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Abstract

An available model used to determine tite 509 breakdvwn voltuge for rod-type and
conductor-iyp2 gaps subject to switching Iripalse waveforms has been applied to a tower-
conductor window gap configuration. The results for rod-plune, conductor-plane and rower-
conductor windomw gaps have all been compured and correspond well with practical date. In
order to apply the model, ¢ charge simulation teelinique hus been adopted in conjanction
with the ‘Coulomb 3D’ charge simuletion package, Additional tests have been performed
where parameters of the charge stnulativie method and the electrode geomerry ave been
adfusted and consequent conclusions made, Recommenduations yor further application of the
model have been suggested,
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1. Introduction

Flushovers are tikely to oceur on transmission Hnes as a result of Hghteny strikes,
swilchinyg operations or power frequency overvaliapes. Any of these sourees may result in
either a phase-phase or phase-ground breakdown occurting on the fine. Such s breukdown
which consequently leads to a loss of power on the line is very costly to the supplier of
electricity und more importantly to the customner. especiilly whete the industrial
aperations of the customer are reliant on the uninterrupted supply of electricity.
Furthermore, breakdowns can lead to dumage of eyuipenent and praperty and in some
circumstances lead to the loss of lite. Henee. it is important that afl necessury and possible

precautions ara taken to prevent flashovers from oceurring.

This dissertation investigates breikdowns over long air-gaps specifically due to switching
vperations where the magnitude of the trunsient tmpulse on line cansed by the swiching
operation is sufficient 10 jonise the air around the live w such an extent that the streamer
produced is able to develop inta a leader which rapidly propagates 0 4 neighbouring
phuse conductor or pround. Of particular interest in this study is the tower-canductoy
window geometry where the flushovor oneurs from the conductor to the tower window.

.
Extensive work has already been done futo the physical processes thut govern discharses
in large air-gaps with the intention of predieting, 1o u sutistictory level of avcuracy,
whether the diclectric strength of the insulating air is sufficient o prevent s breakdown
from occurring under impulsive conditions. A background to this work is provided in the
next chapter. Most of the work available bas been hat wessed and anabysed in search fora
mathematical model that will securutely nredict the insulating strength for o tower-
conductor window geometry. The emphasis of this investivation is then te apply and
verity a mathematical model by compuring it to practical results which are extensively

avaitable. Chaprer 2 discusses further how this is done.

In Chapter 3, the first of three geonietric models, the rod-plane 2ap is studied in order o

verity the mathematical modet for the sinplest geomed v where siprlation results are
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compared with easily terced aaslviiesd caleulaions, The caleufated breskdown voltage is
then afso verified using practical duta. Ovce the validity of the model i coalivnied tor a

siinple geome ry, more complex geometr s cun then be studied.

Chuprer & deals with the conductac-plane gap where the model is again ventied by
compariug the simulation results with measured voltage flavhove: values, The analyieal
caleulations for the conductor-plane gap are far more complex than those for the rod-plane
gap and hence the researcher relics solely on simulation to verify the mathematical model.
Thus, it is essential that ther: is confidence in the simulation process, which is the main
puspose for studying the red-plane gap where analytieal siethods are avanlable for

verification.

Since the mode] being investigated is suited for rod-plune and conductor-plue type
geometry’s, once the model has been verified for the rod-plane and conductor-plune vups.
the next step of verifying the model for a tower-conductor window pap s pursaed. This is
done in Chaprer 5. The tower-conduetor gup s a modification vt the cotductor-plane gup.
thus allowing tor the validated 1uowdel of the condurtor-plane map 1o be used to obtain and

predict breakdown values for the fower-conducter window configuration.

The repart coneludes by summarising the findings of the researca anderiaken. Arcas for

further study are suggested.




2. Qutline of Research

2.1 Problem Statement

The aim of the rescarch work is 1o prediet ihe breahdown voltage, o a sufficient level of
accurs sy, for a tower-tonductor window configuvation where the conductor is subject to

switching impulses. It is intended that a model be produced or an existing modes verified
5o that the anticipated flashover valus can be predivted for a Jdetined gap distance and Sor

the given electrode dimensions of the tower und the conductor.

2.2 Background

A great deal of work hus already beets done in investigating ihe physical processes of
leader breakdown due 10 switching itnpulses as well as in performing measurements of
breakdown values for a wide ranpe »f electirode peometry’s und pap dis.ances, This has
led to 3 limited numbey of theoreticul models und a laree nuntiber of empirical formulas
which atterpt to define the break-down voltage. A summary of the work availuble to date

in this subject is provided in dppendic 4,

The breakdown voltage under switchory impubse conditions varies with polarity. In
general the positive breakdown volluge is lower than the negative breakdown voltuge
except in certain circumstances such as where live line working is perfurmed on comples
zgeometry’s [Sadurski, van der Merwe, Muittic], wt low air pressures (helow Sbar [Kafel
& Zuengl], in conductur-tod gaps where the length of the red exeeeds the sap length and
uneder wet conditions [Puvis]. The physival rewson for the positive breakdown voltage
penetally being lower than the negative bregkdown voliage 1s explatned us follows : fora
positive paini-plane gap. ¢lectrons fovmed it an avalanche are as o realt of the high
-nobility ians drawn inc the anode, leaving the positive space charge behind. This causes

a reduction i the feld strenyth close to the anode wid an iacressy further away from it
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which favours breakdown. For a negative point-plune gap, the oppusite oceuts where
electrons are repelled from the point mto the low field region giving rise to un enhanced
field at the point bui resulting in a reduced ionisation repion. The positive space charge
formed has a cuncellation etfzet which consequently terminates the ionisation. To
overcome this retarding cancellution process 4 higher voltaye is requived v hence
negative breakdown occurs at a higher voltuge than positive breakdown. Furthermore,
positive streamers directed towurds the cathode have a narrower channel compared to the
negative, anode directed streamess and therefore result in a higher locul gradient
[Niemeyer, Ulirich, Wiegait]. Hence the positive streamet is more likely to propagate in
weaker background fields than the negative sireamer, The sitaation is shown in Figure 2.1
where the nositive streamer channel diameter is approximately one third of that of the
negative streamer channel. ‘The narrower channel for positive streamers is due to the
centering effect of individeal avalenches which converge ai the straamer head. In the case
of negative streumers, a wider channel is formed when phetuns and avalanches emerging
from the streamer head cause the louisation to spread more radially.

As a result, m determining the criticai breakdown voltage, researchers have mainly

focusad on breakdowns under positive switching impulse conditions.

Figure 21 = Compartson of it Positive and Negatve Streamer Charmel

The breakdown voltags i3 also influenced by the waveshup - the impulse. As the leador
propagates through the gap prior to breakdown the E-field cotapses thus resulting 1n «
lower breakdown voltage with an inereasing frout of the impulse. As a result of the leader
ageing, the breakdown voltage starts to incredse after ;1 certain lifelime of the leuder.

Hence, a mtinimum vaiue of the breakdow n voltage oxists lor a certuin gap fength which
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corresponds to 4 eritical time where the Jeader js active [Gallimbeni]. This time iz krown
a5 the critical time to crest of the switching impulse. For a faster rising impuise, the space
charse formation on the front will be neplizible with the result that there is little fizld
modification dus to space charge. However, despite thes. the leader processes will not
have enough time o des =lop and thus & hiyher applied voltage would be required if
breukdown were 1o oceur. On the contrary, with a slower rising impulse, there will be
significant space charge injection associated with leader incepiion to inhibit further
streame~ development. This is due to a sufficient time difference between the leader
inception and the onset of continuous leader inception, the two being approximately
coincidentsl in the case of faster rising impulses {Rizk]. A higner applied voltage would
vnee again be required ro support continuous leader propagation. Hence, & exitical time
exists for a certain applied voltage to overcome the effects of space charge. yet =till allow
sufficient time for the leader pracesses to develop such that breakdown of tie air gap

QLCUrs.

The effects of atmospheric conditions aiso need to be considered when determining the
breakdown voltawe. Usually, the flashover voltuge for u given path in arr is raised by aa

increase either in air denaity or the humidity [Aihara et al.].

From the models avail: ble. the work of Rizk [Rizk Jan. 1989, Rizk Oct. [989] best suited
the requirements for attempting to predict the breakdown valtage of a tower-conductor
svindow geometry. This can be understood based on the developments of various medsls
as outlined in Appendic A. Rizk’s work originated from a crude moded by Paris which wus
improved upon by authors Gallet, Leroy, Lacey and Kromer. Their work formed the
foundation tor the model from Carrara and Thiotie which was fater refined by Rizk.
Furthermore. the work of Rizk, hased on its evolution on previous models, his been
shown to fit a variety of geometric configucitons satisfactorily. A brief introduction 10
the work of Rizk is now presented but the reader 15 wdsised to refer to dpprndin B for a

detatled wnalysis of Rizk's work.

Rizk developed a model which con he used to predict the breakdown voltage of 4 tong
air-gap subject to o positive .. /itching impulse, based o1 the critica? time o erest. The

medel 15 presented for rod-pli ne and conductor-plane gevmmetry s but can be apphied o
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rod-type and conductor-type conrfigurations. The breakdown voltuge is mad: up of two
components, the continuous leader inception volage any the leader voltage drop. The sum
of these two components provide the minimue voltage at which flashover will vecur.
However, as the ilashover voltage is variable, the pradicted breakdown valt: we required 1s
the 50%y Aashover voltage vatue which is defined as the value witere 50 of *20

applications of the same voltage will lead to a breakdown.

The continuous leader inception voltege is defined in equation 2.1 and is the general form
of the equation which can be apulied ‘o a varety of rod-type and conductor-typr

geomielry's by subsututing for the unknown parameter K.

The parameter 7. .is a constant which has e value of 15356kV and 2247V for tod-type
and conductor-type conlignrations reéspectively. The parameter A is d constant whick has
the value of 7.78m for a rod-type geotnetry. For a conductor-type geometry, the value of
A depends on how the geometric model is defined and is described in more detail in
Chapter 4. The parameter R is 2 Runctios of the gap geometry, the gap spacing. the nature
and dimensions of the ground clectrode and any surrounding objects. It has the
dimensions of metres and can either be deternained analytically or, in the case of complex
geometry's, more conveniently by charpge simulation. By inciuding the parameter R, Rizk
has accounted for the influence of image charges as 4 result of the space charges that are

produced by streamers prior to the formation of a leader.

The leader voltuge drap is defined i eqeattion 2.5 and has the d'mensions of kilevolt. The
voltage drop is a function of the rod-plane pap distance, J, and the jeader length, 1, which
is the neaximum leader lenpth prior o the finud jump of the leader ihut cunsequently

bridges the gap to result in total breakdown of the gap.

—1.33d
750 ]
1+ 7=
of

L

AU, =50 +37.3{8 - Texnt
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With the minimum breakdown voltage. Uy, being the sum of the continuous feader
inception voltage and the leader voltage drop, the 30¢, breakdown voltage is derived as
shown in vytition 2.3.

Lf

U =t 23)

The stamdard deviation in the breakdown voltage is given by the pavameter owhich
assumes a value, generally in the range 0.03-0.05, depending on the type of geometry.
[Rizk, Jan 1989)[Carrara & Thione | Rizk, Oct 1989]

2.3 The Research Process

In solving the problem at hand of obtaining a model which will satisfactorily allow the
breakdnrwn voltage of 4 lower-conductor winduw to be determined when subjected to a

positive switching impulce, thiee areas need to be addressed in the research process.

The first is to aequire and analyse the wark available in the field of study. This will
provide a broud background which can at a later stagee in the research process be used to
con.pure und validate any results or conclusions, The lteralure survey which is listed in
Appendic A contains deseriptions of the physical processes invelved in discharyes,
erpirical formulas and models for switching impulse {lashovers. The most relevant work,
namely that of Rizk provides a basis Fom which to Taunch into the second stages ol the

yesearch.

With a model available which has briefly heen described in séction 2.2 Buckground, the
second stage of the research process, which (s tv aceurately test und verify the model
being used. starts to rely heavily on simulation tools. In order to obtain u vajue for R when
determining the continuous leader inception voltape, two finite element puckages wers
used, The first nackage, Meviwelf 250 and its 3D version, Mavwell 30 {Ansoft] were

initially used in trving to verify R for the red-plane case where resutts obtuited from
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simulation could be compared to the analytically expecied results, When unsatisfaciory
results for the rod-plane case were obtafted from the Maviell psckages, a 3D Boundary
Element Method software package, Conlomb {1.E.S.] was uged . . the electrie field
simulations that gave satisfuctory results. With the rod-plane cuse venfied based on
analytical expectations the confidence was provided to study the conducior-plane and

tower-conductor window geontetry’s by using Coulomb.

The final stage of the research process relies un recorded experimental data where
switching impulse flashovers have occurred. The v.odel of Rizk is used to obtain
breakdown values for the conduetor-plane geometry which are then compared with the
experimental data, Only once the model, which has been specifically derived for rod-
plane and conductor-plane geometry’s, has been satisfactorily tested and verified for those
geotetry’s, is the L ¢ that the model can be applied to rod-type and conductor-type
geometry’s confidanly twsted by using the tower-conductor window geometry. The
simulatinn results using Conlomb are compared with recorded flashover values and

conclusions on the spplicability of the model are made.



3. The Rod-Plane Gap

The rod-plane gap is one of the simpless geometric configurations used in kigh voltage
and as a result is often used as a reference geometry for more complex geometry's. A
good example is with the cancept of 2 gap factor which is 1 for the rod-plane geometry
and greater than 1 for other geometry's where the breakdown voltage is higher than that
of the rod-plane gap. The rod-plane gap has a lower breakdown volluge relative to other
ntore complex geometry's due to the high grudient of the E-field around the rod tip. The
rod tip may also have a variety of shapes such as sphiericil or conical which also affect the

gradient of the F-field and thus the breakdown voltayge,

3.1 The Continuous Leader Inception Voitage

3.1.1 Model for the Rod-Plane Gup

In solving for the continuous leader inception voltage as given by egw .«un 8. 10, only one
unknown, R, needs to be determined. The parameters of U,.and 1 huve previously been
calculated by kizk [Rizk Jun. 1989] who has in turn used expeiimental data firom work
done on the switching surge streneth of lurge air gaps [Carrara 8 Thioue]. Based on
Rizk’s work, the parameters for‘l{_fand A assurze the values of 1356kV and 7.70m

respectively.

The unknown., K. is oblained using a charpe sinniation technique which is described in
Appendix B.2. The vod and space churge togeilicr with their respective image charges are
shown fn Figree 3. 1. Parameters are defiged in dppesdic B.2. I s important 1o remember
that by specifying art image rod and an image charge, the ground plane is aatomatically

defined and hence there is no need to inchude it
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d

mge charge

. Rod hage
=

Figure 3.1 - Modvel of the Rod-Flune Gap

3.1.2 Prediction of Leader Incep: ion Voltage

3L21 A4 im Red-Plune Gap

The firs test on the rod-plane zap was done with a 3nt gap between the rod tip and the
plane. The rod had a Smm radivs and was modelled as « copper eylinder with 4 fla up
having a relstive permittivity of | und a conductivity of 5.8¢7S. A distunve, s, of Libmm
was isod between the red 1ip and the centre of the space charge, the batter being modelled
a3 4 perfucily conduching sphene with a Imm radiuas, having a charge, 42, of Spd umd
relative permiitivity of 1. When specitying the oumber of elenenis to be used for the od,
spatces sharge amd their imapes, 8192 elements were uscd. This 15 the nuaximun nember of

dlements shat Cordonth 18 capuble of usiiig. The total indueed voltape due te space Glarge
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is mexsured at 2 peint P wheve s, is 20mim from the tip of the rod. 1t is necessary ta note
dt this peint that the cheice o- ~uapnitude for the space charge s arbitrary as is verified in
Appendre 1.2, This iz bees 1se the image charse is sciled by the same mugnitude as the
space cliarge, The values fowry and s, are also wrbitrary with the only restrietion that Riel
imposes beiny that they must be significantly semaller than the gap distunve. This is
verified i Appendiy D01 1 where it is shown that o4 the valoe . - inereases such thet it is
uo longer much smaller than the pap discres, (he sceuracy of the charge simulation
method is reduced. The value of 5, is of the order of s and was chosen to be at 2 point
where the space charge E-field had attenuated significantly rather than where the E-field

wats high as the hatter would have given rise to sensitive induced voltage values.

Al results from the simulation can be jbund in Appendiv C. For this first test on the rod-
plane gap, the resolts taken from Appendiv C. 1.1 for the magnitude of the total streamer
space charge induced voltage with respect o heiglit abowe the ground plane between the

space charge and ihe rod tip have bean plotted in Fiuwre 3.2,

?
x 10
3 ; ; ; :
PR 1 T ............ ....... ___________ .............
L) O DR SO e aeas Lo
= : : ; :.
S 25 e P e .
§ 25]' ........... e ........... ___________ _______ ’
é | : : ; :
1\ ----- e o |
s et T 5~-~-~-Ae~-~‘~-1;j

Roo Tz 2940 2960 20c. 3000
Height Above Ground (mm)

Figure 3.2 - Totaf Induced Vottuge for the 3o Bod-Phone Gap
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From Figure 3.2 and more precisely from the data priatout in Appesdic C L L e
mugmiude of the total induced voltuge, 11, at the point ¥, 80nim from the centre of the
space charge or 2980mm above the ground, is 3341k, With relerence 1o eqtation BN,
the total induced voltuge is representd as follows

0 0

=t o

[ g p— ——.
* g s} b R

It shouid be hoted that the measured potential due fo space charge that is induced on the
high voltage rod as a result of the direct influencing charge, @, is rather stall becavse of
the sinall surface area of the rod. Thus, most of the potential making up the e, U, 1s as
a result of the image charges of (..

Substituting values for U, (J.. s and s, the magnitude of 8 {s caleulated as 5.085m. With
the known values of U, .and A for the rod-plane gap as 1556KV and 7.78m respectively,
the continuous leader inception voltage. U, | ts calculbated using equation 8.7 ta be
657.0kV.

L0202 A P Rod-Plune Gup
The second test on the rod-plane gap wis the sane as the first test exeept for the fact that

the gap lenpth was increased from 3m to 7n1.

The total induced Joltage measured between the rod and the space charge with respect ta
tlie height of the rod ubove the ground can be found in Appenrdic .12 and is plotted in

Figure 3.3,
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Figwre 3.3 - Tetal nduced Voltage for the 7n Rod-Plane Gap

The total induced voltage, {7, at the point P, a distance 2Umm trom the high voltage
electrode or 80mm from the centre of the space charge, is 558.5kV. Substituting for {7,
0, 5 and 5, into equation B.8, the value of X s evaluated as [ 2.83m. The mapnitude of
the contincous leader irception voltage is vhen caleulated from cquuirion B. 10 to bhe
968.0kV,

3.2 The Leader Voltage Drop

The vollage drop in the feader can be determined tor any leader lergth, 2., by using

eyrattion B.1Y.

The leader length for 1 3m rod-plune gup is caleutated from egteezion B, 18 to be 1.306in

and substituting for [, itk cquation 8. 19, the leader voliage drop. AU, is 137.0kV,
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For the 7m rod-plane pap the leader length iz 4 5090 and henee the leader voltage drop is
302.9kV.

3.3 The Breakdown Voltage

With the continuous leader inceprion voltae, . and the leader < uftage drop, 1l
known for both the 3im and 7m red plane zaps. the minimum breakdown voltage, {13

determined as their sum :

= 3m Rod-Plane Gap : U, = 8, + i/, = 657.0kV + 137.0kV
= 794.0kV

= 7m Rod-Plane Gap : U, = U, + U, = 968.6kV + 102.0kV
= [272kV

The 50% breakdown voltage. L., is caleulated from the minimum breakdown voltage
using eguution B.22 with a statistical variation, o= 5%, for rod-1ype uaps [Rizk, Jan
1989][Carrura and Thiohe]. Thas, the U/, values for the 3m and 7 gaps ore 934.1%V and
1496k V rusprctively. These valties for the UV, ure compared in Tuble 3.7 with measursd
values of the U, for the 3m gap {Harada, Adhara & Aoshimaf and the 7m pap [Beruer, e
al.] where breakdowns have oceurred in practice. Both the data for the 3m and the 7m
gaps have been obtained with eritcal time 1o crest wiveforms. Corrections for humdity
and relative air gensity have been made for the 3m gap data whilst for the 7m gap, the
lowest set of duty have been taken as no daty with humidity and relative air density
comrections existed in the available literature. However, were these comrections to be made
such that the measured breakdown voltage draps, 1 would aid to reduce to the perceniage
difierence between Rizk™s model and the meagsared data with the result that no confidence
would be [ost wiih the Rik wwedel. I the corrections were to haorease the measured
voltuge data, the Rizk model would rermain o safe and suitable mans of establishing a

minimum clearance distunce,
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Predicted, Mensured Percentage

using R difference
3m Rod-Plane Gap | 93h1kV EYEIAY 0.95°,
7m Red-Plane Gap [4uakV 18550V 2.8%

Tuble 3.1 - Rod-Plane Comparison Between Theor wind Measured U, Vilues

From Tuble 3.1 it can be seen that the {1, voltages correspond fairly well between the
predicted and measured values. Furthermors, the nredicted values are conservalive and

thus would make the model of the rod-plune gap a usefl tool for design purposes.

Table 3.2 provides a comparison between cqnation B.1G where firstly the theoretical
value for R equal to 24 is used and then when the refined value of R from the charge
simulation technique is used. it can he seen that there is very little ermor in using the
theoretical value for R equal to 2i, but using o refined value for R results in o conservative

value for the U, voltage and thus is an improvement in terms of calculating sufe clearance

distances.
Cal .ulated, Predicted, Percentage
| using R equal | using refined | difference
to 2d vialue of R
3m Rod-Plane Gap GIS2KY AL RV 250,
7m Rod-Plane Gap {333kV 1496LV 241"

Table 3.2 - Comparison Berween Theory und the Churge Simudution Tecliigue

In addition to the two tests performed with varving zap distunces in the vod-plat.e gap,
other lests were also dune to note the etfect of changing paramaters in the geometric
model of the rod-plane pap. An analysis of these tests is ziven in dppeadie D, The

pilrimeters that were varied 1 the tests were



Chaprer 3 - The Rod-Plane Gup 16

s Changing the value of s which defines the position at which the space charge, 0. is
placed in the gap

»  Varving the magniiude of the space charge. {3,

¢ Adjusting the radius of the sphere used to model the space charge, ¢,

The results from the above tests are as follows :

+ Doubling the value of » 2auses the induced voltags to drop from 558.48kV 1o
558.44kV which can be regarded as ' aving a negligible offect.

»  Changing the space charge magnitude by three orders of magnitude mukes no
difference

s Changing the space charge radiug by a [actor of ten riakes no significant difference
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4. The Conductor-Plane Gap

The procedure for determining the continuous feader inception voltage for he conductor-
plane gap is the sume as thut tor the rod-plane pap. However. the geometric configuration
of the condwctor-plane gap is not as simplified us that for the red-plane gap and this is
accounced for in the model by tie amount of charge that is induced on the high vollage
electrode. In the rod-plane gap the potential, I',, that is measured Largely consists of
induced voltage due to the image charges of (0, since the chirge mduced on the rod 15
negligible as a result of the rod having such a smail svrface aren. However., in the case of
the conductor which his a far yreater surface area than the rod, primanity due to its length
parallel to the plane, the measured potential, L4, is to a Inge exient influenced by the

induced charge on the conductar.

The calculation for the leader vultage drop is more complicated thur that tor the rod-plane
gap as the leader length, £, is dependant on the leader gradien, E,. and the conductor

radius. «, as is discussed in Jppendiv 8.3.2.

4.1 The Continuous Leader Inception Voltage

4.1.1 Model for the Conducter-Plane Gap

The formula for the continuous leader inception voltuge s wiven by cyenion B 10 where
the unknown value of R is again determined by a charge simualation technigue us is
described in dppendic B.2. The parameter, U, ,, has been determined empirically by Rizk
[Rizk Qct. 1989] to be 2247V, The value of A is 4 fimetion of the way in which the
model for the conductor-type geometry is defined und is indirecdy dependunt on the vidue
of & when using the charge simulation technigque. This is discussed below w ereater

dutail.

An analyticul expression for the mugnitude of # 1 a conductor-plane gap has been

derived by Rizk {Rizk Oct. 19891 using Bessel fungtions, The expression for & shown in
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eyuation 4.1 is a function of the gap distance, JZ, the conductor tadiug, e, and the position

of the space charge with respact to the high voltug- electrode, v

+
=d ln :i

R::_"'_"""""‘g_‘ ("'Ll)

Ly
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frs

Inserting equation 4.1 into equution B. 10, the expression for the continuous leader

incepticn voltage becomes :

;i = ..._..._g.i.‘.'_..._.._. (4.2}
L B o
o
d In—
W
where the expression for Bea) is
T
Bla)=054mn- (4.5
(44

Rizk makes use of equation 4.2 and empirical data trom his previoas work [Rizk
Jun, 19897 1o obtain an analvtical expression for the continuous leuder inceplion voltage

shown in egrtion 4.4,

2247
§—5.491mr
9.
dn
o

U, = =
1+

3 )

Eynativn 4.3 hus been tested and corresponds well with pructical results but in order to
adopt a charge sinulation technique, the formiat of egpaareon B, 11 still needs to be used
where a value of A is known so that the contineous leader inception voltage can be
calculated for any value of 8. By squating eqreation 4.2 with equation 4.4 the following

expression is obtained :
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054 = 515 - 5 W
o

and making ¢ b2 subject of the formuka

5 _ 10198
Azlﬂd - 1098 Ina (4.5)
Ins—Ina

Thus in order to solve for the continuous leader inceprion veltage iu conductor-type
peontetry’s by adopting a churge simulation technique, the following procedure must be

followed :

»  Determine a value for R using a charye simuolation techuigoe

o From equurtion 4.1 for a known gap distance, o, und conductor rudius, o, determine an
eifective value fin s which is not necessarily the sue mammitude us ¥ chosen for the
charge simulstion technigue

s Caleubste a value of J rom equation 4 5 using die 2tbeetive value of s and the known
conductor rading, «

s Determine the value of the continuovs leader incuption voltage, U, using wymation
B.1G

A 20 mtadel of the charge simulbirion technigue been used for the conductor-plane sap is

shown it Figure 8.2,

it should be noted that the effective value of s determined 45 mentioned above can ondy be
mvaningfal if the chosen valne of'y whene the space cliarge is placed fulls within a sale
region - Rizk has specified that when deriving his analvtical expression for # shown in
eqgreation F [t was necessary to specify that the pesitton, v, at which the space chiarpe is
placed 13 much geeater than the conductor tudiag, o, m order to seplect the effect of
harmenic charge Jistribution on the conducror. To cusure %hat spatial hannonie effeces do
sot intecfere with the solution, & nest always be defined to be g eater then q. It is also ¢

specification of the model that the position of the space charge s rouch smaller than the
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gap distancy, o, This prerequisite of the model also ma'es sense when it is considered that
the iraunsition from the streamer-stem to the leader-stem occurs & a position cluse Lo the
high voltuge electrode which is snuch smaller than the gap distonee. Thus when defining
the model for the conductor-plate gap. twoe conditions are saistied. the first being ¥ > 5 o
ard the second being 5 << o I s is defined tu 1+ uuch emuller than the sap distaoes, then
the exict pusition of the space charge or magnitude of 5 is nol important. This is verified

in Appendix D.2.1.

An alternative approach to the method described in this section vun be used for caleulating
a vaiue of 4. Once a value for & has been obtasined using o charge sindation techuique, a
value for A in equation B.10 cun be caleulated by working back using a known value for
the continuous leader inception valtape for g particulzr peometry which can be obtaived
from measured resulis. A lurpe database of breukdown voliapes from which the
contintous leader inception voltage can be caleulated is reguired if this approach is to be
adopted as the value of o varies with gap distance and iz also unique for a specific
geametrical confiyuration. This is a main disadvantage of using this approuch and it
begomes impractical when more complex electrode conligurations are exuhined for

which measured values are harder to fiud.

4.1.2 Prediction of Leader Inception Voltage

4121 4 2m Conductor-Plane Gap

When defining the modet for the condrivter-plane gup, an 30nt copper conductor witli a
radius ol 1omm was used. The reason tor using stich 4 long conductor wis so thut the
conductor length would be much greuter than the gap distanes i order to limit the
inTuence of edge effects from the conductor. The map length between the buse of the
conductor and the geound plane was 2m. The space charpe had a radius of Tmm and wus
placed at a distance of 200tm from the buase of the conductor. Henve, the position of »
wits at least 10 times greater than the conduetor sadius and 10 times sntaller than the gap
length. A charge of SpC was used tor the space charge. The tatal indveed voltage was
measured al a distance $0mm from the space cliarge or 185Mmm above the pronad plane,

lit order to speed up compuiation time, 20 cloments were w ed i the sumakation Using
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|

a smaller number of eluments reduces the sceuruey of the output, However, when
comparing the results between using in the order of 23010 clements and 8000 elements,
there was found to be litthe ditference und indeed insafficient difference 1o j2opardize the

results.

The results for the total induced voltage in (he 2n1 conductor-plane gap are listed i

Appendix C.1.3 and plotted in Figure 4.1 with resp. -1 te height above the ground.
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Frgure A4 - Total duced Veltage for the 2m Condnctor-Plane Guap

The total induced voltage, U, measured at a point P, which is S0mm from the centre of
the space chatge, is S08.5KV. Substituting tor [, ¢, 5 und &, ibto oqeeation 8.8, the value
of ¥ is evaluated as ).8406m. From cypattenr 4,1, the effective value of v is celeuitted
which when substituted into equaiies 4.5 results ina value of J equai to 212 The
magitnde of the continuous keader inception voltawe iy then calenlated from vyuatzan
&.10 to be 638.0KV,
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It is uppropriate to mention at this peint thay although o laree value of & 15 obtaited for the
rod-plams gap, this is not ik 2 case lor the conductor-plane gap, The reason for this is that
the induced potential, U, due to the image charges of the space chiarge and any charse
induced on the condustor, is dominated by the charyre induced on the conductor becduse
of the large conductor surface area. The component ol U/, corresponding fo the image
charge, -2, and charges induced on the image conductor is very small when measured at
the point 2. However, the component of U, due to charge induced on the conductor is
large due to its close proximity to the measuring point P and hence when summiry the

two comiponents of £, the resultant value of L/, & large and thas A is small.

4.1.2.2 4 6m Conditcior-Plane Gap

In: the test on the bm conducior-plane gap, the same dimensions were used as for Jwe 2m

conductar-plane gap with the exception of the gap length befay increased to om,

The tesults of the test for the wis) induced voluge can be tound in dppeadie C 44 and are

plotted in Figure 4.2
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The total induced voltage, U, measured at a point &, 8Umm from the centre of the space
chigeae, is 311.4kV. Substituting for the neeessary pararzelers it equarton 8.5, the vabae of
R is caleulated to be 1.8889m. Usiny vyrasiron .1 to determine an effective value of s
from the caleuluted vatue of R, the given gap distance, d, and the corductor radius, a, and
then substituting for thes value of ¥ into equearon 4.5, g value of 4 equal to 6233 13
obtained. The value of the continwous leader inception voltage is then determined from
eyration B. 10 to be 1321kV,

4.2 The Leader Voltage Drop

The teader voltage drop cun be caleulated for any leader lengih, 7., by using cytedion
B.16. In order to gvaluate the leader length, the height of the {inal jump needs to be
known which in turn is dependant on the leader gradient, £, A approxithute value for the

leader pradient can be oblained using syuanon B.21).

Substituiting the necessiry parameters given in dpposds B.3.2 into eypwition 8.20, the
feader gradient for a 2m conductor-plane gap with 1 aductor vadius of 1emm is
caleuluted to e 197 9kVin. The height of the final jump 1¢ caleulated from eguudion 8.21
to be 1 634, Foace, with the leader lenpth being the difference betwuen the yap length
and the heipht of the final junip, the leader length is calcalated as 0.3:4ome. From vyuarion

B. 16 the leader voltage deup for a 2m eonductor-plane gap is evaliated to be 03.15kV.

For o 6m conductor-plane gap. the keadet pradiemt is culewlated from cqudtton B 2010 be
233.5kVm, Thus, the beight of the final jump s using ogration 8.2/, equal to 3.462m
and therefore the leader length is 2538510 The leader voltage drop for u ¢m conductor

plane gap is evalvated from equation K16 to be 200.7kV.

4.3 The Breukdown Voltage

The minimun breakdown voltage, T, Is obuiited as e sty of the continnous leader

iteeption voliage and the feader votpe dvap.
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= 2m Conductor-Plane Gap : U, = b4 = U, = 038.0kV + 65.13kV
=T03.1kV

= 6m Conductor-Plane Gap : Uy, = U, + AU, = 1321kV + 203.7kV
= 1525V

(=1

The 50 breakdown voltage, L7, is catculated from the minimwm breakdown voltags
using equation B.22. A value of 3% is used for the siatistical variation, e in conductor-
tvpe paps [Rizk, Oct. 1989]. Thus. substiwting values for Uy into equurion B.22 the 5%
breakdown values are 772.6kV and 1675kV for the 2m and 6m conductor-plane gaps
respectively. These results of the £f, values are compared in fuble 4.1 with results
measured in practice [Paris| which have been recorded nsing the eritical time to crest

waveforn: for the particular geometry and under dry conditions.

Predicted, } Measured | Percentage

using R difference
2m Conductor-Plane Gap| 772.0kV S40kV 8. 7%
6m Conductor-Plane Gap| 1675kV ! lodOkV 21%

Tuble £ [ - Conductor-Flaine Compurison Bebween Theory and Mocsured U, Valiees

2 Lparison of the theoretical results with those measured w1 practice shows that the
theoretical result is very conservative at 2m but that as the 2o Langth increases to 6m, the
measured result has a lower breakdown value, However. the small percentage ervor for the
G gap means that the conduetor-plane model can be used to determine minimum
clearance valoes using the 50¢ breukdown voltage and would oaly need o smadl safety
fietor to be included. The reasen for such a high percentape difference m the 2m gap is
due to the faet that the seometry is By more sensitive to its environment as a resuft ol the
two electrades being so close wogether. Leader beeakdown is thus accompanied by greater

errats i the breakdown voltage.
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Additional tests on the conductor-plane model have been curnied out, the results of which

are summarised i Appendic D, The follow ing parmmeters were varied

s The position, s, of the space charge .5 changed
¢ The radius, a, of the conductor is varied

¢ The single conductor is replaced with a bundle of four conductors

The resulits of the tests ake ds follows :

s Changing the position of tlie space charge within the given specifications {s >» a and
5 << d) has no effect on the breakdown voltage

» Reducing the space charge radius resuits in a lower breakdown value as a higher
gradient would then exist around the conductor

» The charge simulation method provides satisfactory results when modelling a
conductor-bundle to plane gap when compared with breakdown values measured in

practice



5. The Tower-Conductor Gap

With satisfactor, results huving been obtained in verifving the charge simulation method
for the models of the rod-plane and conductor-plane gaps. the charge simulation method
cun confidently be used in attempting to verity Rizk's model for conductor-type gaps by
examining the tower-conductor window confizuration. This is because the tower is
regarded as a serles of ground planes in the near vicimty of the conductor, that surround
the cenductor and hence resembles three superimposed conductor-plane configurations.
This approximation is sarisfactorily verified by the results which show that the influence
of non-plane like structures further uway from the conductor have negligible effect on the
dominant influence of the ground planes surrounding the conductor.

The air gap between the tower and the conductor is an important factor in the desiyn of
transmission line towers. The inside or centre phase conductor to tower configuration on a
tower is the most imporiant when determining clearance distances in tower design as it
hus a lower breakdovn voltage than the two outside phase conductor to tower
configurations [Kachler, LaForest & Zaftanclla). Sines the tow-r window, tn which the
tower structure completely surrounds the conductor, is ihe v eakest insulation struciure
[Lloyd & Zaffanella], it is the main focus in this project when aitempting 1o apply Rizk’s

model to tower-conductor window zaps.

5.1 The Continuous Leader Inception Voliage

5.1.1 Model for the Tower-Conductor Gap

The tower-conductor window configuration can be defined as a conductor-type gap and
hence the work of Rizk can be appiied in order to determine the breakdown voltage for 2
specified air pap and electrade geometry. The parameter, U, in Rizk"s node! for the
continuous leader inception voltiyge, U, defined in ogration B 10 is thus the same as that

for the conductor-plane gap which 18 equal te 2247kV,
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The method for determining £ by the churge simulation method is the saime as that for the
rod-phane and conductor-plang gaps. Once a value for R has been calculated, the
magnitude of the pararaeter A which also sppears in eguation B. 1¢ is determined using the
same method as for the conductor-plane gap whicl is deseribed in section . 1. 1. Model

Jor the Conductor-Plane Gap.

The model used to determine the continuous leader inception voltage for the tower-
conductor window pap, where the window is a square structure that completely surrounds
the conductor, is shown in Figure §.]. It can be seen from Figure 5.7 that as a resalt of the
conductor, insulater strings and space charge being surrounded by fowr ground planes, the
mode] becomes rather comples since four groups of images need to be defined. The
position of the space charge, (J,, has also been defined such that a breakdown will occur
to a side window, as the resalts measured in practice that are used 1o verify the simulation

results have been taken for flashovers to the side window.,
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5.1.2 Prediction of Leader Xuception Voltage

5. L1 A Sm Tower-Conductor Gap

The mode] tor the tower-conductor gap hus an 80m lony copper conducior we . dius
of 16rm. The pap terwth between the side of the conductor and any of the four pround
planes was $m. The space charge had a radius of Lmim and wag placed at a distance of
200mun from the side of the conductor such that the continuous leader inception voltage
for u side flashover could be calculated. A charge of SPC was used for the space charge
which was modelled as a perfect conductor. The conducior is held up by two om insulator
strings in 2 V-siring setup with an angle of separation between the insulators equal to 90
degrees, It 18 necessary o define the insulator string length to be ot least 1.2 times the gap
distance in order to prevent a flashover from oecurring along the insulator string [Galet,
Leroy, Lacey & Kromer]. The insulator striny is meodelled as a glass eylinder with a
relative permittivity of 5.5 and conductivity of 1e-128. The glass cylinder has a radius of
127mm and thus adeguately represents a combination of the well known $.75x10 inch
insulators used in insulator strings. §he total induced voltage was measured at a distance
80mun from the space charge or 3880mm from the side ground plane of the tower window

structure. The computation tins: wag reduced by dzfining 2750 elements in the model.

The results for the total induced voltage, {2, in the 5Sm tower-conductor gap are listed in
Appendix €. 1.5 and have been plotted a3 u tunction of the distance to the side of the tower

window structure in Figure 3.2,
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Figure 8.2 - Total Induced Voltage for the Sm Tower-Corductor Gap

[f the Figure 3.2 is compared with any of the figures for the fotal induced voltage in the
rod-plane and conductor plane gaps, it is noticed that the attenuation from the peak
voltage to the mewswing ¢ "t, 80mns from the peak voltage, is fur more severe for the
towzr-conductor window yap than for the rod-plane and conductor-plane gaps. This is
because the tuwer-conductor pap has three additiona! ground planes scross which images
of the conductor, the space charge and the insulators are modelled und thus accounting for

o larger value of the component U, in the tetal induced voliage.

Although it is very hard to see from Figurs 5.2, the total induced voltage 30mm from the
centre of the space charge is best obtained from Appendic C 1 F and s equal to 103.8kV.
Substitwting this value tor U, & value of ¢}, equal to SpC. s equal to 200wmm ard s, egual
to 120mm into vquution £.6, the value of' R is evaluated as 0.09855m. From equation 4.1,
the effective value of ¥ is caleulated which when substituted into eguation 4.5 results ina
value of 4 edual to 0.08526.  The magnitude of the continuous leader inception voliage is

then caleutated fromn eynaron B 10106 be 1205kY,
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“he value for R is smatler than that calculsted for sither the rod-plane or conductor-plane
2aps. The reason for this is that the component, U, of the total induced voltage is far
greater in the case of the tower-conductor gap as has been mentioned earlier in this

section. As a result o; a large value for U, the magnitude of R is smaller.

5.1.2.2 A 9.3m Tower-Conductor Gap

The geometry for the 9.3m gap is the samne as that for the Sin gap with the exception of an
increase in the gap length wid thus also a corresponding increase in the insulator string
length to 11.16m. The total induced voltage was measured at a distance 80mm from the
space charge or 9180mm from the side ground plane of the tower window structure. The

computation time was ouce again seduced by defining 2750 elements in the moedel.

Vaiues for the total induced voltage for the 9.3m gap are listed in Appendiv C 16 and

plotied in Figure 5.3 with respec: to the distance to the side of the tower window

structure.
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Usinig the dats in Adpperdie 4 b, the totil induced voltage, U, at 2 point 30mm from the
centre of the space charpe is 106.8kV. The mapnitude of R 15 obtained as 009878 m using
eyttation B8 and substituting for {1, 2, s and v, The effective value of v is culeulated
from eguation 4.1 and when substittted into eguation 4.5 results in a valee of 4 equal to
0.04838. The magnitude of the contintous keader inception voitage is then caleulated

from equution B.10 to be 1508kV.

5.2 The Leader Voltage Drop

The method for cuiculating the leader voltage drop in the tower-conductor gap is the same
as that for the conductor-plane gap. Firsty, the leader gradicht, £, needs to be detennined
from equation B.20 for a given conductor sadius, «, and yap length, &, The leader pradient
is then used to determine the height of the final jump, A, from cquation 21 from which the
leader length. I, is obiained as the difference between the gap length and the height of the
tinal jump. Finally, the 'sader length is used in conjunction with equation B.16 ta
computs the leader voltage drop.

For the St tower-conductor gap with a 1énum conductor radiis, the leader gradiont is
obtured as 2353k VAn, The height ol the firgl jump is then evaluated as 2.133m and thus

the leader length 1s 1. 866m. The leadur veltase drop is caleulated 1o be 168 4k,

The leader gradient for the 9.5m tower-conductor pap is computed to be 2120k V. m. This
gives a value for the height of the final jump equal te 4,195 which cotre ponds to a

Ieader length of 5.105m. The leader valtage drop is then caleulisted 1o be 355.0kV.

5.3 The Breakdown Voltage

The miniroun breakdown valtage, £, 1or the Sm and 9.3 tower-conductor gaps 1y
calcalated by summing the contitisotss leader inception voltage and the leader voltuge

drop :
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= Sm Tower-Conductor Gap 5 U, = U, + 0 = 1305V + (024K
= 1373kV

= 9.3 Tower-Conductor Gap @ £, = U + L5 = 1508kV » 555.0kV
= Mo3kY

The 50", breakdown voirage is caleulated from the minimum breakdown voltage using
egution B.22 with a staisticat variation, o equal 10 3% [Rizk, Qct. 1989]. Thus the 50%
breakdown voltages are caleulated to be 1309k V and 2267k V for the Sm and 9.3m tower-
conduetor gaps respectively, These results for the U, are compared with results measured
in practice [Yloyd & Zaffanefla] for square tower windows in Tubd 5. {. The results kave

been recorded with test conditions using eritical time ~crost waves and under standard

atmospheric conditions.
Predicted, [Meusured | Percentuge
using R difference
m Tower-Conductor Gap | 509KV ¢ 590KV 39,
I9.3m Tower-Conductor Gap; 2267kV | 2150kV a8

Tuhle 5.1 - Tower-Conductor Comparison Beweeit Theory and Meuswred Uy, Ualues

The percentape error between theoretica] results and those measured in practice is preater
in the case of the ower-condtictsr gap than tor the tod-plane o conductor-plane waps.
Like for the conductor-plne gap, the results produced by the mode] are conservative for
smaller air gaps such as is the case with the Sm tower-conductor gup. However, for larger
9.3m air gap, the measured value For the 51" o breukdown voltuge i+ Tower than that
predicted.

Thus, es en though the percentage wirors ure relatively sinall which congequuently veritivs
that the modei produced by Rizk cun te applied iu caleolating minumun: clewranee
disti s for the aosipn of transimission line towers, corrective fieasures of g fow percent

show, e applied as o safety tetor where [aegw wir paps prester tan S aie concerned.
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Thers is no need 1o Include a safety Fetor for iower-conductor air paps less than S in
lenyth as the breakdown values predicted nsing the model of Rizk are wlready

colservative,

Further tests which have been carried out on the tower-conducior confipuration are -

« A test where the tower window stracture containy three sides - a top and two side
grotind planes - in a square setup
» The single conductor is replaced by a bundle of four conductors. The tower window

structure contains three planes in & square setup

The results of these tests are discussed in Appeidiv D and swmmarised as follows :

« The charge simulation technique is suitable for modelling tower window structures
with three side planes in « square setup and provides conservative values for the
breakdown voltage

»  Tower-conductor-bundle gaps can be modelled using the charge simulation technigue
although 1 small safety Factor needs 1o be included when culeulating the minimum
glearanee distances as the measured values for breukdown are slightly conservative

with respect to the breakdown values obtained using the charge simulation technique



6. Summary and Recommendations

6.1 Summary

The Rizk miodel has been tested using a charge simulation technique to verify the positive
switching impulse breakdown voltage for ¢ rod-plane and conductor-plane gap. With
sutistactory results havimg been uchivved using the Cowdomd charge simulation package,
the model was applied to a condactor-type gup in the hope thut the breakdown voltope for
a tower-conductor window gap, subjected to positive switching impulses stresges, vould
be determined. The results from the simulation diseussed in Chapter 5 verify thi
conlident values for the 50%6 breakdown voliage 1n the tower-vonductor configuration cun

by obtained by applying the Rizk madel.

I the rod-plane gap, the percentage etror between the simeltion tesuits using the Rizk
ruode] with o refined value for R und the measured results in practice, for 30% breakdown
voltage In the 3m and 7m gaps, was 0.946% and 3.8%y respectively. The percentage error
inercases with gap length, However, both of the breakdown veltayes ebtained from the
simulation gre lower than and henee conservative with respect 1o the measured values,
There ts very iitle differ-nes betweoen thee Rizh modet when usite o vidue of 8 egoal to 2d
and using 3 pefined valie for K, but the charge sinwlation techmyne is moee sppeopriate

that more conscrvative and thus sak r vulies for the bregkdovn voltuse ure obitained.

The percentag. enror tor the conductor-plane gap wlso decreases with gap lenth, In e
2m gap the error is 8% whilst for the om gap it 15 2.1%q. Contrary 1o the rod-plane pap,
only the breakdown voltage for the 2m gap {3 conservative wlherews the 6m gap has o
breakdown voltage that is sTightly higher than that measared io practice, Thus, it cass e
voncluded that where the Rizk model is used for -lesipnmg clearance distanees G the
copductsr-plane gap where the gop length is farger than 2im, o safety factor should be

included.
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The tower-conductor zap. being a conductor-type pap, hay similur characteristics to the
mudel for the conductor-plane gup. The percentape error decreases with yap length. The
St gap has an crror of 509" whilst the 2.3m gup has a percentage error of 3.8%,. Like for
the conductor-plame gap. the breakdown voltage at the lower zap leagth is conservative
with respect 1 the measured result, whereas for the latger gap length, the breakdown
voftage obtained through simulation s slightly lurper thun that measured in practive. Onee
again, this calls for the inclusion of a safety factor when using the model to calculate

clearance distances in the design of ower-conductor yups.

Conelusions which can be drawn from additional tests done oi the rod-plane, conductor-

plane and tower-conductor gaps are mentioned below.

In the rod-plane gap, increasing the distance st which the space clisrge is placed from the
rod tip reduces the accuracy of the charpe <:nnfation methud. A chunge of the space
charge magnitude has no effect on the averal! ==ailts as the image churges are also sealed
which results in a zeto net overall efteel. Changing the radios of the space cliarge also has
no effect on the 307, breakduwn voltage ealvulited when using the charge simulation
muethod.

In the conductor-plune pap, chunging the position of the space charge has no etfect on the
309 breakdown voltage. Reducing the condustor radius results in o lurper E-field gradient
areund the conductor relative to a conduetor with a larger radius. Cotisequently, baader
inception and breakdown oeeur a8 4 lower voltage. The conductor-plane model of Rick
can be used o nwadel conductor-bundle to phane configunitions prodis g results whivh

are conservative with respeet to tlashover values measured in practice.

The tower-conductor pap was exainined whers % - ower window structure only had thnee
plaries at groumd potential - two sede planes and a top plage. Results rom the charge
simulation method verificd once mue that Rizk's model is swtable when determin ag the
pusitive switching unpulse breukdowa voltage for tower-conductor gaps. A test which
investigated whuether the Rizk model ean be applied to tower-conductor-butadbe

configurations proved to he stecessfal although o sinall satety Lietor would need to be
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incorporated so that the theoretica] breahdown voltage would be vonservative relative to

the breakdown voltage measured in practics,

6.2 Recommendations

The model of Rizk has been tested tor rod-plane and conductor-plane gaps and applied to
tower-conductor gaps with satisfactory results. However, the model cun be extended and
used in areas which may be the focus of further research in the future. Some ideas ave

mentioned below ;

In addition to the tower window structures tested, Turther sesearch should ase tower

window structures more soplicable 10 thit currently beiny used or studied for future use.

The model of Rizk should be studied to include the effects of varistions in atmospheric

conditions.

Rizk's moiel should be tested using a chugize simulation technique where the model cim
he applied 1o determine the phuse 1o phase breakdown voltage. Analytical work by Rizk
already exists in this field, but the model should be vesitied using an appropriute
simulation technique so that it ean be applicd to other structural and gap configurations as

n#s been done in this research.

There is «lso o tieed to tnclude the effects of Hoating objects. Like with phase to phase
breakdown as discussed abowe, s madel by Rizk also exists ta include tloating objects.
However, the mode] has not bewn tested and applied to alternative geonteiry’s wihist

using 4 churge simulation package.

Fitally, the model by Rizk which has been studied in this researeh defines an analytical
expression for the value R in conductor-plane gaps. This expression has been obtdained
usitig Bessel functions but is uniyue to shigle conductors sbove a plane. In order 1o apply

Rizk's model so that conductor-bundle plune or tower-conductor-bundle contigurations
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¢an he studied accurately, an analytieal expressioi tor u conductor-bundle above d plane

shonld be derived from which the value of B can be calculated.
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The lterature survey lsted in this appendix covers severa! aspects of the breakdown
process involved with switching impulses. These aspects mainly involve the streamer
inception criterion, breakdown for lonyg air gaps and the incluston of {loating ohjects.
Muadels proposed by various rescarchers and the work of academics are listed for each
researchy » tor  ther with any problems and assumptions. Papers which deal with
experimental wort and which produce graphical results but which do not describe any
partizular model or lead to any anulytical expression for caleuluting the switchiag impubse
voltage have been read but not included in this summary. They are available sho~ .

be neaded to verify or anaiyse resalts obtained by a particular model.

The authors and the available knowledge Is as follows :

Kuffel and Zaenyl

Article 2 :
- Provides a correction for the variation in the ambient conditions by introdvcing the
relative o density, &, which is multiplied by the breakdown voltage at standard

comditions to give the corrected breskdown voltage. The comrection tactor, o, is

&=11.386- L (A1)

with p = atmospheriv pressure (T )

t = temperaiure {#CY

- States that the condition for discharge inception und possible breakdown in a non-

uniform gap is given by the followiny relation ;

vl

Iu’ -l = N, (A2}

where x = the path of the avalanche when the streamer is initiaed

o = the gup length



Y
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o and i = the ivnisation and attachoment coelficients nespeetively

N, = 18-20 for the streamer eriteriui

There is a teansition from the Townaend criterion (&, = &-1n03 bor sparking 1o ile streamer
criterion which is dependatt on e pressire, j2, und the pap spacing, . This trapsition
oceurs when the product ped > 1-2 bar.em Thes, for large paps and in son-uniforn
gonditions it is undersiood that the above relation applies and that the breakdown voliags
or corona inception voltage, depending on which one uecurs, can e caleulated 1 after &

certain distanee, x, the above relation holds.

- The special case of corona inception in a coaxial cable is considered and the unalytical

expression for caleubating the rovona inception voltage is

a

'_E ] f_E] 1{EN . KU
I [ ™ I I ¥ 3 NN A3
( | E In R | 7] E, ] (AN

L

where E, = the ciitical field strengih
= relative air density
r = rudius of inuer condnctor of coaxial crble

KO =42 (hViem¥

'This expression provides an improvement over the work of Peek who produced ain

empirical vXpression on eables with a small vadius where 6v- L,

- States thin e eritical breskdown strength of air is 26 6k'V om under standard conditions

where tempeature = 20°C, afe pressure - 101.3kPxs and bomdity = 1 1g'm’

- For poritiv * » el odes, streaimers vecur whess the air is stregsed sed theer s e s
proportiona o the valtage applied suckhat for o bigh enongl voltage, they will e
farge chough 1o cross the gap aid lead te brealcdown, Fog stuall gaps, breabdon
nermully aeenrs by the {ownsend mecharism before the streanwrs develop, For irae

paps. steeatiters develop and bead to glow coreii alier which breshdown follosws
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With negative electrodes, regular pulses known as Trichel pulses occur when the air is
stressed, An inereasy in veltage or in (he prevsure leads o an inenease in the pulse

Frequency. Ay higher voltapes, glow discharge aceurs ind then breukdown.

The positive breakdown vultage is lower than the negative breakdown voltage exeept at
low pressures, Henee, for A.C., breakdown oveurs on the positive half evele For

impulses, the positive impulse normatly has the Tower breakdown voltage,

Article 12 :

- Here Hevniann explains the atfeet of bumidite on the fordsatton process As the water
vapour content of the wir increases, the et of attachment increase is preuter than that
of jonisation und consequently the value of £ at which ionisuiion equals attachmuent

also increases.
- Stades that the erieal field strength of uir is 2.4 MVan ai o prossure of 760 Torr.,

- Provides an empirical relatior? bor the “xeld strength, £, a1 the wire surfiee at which ac

vorena is initiated for cone. ntrie and parallel wire arrangemens, as follows

E o
—;- S2AE033 40225 g VMY (A4
[}

whete & = relative air pressure ¢io 700 Torr)

= wire rading (metnas)
This empiricai formuals fror Heymann has asstmed, feor an average oF measttiements hy
vatious authors, that 1he fotal expotient in the electoon mudtiplication fecior, M, has a value

ol geven 'ar vurona neeption

Artiele 11 ¢
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= Heymann praduces a formula for caleulating the corona ineeption voltape for muttiple
wire bundles. The formula uses the knowledpe thal the effective tield strenyth (where
the corona threshold cecurs) is tound af o point o e wive surtace hallway between the
points of preaest and average field strengths - this has been found experimentally. The
ratio betweer. the effective field strength, £, . and the averuge field strength, E,,.. foran
i wire bundle is given as

f“—nw{)?ltn—l)i {A.5)
Z 1+ 0, 5 (A5

where # = number of wires in the bundle
o = wire diameter

b = diameter of \he bundle

This ratio is then used to caleulats the rms corona threshold voltage, £y, . which for . two
wire bundle is given as:

Eu Ay
-llt—‘[zln[-—él-lmi—})—lnz}
J = 2 o o A
= i : (A
* (l+u_71?-)

where § = the separation between the bundles on a ransmissio  line
The rins cormua thresheld voltage can alse be determined for mukiple wire bimdlhes,

The maxinium corona threshold voltage is found by Jifferentiating ile. rir & valtage
2quation and also finding the optimum wire spacing. This procedure ez be foliowed for

nzultiple bundles 1§ necessary but for 4 twu wire bundle the maximun threshold voltage 5

AEQIIIEY

L i K]

s
= £} LSl = ...:_:.ss] (AN



Appendix A 46

The critical field strengtis is evaluated as that which ocenrs on a single wire which is

quagtified by a formula which hag been empivically derived and is given by cgtietzon 1.4

- In addition to the above method of caleulating the corena oniset, Heymant again stutes
thut corona commences when the relation in equation 4.2 1s satisfied for ¥, equaltoa

value between 7 and Y and v is the distance at which a'fseqe "o 5

Peek

Dielectric Phenomenon In High Voltage, F,W. Peek, Second Edition, McGraw-Hiil
Book Company, 1420 :
- Peek stated that for sruall gaps there is no corona und a Jivect spark vecurs whereas lor

bigger gaps corona precedes a spark.

- Peek gives the eritical field strenpths a1 which coroni incepiion oceurs, £, |, for 1 variety

of confipurations. These have been determined experimentally :

0308
Coaxial : E = A1+ —==} hi™cm AN
b= A e (AN
Parallel wires : F = 305(1 + EJ:}tﬂ} kloni [A.9)

Je¥

where o= the relative aiv density as defined in equarion L {

» = the wire radius {cm)

Erustion 4.8 vorrelates well with eguunion 4.3, however it deviates st beconics
incorrect for farge values of radin where & 1. Provides sparking voltaze culeulition for
praratlet wires based on the empirical eritical Beld strength as shown in equeeion 4.9, Pack

alsv gives the corona eritical voltages vy they relate specifically to transmission Gues,
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Dielectric Pbenomenon In High Veltage, F.AV, Peek, Second Edition. MeGraw-Hill
Book Company, 1929 :
- Provides erttical tield strength tormula for the single wire cuse {rom expertmental tesults

which compures Fasourubly with the work fromy Heymann as given w cqeeution 4.4

E = S(304 C36+ 00Ny MY { m (Al

Discussion

The Townsend mechanism is a process whereby a plasma is formed which would lead to
breakdown in waiform lields with stmall gaps or extremely smail gaps for non-uniform
fields. The plasma is the result of o number of electron uvalanchss, gach avalanche bigger
than the preceding one as a result of secondury elections refeased when postiive ions from
the previous avalanche botrbard the cuthode, such that the mechanism can be desciibed as
self-sustaining, The Townsend mecharism is used to predict the sparking threshold which

is concurrently the breakdown voltage tor small gups as mentioned above.

In {arger gups, the streamer mechanisim is postuiated witere the avalunche head is high
slthough not high vnough to bridge the gap. Instead, the avalanche head constiiutes a
significant spuce charye which banses & considerably hipher field than that at the applied
electrody. Consegquently, fenisation from the avalanche head oceurs rapidly 1o the anode
forming a comductive clunnel. The enhanced field in the il of the avalanche will lead to
a copduetive channel to the cathiode thus bridging the gap. Thus the stremmer mechiatism

is dependant on the avalanche-produced ticld.

The integral equation is used to cudeulute the awgnitude of wvakinche. For corona
ineeption. the critical number is betwesn 7 and Y and two unhnowns are present, that of
the voltage magmitmde and that of the distance over which the avalanche has giovwn before
mote ionisdtion’s thab attachments are aecurring. For total breakdown, the work of
Zaeng! which stated the eritical nuniber as bemng 18220 as been improved s o tesult of
bettet measirenient techaiyues and now statids at between 11-12. The integration ip this

vase is taken as being across the whole gap.
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RiZk

Article 20 ;
« Presents continuous leader inception valtage formala for a rod-plane gap under positive
switching impulse conditions. This is done by determining the field at the plane. £, as a

result of the leader space charge which from electrastatics is simplified by Rizk 1o :

! 1
Eoaodg L Al
P Tae AT o

where ¢; = charge injected by the leader into the yap
d = gap spacing

I, = length of axial distribution of churge trom the teader into the zap

An assumption is made that the geometric field plays a2 minor role in determining the field

at the plane due to discharge shiclding of the point elecirode,

£ the continuaos leader reaches the pesition of the final jump. two conditions must be
simultancousty tulfilled : the leader coronu must be of sufficiunt length to reach the plane,
that is of Length d-1.=h, and thae Teader tip potential must be ably 1o cduse streamer
breakdown which oceurs at a gradient of £, = 100k Vit for low breakdown probabilities.
Thus the assumption is made that the continuous leader inceptiva accurs at the point of
the finat jump whers the Jeader tip potential is [7, =F, 4, .

Al the point of the final jump. the critical field at the plane is E, whivh is = £,
Subsntuting for £,. and #, {nto egnation <4 1§ the lollowime exprossion is obtained for the

continuons beader inception voltage

I £
L!’ E~ - E:r ' A l‘)-
CTTRE L T tA.12)
R L 1+ ==
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where F, = 4,
s
With these refations Rizk develops the pelatton U - .n the continuous leader inceprion

voltage and the gap spacing

E 1 E
e e {A.13)
v o d T,
From experimental work it is seen ihut the relati- gn the gap spacing and the
inception voltage always renders the L.H.S. of . . A 13 constant st & value of 0.257.

From this and the value for £ tisted above, the leader inception voltage is :

s
u, =2 (A1)
1y
d

- By using the com.uctunce of the leader and integrating the resulting expressfon for the
leader gradient. the leader voltage drop is caleulated. An exaer expression for this
voltaype drop is given altnough it is based on experimental work uscd to determine the
leader length :

50d 1751 -1.3 L <
T ) § - Tn\p[l }I (kV.m} tA1D)

+ —("— ‘|"—"—— J

AU, =

The applied voltage at the instant of b final jup, U, = S8 # 8. The S0Y, spark -ov ey

vollage is caleulutad as

U o=t (A1)
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where the standard deviation umounts to 5. Thus for the rod-plane gap the 504

sparkover voitage which agrees well with experimental resalis for 2-33m gaps is

]
1834+ 594 - 1334
Isg = --—-——3-3-9-—-+441 S*—-?Ckp(-—"-i-s—‘j-} {A.1T)
l+2— 1+~
i o

~ Rizk also presents the continuous leader inception woltage for conductor-plane paps
although in a lot less detail ard with more assumptions due to a higher geomet:ical

complexity. This is given as :

"
U = 2360 = {kV.m) (A.18)

86
I+ = —65el0” —
d In=

¥

where £, = the leader pradicut which should be determined by iteration as it depends
ot the length of the leader
r = the equivalent copductor radius
« Rizk alsa presents a tool whereby the corona inception voltage is equated to thy

continuovs leader incepiion voltage in order to determine a critical electrode radius,

Article 9 :

- Rizk presents a new approach to determine the continuous leader inception volluge, The
approach uses the fie. that the Jifference between the applied feld aud the space charge
induced field is the eritical Held where the inception ts continue as. The fiekds are related
by an equisabeni radius to the volmges. The induced voltuge is the difference between
the induced potemiat in the vieinity of (he hivh voltape clectrade, €, und the mduced

potential due to imuge charges, U,

& = '”'_' (A 19)
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(A.20)

where (J, = space charge
§ = distange of space charge from high voltaye elecirede
¥, = distance of tip of the streamer-stem zone from the hixh voltage electrode
K= distance of image charge from hizh voliage electrode wiuch is 4 functio.

of the gap geometry.

From this and the above-mentioned relation between potentials, the continuous leuder

inception voltage is presented as

where 17 ..and A ar» dependant on *he high voltagy elecirade configuration und are
indvprendent of the pap spacing end ground electrode geometry, Egnation 4.21 is identical
1o the format of eguation A 14 aud shows that the two appraschies account for the  awe

phenomenon,

In a rod-plane pap, the ¢ifect of induced charge on the rod is neglected Jue 1o the red
being thin. The geometry of the rod is then regarded as negligible ip inllyencing the
induced charge. Thus in the mirror image ol the induced chiarge wquation A.20), only the
spacing between the charges (3, and its cetlection -3, is uccounted for in 8, Thus, B = 2/,
where «f is the gap spacing. For a rod-plane gap, the values of U, und 1 ure by

comparison with eyuation A 14 1556kV and 7.78 m respectively.

In a conductor-plane gap, the effect of the induced charge on the high voltage clectrode
cannot be neglected. Equation 4,19 reflects induced charge in the viciuity of the high
voltage electrode whether it 13 neglected or not. Egrarion A4, 20 best reflects the induced

charie ug it is the muror image of the induced charge and thus the value of & will vary so
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s to account for the peometry on which the charpe is Indoced, Rizk develops an equation
for R to include the effect of the high voltage seometry and equution 4.21 with the value

of R substituted b=comes :

U = e (A22]

where g = the radivs of the conductor

Rizk then compares equation A.22 to a modified form of equation 4. 18 and manipuiates

equiution 4.22 to become :

2407
e ) 515-.5491ha
* T 2d
o In—
u

U (A23)

Thus, for a conductor-plane configuration the value of U . is 2247, The exact value of 4

L)
is unknown but the ratio of A to B is known as is given in equation 4.23,

Knowing the values of {/, . and A for the rod-plae and conductor-plane configunitions,
equation A.2] can then be applied 1o modified configurtions where the value of R is

either determined by charge simulstion tweehnique or by analyvtical means.
For a rod-rod configuration. the continuous inception voltuge is

., 1550
“orm

R

(A24)

where R is then determined by a charge simalation techuigue also desenbed in this article

by Rizk. I the analytical techinique is used, then # s replaced by 2 th) where o 15 the
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yap length and A the height of the ground rod. In this case, the image charpe induced on

the ground rod is neglected and hence the normal rod-plane constants apply.

For a conductor-rod configuration the image charge on the ground rod cun again be
neglected (for d 2 4m and h £ 2d) and thus the known constant and ratio for the
conductor-plane configuration can be nged. Hence, the continuous inception voltage
is :

2247

i o= ve
Yo __315-5490na (A.25)

1 d +

Ll + Mn

which is an analytical approach. The approach to find R by charge simulation can be used
but this causes a problem as no expression is given relating R on its own to the continuous

leader inception voltage.

Rizk ulso presents the continuous leader inception voliage for a conductor-cylindrical

structure gup.

- In a rod-rod and conductor-rod coufiguration, the value for £, , the streamer gradient is
taken as SO0k Vim.

Article 32 :

- Rizk presents the Jeader inception criterion for phuse to phase configurstions, The
criterion is sin.dar to that presented in article ¥ with slight modifications to aceount for
the phase to phase configuration. One phasg has a positive switching impulse, U,
whilst the other has a negative switching impulse, 17, Both impulses have synchronised

[

peaks and critical fronts. The positive leader inception voltage, U7,

.
Lihy = ] 4 ‘{fk J'-lf ] 4 ‘i (n“\ wﬁ’
Ot +4) l+§—+u.35{ Ak+pBY 4

Ahepd R I
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where ¥ und 4 are again dependant on the high volrage electrode configuration dnd
are independent of g spucing and grouad electrode geometry.
F, and g, we geometrical factors reluting U, and £, to the applied volage,
Upeowhere U, = 4 U+ B U,
k is a consiont relating U,. and U, where U, =4 U,
R, and R, are geometrical functions which cun be determined either

analytically or by ¢k sge simulution teclnigues.

For 4 rod-rod configuration, article 9 verified that U, .= 1556kV, 4 =7.78m, and R, = 24
where A is the rod-plane gap distance. Using this and an approximation for 4R, and J, =

1, the leader inception voltage for 4 rod-rod configuration is given as

q
v 1550 kv, m) (A27)

o ! X +__+ [k ﬁ] oo "ll-
1({}“ )1 193 [ )JJ

Bkt Vd Jli + AN

A, varies with gap length and the ratio between the height above ground and gap length.

Certain values are given which gre experimentally determined.

Similnrly for a conductor-conductor configuration, certain approximations are made and a
complex expression for the inception veltuge is provided which is not listed here but

which is given in the available article,

With the leuder inception voltage known, the leader voltage drop, A1, , cun be evaluuted
as presented in article 10 (article 20 specitically works with the rod-plan. configuration
bat aty configuration can be applred if the leader tength is known which is also soen by
Rizk for the various configurations i these articles). The 50"y breakdows voltuye fora

phase to phase confizuration is then given by :

R Y ST,
W+l = et EA28)
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where o= 5% for rod-ged and 374544 fur conductor-conductor configne:tions.

- The article then ~resents computet and expetimemal results Yor the rod-rod and

conductor-conductor configurations.

- Rizk slso presents air density corrections for the continueus leader meeption voltages
and is ac¢ounted for in the phase to ground and phase to phase leader ception
etiutions 4.21 and A4.26 respectively by replacing A with A/0'where & is the relstive air
density given in eguution 4. 1. Witls air density correction the Izader length and henee
leader voltage drop is correcied and thus aiso the 50% breskdown vollage. These

corrections on leader length are shown by Rizk.

Arifcle 3 :

- In this anicle, Rizk addresses the probien of floating objects and tneir indlueitee on the
insulating strength of phase to pround gaps subjected to positive switching impuolges. A
mode] is presented with a floating sphere in 4 rod-plane gap cotifiguration. The sphere
his o smiall proteusion which simudutes a practicat situation whete the Hoating objet. s
not perfectly smooth, Furthermore, by corona discharge from the proicasion, the

acctnulztion of free cliarye o the sphere iy inbibited.

Streamer or positive leader breahdown is possible {or postive switching impulses, the
type of breskdown largely dependunt on the gap spaging, Breakdown can vecur inone
gap (between the high voltuge electrode and the floating objeet) and then in the other or

simultangously in both,
For streamer breakdown w the first pap, the apphed voltage, U, L needed is -

Uo=n + £, d {A.29)
where s, = the approximate tloating vhject potential

£, =ihe critical steeatmer pradrcint = J00kV/m for o rod-plane configuraion

d. = the primary gap fength (betwecn the high voltape eleetrode and the ohpect)
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For streamer breakdown in the second gap, the voltage required on the foating object,
Uois:

Uy = £, 4, {A.30)
where £, = the critical streamer gradient = 400kV/m tor a rod-plane configuration
d, = the secondary gap length (between the [oating object and ground)

The overall voltage on the floating abject, #,, is in general more than just » . and is given
by :

4 =t by, (A.31)
where #, = the geometric potential

u,. = the potential due to sccumulated free charge which in the cage of a
protrusion oa the dloating object, is reduced.
- &, = the potential induced due to space charve in the gap. This and the

geomettic potential can be calculated by a clurge simulation
technigque.

It the voltage on the floating object is insuifiefent to breub down the secondary gap. the

result of breakdown in the primary pap will inerease the potential on the floating object Lo
Uy, given by :

(A.32)
where (4 = the valtuge drop of 2 Jeader of length J,

For leader breakdown of the waps, the leader inception voltage is in penerad miven by
vytattion .21,
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Rizk has produced an empiticat formul to determine the minimum value of the 30%
breakdown voltage, U, for a rod-plane pap coniiguration with a floating object, which is

~elated to the breakdown voltage for the sanie confizurution without a foating vbject, L7,

PP A (A.33)
17 d

where d = the overall gap length from the high voltage electrode 1o the ground plane
I, = the diameter of the floating object pius the lemygth of its protrusion

The formula is only valid for 3 £ 212 m and 7, 4f < 0.45,

Article 33 :
-Rizk analysed steeamer and/or leader inception and hence breakdown tor phase 1o ground

and phase to phase configurations with floating objects under switching timpulses.

The phase to ground formulutions are the same as in article 3 although specific equations,
following egreation A.21 are given for the lender inception voltage in the rod-plane gap

and conductor plane configurations.

The phuse to phuse fommulations for the leader inception voltage is piven by cqumiion
d.26

The breskdown voltage is then calculated trom the best combinution of the niost feasible
situations in the primury and secondary gaps leading to the minimurm tatal breghdown

voltage.

The enpirical formuba listed as equation .33 for the rod-plune gap 1s presented. The gap

lactars are given {or the conductor-plane (1 13) aud the tension string {1.05).

In phuse to phase configurations, an empirical fornula is prosented which g valid for

interphiase distances of ¥ and (20 and Rewting, objvets af veal length tineluding
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proitusion) in the range 1.1 to 4dm for =0 § wnd 0.33, where o is the reliarion between
the positive impulse on ona phase witd the negative ittpudse on the uther phase, defined as

foliows

u
o= {;f "L_ (A
L4

The empirical forimula for the minimum vabge of the 50% breakdown voltage with a
floating object, U, relative to the 50% breukdown voltage without a floating ohject, I/, in

phase to phase systems, under the above-mentioned constraints is

e 959 ves(: A3S
o= 9065 (A35)

[

or to within 6% accuracy can be esumated using

L \/1 F: {A.36)
v,V o vd )

where {, =the totul length, ineluding protrusion, of the foating object

d = the overall zap length between the phase conductors

Working Group 33,407 and Tusk Forre 120700

Article 8 :

~This paper shows that the strength of a pap during live working can be expressed by :

US=K.CA.Cw.Ca {AST)

where K is the rap thetor = 1 (rod-planed, 1.2 1.1 {phase-strictare), Lorl.45 (phase-
phitse)
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Cd = u correction for e durnaged insulutor string
= 1-1.8Bnyn,
where B = 1 (broken tonghened ghass insulatorsh, 2.75 (punctured porcelain
instulstors}
n, = the uumber of dutnaged vaits

n,. = the total ninmber of units in the string,

Cw = correction for extaneous objects in the gap suri as tools or the worker
= 0.9 and 0.85 for phase to ground and phuse 0 phase  2spectively where
the object is in contact with the high voltage electrode and thus a gap

factor of 1.2 and 1.6 fls phase to ground and phase o phase need to be
used as the cenductor structure has been modified 1w 4 rod-sicucture.

=1 when the object is ut ground potential und the sap fuctor remains
unchanged or increases.

= (.85 and 0.8 for phase to ground and phuse to phuse respectively where
the obiect is at floating potential and gup fuctors of 1.2 and 1.6 for
phitse to ground and phase to phase contigurations exist. The floating
object in this case has a bength higher than 0,05 that of the air gap. A
graph refating Cw to the gap factor used for floating obj2cts is provided
inthe aticte. .

Ca = a correction for atinospheric conditions
= 0,8[ 1+ T3 (-0, 21 1-0,22)+0,2
where T = LAK" " 1-0.8p( 1-0.2u1]
g = Uy, JESUDD[ 1 K13 ]
where Uy, is the U, under stapdard conditions umd IY is the gap lensth
& = RT3 502734 1)

wlere A = altitude in metres, ¢ = 120.10°, o = 20°C and tis in °C

Ul = 1080 In(0.400D+1) which 15 kV and valid for gap spacing in the range

Uito 12m

Inn phase to phase systems the diclecttic strength of the air is gven by



Appendix 4 — 60

L;"l +|U'| = K[t (A.38)

Iapp
where U and {7 = the potential on each phase.

The gap factors shown earlier for phuse to phase configurations are valid tor «=0.5 where

o is defined as in equution A.34.

Kishizima, Matsonioto, Watanabe

Article 13 :
- Shows that the critical time to crest in mierase: mds s given by 55d where d is the gap
spacing in metres.

- Summarises the 1., formulas that are available for rod-plarne gaps :

U, =3450/(1+8/d)  (Dr. G. Gallet et.aly
U, = 13500 “(1.3142.114d)
U,, = 1080 Inf0.46d+1)

All these are said to be aceurate to within 3% in the range of o from 2 to 12m.

- The paper also states that the switching impulse phuse-phase flashover voltage depends

on the gap spacing, a varisble « Jefined in eyuation 34 und the time to crest.

Carrara and Thione

Article 14 :

« The various stages in the breukdown process are briefly described trom corona inception
with the duth periuds that follow as o result of spuce churge produced, to Teader
mweption and its dark periods, continnous leader inception, the find jump and
breakdown. Breskdown [ollows at the point of the finul jumnp which only occurs when

pre-leader streamers from the continuous leader stage bridge the gap. Henee, much waork
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has been done to understand the breakdow i pracess in long zaps based on the final two

stages and the transition from continuous leader to the final jutnp. The chunge in valiage
froin the con'inuous leader incention voltage ta the finul jump voltuge is very slight und
oceurs at the crest of the applied voltage waveform which haz a gradual slepe compared

to the slope between corona inceptica agnd the continuous beader inception.

- The concept of a critical radius of the eleetrade is introduced, belew which the sparkover
voliage remains constant and no longer decreases. Above this radivs, the sparkover
voltage will increase, Above a critical radius, the primary dark perfods do not exist
whereas they do below the critical radius and hence above a critical radius, the corona

ingeption voltage is assumed as coinciding with the leader inception voltage.

- The paper presents an approach whereby the breakdown voltage is mude up of three

coniponents ;

U, =U+AU+AL, (A39)

where U, = the continuous leader inception valtage
A U, = the leader propagation voliage increase

A LI, = the statistical voltage increase between the U, und the U,

U, is determined from the critical electrode radius (which hus been evaluated in this paper
for rod-plane and conductor-plane wups und varies with wap separation) und the critical
corena iaception field which is experimentally determined A method 15 given {or
calcalating the eritical electrods sice for a variety of other configuraiions. By using a fekd
calculation program with the known critical radius and corons inception field, the
continuous inception voltage caa then be valeulated as the carvsponding corona inception
voltage. Alternatively. Muxwell 5D enables the electric field to be evaluated for any
geometry and thus the eritical field can be determined by using the work of eithe Zueny .
Huymann or Peek as discussed above. The justification behind equating the coronu
inception voltage with the continwous leader inception voltuge seems to be s a result of

the con-ept of a eritica! electrode size.
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AU, is evaluaied - “ollows. The leader length, J, prior ta the final jemp is cafcaloted as

follows ;
I=d-UE, (A 40}

where o = gap length

E, = average streamer gradient = A Viem

The leader propagation time, A7}, is then = /v where v is the velocity of the leader =
1.5cmvus. A U is then evaluated from a table relating the Ieader propagation time and

effective gap length to the leader voltage rise.
The U,, is then given as

L+ Al
[ =t e s (A 41)
N 1- o

where 7 = a factor for the sparkover probuability = 3
o = the standard deviation of the sparkover probabilil y function = (.03

L4

Kosztaluk, Lanoje, Mafewski, Menementis, Nouyen

Article 18 :

« Thig deals with phase-phuse flashovers influenced by the time difference batween the
cresis of the positive und negative impuelses on each conductor. The phase-phase
flushover voltage, U, for a time difference, AT, =0, is best expressed by the

emipirically determined regression curve |

U % (A1)
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where F,,” and §7, are the values of 1™ and J° corresponding to the 30% breakdown
probabilities for }° =0 and } = 0 respectively (17 and 17 are the conductor voltazes on

eiach of the two phases considered).

- The phase-phase breakdown voltage for AT, exceading 1 to 2 ms where the negative
impulse precedes the positive .nmpulse, is considerubly lower than for AT, = 0. This is
explained by the formaticn of space charge when the frst impulse occurs which changes
{he field strength. This drap in brealdown voltage increases as 1 increases. This drep
also increases ag AT, increases until a certais maximum AT, alter which it again

increases to the value corresponding to AT, = (.

CGallet, Leroy, Lacey, Kromer

Article 22 :

- The paper criticises the exprassion produced by Paris as being suiteble for the EH.V.
range with 2 to 8m gap lenpths, but not suitable for the UH.V. range :

U, = k.500.4" (A4}

where k = gap factor

d = gup length

- The paper produces and empirical formala for the breukdoswn voltage for any gap

georsetty valid in a range trom 1 to 30m and subject to positive switcling impulses :

U=t 34

{MV.m} (AL

[+—
e

« 11 is also suggested tat ihe gap fctor ought to be moditied based on statistics due io

purallel discharge pativs.,

Hutzler, Garbagnati, Lemb, Puini
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Article 26 ;

- Presents formulus for U, as follows :

for gap lengths of 2-15m and where the anode radius < eritizal radius

U/ = 14004554 for gap lengths from 15-30m tA5)
U= 1080 In(0.464+1) for larger gaps up to 25m
U= 500" for 25062500ps impulses up to 10m
U=1180"% for negative impulses with gap lengths from 2-1.4m

- The puper maies the statement that for a pointed cathode there is a higher flashover
voltage than for 1 pointed anode. It also intreduces very detaijed formulas for the gap
tactor in various geometry™s, how it is modified for bundles, the relation between the
critical time to crest and the gap factor. The n.odification of the gap facior is shown for
insalators, pest-insulators such as floating objects und for ruin. [t is then shown how the
gap tactor is used in the caleulation of The phiase-grovnd and the phase-phase breakdown

voltages.
Bchasider, Weck

Article 30 :

- This paper states that the breakdown voltage jor a 2-8 m gap and wdeal fora 1 20us
impulse can be expressed by egirano,: .43, while where the time to crest varies
o -ding s the gap distunee and ideal for long maps the breakdown voltage con best be
expressed by cgnation A 44 with the tumerator {2.4) replaced with 3356 and the valtage

expressed us kV.
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- The paper only deals with positive switching impulscs, The gap factor for a specific
geometyy is exprussed as the ratio of the UL, For that geoinetry to the U, for i rod-planc
Zip. The gap factor is a function of the inhomogeneity of the field, deietniined by the
shape of the positive electrode, as well as of the symmetry of the ficld distribution
which for a given positive electrode is determined by the shape of the grounded
electrode. Thus from any E-ficld distribution, we are able to caleulate ihe gap fuctor and
hence by using avaitable fonnula, the breakdown vollage cun be determined. This

modelling techrique is not suitable for gaps < 3m and for fields with low diverzency.
The inhomogeneity, F,. of the field, E. is evaluated as :
F, = §"Euxyx (A46)
whilst the symneiry, F; ., of the field is evaluated as :
F,= I Eixyd (A7)

whaere v, is the dist .. Jowl the ground «lectrode to e point where the E-field is equal
to the field strength » «d of the h::\mogeneous #ap, which is approximated at 0.9 and
where &, {5 the distanee from (he ground elecirode to the point where the E-tield is
minimurn, which is approxi nated at 0.4d. The paper pre-ents a graph relating the gap

factor to the ratio of F, to F,.

Balda, Hutzler. Pigini. Rizk

Articte 31 :
- The paper presents an accurate description of the physics involved with the first covona,
the keader phase, the final jump und the influence of the impulse shape, A punber of

medels for switching impulse breakdown are listed :

Lemke :
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The breakdowr voltage is the sum of the leader voltage drop and the streamer voltuge

drop which precedes the leader. The cxpression 1s given us :

, dil Fd . (dY]
b:‘u ) dE"|i1 4 ln(;jj-r dE;U [ﬂl : - IHL‘—'J] (A8}

where E, = the meus streamer gradient = 4.5kViem
d = gap length
£y, = a constant taken as 1.5kViem
¢ = an unknown constant which varigs with electrode configuration. To fit
experimental results ¢ = tm for rod-plane and 1.5m for bundle conductor-

piar-s, 1.3m for bundle sonductor-tower.

Alelesandrov :

A pritical charge at the high v~ltage electrode, . which is a combination of the electrode
charge at the corona onset voltage as well as the space churge at leader inception, is a
prerequisite for continuous leader development. The churge does not depend on the gap
tength. If the conductor-plane breakdown voltage can be determined for two ditterent gap
spaces by experimental or other means, say, U, and UV, . then the breakdown voltage for a

third configuration, U, . can be determined as followy :

fd
g -l AL, = 4 -i] [A49)
: Sk vt b7
. N . g‘l l[e !
U, - U. =AU, = Iny — (A30
e,
[ d
tnj ‘—{“]
o,
and thus using egnativn 449 Alf, =Aal. M FAS]
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Further tmodels and analyticul expressions are suggested by Jones, Hutzler and Bazelyan.

Boutlend), Allen, Spartow

Article 35 ;

- This paper presents an equation for the bregkdown voltage acress insubatior strings :

‘l
Uh=Ul1~&83&J (A5
g i

g

where U, = the breakdown voltage with », broken units
U, = the breakdown voltage with n, healthy units
& = coefficient representing the average state of the brohen unit. It varies
between Qand L.

When arcing horns are taken into account, equation 4.32 can be modified by replacing the
factor 0.8 and the coeflicient k with 1.

Task Foree 7,02 of Study Comindiles 33

Article 38 :
- Describes the influenciny factors which affect the dieleetric strenyth of gir gaps

containing floating objects.

- For u rod-plane gap where the object i3 connected to the high vellage electrode, the

sirength is

03¢
U:.n = _._;E__.Sl.___ (AS})

L+ ——

Dod -1,

artd whet it is costrieeied o the ground itis
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D-d Y 3t
e —iug- (A4
b e

U = :l IIXY
'
where 2 = gap length

L = length of object alony g axis

d, = primary gap lengt-.

The breakdown voltage for the primary und secondary gaps, U and U, respectively can be

determined by the gap capacitance’s as follows ;

o
u = [ 1+ :L]Uw (A.55)
- L-..
" .
v, =l1+~5 u., (A.56)

where C and C, = the capacitance ol the primary and secondary gups vespectively
U, and 2, =the breakdown voltages of the pritnary and secoudury vups
L]

respectively independent of the other gap

- The crivical conditions are summartsed as follows .
- for pusitive overvoltages
- for ebjects with & odic protrusions
- for objects lying on or nenr the wap axis .o & cntical distunce o, from the
energised electrode
« for objects with a large cross section

- for long objects

For a laree range of parameters it has been shown that the criticat conditions ure .
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) '
0.2 -‘bli <039 and U, = U,08+ 002D - 054y (AST

where I/, = the breakdown voltuge withoat a work object

- The breakdown voltiage across insulator strings is given by cynation 4.52 where k (s said

to have an average value of 0.75 although it is rmost conservative to have a vilue of 1.

Tatdiere, Lalo

Article 39 :
- The paper deals with phase to phase flashovers with floatiy objects. A fermula is
derived from which the minimum spzcing between the floating object and the phase

conductors can be determined in order to prevent flashover :

= 083 {A55)

*
where T, = the sum of the primary und secondary gaps

T =the gap distance without a floating ohject
Hutzler

Article 41 :

- In this paper Hutzler shows that with 4 smeoth floating object the breakdown veoltaze is
higher. This is because positive churge from the electrede is de yosited and builds up
radially around the floating objeet. As a result the dischurge would niove around ti
Hloating object and therefore the voltige and time to breakdows is higher than without
the breukdown vbject. IFthe object has o protrusion, the begahdown voltuge is ower

because the discharge accuts from ihe object.
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- Hutzler presents cguationy 4.53 and 4. 54 which represents a rod-plane ygap (when
breakdown has eccurred in the primary gap and henee the Roating object is conrected to
the electrode) und a rod-red gap (when breakdown has oecurred in the secondacy gap
and hence the floating object is connected to ground). By equating, these two equations,
the critical prirtary gap length and gop strength is determined which s shown in
equation A.57.

- The longer the protrusion length and the grewer the protrusion diameter, the lower the

breakdown strength.
Llovd, Zaffanelly
Ariiele 42 :

- A correchion for humidity und air density is shown. Either the veltage is corrected or the

gap spacing is corrected. The voltage correction is :

tH
Y = “l;‘) (A.59)
The gap spacing cotrection is : ~
Ssﬂ = S&_-snyo‘ (A@O)

where U7, and §,, = the voltaye and sap spucing under standurd conditions
respectively
Uy atd 3, = the voltape and gup spacing under test conditions
respectively
= the relative air density piven by equation 1.}
H, and H, = humidity voliage and spacing correction factors piven by graphs
in the article,

1 = a Fetor which may vary for F, and Salse given by a praph in the artivle.
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Alternatively, a correction factor, K%, ven be applied where

K =10.997-40.1004

v. e d = altitude m han

andr=1ford<i
s 1,12-012d for Ixd<o
=udford=6

where & ~ gop Jength in meters

Duiring raiu, the positive I/, for switching impulses is typicatly 0.95 the dry value and
for nepative impulses rain can reduce the strength o that of the positive strength.
The insujator steing length nmust be 1.054 - 1.1 otherwise the breakdown voltaye can

drop by up to 20% during win, fog and lugh humdity conditions.

- The relation between critical time to vrest, 7, . and gap spacing. S, is given by :

* . =545 00 {Ae

For a time to crest which is not critical as determined by equation A.61, either the voltage
needs to be correcied or the zap spacing needs to be corrected such that the tinwe 1o erest is
then critical, This is done by calculuting the difference betwean the time to crest applied
and the critical time to crest us caleulated by equation A.67 and then usiag a table or

figure provided in the article to obtain the correction.

« The work also sumntarises that of Carrara apd Thione's model |

1. Decide whether gap is of the rod ¢spheres, rods, and line terminations) or conductor
feonductor-ground, conductor-objects, conductor-tower, station buses) eonfipucation.
2. Using g 3D Held plotting propram, culeulate the rutto of I o £ ub a distanee r om the

electrade, arbittarily selected as $0cm for rods and 1 3en tor conductors.
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3. If the configuration is not rod-plane or conductor-plane, then calculate an effective gap

distance, 2, . from the following equ.etions

| 1
b 10 20 -40
[E—] =g {rod-plane) (A.61)
E Ir--lu_ma —_—

307 (20— 408

(V 15(313;15)1 2D 15 condectorplane)  (A.63)
. = 1 . Cn cotlauctor-prane A3
- E rulfen ED 15 p (

3

4. Caleulate the eritical radius using the gap distance {or effective gap distance) :
R. = 38(1-D"*yom (rod-plane) {A64)
R. = 37In(1+D100) em {conductor-plane) {A.65)

5. Calculate the ratio X between the voltage and field at ihe electrode surfuace using the
erivical radius or the actual radius should (hat be greater than the eritical.

6. Determine the ieader inception voltuge I, = KE , where E is a funetion of the critical
radius giving the critical ficld at which corony staris.

7. Calculate the leader length, = D - Swhere S = 1, E, for £, betwieen 4 and 3.5 kViem.

8. Usiny a graph in the article, the leader voltuge diop, b is found ftom the leader
tength.

Y, The eritical flashover voltage is then found, &5, =17 + 1"+ Q.15 17,

Refinements have been made to this model some of 2 mich nuke it adaptable or

evaluating multichectrodes, phase-phase und waveshapes other than critival.
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Appendix B

B.1 Formulation for the Continuous Leader Inception
Criterion

From Rizk’s paper [Rizk Oct. 1989], a criturion for the continuous leader inception
voltage has been used to determine the continuous leader inception voltage for the rod-
plane, conductor-plane and tower-conductor window geometry's. This formulation of this

criterion is now presented in detail.

When the insulating sirength of air is exceeded. streamers develop from the kigh voltage
electrode and sufficient fonisution may lead to an ionised zone. Stress on the surrounding
air as a result of this ionised zone will tead to several streamers developing from the tip of
the zone. Thus each zone will have a naltitede of streamers which are convergent a1 the
tip of the lonised zone. This is depicted in Figure B. 1. In order for a pusitive leader to
grow as an sustained extension of this iouised zone. the difference between ihe applied
field, E,.. and the opposing space charge field, £, must equal or exceed & certatn critical

field strength, £,. This relation is shown below it quation B.1 :

E -E :E (8.1)

i
: }\ Sigh Vittege Letbmar
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Figure B.I - Continteous Leader Inception

The field strengths can be converted to voltages by using the vquation thut relites the

eleciric ficld of a point charge to the voltigze on the charge. shown in vgrasticn 8.2,

E=— {B.2)

All voltages concerned are with referen-2 to a plane which can be regarded as lying in the
far field for large air gaps. Hence, the applied E-field ot the tip of the jonised zone, can, in
the far field, be equated to that of a point cliarge. The space charge can effectively be
modelled as a singular point charge ahead of the ionised rone. 11 the voltage is measured
at a distance » from the tip of the ionised zone, where » is muich smaller than the distinee
from the ionised zone tip to an equivalent centre of the space charge and independent of

the gap spacing, then the following relations apply :

i ¥
al?
E, =~ {B.3)
U
. E -
t ¥

where L, U, and U are the continuous leader inception, space churge and eritical
valtages respectively. The constunt eris a proportionality constane which is 2 finetion of
the ratio between » and the distance betweoen the tip of the ionised zone wund the equivakent

centre of the space charge.

From eguatinns B.1 and B.3. the minimum value for the continuous leuder inception

voltags is

U}r - ar—?-u = L'IL lB-"I'}
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The spuce charge voltage is fitade up of two componenis. The first component, [, is the
induced voltage dus the effective critical space charge, @, The second compaonent U, is
the absolute value of the induced voltage -5 a result of image churges induced on the
opposite electrode and other nearby objects, due to the space cliarge O, and any churga
that it induces on the high voltage electrode. [ the effective centre of the total space
charge (J, is ai a disiance s froin the high voltage electrode and the induced voltage due to
the various components of the space charge is measured a. 4 point P siteated at a disance
&, from the high voltage electrod=, then the magnitude of the two components of *he space

charge is represented as follows :

0 |
U oo (B.5)
‘“ 4,-‘1’6‘u(5— $‘”)
Q .
I/ s B.b
ey (8.6)

The induced voltage due to inage charges is made vp of an wnknown B whichi s a
function of the gap spacing and electrode confizuration and which can be determined
analytically but more appropriately by a charge simulation technique. The total space

charge voltage, U7, is then the difference between U, and 11, ns shown in equurion B.7.
U, =U, -1, (B. 7}

Substituting for !, and U, from equution B.5 and equanion B.6 respectively, equation 8.7

cun be represented as follows

i = Q. - 2 (B.%)
-'-I.'-.‘“z:_‘(a‘—s“} doaw R

Substituting tor U, vguation B 4 bacomes :

al uo
u, - e e 2 [ 9
Fodm ey ) dm R BN
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Al the transition from streumer corona to leader inception. the injected churge, €, will
reach 4 critical value and is assumea 1o be proportivnal 1o the continuous leader inception
voltage for & specitic igh voltape geometry. Hence, the quotient, ¢ of (2, and 1. will ulso
ussame a critical value. This valae varies with the eleetrode geometry as the critieal
charge varies depending on the type of elecirode geometry. However, ¢ is independent of
the gup spacing. Substitwting for ¢ into equation B.9 apd making {7, the subject of the
formuly, the continuous leader inception voltape is furmuluted and #s shown in equation
B.10. '

i
U, = — (B.1%
14—
R
L
U doe
where U | =o—e—te——and = R -
o & o @&
dag (55 ) SR SR RER

The formust of eguation B.10 is very well known [Callet. Leroy, Lauc v & Fromer} und fas
been empirically derived before.' The formulu produced by Rixk for the costinuous b>der
irception voltage can be applizd w any rod-type and conductor-type geometey. The voluss
vl U, oand o have been determined empirically {Rizk san. 1989}, For the rod-type paps
U, cand A assume the values of 1550kV and 7.78m respectively  For the conductor-type
paps U . has the value of 2247kV and . is dependunt on how the geameteie modal s
defined. This dependence 0¥’ in conductor-type gaps is elaborated on in Chupier o,
Eguation B.9 can thus be used 1o detertnine the contnuous leader inception valuge for
unty rod-type and conductor-iype geometry. The gnly unkuiown which needs to ae
determined is R which takes inte secount the influcnce of imaye charges. The value of K
can be expected to vary sigmificantly for rod-type und conducior-typse geometry's as the
surtaee area on which the eritical charge €2 i3 induced varies for the ditferanr geonictrical

configurations.
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B.2 The Charge Simulation Technique

In order to evaluste the value of B in cyteas o 8 0 which accownts for the influcoee of the
imape charges in the totul induced voliage a3 a result of space chirges, the tscr either has
adopt an analytical approach or make use of a charge sunulation technique. An anslyticai
approach is rather straightforward for simple geometry’s such as the rod-plane pup bt
becotmes far more impractical to use for more complex geometry’s. Thus, in deiermining
the magnitude of X for the tower-conductor window peometry whens a miniber of ground
planes exist depending on the shape of the window, 1 charge simulation technigue has
been used. Charge simulation has been used for the rod-plane and conductor-plane gaps in
order to zain confidence with the simulation whenre stmulation resulis can be compuared to
those that would be obtained where analytical derivations are still eusy to obtain,
particilarly for the rod-plite gap. Siece unsatisficiory resalls were oblained vsing the
Alwewell 2D and 3D finite element packapes, the 3D charge simulation package, Coulomb
wus tested which produced satisfuctory outputs that corresponded fisourably with
aualytical results. Contrary to Aluxwell which meghes the air gap around the clectrode
surfuces and uses the derivative of Maxwell's equations to caloulate potenuals in the air
gap., Coulomb only meshes the electrode surfices and inteprates Maxwe!ls equations,
Thus in order to ubtain a high level of sceurucy using Afwrwedl,  large mesh is reguired i
the @ir-gap whereas for ¢ “oulomb 4 sulficiemly meshed electrode surface will alfow a
satisfuctory level of accuracy 1o be achieved as 4 resuls of o number of electrostatic
charges (rom the electrode huving their potentials superimposed at the point of
measurement ir the air gap. Results from Cordomb for o point charge o spice wete
contpared with that of Maswedf and were found to be fir more acetate than that of
Afwewell when compared with theory, This confirmed the suspicions that svuse reganding
the accuracy of using Meaxwell, Furthermore, the new versoon of Mowed! 277 has a bug
whereby speciliving a charye is not a sutficlent source of excitation. This problem does
nol exist in the ofd version of Yuxwell 320 However, sinlativns on the old version are

tow slow whereas Confomb is fuster in companson and thus more convendent,

Tl procedure tor asing a charge simulation techmgie 5 as follows. The geometry beang

studied is entered into a clarge sinmolation prograe. Expaerence wih Cowfomd has Tawud
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that it is recessary to specify the imwue of the high voltaye electrode and fonce exclude
the ground plane rather then ineluding 1 grovnd pline und expecting e image to be
caleulated autumatically. A point charge. (2., is placed ut £ in the z-plane between the
ligh voltage electro w and imaginary vround plane at a distunce 5 from the high voltage
clectrode. The image of this pomnt churge ulso needs to be entered into the simubation
program, with the overall etfect of having the high voltage elecirode and the point charge

as well as their respective images being specified in the simuiation program.

The simalation is then run and onee a solution is obtained. the accuracy of which depends
on the number of segments specified in the case of Coulemb or the number of wangles in
the case of Maxwell, the magnitude of the voltage is measured at a point &, between the
point charge and the high voltuge electrode. This voltage, U, represents tie otud voltage
induced by the space charpe which is made up of twe components, The first is the directly
induced voltage by the point charge and the second component is the induced voltage due
to image charges of the point charge on the high vofiage electrode. other nearby objects
and the opposite clectrode, the latter often just beiny the pround electrode.

The measured voltags, U, is subtracied from the dizect influence term, U shown in
eynution B.5 to give the induced potential due to the image charges of the point chuyge,
"1 Biven by equation B.o. Since the arbitrarily chossn charye, Q,, is known, the value of

R ¢an be determined.

The above description of the charge simulation technique is shown gruptucally in Frowee
B.2 below for a conductor-plane gap in 2D. The eonductor radius is denoted by o and the

gup length by o
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Figure B.2 - The Charge Simuluation Techniyue

B.3 The Leader Voltage Drop

In addition to the continuous leader inception voltage, the seoond component whicl
makes up the breakdovwn veltage is the feader voliage Jrop. Risk has derived aii
gxpression for the leader voltage drop which can be used o determine the voltage Jdrop i

leaders for both rod-type and conductor-type gaps [Rizk Jun. 1989].

The leader conductance per ait length, (5 is assumed [Jones], based on its resemblanea
to an are, to be represeunted by a dysamic equation [Huchrainer] shown in eytation 8.11

for constant cutrent leader propagation.
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- - ~t
Glry=G,_ +(G, - 0‘,,}:;:;1(—51 (B.11)

G, and . are the initial and firal values of the leader conductance respectively, s ihe
life time of the leader section and #is 4 time vonstaut in the range 30-60us. Under critical
conditions, the leader propagates with a veloeily = 1. 5cm/us and thus the conductance

can be expressed as

Ginr= G, +(G, -G, Jexp(—>) (B.12)
X

(]

where x is the displacemen! in time f and ¥, is constant at V. 75m assuming a value of ¢=
50us. Ohm’s law relates the leader conductance. &, to the leader gradient, £, and the
teader current, iy, in equution 8.13. The leader pradient can then be used to obtain the

leader voltage drop, .10/, for any leader length, £, as shown in equation B.14,

i,
E, = ..é. (B.13)
- 'r.
AL, = j};:,(_\-'}._z\.: (8.1
wubstituting for (7 and integrating eyuution 8,14 -
AU, =L E, +x,E, ln[g‘—— E-E exp(:—-fi}] (B.15}
Fl = ‘\-r)

where E, and £, are the initial and tinal vilues of the leader gradient which assome values
of 100k Vim and S0k Vi respectively [Jones]. Substituting vatues for x., £ and £ . inta
vyuation B. 15, the following expression is abtained for the beader voltage drap m rod-tvpe

or conductor-type gaps
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AU, = S0L + 375 In(8 ~ Texp(~133{.1] (B.1u)

B.3.1 The Rod-Type Gup

The leader lenyth at the point of' the final jump prior to breakdown is obtained by
subtracting the height of the final jump, &, from the total gap lengeh, 4. An expression for
the heipht of the final jump has been obtained empirically by Rizk for tu. * rod-plane gap
and is shown in equation 8,17, It is assumed that this axpression can be used to represent

the height of the tinal jump for any rod-type gap.

339

}l_( = E {B.17}
d
The leader length is therefore :
d
Ty {B.15)
| i

1.

Substituting eguution B.18 into pguation B. 16, the expression for the beader voltuge drop

in the rod-type gap is obtained as follows :

50 ~-1.33d

.ﬁf.“t =W+3?5111[3—7¢Xp(———§:@*)1 (B.19)
1+ =< 1+ —-
d ol

B.3.2 The Conductor-Type Gap

In the conductor-type gap. the height of the final jurap is dependant on the gap distance, o,
the conductor radius, «, and the leader gradient, £, Rizk provides an expression {Risk Jun.
1989] shown in equation B.20 from which an approxiuzate value of the leader gradient

can be determined.
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12 - E))
= =105 2
Wy =™ (B.20)
(e Lo mBo g =2
Vood st u
o

Certain parameters used in equation 20 are assumed as follows :

sk, is a shielding factor which is determined empirically and is equal to 0.4

e ¥, isa potential related 1o the charge injected inlo the leader channel. For a conductor-
type gap, charge injection oceurs at a rate of approximately 40pC/m which
cortesponds to a potential of 719kVim

s E, is the mean gracient of the pre-leader streamers which for low breakdown
probabilitics is 400kVim

o E_is a gradient which represents the critical field thot Jetermines the pre-teader
streamer length at the point of final jump when the pre-leader streamers bridge the

gap. This gradient has also been empirically determined and is equal to 128kV/im

For a particular value of conducter radius and gap distanee, the feader gradient is
detouuined from eqriion B.20 and hence the height of the final jump can be evaluated
using equution £.%1. This equation has been empirically determined by Rizk for the

conductor-plare gap but it is assumed that it can be used lor all conductor-type .

so
h, = ~ 1B.21)
(o 20 0507 E,
d Int ‘:5{)

i
The leader length can then be obtained as the ditference between the gap distance and the

height of the fina] jump. The leader voltuge drop oy conductor-ype gaps s 1lien

calculated by substituting the value of the leader length inte eyuarron B. 16,

B.4 The Breakdown Voltage
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The minimurm breakdow voltage, /. of aay rod-1ype or conducior-t«pe pup is the sum
of the continuous leader inception voltage and the leader voltage drop. However, altheugh
@ theoretical value for the minimurm breukdown voliage cun be caleulated, there is a
statistical dependence as to whether breakdow it will actually occur. Thus, the breakdown
voltage is often quoted as a magnitude at which breukdown has u 50% probability of
oceurring and is known as the [7,, value, The 50% breakdowi voltage is derived fromn che

minimum breakdown voltage as shown in equeation B.22.

v =t (B.22)

The stundard deviation in the breakdown voltage is given by the parameter erwhich

assunes 4 value, usually 5% for rod-type gaps and 3% for conductor-type gaps.
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Appendix C

The results for the toial induced voliape obtained using the charge simulation technique
detined in Appendiv 8.2 are listed in this appendix. Tests have been done on the rod-

plane, conductor-plane and tower-condactor window geometry s,

Appendix C.I deals with the change in gap length. Modifications in the model for the rod-
plane gap are presented in Appendix C.2 where the results of changing the value of s, the
magnitade of the space charge Q, and the space charge radius are presented. In {ppemdix
(.3, the results of changing the space charge posiiion, adjusting the conductor radius and
checking the feasibility of using conductor-bundles in the conductor-plane model, ure
listed. Appendix C.4 presents results for additional tests done on e tower-conductor
mode] where the tower window strueture is changed and where 4 tower-conductor-bundte

has been examined.

For each specific test, the data has been presented in colurmins. The first column represents
the distance from the high voltage electrode, the seecnd. third and fourth colurans are the
X. y and Z coordinates respectively and the final column is the wilue of the total induced

voltage.
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C.1.1 Total induced Voitage for the 3m Rod-Plane Gap

Distance X-Coord,. Y-Coord. Z-Coord, Value
0000000 L3000 L0uo0an 000,000 441761.1
2.000000 000000 L00Yo0o 2998.000 J50929.5
4.000000 0000000 L0000U00 29960080 J604806.0
6.060000 L000000 U000 299.4.300 J70437.1
8.000000 0000000 J0000006 2992 000 480827.1
10.000600 £000000 LG00000 29911000 $91679.1
12.00000 LRUN0g J000000 2UR3.000 503024,
13.00000 AHI00000 000000 29806.000 514897.5
1600060 00u000H 0000000 2984.000 S¥7336.2
18.00000 L0000 0000000 2982.000 540381.7
20.00000 AHN0000 L00UH00 2980.000 5540797
2200000 00NGuoo RUIVTE ALY 2973.000 5684802
24.00000 0000000 000000 2976.000 383638.8
26.00000 000000 L0DUOUD 2974.000 5996109
28.00000 000008 LNoonGt 272,000 6lad32.8
30.00000 .Lyunona 000000 2970.000 6343127
3200000 HE L)) LG000000 29680500 633191.5
3400000 LDunnood LDGOUOGL 2966000 6732146
3600000 LO0OG0 LRI 2964 R} L8y 3
38.00000 0000000 000000 296,000 717130.8
4500000 000000 0O0G0an 28460000 T41294.3
J42.00000 000000 RUNEHYTY 2958.000 Tu7118.0
$4.00000 RLERH) D000 2956.000 47804
40,0000 LO0GOOID DUGROL Jusdony 245045
48.00000 LO0n00GND OOURHIO0 2952000 8565089
50.00000 LO00OQOG 000000 2950000 SY1u73.8
52.00000 OGOG0 ORa0nG 2938000 2285193
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Distance

54.00000
S6.00000
58.00000
60.00000
62.00000
6400000
66.00000
68.00000
70.00000G
7200000
74.00000
76.00000
78.00000
80.000C0
8200000
§4.00C00
86.00000
$8.00000
90,00000
92.00000
94 00000
£0.00000
03.00000
100.0000

X-Conrd,

00000
AGUGNNN
00006053
Q000000
0000000
0000000
GOU000
0000000
REGEHVHY
0000000
0000000

YOUH000

Q060000
.00ooono
SHH0000
LOungooo
LU0N0000
0000000
L000Ga00
L0000
200U
AUD0Gan
000000N
JHUOGO00

Y-Coord.

L0000
JHOULG
QO00000
£000000D
0000000
0000040
0000000
,Q00U000
R EHNELH
GO00000
0000000
0000000
0000000
0000000
LG00ouo
0000000
A00000
0000000
J000000
Q0U00L0G
RULEUREY
A00U0Y
L0000
0000000

Z-Coord.

29:06.000)
£244.000
2942 000
2940.000
2938.000
2936.000
2934.000
2032.000
2930.000
2028.000
2926.000
292.4.000
2922.000
2920.000
2918.000
2016.000
2914.000
2912.000
2910.000
2905,000
2900400
2544.000
2902.000
2900000

Value

Yol
1013623,
1062255,
1115749,
1174875,
1240571,
1313996,
1396600,
1490218,
1597210
1720662.
1864691,
2023907,
2239167,
288819,
2800884,
3202112,
3737082,
4486043,
3609184,
7481889
Q1122671 E+08
0.22401S6E+08
34513 7056+08

C.1.2 Total Induced Voltage for the 7m Rod-Plane Gap



Appendix C

90

Distance

RUE Y 4]
2000000
$.000000
6.000000
§.000000
10.00000
1200000
14.00000
16.00000
18.00000
2000000
22.00000
24.00000
2600000
28.00000
30.00000
32.00000
3400000
36.00000
3R.00000
<UL OUO00
4200000
44.00000
J46.00000
4800000
50.00000
3200000

Distance

X-Coord.

UL
LD000CH
DOGGOCY
L000000
0000000
LD000000
D0ooso
0000000
0000000
L000000
RUEVE
L0000004
0000000
0000000
A000000
A030000
nooooe
000000
000000
R ELUTL
0008000
0990000
000000
.00000Y0
000000
SUOGUG
DIHEEY
X-Cuord.

Y-Coord.

AHC00N
000000
0000060
2000000
000000
0000000
000000
.ODoenNoo
L007000
00000
RN
L0R00000
000000
0000000
000000
000000
H000UD0
.H0nooen
L800000
IHH ]
LO0000
0000
LIDOGOGY
DO0U0YG
LU0
SHEHIG00
JHIGUO0G
Y-Coord.

Z-Coovrd.

FO00 000
£E.000
6996 000
6994000
6992.000)
£990.000
£985.000)
6956.000
6984000
6982000
6980000
6978.000
676,000
9740000
6972.000
GUL00
6205000
6966.000
964000
6962.000
Y6000
GUSE.000
6950.000
6954000
6932.000
GOS0

643,000

L-Coord.

Value

4461448
4533153
4645679
474827.1
485219.2
496073.3
57420.8
519296.0
531736.8
544784.5
$58484.5
5728872
588047.9
601028, 2
620896.2
638728.2
637609.2
6776344
09891 1.3
7215610
743720 6
7715404
THIZL70
528Y37.3
Sa9.:3.8
BUS310r S
93249555

Yalne
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34.000400 JM000 AMHIGO0S GU6. 0 9736635
S6.00000) ] 00N 6231000 fIR0&T.
58.00000 (HIHMIDY RUEEEHEY ond2. 000 1tut 70,
G OGO00 JHMHI00 RECHEVITS] GULNLOU0 1120197,
62.050000 RO SWHGOUH) LR RREDED §179324.
64.00000 LN RVREEY 69304000 1245024,
6600000 AU00000 .00B0VOY 6G34.000 1318451,
08.000U0  .000UOOD  000UDUG &CTTLO0U F401056.
70.00000 000900 Buannos i} 1494676.
7200000 L00pnon 0000000 G928.000 1ou1671.
7400000 0900000 LO0UQOGN G2y, OO 1725126,
7600000 0] LH000000 BY2L L [ 869156,
7500000 D000 .00noooo 692,000 239375,
80.00000 RG] 000000 6920000 2243637,
82.00000 LLOGHO0N RETEHEEY 6918.0u0 RATENALTN
8100000 LDooooig e0uunan 691 6.000 2803358,
BO.OMG Huonon AGO0AEK aut4.ou0 3206585,
R3.00i L0 RUFRIYEY HU12 108 3741501,
900000 LU0GHO ANNONKo a9 10,000 430321
92.(rH0n L00000Q JHIOOUG0 GLUUS 000 5613967,
Du. OO0 OO0 L0U00H0 OYDEU00 7480374,
0. 900U LR IGO0 ANDUI0 aO0L000 O 1T2ITTYE -8
IER I 00 SO0 G2 0.220O0SE 08

1433, 130636) OO0 LRI T O IR} 45T 5EH08

C.1.3 Total Induced Voltage for the 2m Conductor-Plane Gap
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Distance X-Coord. Y-Coord. Z-Coord, Value

LU0 Q00O LOUOOIN 20UELan0 135900
ANGOU0 DU L0000 1U96, L 147412
.00UH00 RELEH T L0 1942 0) 1527301
12.00000 OUG000 RETEAILY 1988.000 160367.1
16.00000 LRUOU0N0 JHHIG000 1984000 1678221
20.00000 000060 A000000 {950.000 175218.0
2400000 L006H000 0000000 1976,000 182639.6
2500000 L000000 J0UaUoY 1972.000 [U0146.5
3200000 000006 L0000 [968.000 1977940
36.020004) LROYn0 000000 201000 056154
0.00000 A000000 LUOADH 1960.000 213663.9
&4, 00000 RULEHSINY 00000 1836,000 2209762
4800000 A000000 000000y 195.2.000 230391.7
52,00000 SO0 SIUOU) 14.45.000 2395307
S6.,00000 LU0 JL000OU 1943000 2488954
CURIHETY ADUDO0D DU 1938000 258670.2
6400000 000UDoN OO0 1936,000 2u8923.2
68.00000 000008 0000OMm) {932,000 279e.?
72.00000 L0} AMHIGUOO 1925.000 aunrs.4
76.000010) Heuooun SIO0ODU0 192.4.000 3zl
SOLDUGH0 SHEIOUU DOo0HN 1421000 J15s00
S-1.000060) 00N SO0 1t 0y RS R
BE.00000 LLO0000 LOOLHG 1%]2.000 KB REM NG
92.00000 LUGHG00 LOOOGHED 1918000 35924995
Y6 0000 REEENTY L00GHH) 1403, 00) 3755091
1D RES TR A [RIVIRV 303082
L0 L00L) IO 1180 4100 $129435.1
Distance X-Coord.  Y-Coord, 7Z-Courd, Value

1850000 OO0 AHHIOO0 1892000 433808 2




Appendix C _ b3

1120000 SO0 L0RO0UD [AxE. 00} 456501.5
116,300 Arnoot 0] 1384000 J81243.E
1261000 000000 RUYEVTE 188000 a08502.2
1240000 L000000 000000 18%e. Uy 53853116
138.0000 000000 000000k 1572.000 s7179..7
132.0000 000000 00000 [868.000 60F928.9
136.0000 000000 0000000 1864.000 £30640.5
140.0000 0000000 REVHINEND) {560,000 6978458.0
144.0000 0000060 J0D0QG0 [856.000 7517320
148.0000 000000 0000000 1852.060 81338362
152.0000 J000000 0000008 1848.000 2562189
156.0000 Q000000 R PETES] 1844000 471686.1
160.0000 L0000 .00oogun 1840.000 1474166,
1640000 000000 Loounog 1836.000 1199334,
168.0000 D0000a0 000000 [832.000 1335701,
172.0000 L(un0oon .0p0upon 1828.000 1550641,
176,000 0000000 L0UU000 1824000 1R2445,
LR0.0000 AN00U00 REEBHNEN] 1320.000 2949237,
1540000 .00pacH0 DUOUDOg P8le000 2761263,
188.0000 RHUSEYY VIV E 1812.000 3697764,
1920600 L00000w000u00G 1R08.000 570401,
196.0000 LUogno AKIHOND 1304000 G 1HIR7OTELOR
200.0000 LUuDn0  pponoun 1800000 DAS0UG]SEFOR

]

C.1.4 Total Induced Voltage for the 6m Conductor-Plane Gap
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Distance X-Coord.  Y-Coard. Z-Caord. Value

L00G0000 RUNE V] L0DOBO00H GUNDG00 137165.0
4.000000 L0000 Luonann 34990, 000 [E 1R K]
B.000000 AN00G00 00Quoos 3992000 1542872
12.G0OG00 DO0u000 0000000 SU38.000 162035.0
16.00000 Q000000 0400000 3934000 169586..
20.00000 0000000 L0000 5980.000 P770CR 5
24000400 0000000 000000 3976.000 1845965
28.00000 0000000 00005600 5972.000 192143 8
32.00000 J000000 A000000 3968.000 1998522
36.00000 L0000 00000 SYEL.00D 207737.7
40.00000 0p0gou 0000000 5960.000 215842.5
44.00000 0000000 0093300 5950000 2242075
48.00000 00000060 A000¢00 5952.000 2328728
5200000 L0000 8000000 948,000 240879.1
$6.00000 D0000oo 0060000 5044000 251208.6
GRLUBOON L00N000 RUUVTET] 3940000 2610862
6100000 0000000 RV EIIUY] 3936000 2713802
£8.00000 0060008 0000000 3932.000 282303.1
T2.00000 00900aL OEN0Ap0 SO23.000 J93612.7
7600000 LIURGHU A00up0a 5920000 JS673.1
§0.00000 RN CEY LTH000N 5520000 318450.1
8.5.00000 UG LODON00 S9lo.0Kn; 332 s
88.00000 L0000 ANIDOUH 5012008 EEINN X))
92.00000 REEIVEY) RV 5908000 3p2005.0
9600000 L0000 JI0O0R08 SO0, 00 37560589
1 (D00 JR00000 JHWUN SULHL B AUGdps.3
10,0000 000000 LA S50 000 157450




Appendix C

Distance

108.0000
112.0000
116.0000
120.0000
124.0000
128.0000
132.0000
136.0000
1400000
144.0000
148.0000
1520000
156.0000
160.00800
164.0000
168.0000
172.0000
176.0000
180.0000
1840000
1 88,0001
(92,0000
196.0000
200.0000

X-Coord.

JU00300
H00000G
000000u
0000000
L0000V
0000001}
.00000GA
L000000
DO0O000
L0000
0000000
.D000LO0
L0000
0000000
L000000
SOG
000006
ANN0U00
L0050
D00
Saonoong
SW00000
0000gu0
0Ug00oL

Y-Coord.

000000
000000
0000000
000000
0000000
000000
REOTE]
000000
DpGapae
000000
000060
U000
LU00000
REVALEID
NUaLnna
NGOG0
R e IVH
OUBOOOG
LOCIGO0N
DU0O0O0G
OUOURIGL
KL EY TV
L0G0000
000001

Z-Coord.

3892000
58885.000
5381000
5850.000
5876.000
5872.000
5863.000
5864000
3860.000
5856000
5852100
S848.000
3844000
5840.000
SRA6.000
§83.2.000
5828.000
5824000
Jglaoy
816000
S§12 000
S80S0
3504000
SRULIN0

Y alue

2366339
4593555
484175.1
5114106
5414478
3747558
6EH1Y15.5
633652.1
To354.1
7547923
816920.3
889326.3
974316.6
1077320,
1202510,
1358498,
1559860,
1827650,
2202440,
2764540,
A7ul067.
S371784,
0191 ITE+R
045102 1E+0S
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C.1.5 Total Induced Voltage for the 5m Tower-Conductor Gap

Distance X-Coord., Y-Coord. Z-Coard, Value

0000000 0000000 16.00000 1601 6,00 16722.50
4.000000 00un00 20.00000 10016.00 18765.18
8.000000 0005002 2400000 10016.00 20501.88
12.00000 GLOo00o 2800004 10016.00 22121.09
16.00000 50000 32.00000 14016.00 23657.96
20.00000 0000000 36.00000 10016.00 2514400
24.00000 0000000 40.00000 100106.00 26600.53
28.00000 0000000 do.10000 10u16.00 2804315
3200000 Hououan 4800000 10016.00 2988497
3600000 J00Ge0o 5200000 10016.00 3093800
40.00000 0000000 56.00000 10016.00 3241370
4400000 0000000 60.04000 10016.00 R RA Bt
48.00000 L000000 4100000 1001 6.00 3548210
52.00004) L0000 68.00000 1001 6.0¢ 3710100
56.00000 000000 7200600 1001600 I87un.14
60.00000 0000006 Toou000 1001600 ADSS4SS
64.00000 L0000 S0.00000 LG 6 .00 J2100,87
68.00000 DRHHOLA 5400000 ] 6.00 SN NRERI
72.00000 RUHLEES LRI 1001000 d6736,30
7600000 L0000 G2 ANNNIC (130 AT 4913244
$0.00000 D000 Yy (NGO looTe.u0 51758.59
£4.00000 Auogdag LO0.UuNG [ugle.00 S4i59,33
B8.00000 BRI 1O 0000 10031 6.1 57884.91
Q2 0 L0000NG 108, 00 T 6.t 61493 Ko
Yo, 00HIN RUTEH ] 11206000 lonle.on 6350370
[ TEEREAE AOUHH IS 1 16,0000 Lot 6,00 TV 80

Linb. D00 Lo 1 2o.0000 lonie oo Ta428.25
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Distance X-Coord. Y -Coard. Z-Cgord. Value

108.0000 L0000 124.0000 1t lo.ng g1.149.69
12,0000 RUP RN 125.0000 10016 00 88380.10
116.0008) 00000069 132.0000 L0600 96416.89
120.0000 0000000 13600, 10D16.00 1057609
1240000 0000000 140.10000 B S500 116656.4
128.0000 0000000 IEENTT 100l e.00 120524.8
Cn PPty Ty gy L0G1 6,00 [Hl0BE.3
Cmr BB A 132 U0 10 000 Yalamin
140 0000 CHIN {34 DOG) 1u[6 G0 154700t
NERLTY PETITEY JRURE TS 10 L6 00 2100019
148.0000  .00UHDG0 1o4.0000 I0le0 2411849
1520000  .000UQCO 168.0000 016,00 279041.1
1560000 0000000 172.0000 10016.00 3251112
160.0000  .CODOVLD 176.0000 10016.00 380596.0
164.0000 LD00g00; 1800000 1001 6.00 J44073.8
1680000  .0UOOO00 {81.0000 o600 600240.9
172.0000 0000M00 188.0000 1001 6.00 8281774
176 000D LQG0I000 192.0000 1J01 ¢ 4H) 1116925,
180.0000 0000000 196.0001) 10016.00 1513790,
1840000 0000008  200.0000 1001 6.00 20u8195,
188.0000 U0Uaea0 20U0U0 1001 6.003 3050891,
1920000 LQug0000 208.9000 uio.n 4us1202,
1960000  Q000ung 2120000 10016.00  0.1058593E+DS
200.0000 H000000 216.0000 10016.00  Q4453422E4+08

C.1.6 Total Induced Voltage for the 9.3m Tower-Conductor Gap
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Distance X-Coord, Y-Coord. Z-Coord. Yalve
KUELEY Y L0000 16.00000 15016.00 [8082.52
4.000000 .000aHoo 20.00000 15016.00 1487234
8.000000 000000 2400000 1301600 21373.09
12.00000 L000N0o 28.00000 1501600 2277282
16.00000 0BON00 32.00000 15016.00 24055.08
20.00000 0060000 36.00000 1501600 25372.10
24.00000 000000 40.00000 15016.00 2662414
28.00000 0000000 44,00000 15016.00 27866.53
32.00000 Ugooooy 48 £ 9000 15G16.00 29112.43
36.00000 A0Ncoot 5200000 1501 6.00 3037415
40.00000 0000009 56.00000 15016.00 3lenl. 76
4400000 0000000 60.00000 15016.00 2917
<8.00000 U000t G4.00000 15016.00 34379.00
52.00000 JI00000 63.00000 15016.00 35833.21
5600000 0000000 73.00000 1301600 37376719
60.00000 .0000000n 7600000 15016.00 39022 04
6100000 00000 80.00000 1581000 JOSGG.54
65.00000 A0HOoto §4.00000 15016.00 42737.45
7200000 0000000 $3.00000 15016.00 44837.80
76.00000 LOGUGO00 22.00010 13016.00 47166.69
80.00000 L06000020 960000, 15Ul6.410 4975532
R1.00000 RS L0 .o {30600 3105217
35.00000 0000000 104,009 15016.00 3591449
9200000 AUN00AG LOS.0000 130006.00 S9610.03
9600000 RUTTHY L 1120000 15016843 03819.28
HLU000 070000 1 16,0000 P56 0863813
104,004 0000oY 1 20,0000 151} p.00 74181.25
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Distance X-Ceord. y-Coord. Z-Coord. Value
108.0000 000000 124.0000 15016.00 8UsRe.40
112.0000 L000000 128.0000 13016.00 23019.81
116.0000 RS 1320000 15016.00 96683.19
120.06000 0060000 1360000 15016.00 106822.7
12:4.0000 000000 140.0000 15016.30 187409
128.0000 0000000 144.0000 15016.00 1328122
132.0000 0000000 148.0000 15016.00 1495044
136.0000 0000000 15,0000 15016.00 169406.6
140.0000 0003000 156.0000 15016.0D 193268.6
144.0000 0000000 160.0000 15016.00 222065.0
148,41000 000000 164.0000 15016.00 257028.7
152.0460 0000000 163.0000 i5016.00 199809.8
156.0000 0000600 1720000 15016.00 352537.8
160.0000 LOQQ0G 176.0000 15016.00 41774498
164.0000 0000000 150.0000 13016.00 30G0803.6
168.0000 Lodguon 184.0000 1506.00 6732554
172.0600 0000000 185.0000 15016.00 8Ys738.9
176.0000 00000600 192.0000 15016.00 1183551,
180.0000 DU00G0Y 196.0000 15016.00 1578155,
154.0000 000600 200.0000 15016.00 J159540,
188.0000 L1000000 20. GO0 1581 6.00 3114793,
192.0000 LU00000 2UR.000B0 13600 2003408,
196 000G 000000 2120000 150le.00  0.1063932E+08
200.0000 000000 216.0000 15016.00 U AASTOTIEDS
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C.2.1 Changing the Value of 's’

Distance

0000000
4.000000
8.000000
12.00000
16.00000
20.00000
24.00000
2800000
3200000
36.00000
4000000
44.00000
48.00000
5200000
5600000
60.00000
64.00000
68.00000
7290000
76.00000
80.00000
500000
85.00000
92.00000
96,000
100).u000
1040001}

X-Coord.

L000000
0000000
0000000
0000000
3000000
00600600
0000000
D000GOq
Q000000
00060490
000600y
0000030
4000000
0000000
0000009
0000000
0000000
L0000UG
LUGH0DY
eIV 0]
U UY
REH G
0000000
SIDOOUMHG
NEETY ]
0000
REV e

Y-Coord.

000000
0000000
0000000
00000
0000000
00000
000000
0000000
Q000000
0000000
RIEEF AL
Q000000
LHU00000
L0000
L000Q00
J00000U
0000000
0000000
LGOQNIN
JH00000
U000
0000000
000030
00060
BRIV E )
L000004
00008

Z-Coord.

FOO0.000
§996.000
6992.000
6988.000
6984.000
6980.000
6976.000
H072.000
6G968.000
6964.000
6960.000
§936.000
6932.000
6%48.600
694400
6940.000
QY30.000
6932.000
0Y28.060
6Y21.000
GO0
910,000
6912000
GUNR. 00K
oYL a0
GULI.U00

B4 010

Yalue

221432,
226017.0
2307926
2357715
240466.9
2403932
252006.2
258003.1
2642228
2707459
2773952
2847950
2923755
33049
108798.2
3177135
3271332
337165.2
3478029
ISY127.0
3712001
J84118.3
397052,

4125123
428514.8
J40097.6
8207

h
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Distanee X-Coord. Y-Coord. Z-Coord. Value

10800600 A1000000 AHU0u01 alul.onnn 483172.0
1120000 0000000 L00u000 0858.000 inr373.5
116.0000 1000009 L300000 6884000 331689.5
120.0000 000000 LUGOO00 6880.000 5584372
1240000 0000000 0000000 6576.000 S88000.6
128.0000 0000000 L000000 6872.000 6211848.9
132.0000 .0000000 0000000 6868.000 857561.8
136.0000 000000y 0000000 6864.009 6YE863.9
144.0000 L000000 D6O0uoY 6860.000 7450673.1
144.0000 (OO0 0005000 0836.000 799109.5
148.0000 0000300 0000000 6852.000 860396.2
1520006 000000 Q000000 6348.000 Y329109
156.0000 000000 000000 6R1L.000 1018019,
160.0000 0000000 0000a00 6840.000 H20150.
164.0000 Q000000 0003000 6836.000 1214976.
168.0000 LU000G0 0000000 6832.000 141007,
172.0000 000000 L000000 6828.000 16111623,
176.0000 L00000G Q000000 0824000 18691049,
180.0000 0000000 Q000000 68.20.000 2243589,
184.0C00 000000 Q000U 6816000 2805310,
188.0000 000uD) AU0UGN0 632000 LFR AR
192.4000 OU300G0 AUBUOOD 63U8.000 5613919,
196.0000 L000000 L0000HS 6304000 U.E12311SE+0S
2010000 LQU00G00 L0000 6800000  GJSLIZIGEHOS




Appendix C

C.2.2 Changing the Magnitud. of Q,

Distance

L0000
2.000000
4000000
6.000000
8.000000
10.00000
12.00000
14.0000
16,000UD
18.00008
20.00000
23.00000
24.00000
2600000
28.00000
0.00000
32.00000
34.00000
Z6.00000
38.04000
J0.00000
4200000
$4.00¢00
Sp.000a0
J3.0018)
SULO0U0U
S22 00D

X-Coord.

000090
000G X006
00 Wy
006ann
0000000
LO000000
000000
000000
L0000
QG00000
0000000
006000
L0000
00000
00000
LobuGon
000000
L00000n
LU0
Dp0ONHo
LO00U0D
JHAOGO00
DUGGICHI0
0000006
LU0
LB0pdYoo
RUE S EE

Y Courd.

RV EE]
LUNooRe
VOGN
S5 30 )
QO00R00
000000
A3000000
000000
U000
REEATELVLY]
AH00000
U000
QU000
AM00O00N
L00000n
LOUROOG0
000000
OO0
A1000800
SHOOUL
LEHTICON
A0Ho
ADO00N
0NoniY
KNS TS
RELESSTE]

IR0 Y

Z-Coord.

FUOD.I0
6998.000
6Y96.000
6994000
6992000
6990.000
6988000
0986.060
H984.000
6982.000
69R0.000
6U7E.000
6576.000
HY71.000
6472.000
270,000
6Uas.000
G606, G00
estisd DU}
662,000
B9LUH00
6958000
Y56 .0k
(NS RHE
BUSZ O
BYAL.HUO
B3R 0

Value

416.1.448
1648679
47418271
485.2192
496.0733
507.4208
519.2960
§31.7368
5447845
558.4845
5328872
5380479
i, 0282
620.8963
©33.7282
637.0092
6776343
0989113

21.5610
TI5 TG
¥71.510d
199217
§28.9373
Sol.9E33
E9a.SENg
932 585
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Distance A-Coord. Y-Coord. Z-Coord. Yalue

S Q0CHKS LU0UGN JMNHOUL} @000 V73,6023
S6.L0000 A0HULOY L0000 64000 8. D07
38.00000 L000000 JJ00000 6942, o0 Horae. 704U
4000000 0000000 LDD0GUOD 6940,000 F1.1.197
6200000 L0000 Dnpuooy 6938000 [174.326
400000 0000036 LO0DDRED [P TH 1245.024
66.00000 000000 L00000Q 6934000 1318.451
68.00000 LOU0ACHH 0000000 G932.000 1401.057
70.00U00 000000 SU0UOG0 6U30.000 1494.676
72.00000 R RUIRS Y] GU25.001 (ot .671
7400000 L0UR0Y LD0U00) BY 6,000 1725120
T6.00000 L000u00 AN0OGHO 124,000 [Rp9.156
7800000 Lounaou LU0t G922.000 2039.375
$0.00000 S00YUG0 DNVINTE] 69.20.000 2243.637
S2.00400 UV L0O0GD - 18, 24u3.29]
&4.00000 GOO0000 R 646000 2805358
o a0 RSN LHHONGE oY (000 32u6.588
§8.00000 0000000 JH00DE) 691 2000 ITLS56]
ARETIVT REVHVVHE L0000 4 1L OFHp JAHLA23
9200000 REY Y REFH Y GOS0 Selaony
EANELVY) TR LU0 ttmats R 786,374
. QUG L0008 RUVALEN Y a LN 112311
Ys onudy AHBRUL DULGLOD GO 00 206605
100 000U A0} LI QUL 4514215
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C.2.3 Changing the Space charge Radius

Dristanec

L00D0000G
2.000000
4000000
. U00000
8.000000
10.00000
12.00600
14.00000
16.00000
13.00000
20.060000
22 00000
2400000
26.00000
J5.00000
3000000
3200000
LLOU000
3000000
38 VLoD
400700
42.00000
L0000
S, LU0
J8.00000
303,00000
200000

X-Coord,

LG0000(¢
A000000
DO0aaon
L000000
A000000
0000000
RV )
L000000
0000600
{oopuou
RUE T
00000
O UHVED)
L0oohow
0000000
L0000
AN00000
AN 00D
IR
ANMI0000
U000
JOGO00
DUODMN
00000
RHIETT A
UGN
OO0

Y L uolG.

LUGIGO0
0000060
0aG0atn
RV LENLY
L00UVL0
0000000
000000
0000000
0000000
LOJUug0
000000
RV
REEYE
L00npon
OO
RERVNVE
L0000
OUUGGGH
LOOOM)H)
000aunn
SN0
SICUHHN)
A000UUH0
L0000
EEHES R
(OO0

LGOUDIH)

Z-Coord.

7000000
b9Y8.0080
6996.000
PR LARYY)]
6992.000
6%90.000
6988.900
6uR6.000
6984.000
HUEL.000
0980000
GU7R.000
6976000
6971000
0972000
QY7000
663,000
QR
$90d,000
(20
GIGOO00
GYAR.0U
356,000
ORI
GLUSE 200
U0 DIN}
RN L)

Valoe

ddaldd s
4353153
4648679
4748271
485219.2
JG6073.3
S07420.8
5192960
3317368
SLi784.5
3584540
5728872
Jss0d8.0
a04028.2
6208%0.3
038728.3
n37aug.2
6776345
R B P
7215610
457207
T71540.5
2170
284937 4
LIPS AR
BUAR] AN

H32uss 7




dppendix C

Distance

3400000
3000000
58.00000
60.00000
£2.00000
64.0U000
66.00000
68.00000
70.00000
72.00000
74.00000
76.00000
78.00000
80.00000
$2.00000
§4.00000
86.00000
88.00000
90.00000
9200000
24.00000
Q600000
LR ]
[ ugad

S

-Coord.

RUYDIY
R
000000
000000
JO0OTHIG
L000000
REELN)
0000000
L000000
0000000
AU0auo
000000
L000000
0000000
000000
0000000
0000600
LUHUOGH
RIIHEL
A000000
DB0000O0
HL0Un000
L0000at
SIO0O0UT

Y-Coord.

REATEATY]
BOOLO00
0003000
.0uupouc
DUGOON0
0000000
REVHI1Y)
L000000
006000
4000200
A000000
000000
L0UUoUG
0000000
0000060
.DUN0ouo
000000
0000004
L0ODU00
L0000t
Lonn
000000
AHHRHION

DU}

2. oorl.

6916, ()
641000
042,000
6940000
6938.000
6936,000
6934000
6932.000
6930,000
6928.000
69.26.000
6924000
6922000
6920.000
6918.000
6416.000
Ot 4,000
912,000
910,000
HUS N
606,00}
AL 001}
09U DY
GARIG,O00

Value

97O
18067,
[0e6701.
1120198
1179326,
1245023,
JX18452.
1401058,
1494679,
1681673,
1724132,
[869168.
2039390,
2243679,
249385,
2505601,
3207316,
3744184
4502622,
4309388,
4511078,
4511271,
4511284
451284,
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C.3.1 Changing the Space Charge Paosition

Distance

0000000
2.000000
4000000
6.000000
8.000000
10.00800
12.00000
14.00000
16.00000
18.00000
2000000
22.00000
2400000
26.0004 )0
2800000
30.00000
3200000
34,0000t
36.00000
3800000
20000110
42.00000
400000
46.00000
4800000
S0L0O00
3200000

X-Coord.

0900000
0000600
00u00go
L000000
000000
0000000
0000000
.D000000
0000000
RN
DO0H0G0
000000
ON0unGo
L0UZ000
JDUOUG0
000pu0h
JOUG000
JHHG000
L000000
L0000
LU0
RUSA
L000050
000000
JHIGO00
LOHHHIOOU

000600

Y-Coord.

L0000
L000A00
0000000
0000000
0000000
0000000
0000000
0000000
DO0GHY0N
000000
OU0nooG
LD00G000
000000
0000010
R R
L0000
QUR00D
SHHODG0
SIO000U)
L0000
LOHINNY
LOOE00
GO0
RES YT
LB
RN

RELEE

Z-Coord.

R EAVRE 8]
SO9R.000
5996.000
599,000
5992000
5980.000
5988.000
5C86.000
5984000
398200
S950.000
5975.4000
S076.000
3971000
72000
AUTULOO
SY68.000
3900.000
Sa0d.004
AG99.000
SO00.000
3953.001)
SO%0.000)
39a4.000
Sus2.000
SUA0LO00)

hARRE L

YV alue

343936.7
356530.1
368E57.2
350208.2
Iy2539.4
4051621
J18128.6
+31497.3
H45328.3
J50609.2
4745859
J90135.1
506379.7
3233878
3412321
5599944
ST63.3
OU0O3IE.S
622729.7
ool
P RTLr Y
ov7eild
7250899
730384.1
TRu042.0
8343395

$n22ug.0
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Distanee X-Cuord. Y-Coord. Z-Coord. Yalue

5400000 OUNOH0 L0 Fadp a0 935942
S56.01000 LHgO0a JHp050 SadL.000 948573.5
38.00000 008000 L300UD00 5942.000 9977651
60.00000 J000000 An0oapu 5410.000 1051804,
22.00400 0000000 0000000 5u3g.u00 11t1dal,
0400000 L000000 000000 S436.000 117704,
66.000U0 0000000 00u0d0u 5934.000 1251602
68.00000 0006000 G000 3932000 1334696,
F0.00000 000000 000060 3930.000 1428792,
72.02000 0000000 Lago00n §923.000 1536251,
74.00u00 L000604 000000 926,000 1660161,
76.00000 A000000 0000000 4921000 1804635,
78.00000 000000 .Qunoony 5917 600 1975287,
£0.00000 Ao0oO0o 000000 5920000 2179973,
82.00000 0000000 L0000 5918.000 2430042,
84.00000 000000 L6000 3916000 2742515,
86.0U00a RUCHV) L0090} 3914000 3144142,
88.00000 AHI000OL D CHEVY] 5912.000 3u7u504.
Q0.00000 5000040 LHILOG00 AL RE 28847,
92.00000 REEEDY DOOuod 908,000 3552003,
9.1.30000 RUEVLY L000DuY A906.000 TA25431.
900000 000800 LUNUO00 svudint 0 LETOL0EHUS
9800000 L0003H0 L0000 8902000 12240580E+08
1011.000D LN00BLY L0QB0HY S900.000 OSSO 2UNE+S
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C.3.2 Changing the Conductor Radius

Distance

Q000000
4000000
8.000000
12.00000
16.0G000
20,00000
24.00000
28.00000
3200000
16.00000
40.00000
44.00000
4300000
5200000
SeLlls
800000
64.00000
65.00000
7200000
76.00000
ROLOODOY
Su.00000
S8.00000
22008000
G DD
16U a0
L1kl guun

X-Coord.

0000000
000000
L00G0000
A0U0000
LD0OGOOON
LHG000
L0noo0n
L000000
00000U
0000000
RUE eI
H000On0
JHI00RG0
L000u00
RUEH
LNO000h
GOODEN0
.00n0DRog
LDQ0IGoL
0000810
000600
D000
RUTLVEI 0]
LDUID0GY
L0000
AHHEOUL
SO0

Y-Coord,

000000
000000
L00udoo0
L000n0g
0000000
LH000)00
0000000
L000000
NG00
L000p0oo
.0oudong
0000000
L0000
L000000
000000
OO0
DO
QU000
L0O000
SO0
ARNOGO0
IS
Aupnnon
SHHLONG
JL00NOTH
Angon

JIION00

Z-Coord.

6000000
5996.000
5992000
59R8.000
5984000
3080.000
5976.000
5972.000
$968.000
5964, 00l
F900.000
3956 0Ol
SU52.000)
§948.000
5944000
040,000
3936000
932,000
5928000
S924000
5920000
3016 0
5912000
G0, o0
39000
SO0
SEUE.O00

Valne

1325414
[45781.1
155004.0
loddsl ]
172536.5
180430.5
188212.5
195989.7
238408
2118284
2200059
284222
I3nars
2d0131.2
2553515
205376.4
2760697
286487.1
2978873
399353

g

3227035

k1R .
Hulsn
4115723
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Distauce

1080000
{12.0000
116.0000
120.00060
1240000
[28.0000
132.0000
136.0000
140.0000
144.0000
148.0000
152.0000
156.0000
1650.0000
1o4.0000
163.0000
£72.0000
176.0000
1 30,0000
184.0000
188.0000
192.0000
196.0000
20,0000

X-Coord.

Ry
RELEINY
000000
0000000
0000000
ALY
0000000
D0BG000
0000000
DUOGIG0
L000000
00000
REOIVCLY
0000001}
a0guoy
0000000
QDU
L0000
AUQON00
LOUOOOT
JGO0DU0nG
00000600
OO
QORI

Y-Coord.

AHWGO00
L00U0N00e
L0000BOS
0000000
00000060
L0aoooy
L0N0HoNo
000060
000000
0000000
J000DUD
LDroong
000050
LRHO000
L0000
REHEIITD
00O
Ao
006y
HGO00LO0
EITEAF)THY
R
U00GUAG

SHIGTO0

Z-Coord.

3592000
SB¥8.0UD
S884.000
3880.090
5876.000
S872.000
5$868.000
$804.000
FBG.000
856000
3352040
5848.000
844000
A8JL0u0
5836000
832000
3828000
SEAL000
5820000
S81e.000
SB12.000
S308.000
SEOLL 000

SEU LM

Vulue

07384
dald36.8
4882329
5154449
545457.9
5787420
6158777
6575903
04798 4
7580828
B20787.1
S9310v.4
475036.2
1sil1n,
120283,
1362044,
15635855
1831391,
282,
278 M,
3704700,
5577401,
(11 P94 E+08
HAEROYE D5
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C.3.3 The Conductor-Bundie to Plane Gap

Distance

00080000
16.00000
32.00000
45.00400
£4.00000
80.06000
96.00000
112.0000
128.0000
144.0000
160.0000
176.0000
192.6000
208.0000
22400060
40,0000
2560000
2710000
288.0000
304.0000
320.0000
336.0000
3520000
3680090
3700
11, 0000
J16.0000

X-Coord.

0000000
H000000
000000
LOOB00U
0000000
0000000
0000000
0000000
L000000
L0000
L0000
000000
000000
REEVITHNH
SHRI000}
.0000006
0000004
A00U0oy
0000000
000000
0G00I
L000000
LONDm0
AU
JOGUOGD
L0000
LOHEG0OY

Y.Caord.

0000060
0000000
0000000
RV
0000000
0000000
2090000
RLI
0000600
S00D000
OOHHICO
000000
L300000
L0UD0Daon
L0000
L0000
DO00U00
LU0y
000000
L0000
SR
L0009
LBLBYN
REEVIY )
L0000
ROV

AR

Z-Coord.

6000000
5984.000
5968.000
5952.000
5936.000
5920.000
5904000
SR88.000
5872.000
5836.000
5840000
5824.000
5808.000
5792.000
$776.000
5760000
S744.000
5728.000
5712000
Soo.400)
/80000
Siated 000
36:48.000
5632.000
3015000
3600000
384 0Ny

Value

I8314.86
2003807
21975.73
J0035.82
2624003
2847418
30745.85
33047.54
35379.08
377472
d0166.18
12638.28
4317078
771573
50439.17
5319490
RIAY
39036.21

2150.%8
5416.80
6883263
27926
Tollnaz
B2, 28
834755 40
8941039
944254
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Distance X-Coord. Y-Coord. Z-Coord. Yalue
L33 U0 000000 L00B000 S568.000 QYE28.09
J48.0000 J300000Y Duoueon S3582.000 1056832
464.0000 1000000 L000G00 5536.000 L12456.6
48010000 000000 000000 3520.000 119028.2
495.43000 {06000 L00H000 3304000 126694.5
512.0000 0000000 0005000 5488.000 135173.3
528.00060 0000000 0000000 5472.000 144610.0
544.0000 0000000 L000000 5456000 155186.1
360.0000 0000000 0000000 5440.000 1671315
576.0000 000000 0000000 $424.000 180741.5
592.0000 0000000 0000000 5408.000 1964024
608.0000 L000g00 L000C00 £392.000 214628.3
62240000 00000 L0060 5376.000 2351224
640.0000 0000060 L000000 5360.000 2618655
£56.0000 0006000 RUESNIE] 3344000 29337..9
672.0000 0000000 -GOa0000 5328.000 3324844
635.0000 0000000 L0U00N0 §312.000 3528451
7040000 RUET LDOGUOOD §296,000) L1o915.8
7200000 A0uYao 00000 S350.000 5437266
736.0000 000000 Juonoon 5264000 0843209
752.0600 L0000 0000000 5248.000 318560.5
768.0000 000000 A00an00 5232000 1386824,
784.0000 L000000 J000L0 5216.000 2791370,
B00.0000 L0000 AAU0UD 5200.000 U4512719E4+08
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C.4.1 The Tower Window Structure with Three NMlanes

Distance

L0000
4000000
8.000000
12.00600
16.06000
20.00000
24.00000
28.00000
32.00000
36.00000
40.00000
H4.00000
48.00000
3200000
56,0000
60.00000
6400000
68.00000
72.00000
T6.00000
B0.00000
84.00000
§8.00000
9200000
Y6.A0U00)
100.0000
1040000

X-Coord.

000000
000000
L000000
S000600
A0g0000
0000000
0000600
L006000
Q600000
0000000
000060
000000
RULVVIUS
0000000
L000000
0000000
LHIN00H0o
Q000000
LJ000GOG
LU0NH00
RETN
0000000
D000
H0O0gonn
LDON00
LUN0DB0
AN

Y-Cpord.

16.00000
20.00000
24.00000
28.00000
3200000
36.00000
4000000
400000
43.00000
52.00000
5600000
60.00000
64.00000
6800000
72 06000
To.00000
$0.00000
8400000
88,000
Y2.00000
U6.O00GH
10040000
1o4.0000
[BEEHIE
J12.0000
116.0000
(200000

Z-Coord.

10016.00
10G16.00
10016.00
10016.00
10016.00
10016.00
10016.00
10016.00
1081600
1001690
130K
10016.00
1001600
1001600
10816.00
1001 6.00
1001641
Lo016.00
Lot 6.00
1 6.00
1600
O01L.00
100le.00
Lot 6.00
1001600
1001 6.00
luo1o.0

Value

18361.82
20424.03
22176.60
2381941
25378.2°
26887.91
28369.22
29837.56
31305.08
32785.09
34286.69
35821.86
3740226
39040.39
JU750.17
42154720
4957
4647772
48655.67
51011.32
3337741
3639235
5030151
0293852
0684143
T1200.27
Tal37.1v
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Distance X-Coord. Y-Cootd. Z-Coord. Value |

1080004 1006000 12210060 HIoEe.00 3170093
1120000 SNGODH 128.0000 jaole.on BS202.60
116.0000 0000000 132.0000 1001600 D5620.81
120.04600 L00goag 136.0000 to0k6 00 104208 6
124.10000 0000000 140,000 19016.00 114 722
128.0000 00000 1444000 10016.00 1238920
132.0000 0000000 148.0000 100te.00 139637.1
136.0000 D000000 152.0000 10016.00 155883.6
140.0000 0090000 156.0000 [0Ul6.00 175187.2
144.0000 A0000an 160.0000 10016.00 [98219.1
148.0000 000000 164.0000 169016.00 225886.0
152.0000 0008000 163.00U0 13016.00 2501209
156.4000 0000000 172.0000 10016.00 2933626
160.0000 LB00000 176.0000 igole.vo 335084.0
164.0000 L006600 180.900G0 10016.00 359841.6
168.0000 LR0B00G 184.0000 10016.00 5488142
172.0000 0000000 188.0000 1001600 768549.4
176.0000 L0000 [92.0000) ] LR 1060223,
180000 0000000 196.0000 10 6.00 l4al1003,
184.C000 A000000 2000000 1001 6.00 2044783,
188.0000 J000U00 20400060 10016.00 3013039
152.0000 RUNTHIEEY) 208.0000 (HO16.00 4911918,
196.0000 Loootod 212.0000 10016000 0 1D3SHI2EHDS
2000000 RV 216.0000 1001600 QAIJURTIE+US
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C.4.2 The Tower-Condustor-Bundle Gap

Distance A-Coord. Y-Coord. Z~Coord. Value

200064000 000000 onoono ol 10 930.8737
27.00000 A006000 27.00000 19741.10 12490237
54000006 RVCEEEY) . 00000 141,10 1561.004
31.00400 0006000 $1.00000 1904110 190t 110
198.0000 000090 I§.0000 19041.1¢ 23276141
135.0000 000000 135.0000 19041.10 2094.5915
1620000 000004 162.0000 041,10 3155.638
189.0000 0000000 189.0000 i9041.10 3657447
216.0000 JH0000U 216.0000 19041.10 4271.313
243.00060 L0600000 243.0000 19041.10 4974.217
2700009 L060G600 ~T0.0000 19041.10 5784.700
297.40000 Q000000 297.0000 19041.10 O6723.49%
324.0000 DeCO000 3240000 19041.10 7743.264
351.0000 000000 351.0000 19041.10 8919.039
378.0000 L00GI000 3780000 19641.10 1022687
40S.0000  0OOVODD 4050000 1904110 1172092
432.0000 L0UG0L 4320000 lui4l.10 1332072
459.0000 0000000 459.0000 19041.10 15032.43
486.000% 0000000 486.0000 1904110 16870.29
513.0000 L000000 513.0000 1ot i 18823.98
S40.0000 00000040 Ad0.0000 tendl 1o 20333492
So7.0000 000000 Sa7.0000 19041, 10 2319307
5940000 00006000 5940000 f9C1.10 2559790
621.0000 EVLVIEY Y] 621.0000 [9ud L. s 35105.99
6-18.0000 00000 618.0008 19041.10 31124
6758.0000 000000 &75.0000 194110 AIRS0LYG
7020000 L00DOND Fi S 19041.10 3G 50
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Distance X-Coord. (Coovd,  Z-Unord. Value
7290000 LUHIOGUD a0 000 1O 1 Syt nd
756.0000 L0OO0NUH Fao A Twoddl 10 4d0u8.17
7830000  .HUDOOGY 7%3.0000 19441, 48049.70
§10.0000 L0000u00 $115.0000 19041.10 5238799
837.0000 000060 §37.0600 19041.10 37138.949
864.0000 000000 2640000 190£1.10 0237163
39L.0000 L00Duso0 841.4000 1904110 68171.39
$18.0000 0000100 918.000¢ 19041.10 146435,19
943.0000 0000000 945.0000 1904010 81928.74
972.0000 0000000 472.0000 19041.10 9196.61
999 GOOU uonono 999.0000) 19041.10 996935.80
1026.000 0000004 1026000 19110 110691.8
1033.000 Jnugon 1033.000 fodiln 123620.9
1080.000 0000000 1080.000 19041.10 1390644
1107.000 0noaoon 1107.000 19041.10 1379121
1134000 L000000 1134.000 19041.10 131258.3
1161000 Q000000 [lel.000 1941.19 211310
L188.000 J00ugoe 1188.000 19041.10 2512027
1215.000 Loboonn [215.000 1904110 JW70035.0
1242.000 AU0Ooon 1242.000 [T W] Junzdo
1269.000 0000000 126%9.000 196041.10 5204020
1296.000 00000y 1240 GO0 14l 10 SOUHUS2.0
1323.000 0000000 1323000 19041.10 1639194,
1350.000 ROV NG [35G.C00 190410 0 451 2004 EHS
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In addition to the tests being performed on vurving the gap distance. Jf, between the high

* sltage electrode and the ground plane, which ae the most essential tests for verilving the
Rizk model, other tests have also being performed to analyse the effects of chatging
various other parameters in the models of the rod-plane, conductor-nlane and tower-

conductor configurations.

In the rod-plane gan, the valug of » which defines the position at which the space charge,
., is positioned, is changed. In addition thereto. the effects of viurying the charye

magnitude as well as the radius of the space charge are examined.

Changes that are mads in the condiuctor-plane mudel ulso examine the influence of
changmg the space charge p. -.fon as well as how varying the radiug of the conductor
influence, dic breakdowi voltage. The feasibility of using conductor-bundlos as opposed

1o single conductors is tested.

Two zdditional tests have been done on the tower-conductor model. Firstly, the tower
window stracture is changed from 4 square setup with Lour sides to a square setup with
three sides - two side planes and o top plane. Secendly. a test is car-ied out using a tower-

conductor-bundle where the wwer window his three sides as desaiibed above,

In the foilowing sections, the total induced voltuge for vuch ol the ests will be taken from
the results .. on in the listed sections of Appendiv C. The procedure tor calenlating the
contintious Jeader inception voitape from the total induced voltage as weli as the ivader
voltage drop and the 516 breakdown voitape will not be discussed as it has alieady been
dealt with in Chaprer 3, Chapter 4 and Chuper 5 tor the rod-plane, conducter-plane and

tower-conductor gaps tespectively,
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D.1.1 Changing the Value of ‘s’ in the Rod-Plane Mcdel

The magnitude of ¥ was increased from 100mm between the rod tip and the centre of the
space charge 1o 200men. “he gap leigeth between the rod tip and the plune was 7m. The
resulta for the total mduced voltage menstired between the rod tip and the contre of the

space charge are liste " in Appendic C2. 1.

The total induced voltage measured at a distance §0nun from the centre of the spuce
charge is 5584kV. The continuous feader inception veltage is caleufated to be 963.8kV.
The leader voltage drap is equal to 302,9kV and the 50% breakdown voltage is 1490kV.

This value for the 50% breakdown voltaye is comparsd with that obtained in section 3.3
The Breakdown Voltage, where e breukdown voltage obtained for a 7m rod-plane gap
with the space churge at a distance 100mm from the rod tip is 1496kV. The measured
value for the breakdown voltage is 1555kV and hence it ¢an be concluded that moving the
space charge further away from the rod tip reduces the accuracy of the charye sitaulation
method.

D.1.2 Changing the Mpgnitude of Q, in the Rod-Plane Model

The magnitude of the space cliarge, 02, is changed o investigate i1t has any effect on the
results of the charge simulation methed. The gap between the rod tp and the plane is

mintained at 7m und the space charge 15 positioned at a distatice 100inm trom the rod tip.
Hence the results can be compared with that obtained for a 70 rod-plane gap mn Chugreer 3.

The space charge is given a new value of 5nC and the results for the total induced voltine

The total iduced voliage messured @1 2 distance 80nim from the centre of e space
charge is 558.5kV. The continuous leader meeption voltage is then calcolated 1o be
268.8kV. The keader voliage drop (s equal to 36205V and the 507, breakdown woltage ix
14uskY,
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I this 50% breakdawn voltage is compared with that in section ¥ 3 The Breckdown
Voltage for 2 7m rod-plane pap where the spuce charge magnitude was SpC, the values
are seen to be wlmos? identical, the only differences being due to rounding errar. It can
hence be concluded that changing the magnitude of the spuce churge has no effect on the
results of the breakdown voltage. The reason for this is due to the image charges of the
space charge being scaled by the same mmagnitude as the space charge resulting in 2 zero

net effect due to a chauge in the space chaige magnitude,
D.1.3 Changing the Rod-Plane Space Charge Radius

The default radius for the space cbarge i+ ol tests done using the charge simulation
method is Imm. The radivs of the space charge is increased to 10mm. The gap Jdistance
between the vod tip and the plane is kept at 7in and the cenire of the space charge is at
10U from the rod tip. The results for the totul induced valtage is given in dppendix
23

The total induced voltage 80mm {fom the centre of the space charge is 558.5k V. The
continuous leader inception voltage is thus calculated to oe 968.7kV. The leader voltuye
drop is 302.9kV and the 5% breakdown voltage is 14%6kV.

There is little difference betweed ihe 50%, brenkdown voltage using a space charge with 2
10mm radius as used in this test . we! - gpace charse with a mm rading 55 used in secdon
3122 4 Tm Rod-Plane Gapr and hence it can be vonetuded that the space charge radius

has no influence on the breakdown voltage when us. « the charge simulation method.
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D.2.1 Changing the Value of ‘s’ in the Conductor-Plane Model

The default value for » which has been used in the conductor-plane model is 200mra. The
effect of changing the value of § to 100mm in a om conductor-plane gup is now examined
and the results for the 509 breskdewn voltage are coinpared with that in seetion 1.3 T2
Breakdown Foltuge for a 4. -onductor-plane gap which has the space charge positioned
at 200mm from the base of the conductoi. The results for the wial induced voltage are

listed in Appendic C.3.1.

fhe total induced voltage B0mm from the centre of the space charge is 374.6kV. Thug, the
continuous leader inception voltage is 1321kV. The leader voltage drop is 203.7kV and
the 50% breakdowp voltage is 1675kV,

Comparing thiz valve for the 50¢ breakdown woltage with that obtained is section 4.3
The Brealdown Poltage. it can be secn that there is no difference m the voltage
magnitudes. Hence, changing the pesition of the space charge in the conductor-plane

medel has no effect on the 50¥; breakdown voltage.
D.2.2 Changing the Conductor Radius

The detault conductor radius is 16mm. A test wos carried out where the conductor radius
was changed to 6mm to study the effect which the conductor radius ad on the: breakdown
valtage. A 6m conductor-plane gap was used with the space charge positivned at 200mm
fron: the base of the conductur. The result of the 30% breakdown voltigye is compared
with that in section 4.3 The Breakdown Voltage where the conductor radius is 16mm.

Appendic C 3.2 lists 1he results for she total indreed voltage.

The total induced voltage 8Gmm from the centre of the space charpe is 313,35V, Thus, the
continwgous leader inception veltwre is 1300KV. The leader voltage drop 15 21000V and
the 500 breakdown voltage is 1639k V.
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This value for the 50% brecidown voltege is lower than that in section £ 2 Tie
Breakdown Volmge which is expected since a smaller conductor will result in a slightly
larger E-field pradient around the conductor and hence cause leader tneeptiog and

consaquently breakdown 1o oceur ut a lower value,
D.2.3 Modelling a Conductor-Bundle to Plane Gap

Instead of using a single conductor in the conducwor-plane gap, an mvestigation wus :vade
to see whether Rizk’s model could be applied to caleulate the breakdown veltage for e
conductor-bundle to plane configuration. The single conductor is therefore replaced by
four conductors in a square setup, each of the same radius, 16mm. as the single conductor
and with a segparation of 128mm between each other. Hencs, the effective equi valent
radius of a single conductor representing the setup of the four conductors would be
approximately 72.2mm. The space charge was placed at a distince of 8300mm from the
base of the lower conductors and the gap length between the base of the lower conductors
and the plane was 6m. The results for the total induced voltage is given in dppremedie
C.3.3.

The total induced voliage measured 4t a distance of §mm from the cenire of the space
charge is 543.7kV. The continuous leader inception voltage, using the equivalent
conductor radins of 72.2mm, is 1372kV. The leader voltage drap is 187.6kV and the 50%,

breakdown voltage is 1713kV,

Comparing this value for the 50%s breakdown voltage with that measuted In practice for
the same geometry [Paris] which is {770kV, the simulation result is conservative with u
3.2% error, Thus it is concluded that Rizk's model for a conductor-plane gap can be used

s mode] a conducior-bundle to plane pap.
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D.3.1 The Tower Window Structure with Three Planes

A tower-conductor gap where the tower window structure has three planes - tvo side
plines and a vop plane - is tested in order to verify the Rizk model for an additional tower-
conducior gap other than that described in Chaprer ¥ where the tower window structure

has four planes surrounding the conductor,

The geometry of the tower-conduetor zap and the materials used is exue-fy the same as
that for the Sin tower-conductor gap studied in Chupter 5 with the exception of the
window structure only having three plunes which are at ground potential and hence also
only three images of the conductor, the insulator strings and the space charge. The results

for the total induced voltage are Hsted in Appendiv C.4.1.

The total induced voltage measared at a distance of 80mm from the space charge between
the space charge and the conductor is 104.2kV. The continuous leuder inception voltage is
then [205kV. The leader voltage drop is 168.4kV and the 30%, breakdown voltag is
1509k V,

The result for the 50% breakdown voltage is compared with data measured in practice
'Gallet, Leroy, Lacey & Kromet] where the minimum value for the Uy, is given as
1530k V. The percentage error between the theoretical and practical values is 1.38%.
Thus, the model of Rizk is agan verified for the tower-conductor gup whea the 509

breakdown voltage is coaservative with respeet to practical data.
D.3.2 The Tower-Conductor-Bundle Configuration

With the Rizk model being verified for conductor-bundle to pluna raps w. well as for
tower-conduckor gaps, an invesiigaiton %us made us to whetheyr the model of Rizk could

be applied to detenmine the breakdown voltage for tower-conductor-bundle gaps.

The tower window structure wis modelled with three planes - two side planes and o top

plune - all af sround poteatial, und hines producing tiree groups of mkiges tor the
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conductor, the insulator string: and the epace charge. The same Vestring glass insufators
were used as in Chaprer 5 with each insulator string being o in length. The conductor
bundle consisted of four 80m long conductors, spaced $37.2mim apart trom each other,
Each conductor had a radius of 57.13mm, If' the bundle of conductors were repluced by a
single conductor, the effective equivalent radius of the single conductor would be
257.9mm. The shortest distance from the side of a conductor to a graund plans was Sm. A
magnitude of 5pC was given to the space cnarge which was placed at a distance of
[350mm from the centre of the conductor-bundle. The rasults for the total induced

voltage are given in Apremdic C.4.0

The total induced voltage measured at a distance of §1mm from the centre of 11 space
charge was 529.4kV, Using the equivalent radius of a sin: ie conductor, the continuous
leader inception voltage is [331kV. The leader voltage drop is 125.6kV and the 50%
breakdown voltage is 1601kV.

Data obtained for the 50% breakdown volage [Dillard & Hilemun] shows that for the
same configuration breakdewn oceurs at 1390kV. The valae for the breakdown voltage
obtained from the Rizk model is slightly higher than that obtained prociically with the
ditference being 2 mere §.656%. Thus. the Rizk model is suitable for determining the
breakdown voltage for tower-cdnduetor-bundle gaps although a small safety factor sheuld

be considersd so that the models results are conservative with respect to practical data.
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