are based on recovery conditions of arc. 

Modd of Sundararajan [20] 

The predictions made by this model are quite good for cylinder and lEEE 

insulators and not so good for flat plate. 

This is the ody model which takes into consideration the entire shape of insulator 

by calculating the form factor at diierent positions of the an during its travel. As the arc 

travels the arc resistance and the pollution layer resistance change and thus the parameters 

affeaed due to this change Le. current, voltage, fom fhctor, etc. are caiculated for 

dinerent positions of arc. The aiteria for arc travet are same as thaî ofHampton's [13]. 

In cornparison to the other models the ptediction of fiashover by this model for 

complex shape insuiators are more acairate. ïhe other models convert the insulator to 

either equivalent flat plate or cylinder or eliiptical shape and do not consider the change in 

parameters as arc moves. 



It is worth while to medon hem that when this model is applied to the quivalent 

cyünder of IEEE insulator, the difference betweerr the dcuiated critical voltage and 

experimental result is about 10 to 39 %, and whm this model is appüed to actud IEEE 

insulator then this diirence is about 23 to 39 % [40]. The difference between the 

predicted results when applying this model to actual IEEE insuiator and equivdent 

cyhder is 0.4 to 10 % pi%. 4.1). 

Fig. 4.1 ~umpatrsson of predicted redis  between etpivalent cylinrber, a c t u a I 1 .  
innilutor a d  erperiment, cnfical wZtuge a d  co&cfM'ty. 



Since this model takes into account the shape of insulator therdore this model was 
apptied to another red life insulator i.e. Anti - Fog Mulator, show in Fig. 4.2. 

Fig. 4.2 Anti - Fog innrIator. 

This model is applied to the quivalent cylinder. The calcuiated values of critical 

voltages for different values of conductivity are shown in Fig-4.3 

The ditFerence bctween the caidated criticai voltage and experimental result is 

about 7 to 20 % when this model h applied to equivaient cylinder and when, applied to 

actual georneoy of Anti - Fog insulator, then this ùiierence is about 37 to 42 % [40]. The 

difference between the predicted results when applying this model to Anti - Fog insulator 

and equivalent cyhder is 16 to 27 % Fig. 4.3. 



Fi'. 4.3 Cornpanson of predicted results between etpivalent cyiinder, actual Anti fog 
irts11Zaitw and expriment, ctiticaf volfage d coladucfivi~. 

Based on above this may lead one to question the efforts required to use the simulation 

of actual insulators. 



Chapter 5 

Conclusion 

From the comparative study of various models it a n  be seen that no two rnodels 

yield exactiy the same r d t -  One model may be good for a particular type of insulator but 

may not be suitable for another type of insulator. 

Despite intensive research no model takes into account the physicai processes 

involved in the rnovement of discharges dong a wet polluted surface. Proponents of 

models, based on àiierent theories have shown that their rnodels agree with the data fiom 

tests. This is quite rernarkable as these theoh were based on assumptions which are 

different Born each other. 

Ahost al1 the models use the voltage - cumnt equation, V, = x N 1'" , for 

calculating the arc voltage. Baseci on the asswnptions made in models, a wide range of arc 

constants e.g. N = 63 to 530 and n = 0.24 to 1.0 have been used. This equation is strictly 

valid for high m n t  static arcs but is used in the d y s i s  of low m e n t  non static arcs in 

ail the models. None of the models consider the velocity of arc motion 



The caicuiated results vsry widely. For exampIe, for a given pollution resistance, 

the calculateci flashover voltages ranges: 1) nom 2707 V to 8183 V for 10 x 1 cm plate, 2) 

nom 2866 V to 150 13 V for 10 x 10 cm plate, 3) fiom 4190 V to 52390 V for cylinder 

and 4) fiom 3826 V to 22083 V for the IEEE insulatoc The only mode1 which considers 

the actual shape of the ùwlator is that of S u a d ~ j a n ' s  which predicts more accurate 

results than the other models. 

Ail the models compared are in one way or the other are the improvement of the 

eariier model of Obenaus. There is no single model which wül be good for aii the 

insulaton and which could be applied easily. For practicing engineers it would be desirable 

to have such a tool, 

It would appear that considerable work needs to be done in order to understand 

this complex phenornenon and corne up with a clear and a simple practical model. 
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