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ABSTRACT

3pacer profiles are onroposed and examined both
experimentally and theoretically to yield improved withstand
voltage at high gas pressures Of S5Fs ‘and nitrogeme Typically
the dc fiashover voltage of a 10 mm long spacer increased by
up to :éz - using a concave shape over a rectanqular

N
cylindrical spacer. The flait?ver voltage using dege  ac (59
Hz) and T«Z/30 us lightning iﬁpulse of the'shapea spacers
has been measufed using the_qaseé STsv Nzs aire COz and i,
at different pressures i1in the . range (1 to 7) x 103 2a (1 to
T'bar). The spacer efficiency -Wwhich ;s defined as the ratio
of the surfaéb flashover _voltaqe of‘ a spacer to the gas
breakdown voltage with thé absence of the spacer can e
increaséd to 954 by using this profile. .

A computation of thé potential and the electric field
distributidons of a concave spacers aimed to ootxmi:é the
design -0f the spacers has ” been made using the cNacyge
simulation techniquee. The oOptimum contact angle of the
spacer uith the conductor is determined to be w39, A
significant reduction in both the tangential and the tdtdl
fi1eld at the triple jungtion has béen achieved by using the

proposed profiles. The dependence of the electric field on

the radiqu\Fontact angles lengthe radius of curvature and
; :

~

>
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permittivity of the spacer has been studieds. ﬁlsd the
electric field at locations inside affd outside the -solid
Jdielectric spacer has been calculated.

- An analytical study of the critical avalanche length and
the space charge field at the onset of the breakdown has
been carried out 1in SFe and Nze. _A good agreement between
the épace charge f1dld and the breakdown field (calculated
from the flashover measurements and the calculated electric
f1eld) has been found in SFe and Nz.

- J

The effect of a recess in the conductor and a metal
¥

insert into the spacer on the electric . field dist&i@utiou

has been examineda -The‘ normalized electric field at the
scathode'ﬁunction of an electrode_qeometry with a groove in
4 ‘one elec:code‘to hold thé spacer decreases when a meﬁal
insert is used. The depth of the metal insert cTauses a
2y larger reduction in the electric field than 1its diaﬁeter.

™~

The dependence -on the recess angles depth of the recesss
length of the spacer. permittxvxtf. radius‘of ghe qrocde.and
dimensions of the metal  insert on the electric field
distribution has been .studiede.

The flashover voltage of a cylindhical spacer pldced
between recessed electrodes and'uith a metdal insert into the
spacer has beeq'measured in SFe. and N for different values
of pressure. The efficiency of the spacer under ac can’ be

o+ increased in SPe to 327 Wwith recessed electrodes ' (recess

- angle: =63°%) and to J0% with metal inserts into the Spacere.

-
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The dc surface flashover decreases by almost

and Nz when 3 spacers placed in parallel are used 1nstead ot

onee ifowever the reduction in the flashover voltage-is only
7% when the contact area of a single spacer with the

electrodes increases by 3 timese.

L= viy - .
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Chapter I \

INTRODUCTION

With the 1increased economic activity throughout the

industrialized countries and particularly in North Amar:icas
v

i

Europe and Japans the .demand for electric power ﬁs begqinning
to risee This necessitates development of additional
distgibution énd transmission systems.- Compressed Gas
insulated transmission (CGIT) _cabless  substations and
switchgear have been found suitaple_ to meet the anreagud
demand for boweé particularly ™ in large <cities d&rlnq ‘the
seventies and they Lre also ikely. to be so'in the futuyre
(1-31. |

Compressed sulphur hexafluoride (SFs) gas 135 heing uxde;y
used &s an .insulating medium for many applications iq qas
insulated systems including cables. LCANSM1ISS1ION SYStemse
circult breakerssy current transformers,. high volrage test
transformerses and other hiqﬁ voltage apparatus and equipment
[2-5]. The construction of high voltage systems usually
-incorporates solid dielectric spacers \for suppcrting the

high voltage conductor. The withstand voltage of the spacer
is generally" lower than that of the insulating qas\}z.’].
Therefore it is desirable to :increase the voltage hold-off
capability of the spacer by suitable de2sTyns so that 1t 15
as close as possible to that offered by the-gas alone.

¢ -1 -

\t
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1.1 Adxapntages of GIS

Gas insulated systems (GIS) have several advantages over

-~

conventional systems as summarized below [1+2:647+812
1a Excellent' voltage insulating properties which can
apply to all voltage rgtinqs-' For SP, the dielectric

¥
strength is from 2.5 to 3.0 times higher than that of

. ’ ~
alle i _
> T
2« Smaller capacitance compared to conventional o1l

impreqnated papér cables therefore lonqef lengths of
cable can bé installed without a need for reactiyve
pOWEer COmpPensatione

3. Lower dielectric losses because\‘)of the lower
permittivity of "the gqas i.e. lower Ioss tangent
compared to‘oil impregnated pa(er cables.

4. coupiessed qgases have bette:\ﬁﬁéfficiencv of heat
convection between conductor and sheath and hence
offer a possibility of using larger current cari¥ing
capacitye- A - '- ' : .

Se Offer considerable saving in size compared tO aire.
Typically for - switchyard the catio .of space
requirements for air/SFe is_10 to 1.

a2 Sopport Insnlators

.

The use of gqas insulated systems requires a solid

insulator(spacer) ;for the physical support Of high voltage

conductorse It been reported by many auathors that the

-

v



3
¢£itica1 part in the overall Eesiqn of GIS 1s the 1asulating
spacer [3+9-12). .It has b%Fn consider;d to be one of the
factors which affects the reliability and the efficiency or
gas insulate@ systemse

The insqlétiOn level of GIS 1is qoverned by the flashover
voltage of the spacefs-used- This 1s becauée the presénce ot

the spacers leads to a reduction™f the withstand voltage

capability of the whole system as the surface flashover

ﬁ/(voltaqe of the solid dielectric is lower than the breakdown

of the gas by 1itself [2+7+13-20). An increase in the
withstand voltage capability of the spacers would. lead to
‘%9provement in the reliability and/or a reduction in the

-

. - ) - - ) T .
S1zZey weight and cost of g¢gas insulated aégl}atus and

equipment [(13].
N [ ]
There are many factors influencing the surface flashover

. { - -
of the 1insulating spacer wkich need to be studied befaore

they can be cohtrolled.

123 Beview af _Previous_Haork -

The flashover voltage of insulating spacers 1s a function

of many <factors including. spacer-conductor—gqas (triple
\ .

Jjunctionl)e spacer shape and dimensions., Spacelr material,

¥ type of. voltage applications . particle and surface

contaminationy type of gaseous insulation and oressures and -

shape and dimensions of the conductorse.

+




12321 Spacer=_conductor=_gas_(rriple_3junctionl}

The spacer-conductor-gas (triple junction) at the cathode
is the source for the\sinitiatOry electrons «“hich ultimately
lead to the surface flashover of the Bracer (4841564214220
Due to pg;s;ble imperfections in the contact of the épacér
with the conductores the electric field in the contact region
could be enhanced by ; factor close to thed relative
pé pittivity Oof the solid dielectric. The hiqher.localiZEd
field could lead to the development Eff ? discharge in th
gas pocket between the spacer and (the conductory which
ultimately extends to a full surface flashover (23-251.

In addition to maintaining ¢lean environment and
providing particle traps various methods of. increasing the
;ithstand voltage capablility of insulating spacers-have been

~H£§ported. These include casting the spacer directly onto the

4, q\\conducta}- shielding the triple SJunctions and metallizing
r/\the spacer surfaces in contact with the electrodes.  An
important.method is shaping the insalator profile at the

electrodes in order to reduce the electric stress at the

triple junction [av12.1g.26'271.

)

Jada2 Smg‘e:_mue:ial
_ R
There has been continuous interest to “develop new
insulating materials- to satisfy the r%?uitements of volume
and surface stresses in addition to thermal and mechanical

stressese. The properties considered in the selection of the

spacer material for GIS are: 1) Permittivity of the spacers



*

S

2) Dielectric strenqthi 3) Seurfac

and volume resistancess
(ﬁ\\‘a) Arc tracking resistance; 5) sensitivity oﬁfghe material -
N to contamination and deconnosh&;q of SPe during discharqes;

8) mechanical propertiess: 7). 7ease of manufactures 8)

operating temperature and 9) Impact resistanée.

The flashover wvoltage is dependent on the relative
~

permittivity ErCe Generallve thecefi§_“a\teduct10n in the

"~

flashover voltaqge with 1increasing &r. This 15 because the

-~

material with a high permittivity results in an increased

¢

local field at the surface Of the irreqularity of the spacer

| Srz.n.1ax. )

If we assume that the thickness of a spacer having a
permittivity ErC 1s 4 and a very small gqas gap of thickness g
is present between the spacer and the electrodes then under
a nﬂiforu field conditione

Y=Eq-q+8d-d (1.1}
where V is the applied voltaqes Bq and Bd are the electric
fields in the gas and in the solid dielectricy respectivelye.
The relation between Bqg and Ed is

Bg = Er « Ed X (1.2)

Prom equations (1.1) and (1.2) .

V = Bq «.q + (Bqg/Er)e.d : (1.3)




y * /
. 5
&re V - ]
Eq ¥ (1.8)
Ereq + 4
If d > E£re q
Eq = LreV¥/4 (1.3)

]

It 1is preferable to use a . material with a lower
permittivity to reduce the intensification of the local
field in the gap if present between the spacer and the
e;gctcodes.

Only cast epoxy spacers are used 1in service in GIS and
CGIT. Porceldin has been dsed extensively in outdoor
insulators [2¢13+15+28) and has the ﬂisadvant§qe of high
ﬁernittiVitv and lower dielectric strenqthe Thermoplastics
[13+18+¢25+28+29+30) have been widely used 1in other than GIS
applications as insulating materials but they are easily

deformed at high temperature arcse especially Polypropylene

and Polycarbconate. Teflon has a low permittivitys but poor'

arc tracking resistance. Machinable HMacor gqlass— ceramic

s

also suffers fronm the same problem at high gas pressurese

Cycloaliphatic epOoxy resin in conjunction with aluminav

silica or aluminum trihvdrate as fillers has been aused in

GIS 112+28+437¢32+33]- It has the advantagqe of higqh arc
track resistance and excellent electrical propertiess but it

_suffers from the disadvantaqge of higher permittivitys and

[y

irreqularities on its surface produced during castinge
] o /

Lo}



J123a3 Spacer_profiles

Te3e3el Cylindrical spacer

For better understanding of -the’ physical phenomena
invelving surface flashover as well as the -detOTS
inflﬁencinq the flashover characteristics in gas insulated
systems, cylindrical spacers in uniform field have been
‘widely used £3+15+13+20921422,25+34+35].  For the rciahg
angle cylindrical spacere the flashover 1is mainly affected

by the gquality of the contact between ‘the spaoer and the

electrode and the surface condition of the spacer [2+13.35].
M 1

~

Te3e3e2 Post’épacer

\
The post type spacer has been used in GIS as a physical

support. because it has the aé}antaqes of simplicity. less
surface area to collect contaminant particles and relatively
low'costs especially at UH%'[T.32~36o37]. Metal inserts have
been used with this profile to fulfill thé requirements of
mechanical connection at one or both ends in ~ addition to
reducing the electric field along the surface of the spacer
and at the spacer conductor .interface. The geometry of thei
post spacer has been optimized depending on the electrode
configurationy the geometry of the metal 1insert and the
permltt;vity of the insulator materzal [37]. This design has

the'advantaqe of a lower electric field along the surface of

the spacer and a higher surface flashover voltage. However.s



'8
the major disadvantage is that the electric field between
the metal insertses within the insvlatore increases because
of the reduced gqap lenqth_het;een the metal insertse. Thé
higher fieid'conld lead under extreme conditions to the
onset of partial discharges and a woluome breakdown of the
spacer [7]e -

In order to redoce the pgffibilitv of - volume breakdown
with metal 1inserts at both ends another deSiqn - has been
used in which the poé!.gpacer is cast directly onto the

P
~

inner conductor of the cQdxial system with a metal insert at

. . -

.
the other end of the spacere. It was reported that this
desigqn had a lower internal field tﬁan the first type
[244+38+39+401. The corrugated . insulator has been
successfully utilized in outdoor systems Pecause under a
contaminated environment the performance 1is improved with
increasing the creepage lengthe For this reasons some
desiqners tried to test a corrugated spacer in compressed
gas insulated systems, baut the results were conflictinge In
some casess the flashover decreased [4+7+131, increased or
had no effect té.13-41’381 dn- the flashover voltagee
Bouevérg~ corrugated spacers appear to have a Dbetter

performance for contaminatred conditions in gas insunlated

sistezs 131}. N
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Te3e3e3 '.Disc spacer .'2~:'

. The disc spacer has been used in the earliest GIS systems
as a physical support [56+8¢29:82+43+488,85) and as a gas
barrier [12+,14]) because ¥t 1s easier to maﬂufacture and costs
less than other profiles. Optimal profiles for a disc spacer
have been determined [14]. The electric field along the
sacrface of a ‘disc spacer has been calculated for different
contact anqles‘.uith the conductor bf using the charge
simuolation technigues It has been found that the optimal
contact anqle is ‘within 60° = 70° depending 'on the
permittivity and .the spacer dimension and this leads to 20
te 30% decrease in the maximum field strenqth [14]. A

corruqated d3

Cc spacer has been xtefted under ac and
transient voltages. It éducés the performance by 20% under
ac voltages but it has more consistent performance than a
smoGth disce naiticularlv for a transient wvoltaqe 18]}.
Disc spacers ;ith a special design have been developed
- for a flexible gqas cable [85.861. The spacer is of the
. -

split design having a thin I-beam cross— section with two

halves clamping around the conductor and clipping toéethet.

1338 Conical spacer

The conical insulator has been used as a mechanical
support for B.Ve conductors and as a termination (stop .
joint) fo:‘qas insulated systenas ({B8+33+57+48)s It was cast

directly onto the conductor or captured between the flanqe%.

An effort has been made to optimize the angle and the shape



‘\fc - '_ >
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£ the conical spacer [1L4445]. The -cone spacer 1is less
. sensitive rO contaminant particles than the disc spacer.
There are several new spacers which have been désiqned
and tested for the application of GISy but still none of
them have been used in service [50). The concept of the new
designs 1S built on shaping the insulator to overcome the
probiem of highly stressed reqionSo. in addition to lowerinq‘

the cost of installation.
. e
Multibladed spacers have a feature which makes them
especially suitable for using in flexible cables with a high
power ratimng [45]. The star shaped or trefoil and.tripost
spacers result in a h;qher flashover voltage compared to the
conventional spacers and are suitable for flexible cables

{50¢51]). e

1:3.% Type_of veoltage application

The surface flashover voltage of a spacer erends on the
type of the applied voltage: ace dco _and transient
{lightning and switching impulses).

The volgaqe diétribution within and aleong the surface of
the spacer under ac and 1impulse conditions is deétermined by
the capacitance gradinge and therefore the voltage
distribution is dependent on the relative permittivity {(Er).
-Uﬁder*dc conditionses the situation is different because the
voltage distributaion will 5e determined by the resistivicty

4

of the dielectric material [%,13]).
_ .. *

-
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dc qas insulated systeas have been develcoped and tested
for use iﬁ HYDC transmissione The potential distraibution
near the spacer sarface in the case of dc vol;gqé
application is nodified‘due to the large accumulation of
surface charges. The surface charges distort thé local
electric fielde - leading tc a reduction - in the flashover
voltage [52-56). The surface charge has been measured on
cylindricaly post and conical sp%cers (52+571. It has been
fouqd that the ‘charqe accumulated on the surface of the
spacer was strongly influenced by the surface conditione the
material and the applied -elézﬁfic stéess. For HVDC
applicationss improved desiqns must be furthe eveloéed to

reduce the effect of insulator charqinge I

l.3.5 Contamination effect

The contaminants in gas insulateg systems are mainly free
‘partjcles and surface contaminantse

Particle contaninanis might be introdoced to the system
during weldingy .uith the gas fiNling ‘or oriqinate - from
friction between components. Ihev have a deleterious effect
on the dielectric performance of GIS. Particle contaminants
can lower_ the gas breakdown voltage and the surface
flashover ‘voltage by more than 50% and the reduction becomes
even larger at very high applied electric stress {4+8+9+32).

The flashover voltage of a spacer stronqly dé;ends on the
-positfgn' the shape and the size of t;e particle and uhethef

it is conductive or dielectrice. It was reported that the

-
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reduction in the flashover voltage became more pronounced

. . ' - ~ -
when the particle was close to the high voltage conductor
LY

and placed radially on the spacer surface 158l. A coniéalm
insulator showed a better performance’ ‘than that of the disc
Vspacer under impulse conditionse Corrugated spacers gave

relatively better flaShd:%t performance in contaminated
L ]

conditions compared to without corrugations {8le

The surface of the spacer can be contaminated with other

materials such as o0ils greases: moistures decomposed

™ .
by-products from arcing and charged particles from the gas
ander the influence of the electric field. It has been
reported that clean oil has little effect on the flashover

voltage of the spacer under ac or impulse voltagess bat the

flashover voltage miqht decrease Dby 25% under dc ;bltaqe
[l .

The dielectric performance of the spacer decreases
coqsiderab%yo by more than 50%, due toO condensation’ of
moisture on the suéface. The level of water content in GIS
must be less than 200 ppm for best dielectric performance

~ 191.  Thereforer it is necessary to maintain a cleanliness
Lin GIS at a very high level.

S;nce the charged particles in the gas move under the
influence of the electric field traps have been desiqned ard
used@ in GIS to keep the particles in a region of low
electric field. Details of some particle traﬁs can be fonnd‘

in 114597
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L. 13
l1.346° [Plashaover voltage_seasnresent_in_conpressed gases
The flashover voltage of spacers has been determined in
different compressed gases and gas ‘mixtures 1in order to
obtain the best perfqrmance of bbth the solid dielectric and
the gaseous media under hiqh eleéctric stresse
Spacers have been tested in many gases such as CO; [13),
air £13+15)y Nz (5+11,13+18,221 and CCL2F2 (69154171 It
has been found that there is not much difference bdetween the
flashover voltage in‘air and Nze especially at lower gas
pressures for the same conditionse In COze the f;gsﬁpver
voltaqe appears to be lower than in Nz and in aire .CCL.P,
(Freon) has a high dielectric strength but when exposed to
an-arc discharge i1t dissociates into large amgunt of excited
carbon which may deposit on the spacer surface (6l. This
reduces the flashover voltage of the spacer. Investigation
of the [flashover characteristics in compressed helium has
been carried out for filling the qap—hetueeﬁ the tubes in
super conducting cables {34). Alsos the flashover voltage 1in
CCL2Pz-Kz and CCLzPr-air has been measured [15+17]. i
Howevers mOst Of the work in the literature refers to SP,
as it 1is co;uonlv used in'GIS. This 1is because it has an
excellent insuiatinq strenqgthes 1is chemically stable and has
superior electric and thermal performances

[607+895912028+29+33050+541« Gas mixturess like SPe=Nzs SPe

- COz and SPe—airf have been studied [13,20,53.,60) because of

their potential cost redunctions lower incidence of parcticle F\\

]



[+
i

14

induced flashover and lower liquification temperaturese
»
However. sthere are still some questions conceruing the

reliability and the cost effectiveness of the ‘ proposed

mixtures which need to be addressed before adoption in the

industry as summarized in [(61}.

1.8 s:nne_nf_zhi;_xesear:h

Since gas insulated syétems have been}b:g:?ht to service
in 1969-5§uppo:t idsuiators\renaﬁg,tﬁe_udst critical part in
the desidﬁ [1¢62 Y« It has been reported that the spacer.is
as much a quality problem as it is a desiqgn problem {63] and
it showld be properly designed A minimize the degradation
i1n the dielectric bérfo:ma;ce of GIS I8'97121491- In order
to enhanceythé reliability of éIs 'and/oc_reduce the size$g§v
the equipments the flashover field of the spacer should be
increasedes 0n9 way of achieving this is by optimizing the
desiqn of th§ spacer to yield a higher withstand voltage

under the same operating conditiOnse In general more

research to pbtain better designs and improved performances

. of spacers would be valuable.

The objectives of this reseatch'studv are:
1. To optinize.thé’spacer-desiqﬁfby,a suitable shaping of
its profilee.
2e To reduce the local Field at the triple Junctions

. . E 1 74 ‘ L. .
which 1s the soorce +«©f electrons for 1initiatiag

. discharges. o (“*————\
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3. To study—ihe‘effecf of 4Jdifferent shraneterSo such as
lenathy diameter and permittivity of the spaceres
}éon;act anqlg and shieldind the triple Sjunction on the

/

‘potential and electric field distributionse.

Ga To determine the flashovet‘voltaqe characteristics for
different  contact angles. di1fferent gqases and
different presgures. . 3 \\

Se To stedy the effect of the contact aréa and the nunmber

of parallel spacers on the total withstand voltage.

Ge To study the effect on the surface .flashoverj’of
shaping the conductorss by~:sinq either a recess in
one or in both conductorse.

-

7. To investigate the effect of metal inserts into the

[

spacer on the field distribution and the flashover

voltage 0of the spacere

-

Ry
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221 Introduction

A knowledge of the potential and the electrical <{ield
distribu¥ions 1is necessary in order to maximize the
withstand voltage when designing HeV. systems.

The c0mquation of the potential and the electric field
distributions requires the solution of Laplacefs or
Poisson's equations-r' The field equation in any homogenous-
médium 1s.given by Poisson's eguations

’

V8 = - s/t (2.1

where 1 o g = potentialv -

space charge density

£

permittivity of the medium.
If the space charge 1s zeros the above equation becomes

Laplace's equations
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The solution to equations (2.1) or (2.2) can be obtained
either analytically or by numerical methods. Since the
physical systems are often_ comnlxcated the analyticel
soluotion becomes very .difficult' and in'sone cases may be
impossible«. Therefore nunerical‘methods are Eommonly used
for engineering applicatiohs_IGQ—ﬁﬁl. In high voltage
applicationse there acé many numerical techniqhes used for
calculating the potential and the electric fielde. Thegi‘
includes Finite Difference Method (?DM)s Pinite Eleqeﬁt
Method (FEM)s ‘Inteqral Equation Method (IEM)s Monte Carlo
(MC) and C;arqe Simalation Method (SCM). _ '

The Pinite Difference Method (PDM) [67-691 is based on
dividinq.;the reqion under stuody into a large number . Of
subdivisidns. The sguares and trianqlés meshes are comménly
used.  Thenh Laplace’s equation can be <replaced by the
difference equation at e;ch node pointe A set of
s;multaneous e&nations for the unknown node potential @n can

be obtainede. By 'knouinq the‘;Bhfntial at the conductor Ve
. 2 .

these equations can be solved by using an 1iterative

v

technique to obtain the potential @n at each node. PDH has
—— .

the disédvantaqes of requiring long computing time and
contains errors which might be introduced by neglecting the
higher order terms of Tayvlor’s expansion used 'in the
dif ference eqnations-\‘;lt is not a practical method,
especially with a complicated geometry. The electric field
Can ngt be determined to a hiqh accuthcyy as 1t depends oOn



~ 9 . .o
: 18
the mesh size and the choice of the latter is critical

-

because of the “inherent instability ofi the apnroxiuate‘
differentiation [170+711. -

The principle of the FPinite Ble;ggt Method (PEN) [72—%&1
is based oOn dividinq the region of interest in;d elements
and by expressing the unknown, potential inside each element
in teras of an assumed appropriate functione The
anproxina;inq fanctions are defined 1in terms cf the
" potential at -the specified node points of each element which
become the new unknownse The concept of FEM gepends on
minimizing the energy in the region of interest. ﬂeﬁce for a

system with a Laplacian fields the system of equations can

be written in the form {751,

P N
. Qs
. —= 0 = [8) . [d] : (2.3}
og N
where J is the enerqy £ tiocnal of the systeme

(g1 ié the potential vector for allrno&es
141 is the stiffness naprix.

Solving the above equation for the unknown nodé potential
(&) the potential function ;enresentinq the potential
distribution within each element can be defermined. _\The
field distribution can bé. calcuiateﬂ by the differen}iation
- of the potential functions within each element. .FEH can be

applied for complicated geometries becaase the shape and

size of the element can be chosen to fit the boundary. Also
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it is anpl%cahle to non—-homogenous and aAnNisSOtropic systems.
It has the disadvantage that larqe~snumberscf elements are
. / . ‘ .
needed to obtain an adequate accuracye This requires long

execution times 1in addition to the time for subdividing the

system. PFPurthermores FDM and FEM are uséful only in bounded

——

" reqions. Howevery many practical problems are unbcunded.’

In the édnte Carlc (MC) methods the Laplacian potential
@(ro) at a given poiat ro uithinla certain reqione can be
determined. A series of random walks n 1s constructeds each
stértinq at ro and taking egqual small steps oh a rectangular
grid until it reaches a(ﬁoint r on the boundarys where the
potential # is knowna

-~ n
The averaqe of potential @g(r) = (1/n) ;ﬁ(rﬁ)
R 2

[

. i s .
It is a statistical estimate of dhe unknown potential

Z{ra) which c@nverqes to the correct value as the number of
random walks 1increases [65+767. The accuracy of the
estimated ﬁbtentgal depends on the number of random walks ne
It increases‘as n increases and for this reasonse it is a
very slow processe

The concept_of Inteqral Equation Method (IEM) is the use
of inteqrals of Laplace®s or Poisson®s equations (77.,78].
The electrode surface is divided into subsections of charges
and by app;oxi-atinq the 1inteqgqral as the sum 0f these

Y

subsections along the electrode surfaces a set of equations
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can be obtained which can be solved for the uﬁinoun segment
of charqges.

In the Charge Simulatioﬁ Method™ (CSM)s the field can be
opproximated in the reqion under study with the field formed
by .a discrete set of fictitious charges placed inside the
electrodes {79,801« It has been successfally employed in
many gqeometries used in high voltage applicationse.

The details of the method and the simulation is discussed

in the following sectionse. ! *

-
-

242 Charge Simulation Technigue

The Charge Simulation Method is based on simulating the
conductor by a set of discrete fictitious charges arranged
within the conductor. The charges should be placed ocutside
the space where therelectric field is to be calculatede A
number of contour points n correspondinq.to one or more
simulated charges are chosen on the condactor boundary [81).
The relation between the location of the charge and the
corresponding contour point is determined by the assiqnment
factor Q which is defined as the Tatio of the distance
between a contour point and its corresponding charge dg to

the distance between two successive contour pointsdce

-

< B - aqrac (2.8) :
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By using the concept of superpositione the contributions

from all frctitious ! charges qive the potentiral at any 1-th

COntorr pointe

. n '
g = Z Pid Q3 (2.5)
J=1

‘uhe:e Pij 1s the associated potentaal coefficient

03 is the unknown simulated chargese.

[ is the potential at i-th contour pointe.

n " is the nﬁuber of simulating chargese

The potential coefficient P13 1s a function of the
contour and the charge locations and depends on the type of
the charge used to simulate the System. @ is the potential
.

at contour points which is equal to the applied potential V
at the top electrode and zero at the bottom electrodee  The
application of equation (2.5) tc all contoar points in the
system vields a number of linear simultaneous equations in

terns Of the unknown charges. 1

The system can be represented in a matrix forme

~—
{P1 - £Q) = (V) - (246)
Then solving for the unknown charges kt
. . -1

. (01 = (Y « (V] (2.7)
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The potential at any point in the reqion of interest can

[

be determined. .

(2] = (P] « 1Q) . (2+8)

TC satisfy the boundary conditione one of ;pe
equipotential surfaces resulting from the fictitious charges
must coincide with the conductor surface potentiale.

The electric field at .any point can be calculated,

(el = {7} . fQ1} . ¢ (2e9)

whece {B) is the field matcixe and (P11 1is the field
~coefficient matrix..

The potential can be calcmlated at chosen test points on
the surface of- the condactor énd the difference between the
computed valaue and thé conductor patential is the “potemtial
difference', The charges used to simulate different systesms.
are ghé point charqes the 1line charge (finite or infinite)
and the tiﬁq chartgee. A combination of them zan be uased
according to the system confiqq}ation agﬂ‘ the dJdesired
accuracye. Also the simulation is difficult in very thin

. !
electrodes or boundariese.- Howevers it has the advantages

that the electric field can be calculated without Eesorting
P .
‘to a nunericdi differentiations the amount of effort and

time reguired is qreatly reduceds "and it needs no numerical

inteatatioﬁ to construct the matrix [801.
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fhe Charge Simulation Methdd has been. shown to be-
successful in the case of three dimensional field problums
{73+32]s multidielectrics [56+7%3+33) and field distribution
with non axial symmetry {3&). * CSM has been applied to
calculaté the_voltaqe and field distributions 1;~§anle and

Je The field calculation oOf twin

O

three core cables [25,3
cylindrical condﬁctors has been done by using this method
l57'38}. It has been used in the design of sSupport
insulator§ in gas insulated svstems'[12c2“-80w39n90]; -
223 ;haxgé;Simnla&ign_ﬁaﬁliei_sg_lz _Rielectric System

If a dielectric material is 'subﬁé;ted to a high electric
field. polatiﬁijjgp processes take place and dipoles are
aligqned by the fielde. They compensate <¢ach other in the
interioc reqgions but they appear as-.charges on the surface
of the dielectric. When more than one dielectric m;terial is
sandwiched between two electrodes. the electric field
distribution along the boundary 1is seriously dystorted by

the surface charges existing on the boundarv. The distortion

d@pends on the permittivity of the materials whereas in a

homogeneous dielectricy, the apéol te value of 1ts
permittivity does not contribute to theqzsta\strenqth [751.
Therefores "a supplementary procédure must be 1introduced iﬁ
the charge simulation method to be adapted to two d;electric'
-arrangements. The electrodes can be replaced by a discrete
number of fictitious charges T,wlaced inside the elect:o&es

[75). .
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The effect of the surface charge distribution . is
equivalent to the identical effect o; other charges located
beyond the surface of dielectric. Therefores a dielectric'
boundary can be simnlated by a discrete number of fictitious
charqes located at both sides _oé the boundary-. A <cross
section of a concave spacers shoigzin Peq2-1, is chosen toO
demonstrate the simnlatione.

The eléctrodes are replaced by a namber of fictitioﬁs
charges Ne correspondinq' io equal number o©of the contour
pointé on the electrades surfacee. -If the number of the
céntour points on the gas side of each electrode is nge then
the number of the contonr points on each electrode but in //,,/‘
the side of the spacer is equal to ((Ne/2)- ng)e

The solid dielectric bdoundary is replaced hy N4 contoﬁg
poin%tse and the surface charges are simnlated by a discrete‘
number of chacrges 2N ivided equally on both sides of the- .k;J
boundarye. Therefore for each cbntéur point thére are two /
corresponding ( charqes on both- 'sides of the dielectric

-

boundary. The distribution of the charges on the boundary

o

isz (1 to Nd ) in the gas side and ( Nd+1 to 2Nd ) on the
?dielgctric side.

The contributions from the fictitious charges on the
electrodes and the qas side of the dielactric interface give
the potemtial and the electric field in the dielectric side.
The fictitious charges on the electrodes and the dieiectric

side are used .1 the calculation of Ehe potential and ttj;f;

electric field in the gas sidee.
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The system of equations used to determine the uwnknown

*.

fictitious charges are formulated and the boundary

conditions which must be satisfied are gqiven below. e

r-
»
S,\\._..

Pigore 2.1 Contour points and charqge locations of a
concave spacer. @ Contour pointse Y Charge
location

\




1) High voltage electrode

The potential at the i-th contour point on the gas side

is

(2.10}

The potential at the i—-th contour point on the side of

dielec{iiggis -

i=ngel, N /2 o (2.1
>

2) low volﬁaqe electrode

TEe potential at the i—-th contour point on the gas side

is ’
i
ze Ne+Nd
P..+Q. + I P..Q. =0
j=1 1] "] j=ge+l 1] 3
L i o=(n/Ar LNe/2+ Ny s ©(2.12)

—
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The potential at the i—-th contour point on the side of
[

dielectric is

o Ne;?Nd /}
Q. + P..*Q. =0
= i3 J e b |
j=1 3 Ne+Nd+l X
i =(N2/2)+ ng+l, Ne (2.13)

3)Continuity o©f potential along the 1nterf$ce of the

dielectric

The potential at boundacy ccntour points is unknown and
=

must be continuous; therefore the potential at each contour

point is the same whether it is calculated from the side of

the dielectric or from the gas sidees

N N +N N N_+23 .

e
Q. = P..*Q. + Z Pi,-Q..
L1 =N TN g1 1)

By simplifying

Ne-;-:Nd | Ne+>:2Nd ‘
)~ P..eQ. - - P..Q. =20
3§ = 11 73 +1 33 7]

J Nefl Ne+Nd'1

(2.14)
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4)Continuity of the normal flux density
The normal flux density at the i-th caontour point on the

boundary calculated from the gas side Dn; Wust be equal &ir

times that calculated from the side of dielectric Dnz when

. RN ' . e
there is no residing electric charge on the surface. : T
S
v Pny = Dnsz
Hence
A - Lo En: = E&afir Bnz

!

bhe:e 2n; and Enaz are the nocmal components cf ;he electric
field in the gas and the dielectric sides respectively. &,

44
is the permittivity of the free space (Lo=8.85x10 Fch' ).

Thens
+
Ng N +2d 'N§ N, *2N4 .
e { ] F..oQ.+ +Q.) = F...0Q . Fg e
v
By simplifyinqge . ' . ' ‘ -
N§ N +Nd Ne-l-zZNd -
('E ) F..'Q.+g -Q - .Q=0
r-1 = 1] ] r ._ 1] ] _ i3 J
J=1 | J=N_+1 j—Né-].‘\Td-l-]/
i = Ne+l, Nd | (2.15)
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Since the qeometries studied in this wOrk fthave a

rotaticnal symmetrys the  simulation is carried ou by
‘ -

employing ring charges to model the electrodes and the solid

dielectric boundaryvy. The equations £or the potential and the

electric field of the ring charge d4re 'gqiven in Appendix A.

The locations of the contour points (+) and the ring charges

(x) are shown in FigeZe.l.

The number of theg equations representing the system {(Ne +

‘ . ) : ,
2Nd) is equal to the number of the unknown charges used for
the simulatione These equations can be written in a matrix

forme

fAl e [Q) = (V] (2.16)

¥
b

where "fAl is the pctential and the field coefficients
matrixe

. - - ‘v
Solving for the unknown chargess

o1 = 1AThim (2.17)

The potential and the electric field can beﬂcalcnlated at

-

any location from the known charges and using equations

ygz.a) a?d (229)e
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228 EPxalnarion of the method
The accuracy of the calculated potential and the electric

field., the time and therefore the <cost required for

computation are largely affected by 1) the position of -the

chargess ' 2) types of charges used in the simglation and 3)
/

the numbexr of charges required to simulate the system. These
three factorﬁ depend on the system geometry ;nd the
electrodes confiquratione The quality and accuracy of the
solution increase as the namber ofléﬂérqes increases but
beyond a certain numbery any further increase has little
effect on the accuracy of the Solution [66]. In generals a
higher density of charges is ussnally located in the” reqions
where more precise resu1%§ are required. A practical
criterion known  as the assiqnment factor is chosen as an
adjusting parameter in the arrangement of the charges-
Investigation by the aunthor shows that the assignment factor
should‘be kept between (Jeoe8-2e1s depending on tﬁe natuce of
the problems to Obtain higher accuracya.

To check the .accuracy of the simulations the potent}al
and the electric field should be calculated at chosen test
points other than at the contour roints used to formulate
the system of- equations

The following criteria are used to evaluate the accuracy
of the solution:

1) Potential error: defined as the difference between the
. potential of.the electrode V and the computed potential ¥ at

/‘

NURRD




n
various test points on the electrode surtace. The potential
error should be less than 1% if an accuracy of jﬁ is desired
ip the electric field:strenqth- It :s found that the maximum
potential ercror in the svétem ‘shown in Fige2.1 1 "about
0.12% for Macor qlass-ceramic (£2=5.8) which occurs in the
vicinity of the triple junction and smaller elsewhere.

2) Potential discrepancy: 1is defined as the difference
betweéen "the éomputed potentials @, and @2 at test pornts
across the dielectric interface. @ and @ are the
€9£ég;ials at a fixed locaticn but caiculated from the gas
and the dielectric sidess respectively. The pogentxal
discrepancy should be also less ;hgs_;}. It 1s found that
the maximum potential discrepancy is 0.016% (£,=5.3) near
the triple Junction (Fiqe2.1). '

3} Tangential field discrepancy: defined as ;he
difference in the tangential fields Et: and Etz calculated
at  test points across the \Qielectric 1hte§face on both
sides. Et: and Etz refer to the gas and the diélectric
sidesy, respectively. The equality of the tangential field
across the interface is nof an imposed boundary condition in
the potential coefficients matrixe The maximum tangential
field discrepancy in the system of Fige2e1 is 0.88% (£:=5.8)
which occurs close to the triple Jjunction and smaller

elsewheree.
+

4) Dpiscrepancy in the normal flux density: The normal
f

(_flux density at the boundary must be continuous Dfny = Dnz OC
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<
the relation between the normal component 0f the electric

frield Zn,; Vin the qés’ﬁgde and the normal component Zn, 1n
the dielectric should be En;/Znz= tr. The discrepancy can be
defined as the deviation from the  permittivity &r of the
ﬂielectrig haterial-‘ 1f Lt is ploted against Sn.,/ Enze The
maximum discrepancy which occurs close to thé( triple
junction (£2= 5.8) 1s 0.23% for the system Of (Fige.2.1)

If t;e error and discrepancies mentioned 'above‘do not
exceed the desired levels the simulation is considered
sufficient for the systeme. On the other hands 1if they arce
highs ~ the simulation shéuld be modified by rearranging the
number and ghe locations of the contour points and the

F

chargese.

-

223 CAlcnla:iQn_Qﬁ_Ihe_HQimal_ahgfmhe_Inngenxial_Eield

The fictitious charges are used to Ealculate ‘the field
componentss Er in the radial direction of the ;-axis and Ez
in the axial direction éf the z-axis.' To calculate the
normal En and the tangential 2t fields. a transformation
ratio’'is used.

To.transfer £from (r=-z) coordinates shown 1n FigeZ.2 toO

(npt)” coordinatess the following matrix has been used.

’ -




7 lat | /‘L—s:.nl{/ cos )
az -
. A <
.. an
4
_at

ar |

LdZ‘

Fiqure 2.2: Coordinate transformation

where ly 1s the anqle between an and. are

En = cos{/ - Er + sinly . Ez
N o
\ Bt = = sanly/ .Br + cos | <2z
2

(2.13)

i3



'

34
where ar and az are the unit vectors in the r and the z
directionss respectively. an and at are the unit vectors 1in
‘the normal and the‘tanqential directions to the surface.
respectiJelv.

AY!] the calculated values have been normalized and

presented using the per unit {(pu) system.

E* = £ / Eav
Eav = V / L
g
e

g v (2.19)

zZ /1

o
whérei §=1 is the applied wvoltage to the top electrode and
V=0 to the bottom electrodesy L is the gap distance betueen
the electrodese Bavy is the average electric field in the
dap. E* and §° are the normalized field and fhe potential,
respectively. E and § are the computed  values of the
eléctric field and poteﬁtialv respectiiély-. The notations.t
and n refer to the tangential and the normal field
componentss Et and Ens respectively. ET is the total field.
c and z refer to the radial r-axis and the z—axise
respectively. '~ 2Z°* is the normalized distance-The sSubscripts
1 and 2 refer to gas and the solid dielectric medias

respectivelye.
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2:6 Compnter Progran
A ‘computer praoqram has been develored by the aunthor for
computing the potential and the electric field disFributions
for the different #gnfiquratiOns'used 1n this teseatc@- The
Dédﬁram is Wwritten in WATPIV langquage for IBM 3051 computer
available at the COmbuter centre of the University - of
Wwindsor. Por hiqh accuracys double precision has been used
in the calculations The Gauss elimination method with
complete pivoting is used to solve the\\fvstem of
simuiﬁaneous equations for the unknown charges. ~ The maxima
in the nﬁmbers of the contour points and the charges used in

r .

this study are 122 and 134+ respectively. The CSM technique
has been‘found suitablé and vieldé accu:aée solutionse. A

flow chart indicating the main steps used in the calculation

is shown in Fige.Z.3.
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-

Computer progqram flow chart
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| RQTENTIAL_AND ELECTRICAL FIELD DISTRIBUTIONS EQR
: . SHARED_SPACERS
- -
3221  Introdugtion
A knowledge of the potential and the electric field
distributions 1s useful 1in the design of high voltage
spacers. The flgshovef voltaqé of the sp&cer is controlled
by many factorss the most important of which is the electric
field at the cathode triple Junction and at locations
adjacent to the spacer—gas interface.
The tangeWitial field Z°t; at the surface of the spacer
affects the movement of chérqes on the surface ;nd may also
be used to determine the potential dist:ibutién on cthe

surface.

The nocmal field 2Z°*n; to the surface 1s 1important as it

* affects the deposition of <charged contaminants on the

‘d‘\ . 3 - . .
surface of the insulator and the migqration of charges from

within the 1insuylator to .the surfaLe as well as the

L4

deposition of surface charges from the gas region.

The total field E'T, determines the p:oductiqeﬁfffsharqed
species in the gas adjacent to the surface of the insulator
by impact ionization processes which are functions of the

localized total electric fielde E°*T;m 1S calculated because

hL
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it is important since it leads to a qrowth in the number of
electrons at a distance of the order of .the/ critical
avalanche length. E°tim and E'n;m -are also identified to
qive the highest values aé the surface of the spacer-

The field components are  required for both fundamentd}
studies of the processes leading tol flashover and for an
optimum desiqgn of the spacer.

In the present study the potential and the electric fiéld
distributions have been calculated for different spacer
geometries and for different insulating materials. Different
-spacer parametérs such .as the contact area yith the
electrodes the lengthe Jthe contaét angle and the radius of
éurvature of ‘the spacer are varied 1in order to select a
profile which qives a maximum withstand voltage for a fixed
insulating gape. The optimam ptofilé for a concave spacer has
been chosen such that the total electric fiéld has the

. 3 .
lowest value at the triple Junctions. This leads to a higher

withstand voltage capability which 1is also validated

experimentally in this worke ] df /

k4

322 Spacer Configquration 3
yd

The choice of the configquration of the spacer in gas

insulated system must satisfy the condition of thigh
withstand voltage in addition to ° possesing oOther

requirements such gé)qood mechanical and thermal propertiese.

- .

i
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Fige3e.1a shoWws a cross—secticon of a spacer with concave

-

NP

edges sandwiched between two parallel planar electrodes
( termed profile *a®). Pig.3.1b shows a cross—section of a
concave edge shaped spacer ( termed profile *b*) Sp¥ith a
small ?ertical portion of lenqth h néa: cnductor. The
spacer of profile *b* has a stronger mgiigzicai strength
than profile *a* in the 'vicinity ot the .conductors. Both
profiles contain a vertical cvlinarical section ulth a
length d. 6 is the angle between the tangent to the surface
of the insulator and the normal to the electrode at the
triple junctione Ra and BRb are the radii of the concave
sections of profiles ®a® and °*b*s respectively. 2Re is the
minimum diameter of the solid insulator and ! is the length
of the gap between the -electrodes. A smooth transition
between the vertical and the concave reqions 1s achieved bg
using a small convex reqion having -a radius of curvature Rx

which can be determined from the known b and s (Appendix

B).

" : s + 2 su

w + s

2(Rb -/ RbZ + 52 +2 sw < cos {(tant ))

{ha - W2

Ra is determined for different values of 6 and then kept

it

equal to Bb of profile *b¥ for the sake of comparison (Ra

»

QISin 8). | .

"
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Piga3.1c shows a céoss—section of a concave shaped spacer

(termed profile °*c*) with a rotatic { symmetry and
éanduiched between two parallel planar™ electrodes. The
-

concave shape 15 assumed to  be part of a circle having a
radius R¢c with 1its cengré in the m;d—qap distance begueen
the electrodes. -Pige3.1d shows a cross—-seBtion of a coﬁcavé_
shaped spacer (termed profile *d*) §énduichedﬁ'betueen WO
parallel planar elecgrodes. It has a véktical section having
a length g near each electrodee. The vertic&l section is
required in some applications tG vieid larger  mechanical
i%renqth of the insulator %n the vicinity of the electrodese.
Rd is the radius of the concave section Of the insulatore.

A gradual transition between the vertical apnd the concave
reqicon is necessary and this is achieved by incorporating a
small convex secticn having a radius. By which can be

determined from the known Rd and s (Appendix C)a.

(L/2) - g =p

s?2 + 2 sp \

Ry =

P +s

2(R4 —/Rd2 + sae+2'sn . cos (tant »

1/8d2 - p2
The convex section must be arranged to be a tangent to

‘both the vectical and the concave sections as shown 1in

Fige3«1 to obtain a smooth transition on both sides- The.
contact angle 8 1in profile *¢* is defined as the angle

between the tangent to the surface of the insulator and the

1]
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50l1id insulator | sandwiched between two planer
electrodes. L dap distancer BRo minimuym radius
of insulator, Ere permittivity of qgase £z¢
permittivity of insulator .
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‘normal to the electrode at the contact point of the triple
ﬁunctioﬁ (electrode—insulaﬁUE-qa%ﬁf“Qhe relationship between
the radius of curvature of the concave spacer BC arnd the

. '
anqgle 8 is Re = L/f(2sin 8). RcC is termined for différent

valnes_ofka\and then kept the same value as -Bd in both
profilese for the sake of cOmparisone Although s is

arbitrarilv chosens it must have realistic values and these

are given in the captions ‘of the fiqurese.

W

=5
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3a3  Potential and Electric Pield Distributions for

Profiles_*a% _apd ‘h? i

. .
3a3.1 Potential distrihntion along the dielectric—qas
interface of profile °a°® '

The normalized potential distribution @' along the
dielectric—gas interface is shown in Fige.3.2 for @ = O0(right
angle cylindéical spacer)s 15¢ 45 and 70° of an epoxy spacer
(2 = 4.7). It will be observed from Pige3.2 that the
contact angle affects fe As 8 inéreaseso thé departure from
linearity in:ﬁ'becomes more Dténounced. Por examples at .Z* =
0«2+ which is close to the iou voltagqe electrades f°* = '0a2¢

¥
0+185+ 0417 and 0.6+ respectively for & = 0s I5,. 45+ and

S

70°. : ' y

32322 Dependence of the electric field at the triple
jnnc;inn;nn_ﬂ.and_ﬂh

The dependence of the electric field‘ components E°tiCoy
E*n;c and BE°T,c calculated at a distance very élose to the
triple junction ( 2* = 0.01) are shqun in Table 3.1 for
different vqlﬁes of 6. -Alsc shown in Table 3.1 are the
maxima in the tanqentiai field E't.ﬁ and in the total field
E*T:m which occur at ihe surface of the spacer near points O
and 0O° (Pige3ela)de The corresponding values on thé
“dielectric side of the interface boundary can be found from
" B'ta2 =IF't. and E®n2 = E'n,/£;. It can be seen f£0m Table
3«1 that B%Tic is lower 'than the average applied field in

VT
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Pigunre 3.2: Normalized potential distribution g* of a
- spacer having profile *a®’ for different angles
f,/"“ 8. €2=4.74 L=S0 ams 28B0=40 pms» q=15 mm. curve
1+ corresponds to 8=0s curve 2y 98=15%, curve 3,
8=45% and curye 4, 8=70°.

7

<
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the gas gap for & > 0. E't;c decreases with increasing 8.

Typically from 1.0 to Q.34 and 0.14 . when 8 increases trom 0
= ‘ . . . - . L

. to U45° and 799,y respectivelye.

Table_3a2l:. Dependence of the field components on  the

contact angle 8 of profile 'a' (Fige3.7lal). £2=
be79 ZRo= 40 mme g= 15 mmsy d= 20 mm and L= 50

C MMe
Q ] ] ] 1 1
8 Ra [E nlr:I |E nlm[ E tlc eim I:"‘Tl_c: E Tlm
mm
' A} .
0 | Ry=20 0 0 1.00 1.00 1.00 1.00
]

15 |57.96 | 0.35 0.36 0.76 | 1.0 [ o0.sa| T.o0s
10 |30.0 0.58 0.63 0.s6 | 1.09| o0.80 1.10
a5 |21.20 | ©0.70 |~ o0.82 | o0.3¢| 1.13] o0.78 1.15
60 |17.32 | o.80 . 0.95 0.18 | 1.1 o “‘/1.19
70 15.96 | o0.8a | “0.99 | a4 1.17{ fo.8s| 1.20

E'nic increases with increasing & from 0 for cylindrical

X

spacer (8:=0°) to 0.34 for 0=70°. -t
I

Since the magnitude of the _ field at thé

spacer—conductor—gas junction is detrimental to the

.. ‘ T . ) . oA .
initiation of the ~electrig discharge 1t " 1s 1mportant to
minimize the field .at thi¥s junction. This is achieved at & =

45° when E*T;c 18 at minimum value (Table 3.1).

Na
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The-caléulaﬁed field components for spacer 'b' are shown
in Table 3.2 It will be observed thate as Rb i1ncreasese
E*t:c and E'T;c  increase. The normal field at the cathode
deécreases very slightly with increasing Rb but remains very
small. It will be n@ted that Tables 3«1 and 3.2 are jiven
fof the same values of Rai and Rb so that a -meanlanul
comp?rison can be made between the two profilese. The
smaiier E'Tic is achieved at 0=45° (Ra=21.2 mm) for spacer
'‘a' (Table 3.1). For spaéer *b' the smaller E'T,C occurs at
Rb= 15.96 mm (Table 3.2) ‘but E'T;m is higher there.

~b

Table 3.2: 5épendence of the field components on the radius

Rb for a spacer of profile "b*' (Fige.3«sTble 2Re=

. B0 mmsy L= 50 mme g= 15 mme 4 = 20 mms h= g/3.
s/h= 1/2 and €23 4.7,

b .
Ry Re Bl iE'nlmI B'eic| Bein | B'Tic!| E'rim
mm mm - R
15.96 .| 7.98 | 0.008 | 0.89 | 0.80 |°1.16 | 0.80 1.20
117.32 8.85 |.0.006 |-0.81 | 0.82 | 1.1s o.aé 1.18 |
21.20 | 11.22 | 0.006 | 0.67 .| 0.85 | 1.12 |. 0.85 1.16
; |30.00 | 16.39 | 0.003 | 0.47 | 0.90 --1.09' 0.90 1;\1.2 .
57.95 | 32.35 | 0.002 | 0.25 | 0.95 | 1.05 | o0.95 1.08 | "




32323 Dependepnce_on_the pexmittivity Lo of the gpager
. 1

The dependence of the electrical {1211 components on the
permittivity in the range L= 2.7 to 130 for profile *a' is
shown in Table 3.3. It will he observed that wvarying the
permittivity of the spacer has a great 1influence oa the
fiell components in the ranje covered. Table 3.3 shows that
the fleid components at a location eery close to the triple
qunction (Z2'=3.C1) decrease as the permittivity 1nCreasase.
The maxima of the field increase as the pegmittivity
increases. Typically E'a;m increases from 0.7- at £, = 2.1
(Teflon) to 291 at £ = 100 {(Eutile)d. The dependence of
the electrical field on the permittivity L2 fgr profile *b!
almost follows the same trend of profile *4'  (Table 3.18)
and therefore it is not shown for brevitye. The reduction in
the total electric field E;T:C is 1in aqreement with_the WOTK
reported ﬁy Pillai and Hackam [23].

Table 2.3 and 3.10 show that ='T,c decreases and E'T;m
. , -
increases with 1increasing permittivity. The higher field in

the vicinity of the cathode causes increased ionizaqion and
/

has strong effect on the formation Of the avalanches In the

reqion'near the c¢ritical avalanche length a small increase

-
.

1in the field causes a la:qé increase in  the number bf
electroﬂ; and 1n the space charge field as will be shown 1n
chapter ¢ and appendices De T -and F. This might explain the
measurement reported by Jordar aal others {1I) which showed
ra decrease  1n thg flashover voltare Wwith 1nCreasing

-

oermittivitye -
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Table_3.3: Dependence of the field cohponents on  the
. permittivity of the spacer for profile 'at
(Fige3ela)e 2Ro= 40 mme g= 15 mmse d= 20 mmoe =
50 mms Ra= Z21.2 mm and 8= ul°,
.

Material €, |E nlc] |E nlml E.tlc E'tlm E'Tlc E'Tlm
Teflon 2.1 0.72 0.74 0.51 1.07 0.88 1.08
Plexiglas 3.2 0.71 0.79 0.41 1.10 0.82 1.12
Epoxy 4.7 0.70 0.82 0.34 1.13 0.78 1.15
Macor . i
glass- 5.8 0.70 n.83 0.32 1.14 0.77 1.17
ceramic
Porcelain 9.0 0.69 0.86 0.28 1l.1l6 0.74 1.19

¥l

‘Titaniuom ] ~.

dioxide 40 0.66 0.90 0.21 1.20 0.70 1.23

Eutile 100 0.66 0.91 0.20 .20 0.69 1.23

Table_3.4: Dependence of the field components on g at a

fixed L for- a spagcer having profile 'a*
(Fige3ela)e 2Rg= 40 mme L= 50 mmy 8= 43° and L,
- l&.?-

g Ry | 1B mc 120l | B'eic | B'eim | B'ric | E'rim
mm mm

2.5 3.54 0.80 0.78 0.59 1.09 0.99 1.11

5.0 7.07 0.78 0.79 0.54 1.09 0.95 1.12
10.0 1a.14 0.75 0.3% 0.42 1.11 0.86 1.12

15 21.20 0.70 0.82 0.34 1.13 0.78 1.15

20 28.28 0.68 0484 0.31 1.17 0.75 1.48
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323243 Effect of the length g

The effect of varving the lenqth g of the coqga;e portion
of profile *a* (Fige3.la) on the electric field components
at the triple juncticns is shown in Table 3.4. L and ®-are
kept constantse Therefores in order to vary gqs the radiﬁs Ra
must be varied according to the valzes given in Table 3.4.
It can be seen that.as g increases the field components very
close to the triple junction decreases although the maxima
in the field components inérease'sliqhtlv- Typicallys E°'TicC
decreases from 0.99 at @ = 225 mm to 0«75 at g = 20 mme
These results suqgest that g should be chosen to be as large

as possible within the physical constraints of the system.

3s23s5 Dependence on_the lepgth_of the vertical part d

The effect of varying the length @ (Fiq-3.1as on the
field components is shown in Table 3«5« g+ BRa and & are kept
constante. As d is variedy L must also be varied in tandem
in order to keep the other parameters constante. It can Se
seen that varving the length d and L ander these conditions

has little effect on the field componentsa
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Dependence of the field components on J (and L)
at a fixed g Ra and. & for a spacer having
profile 'a' (Fige3ela)e ™ 2Ro= 40 mms 8= &5°‘ Rac
21¢2 mme g= 15 mm* and £:=8.7. i

Tahle 3.5:

rr
C
d L E L] [} [ [ ] L ]
om - I nlc[ |E nlml 2 tle E clm E Tlc E Tlm
0.5 3.5 0.66 "0.83 0.32 1.16 0.73 1.18
1.0 4.00 0.65 0.82. 0.32 1.15 0.72 1.17
2.0 5.0 0.65 0.82 L 0.32 1.13 0.72 1.15
3.0 6.0 0.65 0.82 0.32 1.13 Q.72 1.15
\I
5.0 8.0 0.66 0.83 0.32 1.13 0.73 1.15
7.0 10.0 0.67 0.85 0.32 1.15 0.74 1.18
. - ,
32326 Dependence of the electric field on L

radii r from the axis of

the solid dielectric

The total electric field £°'T,

with 0=45° and is shown in Fige3e.3e.

likely path of the flashover .of the concave spacer at high
gas pressurese.
distributions

inside the solid insulator

between

It

can be obs

the tw

ed that

for a plexiglas spacer

electrodes

voltages to . the electrodes V and Q.

is

of profile

is calculated at different

the spacer both inside and outside
The line AC 1s the most
the electric field

L 4

symmetrical

despite the asymmetrical applied

lal
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Piqure 3.3 Normalized total field E°*T: as a function of 2°

By r/Bo=2 and cucrve 5+ C/Ro=%.

for profile va*' at different radii re E2= 32
L= 480 nm. 2Ba= 40 nme Ba= 18«14 mme g=10 mme
curve 1 corresponds to [L[/Ro=0.05s curve 2
r/Ro=0.95+ curve 3, r,Ro=1-207 {line AC)s curve

’
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The electric field has a minimum value at the triple
Junction for line AC {(curve 3) and also shows a symmetrical
behavioure At a location r/Re =2 the electric field has
ngarly a uniform distribution though sliqhﬁly asymmetric
(2*T;a = 1-01 E'T,C}- Howevers at T/Ro =4 which 1S near the
outer periphery of the electrodess the asymmetry in the
electric field distributions increaseses The field 1s higher
by 7% near thel high voltaﬁe electrode than at the .other
electrode (Fige3e3s curve 3)e. This behaviour has been
attributed £$ the- efféct of the asymmetrically &pplied
voltages [91+32] and is more pronounced at the edges of the

s
electrodes. It 15 1n agreement wWlth the recent work reported

in (9317 A

!

3.8 Iangen:ial;;ﬂgzmal_aﬁd_Inzal_Eield_Dis:nihunions_io:
' Snﬁcaxs_hi_nnd_in.'. -
E'tyy E°'n:;+ and E'T; are determined on the gas side of
the interface for different contact angles 8. Ra and Rb.
Fié.B.U shows E't: for epoxy- (ﬁzéu.7) spacers types ‘a’
and *b' (fig.3.1) and for varying © and Rb (=Ral). It will
be observed.from FTige3d.t ;hat E'tyc (= E't;a) ris lower than

the average applied f£fi1ield in the gape. Z'tim occurs at -

locations near points 9O and 0* (Figs3.1).

The dependence of Z*n; on & and ®b (=Ra) at the gas side
? 4 .

F

of.- the interface of the spacer 1S5 Shown in Fige3e5. Tor

spacer ‘he {Fige3s1) IZ'n;iis negligibly small at the tripla



54
junction while for sSpacer ‘*a‘. .IZ'n;I increases With
decreasing Rae )

Fige3.6 shows E*Ty for an epoxy spacer having different ©
and Ebe The total field at the triple‘iunction is seen to be
lowest for © = 45° (curve 2).

The total electric £field E'T, for profile *b* " at
different locations inside and outside the solid dielectric
including the line Ac is shown in ;;q-3.7- The behavigur of
the electric field distribution is symmetrical inside the
so0lid dielectric and alonqg the line ACe« The maximum in the
electric field occurs near points 0 and 0° of Pig.3.1.
Howevers at a location away from the solid insulator at
r/Rq;2'. the electric field diéfribution becomes almost
uniform except near the electrodeé where a small distortion
is found qiwving E'T,a‘= 1;02 E*'TyCe AF a locaticn r/Ro=4
{curve 5) near the outer periphery ¢of the electrodes there
1s a marked distortion 1in Ehe electric fields espéciallv
: LN

near the high voltage electrode. Typicallye E*T,; is higher

by about 19% than that at the low voltage electrode.
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Figgre 3,4 Dependence of normaliied .tangential field E*t,

on Ba in profiles "a®|and *b’e.  £2= 8.7e L= 50

. MMy 28a= 40 mme q= 15/ mme S,h'—' CaSe h/q= T/3»

Ra=Rb. curves 1 4 coarrespond to Ra= 57.9
mme curves 2 and 5+ Ra= 2142 mmey curves 3 and
6+ Ba= 15.9 mme curve 1, 8="15%, curve 2, 6=
45%, curve 3+ 6= 70°, Progfile *a®: " curves Ts 2

and 33 Profile "b® curves 4s 5 and 5.




>
\

S 08

0.4 0-6 !

/

-

. \
Pigyre_3=3: Normalized normal field E®n, diStribdtion ong

the spacers interfaces. ‘Conditions are as of
Fiq-a.u- .
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Norpgalized total field E°T, distribution along
the spacers interfaces on the gas side-
Conditions are as of PigaJ.b.
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¢ Figuge 3.7:

0.2 0.4 , 06 0.8 1.0

Normalized total field E*T, as a function of 2Z*
for profile °*h* at different radii r. E2= 3.2
L= 50 mme 2Ro=" 40 mms BRD= 21271 mme g=15 mme
s/h=0el+ + curve 1 corresponds tO r/Ko=005s
curve 2+ r/Ro=0.95¢ curve 3¢ rC/Ro=1.125 (line
AC)y curve &y r£/Be=2 and curve S5¢ r/Ho-4.

-+ ) a
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323 EQLenzinl_and_iield_nisxxihn;idns_ﬁon_E;inles_:c:-and
3  _(Pigeldsl)

s

3a321 Efﬁeéxs_of_cogxac:_anqleﬁa_and_Rd

‘FTige3s3 shows ﬁ‘alonq the gas—-spacer interfade of DIOELIn
'd* (Fige3de1d) wusing different radii of curvature Rd. The
radius Rd of the Macor glass-ceramic (£2 = Z5.3) spacer 1s
varied in the range 271¢3=77+3 mme It will be observed that ﬁ'
15 dJdependent on the radius,d and the departure from
linearity becomes more pronounced for smaller Rd. Typically
at Z'. = 0.2, g* = 0.134, 0.15; 013 and J.2 for "1 = 21.3,
23e3y 773 mm and- for a cylindriéal spacer of Ro = 20 mm,
respectively.

Table 3.5 shows a summary of the influence of the contact
angle 8 in profile 'c!' on the electric field components 1in
the gas side calculated.at the triple junction (Z' = Q.01).
E'aim .occurs close to the triple Jjunctions at 2= 0.03 and
Z'= Q.352. As can be seen from féble 3«6 that Z't;c
decreases with increasing 0. E°'T,c has a minimum value at @
= 459, Therefore this should give a higher flashover

voltage. E't;m'- E'nicy |E'nim| and Eff;m 1ncrease wWith
Q;ncreasi;é 8 from 0 to 70°. . ‘”—\\
Since a ' high field ¥ the conductor-spacer-gas junceion
lead$ to initi;tion of electric discharges 1t 1s useful to
minimize this fielde. In order to obtain the maximum
improvemen in » the withstand voltage of the ;ystem qf

(Fig.3:9d) @ = 45° must be chosen (Table 3.5) where this

~

S —
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L=

Normalized potential distributﬁon g along the
Anterface for different radii of curvacure Rd
of profile *d4°*. La= SeBe 2Ba= 40 mne L=40 mm s

?=5 mm and s/q= Dela
. /' -5’
v

4

)
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Iable _2,8: Dependence of the field .c?mpogents on thg
contact angle 9 in profile 'c {(T1qe31c) EL,=
32+ 280= 40 mm and L= 4O mm. v

6° Rc ]E':f'lcl IE'nlm] E't;lc Eltlm E".I‘].c E'Tlm
mm .

0 R, =20 0 0 1.0 1.0 1.0 1.0
15 77.3 C0.32 0.3¢{ 0.79 1.07 0.85 1.07
* | 30 40;0 0.53 0.60 | 0.57 | 1.13 0.78 1.13

3

45 28.3 0.66 | . 0.81| 0.38°| 1.18 1 0.76 1.156
¢| 6o 23.0 0.77 ‘0.95 0.25-1 1.22 0.81 1.22
70 . 213 0.83 | 0.99| 0.14 | 1.24 | 0.84 |} 1.24

Tahble_3,7: Normalized normal E®n;c » tangential Z2'thic and

total E2'T,c fields (at Z'= 0.01)} as a function
of %d (profile 'd') £2= 3.2+ Z2Ro= 40 mme L= &9
Vd mmy g= 5 mm and s/g=0.1
. s . - \ (
- ) ] ' ] ] 1 - hn\
g Ry 12" p1c] lgsklml- 2 rie B el E'rid “oim
\ mm mm
N21.3 1.20)| 0.002 1.06 0.80 1.22 0.8p 1.22
' : : ~
23.0 5 138 0.003 0.98 0.81 1.20 0.81 f1.20
2 28.3 .78 o.o%g 0.80 0.85 1.17 0.85 1.17
B
40.0 4 2.60 0.003 0.57 0.90 1.12 &.50 1.12
~N__— |- - ) ®
77.3 5.198] 0.603 0.30 0.95 1.06 0.95 1.06
) P
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field is at a minimum valoe. This finding 1s validated

62

N
experimentally in the presené study in compress@ gases.

The calculated fields at a lccaticn very close to the
< . b
triple jumction (Z°* = 0.01) for profile *d* using Lz = 3.2
. —~

are shown in Table 3.7. It \}ill be observed/from table 3.7

thate as . Rd increases, bOth E'tyc and BE*T,c increases but

\ ) . . )
[Z]n;ml dectéﬁSes with increasing Bde B'n;m[ogcurs at Z* = -

«125 1n the transition reqgion between the vertical and the

curved sectiOnse Also‘kjwen in Table 3.7 are E't;ym and E* T m
- N _
at the interface which occar at the mid gap (Z°* = (0.5)

-,
-

locatione.

Pige3+92 shows the total field E*T, alonqg the 1line AC of
e

—
profile ¢ (Fige3+1). The ﬁine AC is chosen because it is the~“r\\\

most likely path of the flashover of the concave spacer at . ./

high gas pressurese Pige3.9 shows E*T; along the line AC

decreases as 8 increases and reaches a wminimam at e=u5°,
¢ t -
With a further increase in 8+ E°T;C starts to 1Dcrease. Also

B*T;c is lower tHam-the average applied field~in the qape
] il —_ .

- X .
k| . k - -5 ,

»ld
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E ..

Pigure 3.9: Normalized total field E'T, of profile‘c®.
‘different contact anqgles along “the line' ACa

: Conditionss £2= S+8s Ro= 20 mme L=10 mm and

Rc=§(2 Si)n Qe ﬁ\\

- : ?
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32522 Effect of radius RBRp op E'r; and E'T.

The effect of varying the radius £Ro of the spacer with
profile *¢' from 10 mm to 50 mm on E'ty; and E'T, is shown in
Pige3.10 for ® = 45° and &£, ;.535; It is useful to note that
varying the radius has almost 10% and 5% influence on the

values of E'ty and E'Tie respectively iithin the ranqge

covered. S
/

+

I

E;S;ﬂ - Effect of varying L on E*t, apnd E°T, °

Fige.3.71 shows the effect of varying thé gap length L on
'ty and E'T; for £z = 5.8 and.® = 43°. It will be observed
that E*t, and E*'T, depend on Lo particularly in the rggion
near the electrodes. Typicallys for L = 10 mme E't‘Ea’ 0.32
and at L = 50 mme E'tyc = 0.24. |E'n,cl{is also found to
depend an L. i@*incréase; with increasing L iQ;the raﬂqek?o

to 50 mm by about 10% (not shown for brevity)e. E'T,c

decreases by 6 % with inc¢reasing L from 10 to 5C mm.

—N ;

Fiqge3.12 shows E'T; at different distances r from. the
axis of profile *c's It can be observed that the electric-
®ield behaviour has a symmetrical distribution inside the

s0lid dielectric and. aleng the line AC. 3ut at r/@e=t the

electric field is no—

=

nger symmetrical. The electric field

at the high voltage electgode is 1.03 of-that at the low

-

' ~d ) . ) e
voltage electrode. The makimum fleld-*E'T;m is 1.16 -and
,'occu:s at mid gape however: the minimum of E*T;c is observed
-\ij(}'

~

for line AC (cukve 3) which at t/Ro=1e%1b.

LY
S

3
A\
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Figure 3:10: ©Normalized tangential B°t, and total B°T,

fields on the gas side of) the spacer— gqgas
.interface for different r i Hge of profile

'_c'.ﬁ ust £2= S.€ and L= 10 mm.
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Pignre 3.313: Normalized £'t; and EB°*T, for different gap
lenqths Of profile °*c’e. = 85%, Ro= 20 mm and
2= Se8a



N Figpre_3s12:
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Normalized total field E°'T, as a function of
Z* for profile *c* at different radii\g. Ez2=
3.2¢ L= 80 mmy 280= 40 mm, Za=\ 8.3 mmié curve
1 corresponds to - £/Re=0a05, curyve 21
£/Bo=0+95s curve 3y r/Re=WU14 (1i AC)
curve 8y r©/Ro=2 and curve 5S¢ r/Ho=4.

2
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Ja5283 . Dependence an g
The effect of vazcying the length g 0of the vwvertical (
portion of the spacer near the electrodes on the electric
field components at the tciple’ﬁunctions is shown in Table
’:Zr
3.8. In this case L and Rd are kept constants. Therefores in °

order to vary g the radius Ry nmust a2lso be varied according

to the values given 1in Table 3.8 to obtain a smQooth?

/1;;;\ the vertical ‘sections

such that the conwex reqidn remains asymptotic to both

sections. The dependence

transiticn between the conca

£ the field components on g { for
fixed L and Rd) <can not be separated from its dependence on
_.Rv.. It can bé seen from Table 3.8 that 2'tice E*TiCy |E°nym|
andlE'h;c\ show strong dedendence on q and on Ry E*t,c and

E*T:c increase as q and Ry increase.  Baut |E'n:m| which

occurs in the transition regqions and E'n;cl decrease as

both q and Ry increase. It should be noted that as q/L

+

-ilncreasese E'tym and E'Tyme which occur at the interface in
the mid qaps decrease slightly. Table 3.8 shows that q

should be kept as small as possible to yvield a ldw value of

-

E*Tsc but must be ﬁnfflcient to provide adequate mechanical

strenqth of the spacer near the electrodese
.



Table_3.8: Devendence 0f the field components on q at a
fixed L for a spacer having profile ‘*d's. 2Rp=
40mmes L= 40 mme Rd= 28.3 mme s/g9= 0.1 and £;=
3ele '

.'-
g/L R gl EI ] 1 L) []
] Y 12 h1c] | alm! Bleie B elnm E'ric Bl rin
mm -~
0.05 0.56 6.010 0.89 0.68 1.18 0.68 1.18
0.10 1.3 0.003 0.84 0.80 1.17 0.80 1.17
. . 5
0.125 1.78 0.003 0.80 0.85 1.17 0.85 1.17
' ) ]
0.175 2.95 0.002 0.70 0.92 1.15 0.92 1.1%
0.25 5.75 0.001 0.52 0.;:\\\\3.12 0.96 1.12

N o~

N

32325 nenendense_nn_Lheqi;na:h_oﬁ_:he_snaéen_L;

->Tab1e 3.5 shows the dependence of thehcalculated fields

. ".° - -
at the cathode triple junction on the spacer lenqgth L 1n the

range 10 - 100 mm.
both BRd and Ry

. +
same ratio g/l «which

It should bewnoted that as L 15 varied

also have to be varied in order to keep the

1s fixed at an arbitrary value but

[

oy oy
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realistically chosen to be g/L = 2.123. It will be observeld
\ : ) !

from Table 3.5 that there is only a small influence on T'tic

and S'T,;c with varying Ls 8d _and Ry ~hen the parametecs Cae

g/L and s/q are kKept constante but there s a sliqght

increase in|E'n;m| with increasing L.

-

Table 3:9: Dependence of the field components on the
lengtfs L and g of profile *4d° SpaCAT
(Fiq-3-1d)- «ezRo= &0 mme f.]/L= Qe125y S/Q’: 0e1
and L£a= 3.2

’ ) B . 1 Y - ' '
. Rd Ry |2 atel 2 nJ.xuI eic | Bl | E/(lc rinm

20 | 7.07 | 0.443) o0.006 | 0.78 | 0.87 | :.15 |/ 0.87 [ 1.15
20 .} 14.14 o.éa; 0.005 [ 0.79 | 0.87 | 1.4 | 0.87{ 1.15
s0 |28.30 | 1.780| o0.003| o.80 | o.s5 | 1.17 | o.85| 1.17
60 |42.43 | 2.658 0.003 | 0.83 | 0.85 1.18 | 0.85 | 1.18

100~} 70.70 4.430 0.001L 0.89 0.82 1.211 0.82 1.23
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325.5 Dependence_op_the permitiivity_f£- of the_spacers

The dependence of the field components of spacer *d4d' on
the serm;ttxvzty in  the range &L= 2.1 to 12,000 are shown
in Tablé 3.10. It can be observed that the Eielé'components
exhibit a‘méfked dependence on the permittivity in the Fanqe

£2 < 40. Typically 2'T,c decreases from (.91 at &z = Z.1 to

::.?O.at 2 = Uo. fhe dependence of the field components of
e’ .

pacer 'c' on the permittivity L2 at the triple 3Junction

follows tﬁe same behaviour as that of spacer 'a®' (Table 3.3)

aqg'theref;>§-it is omitted for brevitye.

: ; A%bn  the
1E_3310: Dependence of the field components~<> the
fab * permittivity of the spacer for profile §
(Fige3.1d)s 2Ro= 40 mmse L= 40 mmsy g/L= 02123+
s$/g= 0«1y Ry = 1.75 mm and Rd= 28.3 mm.

Material €y IE'nlcl ]E'nlm] E.tlc E’tlm E.Tlc E'Tlm
Teflon 2.1 0.001 0.70 0.91 1.11 0.91 1.11
Plexiglass 3.2 0.003 0.80 0.85 1.17 0.85 1.17
Epoxy 4.7 0.003 0.88 0.81 l.20 0.81 1.20
Macor- ~ '
glass- 5.8 0.005 0.90 0.80 1.23 0.@0 1.23
ceramic . .

Porcelain | 9.0 0.007] 0.97 | 0.7¢ 1.26 0.76 1.27
Titanium . : )
dioxide 40 0.008 1.06 0.70 1.32 0.70 1.32
Eutile 100 0.008 1.08 0-.6% 1.34 0.69 1.34
Titanates 1000 - *
to 0.008 1.10 0.68 1.34 0.68 1.34
12000 |-
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3227 Dependence_on Rys

*

.

- '.”.. -
The effect of varying the radius of curvatura of ' the

/ .
transition region Ry on the e{gctric field components at the
: d

. . ) ¢ . .
triple junctions are showa in Table 3.11. In order. to be

able to vary Ry for fiied Qalues of Rd ap G s/q must be
. : Lk
varied according to the values given in Table 3.11. It will

be observed from Tableq3.11- that Ry has no effect on the

-

field components except on|ES'nrm . i 9

‘Tabhle_ 3.1 Dependence of the field _components on Ry for
spacer having profile *d' (Fige3.1d)e. ZRoe= .40
mme L= 40 mme £2= 3.2y R4= 23.3 and g= 5 mm.

Ry /9 | 1B qael 1B qaml 3'1:.'1.5:- = tim mic | Bram | .
mm ° | _ ©
1.78 0.1 0.003| 0.80 | 0.85 1.17 0.85 1.17 ,///,J
3.43 0.2 | 0.003|.0.78 | 0.85 | 1.17 0.85 | 1.17
5.46 - 0.3.| 0.003] 0.763] 0.85 1.17 0.85 |. 1.17
7.52 0.4 | 0.003| 0.75 | 0.85 | 1.17 | ~ 0.85 | 1.17
9.59 0.5 0.003|.0.73 | 0.85 -] 1.17 - P85 1.17
11.70 Epg*’ 0.002} ©0.72 | 0.84 | 1.17 | 0.8 | 1.17 .|
] e ' -
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3,6 Comparison_of Potential and Pield Distributions of
Different SP3cerSe |
The potential distributions at the surface of diffé:ent
profiles: rectangular cvlinders profile "a‘. o:bfile *bh*y

profile *'c* and profile *3d* spacers are shown 1in FPige3.713
for Macor qlass-ceragic (€2 = S5+.8)e Ra=Rb= 27.2 mn for-both.
profiles *a® and °b°® and 6=43° for profile "a'. Rc = 2843
mm 1S @hg sape. as Rd for both profiles *c* ind *d* and €& =
45° for profile *c'. It can be inferred from the potential
distributions that: tﬂe electric field mnear the triple
junction is smaller than the av;:aqe.anplied field. This
leads to a gi&h uiéhsxand vo;taqé of the gape

Pige3.14 shows E'ty; in profiles *c’® and 'd* (Fig.3.7) for

three different radii of curvature Rc=Rd = 271.3s 28.3 and

. 77«3 mme ° It will he-observed from Fi§.3.12 that E®*t;c is

lo;er than the averaqge applied field in both" profiles and
decreases with ‘decreasing Bd. or Rce. E*n,for Macor
‘qlass~ceramic is shéun in Pige3+15. It will be observed that
|E'n;cl increases with decreasinqg Rc of the spacer dﬁ drofilé
cre Sim11a¥lv' B'n, increases with decreasing Bd in
profile”*d* and IB'n.nl occurs near the transition regione.
Tﬂe normal field is directed towards the solid insulator
surface in the .caéhbde reqion and fs’shoan as hévipq a
neqative value and away from the surface near the ancde

(positive value).

-
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Pigure 3.13:

\\\\\.\‘. !

-

X c . d

Potential distribution @*along the interface

. of different types Of spacerse 2Re> 40 mme L=

40 mmy £2= 5.8+ Cylindrical spacers Bo= 20 mme
Spacer of profile ®a®y Ra= 21.2 mm, 8= 459, q=
15 mms Spacer profile *b*s Rb= 21.2 mme g= 15
mmey h= 5 mmy s/h=0.8 Spacer profile °c*,y 8=
45°, Rc= 28.3 mms Spacer profile *d*sy Bd= 283

mme G= 5 mMms S/q= Jale L’
. 7
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Pigure 3234 Dependence of normalized tangential'field E't,
‘ . on Bc apd R4 in profiles "c* and "d*. E£2=
Se8¢ L= 80 mme 2Bo= 80 ame g= 5 mms s/q= Oete
- Curves 1 and 4 corresponds to Rd= 77«3 nms
curves 2 and 5S¢ Rd= 28.3 mme curves 3 and 6.
Rd= 21+3 mme curve 1y 8= 15% curve 2, 8= 439,
curve 3y 8= 70%°%, Profile ®c®: curves 1+2 and
37 Profile *d*: curves U+ 5 and 6.
/
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Nocrmalized normal field B*n; distribution
along the spacers interfaces. Conditicns are

as of Fiq.3.140
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The total Ffield distribution E*T, at the spacer—gas

interface for £2 = 5.8 is shown in Pig.3.76s for profiles
*c* and *d°. The value of E*T, iS less than unity in the
vicinity of the electrodes and has the lowest value fof
profile *c* when 8 = 45° (corresponding to &c = 2843 am for
Ro= 20 mm and L = 40 mnmd). E*T, is also calculate at
different radii r inside and outsidg the solid dielectric
and is shown in Fige3«17. Line AC ié of special interest
because it is the mosg likely path Bf the development of the
avalanche 1leading to flashover in compressed gqases- The
highest field occurs in the mid ‘gap reqion Just inside the -
solid dielectric (Fige3-16s curve 2) with a value of E'T m =
1.2-. Despite the latter incre;se in the fieldes which is not
sufficient to. initiate internai partial discharges at the
nominal Oper;tinq voltage of practical spacerss the
enhancement of the surface flashover by lowering the field
in the gas reqion {s expected to be worthwhile since E*T:cC =
0+8 (Pige3+17, curve 3). At a location away from tha solid
dielectric r/Ro =2+ B*T,; is almoit at unity in the middle of
the gap and a small asymmetry exists near the electrodes
E*Tia = 1.01 E*Tyce Howevers at r/Ro=4s and near the
electrodes edqges the symmetry in the electric field
distridotion no longer existse Typicallye E°*T, 1s 1.1 and
0.95 at the hiqh and the low voltaq; eleﬁtrodes-
respectivelys; qiéinq an electric field which is 1€X (curve

5) higher at the anode than at the cathodee



~.l,

-

1.35
115
!

E1y

0-95

075

0-55 1 1 1 )
0 0-2 04 0-8 Z' 0-8 1.0
Pignre_ 3216c Normalized total field B°T,; distribution along

the spacers interfaces on . the 'gas side.
Conditions are as of FPige3.1d.
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Eignre 3a17: Normalized total 'field 2°T, as a function of

Z* for profile *d* at different radii re. £a=
Sea8¢ L= 80 mme 2Bo= 80 -mme RA= 28.3 mme g= S
mmy s/q= Cele cacrve 1 corresponds to
r/860=005y curve 2s .C/Ro=0.95, curve 3.
I/Ro=1215 (line@ AC)s curve 4. r/Bo=Z and
curve Sy r©/Ro=8e
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3e7 Cnihical_£ondiz%ons_£bn_52acen_nesinn_

For the design 0f 1improved épacers 1t 1S necessary to
reduce E*'Tic at and the vicinit? of the cathode junction as
tyﬁically shown in Fiq-3.16-. A lower electric field. at thQ -
cathode reqion results in a reduction of the Fowler-Nordheim
field-emitted electrons from this electrode. This is

particularly important at highly stresseé gaps 1in high R

gaseous pressures 0Of SF, ifd in vacuum devices.

It has been widely postulated that the onset of théh\‘\\\
r

surface flashover of thea. Spacer occurs at a critical

electron number (~10%) and hence at a critical electric

currente. Therefore. with ;a‘ lower local field at the
electrodes in the concave geometry compared tO the right
angle c¢ylindrical spacers a higher apélied voltage would be
necessary to reach the critical currents This has heen

demonstrated for example with @ = UL5° as shown in FigS<Se7

and S5.23.

The normal field at thé spacer surface should also be
reduced in order to minimize the deposition of pollution
debriss other contaminants and surface chargese. Howeye:c the
contribution -of the normal field to the flashover 15
indfrect and of a much lesser deqree than that of the inal
field in the region of the gaseocus gape This 1s because the
axial field 1is responsible for the movement of charqges 1in
the direction of the electrodes.’ The total electric field in

the gaseous gape adjécent to the spacer surface 13
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-

’ - -
responsible for the production 0of charged species by
ionization processes which are strongly field dependent. At
high pressure of SPs+ and since the field no longer remains

uniform - for a concave insulators the avalanche lenqgth

becomes shortec than the gap length. Bences if in the region

. near the cathode the total field.&§_qeduced' as is the case
for 8 = 45°%, (Pige3.14)s the production ¢of electrons in the
gas reqion 1is also . redyceds. This also leads to a higher

withstand voltage as cbserved here (Figs.353.12 and 5.27).

-

o
= 3
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Chapter IV

EXPERIMENTAL_ _TECHNIQUES _ASD__TEST__PROCEDURE

-

~In £§T§‘chapter the experimedtél S@% up» the breakdown

-

chamsetw the high voltage power supplies inEludinq dece  acs
. 1 N
and impulse qener3tors. the measuring circuit <nd the test
procedure are described. . -
4 1 .

'A -
ba1l Breakdoxn.:hagkéz _ ' | f
The breakdown chamber °"which has a volume of 30 1 and 1is
capable of a maximum gas pressure of 8 bar 1S shown 1n
Fige4e.1. The chamber consists of two sedtions. the upper
.(LJ is made éf J.34 cm;thick' carbon steel and the lower

section (2) Of 0.63 cm thick_stainless steel. The:Qpéer
seétioq serves és an exggmnsion -ts ac;ommodaie -:he high
voltaQes bushing which is _%apable c;f withstanding working
voltage of up to 300 "kV when it is\pressuri;ed in 5?; at
2x103 Pa. It consists of a cone (3) and a.corruqated bdshing
made of porc:iain (4)y two steel end plaées. and®a steel rod
{5) mounted on a flahge (6) to hold thée top ?iectrode (T)e
The top. electrode is connected‘to the rod uéinq 4 spring
contact system-(5)e. The space :1thin ‘the twp porcelain
\

sections and the end'!plates is pressurized with SFe at 2x103

Pa -(absolute). The chamber contains twO viewing ports (3).
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Three pressure gauges are connected to the gas inlet. One.
330ge is used for measuring the gas pressucfe in the 300 psi
range (resolution of 1 psi)y while the other twos 0-50 mbat
and 0-25 mbar (bothsy resolution of 1 mbar) are used during
the - evacuation of the chamber befbre starting the
exuerimentﬁ. Pumping of the vessel is done via port (10)
;hich 1s located at the base of the pressure vessel. The top
eleqtrode is fixed in position and the lower electrode is® -
movable with the aid of a screw mechanism system (17)
connected to a dial (12) (resolution 0f 0-071 mm) which sShous
the gap distance between the electrodes. The lower electrode
is qrounded using a copper strip (13) or connected to a

®

small resistance for monitoring the breakdown current. A set

of three screus (14) are used for 1levelling the lower

electrodea

c‘\-\j
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9.2 Hinh_!olxane_Baxer_Snnnligs
Surface flashover voltage of solad insulato:;_-ate
measurid using— dce —~ac(60 Hz)s and lightning impulse
voltaqes.' The description of the power supplies used are

- \ —_—
given belows

-

4+2.3 dc_Pover_supRly _

The dc sﬁppl#l is a peltatrdn model M-100C power supplye
The primary supply is a 208—290 Ve 60 Hz+ single phases 8
KVA and the output voltage is 1.2 MV °neq$;ive with r?Spect
to the qrouné at 2 mha. The generator haé a load requlation
of 0.1% and peak to peak ripple of 0-1% = -

The Deltatron “dc power supply is a caécade transformer
with the secondary coils capacitively coupled to the primary
coils of ;dﬁacent transfOrLmersSe The ﬁrimary power has a
frequency of about 100 KHz. , A Cockcreft Walton voltage
multiplier is <connected aéross the Symmetry poinﬁ of the
circuite and this produces the hiqgh voltage éc output at
each stagqe. The seccondary and.thg primary coilses capacitor
neguorkc diodess and the.seriés resistor form a deck anit
which is encapsulated in epoxy 7.6 én thick and 43.3 cm
diameter_and is capable of a maximum voltage of 60 &Vv. To
build up the required dc voltages 20 ideh;i;pl 'decks are
stacked inside an insulating tabe having 81 cm diameter and
298.5 cm long filled with SPe to provide cooling and

insulation.. The circuit diaqram is shown in Fig.l.2.

o
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Stabilizations controls and monitoring aré provided in a
standard rack cabinet mounted on casterses Monitoring on the
control panel is done with a voltmeter in the range (0—1;2
MV) and the current flowing in gap with an ammeter in the
range (0-2 mA). The outpaut voltage is calibrated with a 25°
cm diameter sphere gap (accura&y‘of + 3%) up to 250 kV. The
annlied- voltage is measured using a DVM (accuracy of =
0.05%) connected across.-a resistive divider with a ratio of

106 = 1.

42222 Impulse_generator

*
A schematic diagram of the 1impulse generator is shcewn 'in
Pig.4+3. The impulse generator consists of 8 stagese each

/ .
has two 0.2 uP capacitors connected in seriese The

capacitors in each stage are charged to a m;ximun voltage of
100 kVe The charqipg voltage is measured with a digital
voltmeter (Sabtronics Model 2070A) with an accuracy. of *
0.05% using a resistive divider;;consistinq of 600 MLy and

60 k{lin the low end The wave front resistance RE ahd t

wave tail resistance Rt are adijusted to cbtain the required
- a :

~wave shapes The value of Rf and Bt are 169 {Q7and 16 k{l.

respectivelye. In this experiment the standard 1.2/50 us
impulse is used.

The imﬁnlse flashover voltage is measured by using a S49
Tektronix _storaqe oscilloscope with a 1A1 plug in unit and 2
capacitive volt;qe divider (Haefley CE type 1000 kV woe.

550-225). The high voltage arm of the divider has a
5
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capacitance of 1370 pFs the low veltage arm of the divider
consists &€ a tapacitor of 1.23 uP. The divider ratio is
thus 1.23/0.00137= 898. The ocutput of the aenerator C;s
calibrated using a 25 cm diameter sphere gap (accuraqv of *»
3%) up to 300 kVe. It is necessary to terminate the cable
Wwith its characteristic impedance of 50§ in order to
'eliminaye the distortion of the wave form arising from

multiple reflections at the cable termination which would

otherwise intrcoduce errors in the measurementse.

*
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4223 AC Power sunoply -

The ac die}ectric test unit ' MODEL .7150—150 o8 4
manufactured by Hipotronics Universal Corpe 1S uﬁed. The
high voltage transformer \qnd the circuit diaqgqram are'shOHn
in Piged.h. The input to the variac is fed from the mains at
. . t
4160 Vs 50 Ay 60 Hz. The‘outnut'of the transformer is 150
KV rmss 150 kVA and 1 . The duty cycle is 150 kvVA for f h
or 100 kvn’continuous- The transformer is 1insulated with SF,

at 10 Psie. Hon;to;inq on the control panel is done wWwith two
- voltreters one_gf which is a storage voltmeter andsthe other
has three ranges 0—37.5'kv (resolution of 0.5 kV)s 0-75 xV
(resclution of 1 kvi and 0-150 xV (resolution of 2 kV)» and
" an ammeter for measuring the breakdown current in ‘the range
0-1 A (resolution of 20 mA). The cutput voltage of the

transformer is calibrated against a 25 ¢m diameter sphere

gap {accuracy of * 3%) up to 200 kV peake.

>
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4,3 Gases_used in_This_Ipvessigation

Nitrogeny air and carbon dioxide at various pressures can
be used as gaseous dielectrics and cooling media. Compressed
air has been used in ¢circuit breakerse bushingss cur;ent
transformers and busbars {33+35). Compressed nitrogen has
less dielectric strength than air- but does not promote
oxidation and it has been _used in curreat transformers and
busbarse carbon dioxide has no advantade as a dielectric
over air or nitrogen. fdydrogen has been used for many vears
as a coolanﬁ medium for high speed turbo generatorsSe. Its use
has an advantage in reducing the winding losses. It 1s more
efficient in cooling than air (56])a

-Freon is considered an electronegative gas With hiqh
dielectric strength but it dissoci;tes and yields a large
amount of cagbon when exposed to an arc dischacge.

S%o'is an electronegative gas with almost three times the
dielectric strength of air anﬁ has a wide range Of
applications in the field of high voltage engineering. It 1S
used in circuit breakers for arec quenchinge high voltaqge
transformerssy capacitorse electrostatié qenerakocs. A=ray
equiﬁment and gas insulated equipmente.

In -the present workes Nze airs COz» Hz» CCLef2 and SFs are
used to investigqate the flashover characteristics of
spacerse All gases are supplied by Liquid Carbonic Canada
Ltd except SP which is supplied im commercial qrade (3%.¢7%)

purity by Allied Chemical incCe
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4.4 Electrode Profile
$ince the flashover strenqth is sensitive to the local
fieldy care should- be taken in the manufacture of the
electrodes for studying the flashover characteristics under
uniform field conditionse Attention to the desiqm of the
electrodess especially at the edgess is required so that the
electric field due to the curved edqes should not exceed the
value of the averaqe applied field in the gape ROJOWSX1i has
suggested an electrode profile for uniform fieid for axially
symmetrical systems. The details for determining the profile
can be found 1in (75]). Another electrode profile has been
proposed for uniform fields known as the Bruce profile [36].
It has a flat portion not less than the maximum gap spacing
at which the electrodes are used and a curved portion
continuing by a circularc part-to minimize the edge effect.
The Rogowski profile requires a large elgctrode diameter
. for the electric field to be uniform everywhere in the
reqion: but in Bruce profile the electric field at the
curved part 1is about 10% higher than that of the field at
the centre of the electrode. Therefores a profile known as
Harrison vprofile was suggested which was a compromise
between the 3ruce and the Roqgizki profiiles [571. .
In ‘the present'ifudys stainless steel planar electrodes
with a Harrisoa péofile-[37l and having a diameter of 115 mm

,are used. For the purpcse of studving the effect of recessed

electrodess a ©Bruce profile (36) has been machined from
]
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stainless steel and having a diameter of 75 mm with a
recessed depth of 2 mme The angle of recess i1is varied iq the
range 10°9-50°. Different pairs ©of these electrodes have

been manufactured to allow a wide range of applicationse.

4,5  Experimental Ppyironment
Great ,care 1is taken to maintain a hiqh deqree ot

..cleinliness. c0n?arab1e to an industrial pro?uction

environment of GIS pouec‘equipment" in the pressure vessels

the electrodess the samples and the_qases used.

1. The pressure vessel is thoroughly cleaned. In order
t0 remove any c¢orrosive qas compound; which might
result from the electrical discharge of SPe inside the

oo N :
pressure vegfgiv' copper sulphate has been used inside
the breakdown chamber. In order to replace the gases
adhered to the surfaces of the spacerss the electrodes
and chamber wallse the breakdown chamber is first
_evacnatéd te a background pressure < 10 Pa ‘and then

- flyshed twice with a fresh sample of the gqgas being

used. A e
2a Before each series of tests with &iffe:ent sSpacerss
the surfaces of the electrodes are carefully machined
and polished with 600 sandpaper and then given a
mirror finish with NEVR DULL (The George Basch Coe.

InCe N.Ye) which is used for polishing metals. The

electrodes are degreased with acetones rinsed with”
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distilled water and dried before installation 1in the’
chambere. N
The spacers are machined to a very smooth finish -and
finally polished using 600 qrid sandpaper. The samples
are deqreased thoroughly uéinq' a uiid detergent and
rinsed in distilled uaier wieh th? aid— of an
ultrasonic vibratof; and dtieg before iEStaiiation in
the breakdown chambera '
) ,

The samples and the -electrodes ‘are handled very
carefully by using a polymer film qloves to maintain a
hiqh degree of cleanlinesse. .

. ! . o
The gap between the electrodes is levelled using the

three screws platform provided at the base of the

lower electrbde. ' J .

A water limiting resistance of 4 M{)has been connected
in se;ies at the high voltaqge sides in o:der-to limit
the current at breakdowne Since a high hteakd;un
current could result in a da?aqe to théh\électrodes
surface and the samplese

A1l control units of.the three high voltage power
suppliess are located inside a égfgened Faraday cage
made of copper meshe and 1s well gqrounded- to

minimize the influence  of _the electromagnetic

‘interference. All metallic objects in the vicinity are

s

qronnde&. and all-measuring equipment are shielded to

enhance the accuracy of the measurements.
. &

Cm—— o tmm g m m e o



7 -

-

M

4.6

which

. 36
Iest_ _Rrocedure

+

The flashover voltaqe is defined as the maximum voltagqe

the 1insulating qJqap withstands - just bcior to the

collapse of the applied voltage to a very low level and the

<§10u of a large current througqh the gap. The following test

o~

procedure is usede < L

Te

.2.

3

4o

S5e

e

£

The qap betuween the electrodes 1is levelled before the
'spacer is introduced between the electrodes.

The spacer is placed 'in the centre of the bottom
electrode and then raised sntil it made contact|with
the top electrcde. A good contact of the spacer with
both electrodes 1is essential to avoid deleterious
effects on the flashover voltage measurements.

The breakdown chambet is first ev&tﬁated ﬁﬁ, a
background pressure < 10 Pa us?nq a rotary vacuum pump
fo jat. least }ﬁ.- then flushed twice yifh a fresh
sample of the qas heina used in the test.

The chamber ;s pregsutized with the test gas to the
deéired pressure and left for 1/Zhe. before starting
the measurementse. - ]

During the breakdown measurementss the voltaje is
applied initially at about 60% of the estimated value
of the .bteakdouﬁ voltages  then increased qradually
until breakdown occurse’

-~

The reported flashover voltaage 1s the average of at
]

"least 15 testse It is corrected to Te =20° C as

~
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commonly useds assuming a linear dependence gf the gas

pressure on temperature for small chaages in the gas

densitye ,

273 + 7T
V reported = - x V measured 2
' 273 + To

where T is the measured\temperagpré‘ in °C at the time
N

of pressurizing the chamber. ¢ - -

-
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DC;-A:.LQQ-HQ}-&HD_LIGHIHIHQ_IUBULSE_ELASHQXEB
VOLTAGE_MEASUREMENTS '

221 Introduction

V e

o

The intgzr’est in using high Uoltaq@ gas insulatad systems
1s steadily 1increasing in Trecent years. The use ©0f gas
insulated systemsrequires a spacer for the physical support
of the high voltage conductore It is commonly.accepted iiff\\\
the flashover voltage along the spacer—- gas 1nterface limits
the voltage rating. of GIS. An 1increase in the withstand

voltage ‘apabilit of the spacer might result in a reduction
. h |

in the 5izév~ the weight and hence the cost of gas insulated
apparatus and equipment. For evaluation of the new desiyns
0f spacers they should be tested using simulated operating
conditions under .dc' ace  and lightning impulse voltages
uhich are likely ﬁo be éncountered in practicee. In the
present chapter - thé dcs ac (K0Hz) and 1lightning impulse
flashover voltages for different spacer profiles in airs Nz
COz2+ Bz and SFe are cepérted- The gas pressure 1is varfied in

the range (1-7)x 103 Pa depending on the type of gas.

-
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522  Spager_Profiles .
Different spacers are machined from Plexiglas (£2=3.2)
and having profiies *a'e *b*s *c* and *"d* as sﬁoun in
Fige3.1. The spacer of profile ®a*® has Ra=(q/sin 6)s where 8
is the contact anqgle with the electrode and g is the length
of the concave sectié:a .The radias Rc of profile °*c® can be
determined from Rc=(L/2 sin 8)y-where L isrthe length of the

-

Spacere For the sake of ccmpariéon' éﬁ of profile *b* is
made equal to Ra of profile ';" and 8d of profile *d® is
made equal to Rc of profile *c*. The vertical poEtion near
the electrodes in profiles *b* and *d° is fixed at/1 mh. In
profiles °*b* and.*d*s since it ua;\%;fficult to machine the

transition section between the vqstical and the concave

sectionss for the small dimensions used in the experimental

A —————

stedve 1t was smoothed by polixshing with sand paper- Prom
two to four spacers are used for each test to chedX the

" reproducibility of the flashover voltagee. “
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Sa3 Elashoxe:_lolzage;ﬁeasuremen:s_of_E:nfiles_LaL_and-Lh:

Spacers{Figalall
X

Sa3s1 Conditioning.effect
The: dependence of the dc¢ flashover voltage of 10 mm long
spacer having profile ‘'a‘ with (8 = 43° and Ra = 2.33 mm) on
the number ofgéﬁarkinqs in Q.2 MPa. and Q.4 ;Pa.ofh Nz 15
shown 1in Fiq.S.T. Five minutes are allowed to elapse between
successive sparkse It will be obgerved that_ the le\hover
level is independent of the number of sﬁdrkinqs dftzt\TMQ
third spark at 105 kV = 1.4%in Q.4 MPa of Nz« At the lower
gas pressure of 0.2 MPa ihA Nz .the f}ashove: voltage i1s 56 kV
+ 1.7 % (Fige5e1)e The variations in the value of he
flashover voltage are éhoun at least oné;\\when comparisons
'S

are mades ;ypically in Figs 5¢9 to 5+100 Se23 to_S.Zé and

in chapter 3 in the férm of I for most experimental data
taken in this wWOrke c ﬁ"
—t )

5;3;2. dc_Zlaéhoxez.measnzemen:s-oﬁ.nnnﬁile_:a;_snacez,in
, airs.Nze COzs Hz and SEa

The dc -surface flashover of Plexiqlas spacers 1is measured
in SFPes aiCls Nae COz and Hz using profile ‘af (Figel2ela)de

Fige5«2 shows the flashover voltage of Plexiqlas
cylindrical spacer (6 = 0) having a diameter 2?0 =10 mm and.
length L= 10 mm 1in differégt qases.' The gas Ppressuyre is
varigd in the range of 0.1 MPa tO J.4 MPa (1.0 toO § bar)e

It will be observad that at a4 fixed gas pPressures the
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Figure 3.1z

3 B 9 12 15
no. of sparkinS}S ‘

)

dc¢ flashover voltagqe as a function of number of
sparkings in Nz using profile ‘a’. Plexiqlas
E2=3e2y Z2Ro=10 mme. L= 10 mme G =11.65 mm and
8= 045°. Measuresments commenced at Q.2 MPa and

_ after 15 shots was increased to 0.3 HPa.



.100

T kY

70

40 -

10

102

I

Piagnre S5.2:

dc flashover voltage as a function of gas
pressure in aire Nzes COz and Hz for cylindrical
spacer 6= Qe £2= 3.2y L= 10 mm and 22&? 10 mme.

~ =
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flash?ver voltage with air 1is hiqhef than Nzs COzs and Hze.
A linear Idegendence.on pressuré for airs+ Nz and H> and a
slight downcugving in COz above 3 bar are obsérved.

The flashover voltaqe' Pf Plexiglas' spacers haviné a
diameter 2Bo =10 mm  and lenqgth L= 10 »m for © =30°, 45%
and 80° are shown in Pigse 5.3 to 5«5+ respectively in air,
Nze CO> and Hz. It has been found that the flashover voltage
for 8 = 45% is higher than at all other values of 8.

FigqeS«6 shows the flashover voltage in aire Nz;_‘COz and

Hz at the optimum angle of profile "a®* (8 = 45°% and Ra =

2«83 mm) and compared with a cylindrical spacere. It can 5%

-* s

seen from FigeSe6 that there 1is an:imptovément in the
. <

withstand voltage for all gases useds and for the pressure

ranqe covered when using a profile *a® having 6 = 45°

compaced to. the right angle cylindrical spacere-

s
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Iinnre_ﬁajé dc flashover wvoltage as a function of gas
pressure for spacer "a®s ©= 30%and G=11.07 pmme.
Other conditicons are as for PigeSe2s '
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Figpre 5.8 dc

flashover voltagqe as a fuanction Of gas

pressure for profile 'a®y 6= 45° and G=11.65

Other conditions are as for Fige5.2.
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100 -
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40.
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4x10
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Piqure 5.5: dc¢ flashover -voltage as a function. of gqas
pressure for vprofile *a®y 6= 8(° and G=13.35
mm. Other conditions are as for PiGaeaSae2e
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pressure for cylrindrical spacer and
profile *a*s 6= 45° in different gases.
3e2+s 2820= 10 mm and L= 10 mme.

197 -

110 |- A CYL Air
. ’n
e Profile a
© =45
90
kV
70
N
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10 | 1 ! |
- 0 1 2 3 4x10°
[ 4
' P » Pa
Iiﬂﬂ:e;5;5= -de flashover voltagqe as a function of gas

spacer
€3=
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The dc flasﬁoveg,voltaqe of Plexiqlas éaacers (B2 = 3e2)
each having a diame;e: of 2Re = 20 mm and length L = 10 mm

and using different contact angles © in the range O to 80°
is measured in SFs and Nz and shown in Pigs. 5«7 and 5.38»
respectively. -~The diameter G in contact with the electrodes
is varied in the range 20.53 mm to 23.35 mm as 8 varies from
15 to 80°%. It will be observed that “at a fixed 'qas
pressures the surface flashover voltage for @ > 0 is higher
“than that Of the right anqle cylindiical spacer (8 = 0).

Typicallys for © = 45° the flashévec voltage at 0.3 MPa of

SPs 1s 252+5 kV while for © Q is 2052€ kv ('Fi 5.7L). In
0.7 MPa of Nz the flashover voltage i; 166+3 kv for 8 = 45°
compared to 135+5 kV for 8 = 0 (PiqeS5.8). -

The observed increasé in the flash;:;;;>voltaqe af the

spacer of profile *a* over the cylindrical spacer is due to

the lower electric field at the cathode junction and beyond

it as shown in chapter 3. As the electric field becomes
lowers the production of the electrons by ionization will be
‘loue; and the field emission becomes lower also. This leads
to a higher flashover volt;qe. In chapter § analysis uili'be

presented to correlate the measured flashover voltage with

the calculated fields.

—~1
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275
225 |- !
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175

\\
125

/

‘75 2 : L L .

0.5 1.5 3.5%10°

' P » Pa v

Fiqure_S.7= dc flashover voltage as a function of gas

pressure in SPe £for spacer ‘a* and for
different contact angle 8. £2= 3.2¢ 2Ro= 120
mme Q= 2 mme d= 6 mms Ba= q/sin € and L= 10 ome
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Pigure 9.8 dc flashover voltage as a fjnction of qas
. pressure 1in Nz for spacer *a’'a. - Other
conditions are as for Pige.5.7.

~
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S523a3 Plashoyer woltage measurements af profile *bh*® spacer

»

- ip _SPs_and N
Spacer 'b* is investigated here becauserit has strcnger
mechanical strénqth than spacer *a® in the vicinity of the

electrodes. It is important to ascertain the effect of the

~ '

length h on the withstand voltage of profile .*b" before it
can be serlously considered for practical applicationse.

The dc flashover voltage of i _Plexiqlas spacer having
profile 'b*(Fﬁq.3.1§) is,measureda:;\g%g and Nze. The radius
of curvatpre Bb is varied and therefore the diameter G of
the spacer in contact with the electrodes chanqés slightly
with Rb but can be taken ag constant. For example when L =10

2.03y 2.83s 4.0y 773 mme the diameter G =
=y

mme for Rh'

20455 204 +20.8s 201 mmy respectively. Hence the area |
' b " A '

: ’
effect on the flashover is neqligible in this case 11151

Piq«5.9 shows the flashover woltaqe in N2 for different
radii% of curvature Bba The flashover voltage of a
cectanqular cylinder (8 = 0) is also shown as Vs  at
dif{grent gas pressures. It can be obseréed from P1g+5+9 the
flaﬁpover ‘voltage for all Rb values used is higher than that
of the right anqle cvliﬁhrical Spacere Typicallys the

flasgpvet‘voltaqe af 0.7 MPa is 167+8 kV and 157+3 kV for

»

Eb=2483 mm .and 7.73 mme  respectivelye. The corresponding .

flashover voltage of the rectangqular cylinder is 13525 kV.

' . 4 . . .
The pecrfentagqe increases in the flashover voltage with

respect to the right angle <c¢vyvlindrical are 23% and
15X+ respectively. _ ' ‘ . ‘

&
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Figure S23- dc flashover voltage as a function of Rb for
different gas pressures in Nz for spacer °*b*
and = 1 mme Other conditions are as for

al Pige5.7. _ Vs, flashover of a rectanqular
cylindrical spacere £2=3.2y 2Ro=20 mms L=10 pme

{
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Figure 5210 dc flashover voltage as a function cf BRb in
SPa for spacer profile "b*. . Other conditions
are as for Fi1qeS5e5e. )
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The flashover voltaqé in SPe for profile *b" is shown in
Fige5.10. It will be observed that the flashover voltage 1is
higher than for the riqht angle cylindrical past over this
ranqge of rtadii of‘ curvature. =  Typical values of the
flashover voltage at (0.3 MPa Of SPs are 250&4 kVfand 24135
kV for BRb = 283 mm and 7.73 mmy respectivelye. The
cérrespondinq percentaqe increases in the flashover voltage
with respect to the riaqht angle cylindrical spa@r are z2%
and 17.2%. resﬁectively., >
Prom the measurements of the flashover voltage of
profiles fa' and *b®sy it can be concluded tha; the withstand
voltaqe of both profiles having Ra= Rb= 2.83 mm are almost
the same in SPe and Nze It can be inferred that the radius
Ra and BRb are important parameters in the desiqn as they
reduce the electric field in the vicinity of ‘the éathode

jJunction and therefore the flashover voltage increases. For

these pressures and dimensionse it ‘is prefered to use spacer

L] L]

*hH* becausSe 1t has a t the same withstand voltage as that

of spacer 'a® in addition to-its added mechanical strenqth

¥

in the vicipity of the electrodese
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PigeS«11 shcws the percentage increase in the flashover
voltage with respect to the right angle cylindrical spacer
using profile *a® for different contaét\anqles in SFPs at a
pressure of 0.3 MPa and in N> at a pressure of 0.7 MPa. It

N
will be observed from Fige3e.11 that the withstand voltage of

a concave edge profiled spacer with @ = 45° can be increased
by as much as 20.8% in 0.7 MPa of Nz and 23% 1in 0.3 MPa of
SPes compared to a riqht angle cvlindrical spacer. These are
.considered significant improvements as they ‘are attainable

while maintaining the same physical dimension of the qap and

at the same gas pressurees \\
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Figore 5.11= The percentage increase over a cylindrical
rectanqular spacer in the flashover voltage as
a2 function of <c¢ontact angle € in SFfe and Nze
Other conditions are as for Fige5.7.
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Ss3s4 Copparison of the flashover woltage of three tyges
of_spacers nsing dcs ac (60 H2) and 1.2/50 3s
lightning. ispulses '

The flashover voltage using dcy ac (60 #z) and 1.2/530 us

_lightning impulse of Plexiqlas spacers having three

different profiles: cylindricale prcfile *a* with € = 43°

yand Ra = 2.83 mm and profile *b* with Rb = 2.83 mm are
measured in SFe and Nze lThe . radius of profile *b* 8b=2.83

mm and the angle cof prof%le *ta* spacerss 8= 8§5° are chosen

to give the maximum withstand voltage-

S5¢3.8.1 ‘dc Flashovef voltaqe

The dc flashover voltgqe-of the three profiles in SPs is
shown in Fige5.12. The gas pressure is varied in the range
0a1- 0.3 MPa. It will be observed that at a fixed gqas
pressure the flashover voltage for profiles *a®* and °*b* 1s
higher than for the right angle <cylindrical Spacer;
Typicallv; for a spacer of lemqth L= 10 mmy the flashover
voltage at P= 0.3 MPa is 25084 kV for profile *b®s 25235 kv
for profile *a® and 20526 kV for the rigqht angle cylindrical
Spacere Pr&%iles *b* and °®a° qive improvements of 22% and
23% in the withstand voltage capabilitys respectivelys
compared to a rectanqular cylinder having the sife lenqth -of
L = 10 mm at 0.3 MPa. ' ' T -

Yiqe5«13 shows the dc flashover voltage of the three
profiles as a function of gas pressure in, Nz Ihe gas
pressuce is vasied in .t?e raeae 0al =~ 0.7 MPa. Typical

L 4
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Spacer ‘a

175
125
75 1 ! | g
0.5 - 15 2.5 X105
P , Pa
_gjlgn_xgg_i‘.‘lz: dc flashover véltaqe of ﬁlexiqlas spacer as

a function of gas pressure 1in SFe fo
different profilese &£2= 3e2s L= 10 mme Ro= 10
mme Ra=Eb= 2.83 mmy g= 2 mmsh=T mm and 6= 45%,
Curve 1 corresponds to rectanqular cyvlindere
curve 2 to spacer of profile *b*s curve 3 to
spacer of profile "a’s curve 4 to SPs uithoet
spacere.
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Figure 35.13 dc flashover voltage as a function of° gqas
pressure in. Nz for different profiles®e.

Conditions are as for Fige5.12.

A



/ 120

values of the flashover wpltage at a pressure of 0.7 wea of
N> are 167+% kV for profile-*b*s 166+3 XV for profile *a°
and 135 kV for the right anqle spacef. The latteﬁ value
compares favourably with the dc measurement of 120 kv
fepoqteazégeviouslv for a cylindrical Paxiqlas spacer of
tﬁe same length at 0.7 MPa of nitrogen [18). Improvements of
the uithéta?d voltage of 23% and 22.6% for *b* and ‘a*,
respectively are obtained over the rectanqular cvylinder in

07 MPa of Nze This 1s consistent with the :improvements

obtained using SFPa.

Se3el8a2 Lightning impulse flgggpvet voltaqe

The 1.2{56 as impalse flashover voltage of the three
nrofiles\iqgggl is shown in Piqe5.74. The gas pressure is
.varied in the ganqe 0«1 ~ 0.8 MPa. It will be observed.that
the lightning impulse flashover voltaqé for profiles *a* and
*hb®* 1is higher than thaE of the\_fiqht angle cvlindf}cal
spacer at a fixed gas pressuree. Typicallyy- the lightning
impulse flashover voltage at (0.4 MPa of S¥F, and L = 10 mm is
233#8 kv for profile *b*, 307#6 kV for profile "a*® and 26149
kV for the right angle sSpacer. Profiles *b* and “a* qive
improvements of 12.5% and.%8%2 %un the }}qhtninq impulse
withstand voltage capabi}itv. respéctivelys compared to a
reétanénlat cvlindet of lenqth L= 10 mm at O«4 MPa Of SFge

Piq.5;15 shows the 1.2/50 us impulse flashover voitaqe of
the three profiles ;P_ ﬂzo- Typical values of flashover

'voltage at 0.7 MPa of N are 165#8 kV for profile *b’s 15623
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Figure Sa14%: 1.2/50 us impulse flashover as a function of

qgas pressure in SPs for different profiles.
Conditions are as £or Fig.5.12.
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kv for profile "a® and 1471+4 kV for the riqht'anqle Spaceres
The improvements are 15.4% and 11.3%,» respectiwvelys using
profiles *b* and ®"a* in 0.7 MPa oOf nitrogen over the
cylindrical snacér at the same conditionse.

r

It will be observed from Fige.S5.15 that the flashaover
voltages of spacers 'i' and *b* are almost the same in the
pressure range up to 0.5 MPa. At higher pressures .the
flashover voltaqe‘%f spacer *b' becomes higher than that of
spacer ‘a‘'e. Similar 5ehaViour is observed for the same
conditions using ac voltage (FPige5-.17). Under dc¢ the
flashover voltage of spacer 'a' is higher than that of
'spacer 'b* in the range of pressure covered except at G.7
MPay where the f{ashover voltage of spacer "b'° becomes

sliqhtly higher (FigQe 5.13)e

.~

Se3eleld ac (60 Hz) Plashover woltage .

The, peak ac (60 Hz) flashovdly voltage of three fresh
Plexiqlas samples having three different profiles 1is sho
in Fige5<16. The qas pressure of SPs is restricted in this
case to the range (0.1 — 0.2 MPa) due to the limitations of
the ac supply to 150 xV (rms)e It will be observed that the
flashover voltages of profiles®b® and ®a® are also higher
tﬁf“ thgi of the right arngqle cvylindrical spacer over the
range of thé qas pregsure usede

Piq.S-%? shows the ppeak ac flashover voltaqe of the three
D?bfile; in N2« The qas pressureMs varied in the range. 0.1

~

— Q&7 MPae. Tvpicallys the peak ac flashover voltage at 0.7

AY
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MPa ¢f nitrogen and L=10 mm is 15345 kV for profile *b*,
1484+ kV for profile *a* and 1236 k¥ fot.thg right angqle
cylinder. The two shaped profiles leaqv;o improvements d{ N
the ac withstand voltage of 16% and ‘iﬂz for *a* and °*b°*,
respectivelyy over the rectanqgularc cvlinder'in 0.7 MPa of
nitrogen when a length of 10 mm Plexiglas 1s used.
Prom the above measarementss it is clear that both
snace£s *a* and °b* are suitable in the applications using

dces ac and lightning impulse vcltaqes.
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S23a42 companison_ne;neen_dc;_ac_and_lighzning_imnnlge
flashoyer_yoltages

The dce» ac (SO.Hz) and 1;2/50 us lightning impqlse
flashover voltagess cfor a 10 mm long spacer of profile ;b'
made of Plexiglass 1in Nz and in SFe are shown in Fig.3e1Z.
Th; data are reported in .this section to compare the
dependence of the flashover voltage on the different applied,
voltages for a given profile. It can ke sE?n; that the dc
and the lightning impulse voltqqes are close‘in valuesy but
the ac withstand voltage iS lower typically by about 107% at
0.2 MPa Of ©SFse F1ge5+19 shows the flashover voltages of
profile ‘*a‘® using dcC» ac.(60 Hz ©peak) and 1.2/50 us
lightning impulse 1in SFe and Nz Fige5+.20 shows the
flashover voltages of a 10 mm loﬁq cylindrical spacer 1a N2
and SFs using the. three types of applied voltagese It will
be observed that the dc and the lightning impulselflashover
'voltaqes are higher than the peak ac for both SF° and Nze
Typically for Nz at 0.4 MPae the peak éc flashover voltage
is lower than the dc and tﬁe lightning impulse by about 19%
(Fig.5.20).

The reason for the observed lower ac (crest) withstand
voltage is because half the ac wave acts as an Opposing
pre-stress 'td the following half wave. Therefore, the
charges created on the sutface- of the spacer cause an
‘enhancement 1n  the electric field at  both electrode

junctionse This 1s in general agreement with the surface

S I

\
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flashover measurements 10 racuum repcrted by Pillai and

Hacka; [381.

The flashover voltagqe ratio P. defined as the ratio of
the f1a§hover voltage of the spacer to the gas breakdown
voltage without the spacer is also reported as it qives an

indicaticn of .- the insulation quality o©f the suggested

designs of the spacerse

V spacer
P = A
Vv gas ‘ :

v

Fige5+21 shows the dependence of F on qas pressure for a

Plexiqlas spacer in SPs usinq dce. It will be observed that F
can be increased from 0.78 at @€ = 0 to 0.96 at © = 45° tor
spacer "a® and to 0«95 at Bb = 2.83 mm for spacer *b*. This

is considered a remarkable improvement in the performance of

-

the spacere.
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Figure 3:18: dce ac (50 Hze peak) and 1+2/50 us impulse

flashover ~oltagqes as a  function of gas
pressure an SPs and N> for profile*b*.
Conditions are as for PigQeS5.12.
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Pigyre 3520 dcy ac (60 Hze peak) and 1.2/50 us impulse _.
. flashover vgQltages as a function of gqas
pressure in SP¢ and Nz for cvlindrical spacere

Conditions are as for FigeS<.12.



132

1.0 ~
09| \
4 CYL/ N
™
F N
- . N
~N
08 S
: ~
,\ \e
03’ | ! J
0 1 P, Pa 2 ~3x10
N
Figure 5221z The dc flashover voltaqge ratio as a function

of gas pressure in SPes for different spacer
profiles. Spacer *a's ©=85° and Ra=2.33 nms
Spacer *b"y Bb=2.33 mm. L=10 ome L2=3.2 and
2R0=20 mme
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Sal Elasbover_Yoltage Measurements_of Profiles. ’c’ and_td4*
_Snacezs‘

The flashover voltage of two Plexiqglas spacers having

profiles *c*® and °'d' is determined in the gases SFs and Na.

The gas pressuré is varied in ;he range (1-3) x 10% Pa in

SFs and (1-7) x 10% Pa in njtrogen. © 1s varied 1n the range

0 to 70°. Rc and R4 are varied in the range S¢3 to 19.3 mm.

s.4.1 Copditioning Bffect

Fige5.22 shows the dependence of the dcs ac and lightning

impﬁlse flashover voltage of ~ 10 mm long spacgrs having
profiles *c* (@ = 45° and Rc = 7.07 mm) ‘and profi e *d* (Rd
= 7.07 mm) on the nﬁmber of sparkiﬂqs in 0«1 MPa. of SFee _
‘Five minutes are allowed between successive sparks up to the
fiftieth breakdown of the spacer of .profile *c*. aAfter that
breakdowns the applied voltage is removed from the spacer
for 12 hours.to simulate a short shelf life times then
measurements of the breakdown voltage are resumede. It will
be observed from Fige5.2Z that there is no evidence .of
conditioning either before or ‘after removing the electric
stresse The flashover level is essentially independent of
the number of sparkinés- Typically ;he flashover voltage of
a Plexiqlas profile *c* gpacer having L = 10°'mm 1in Q.1 MPa
of SFe iS 865 % 245 kV when 62 breakdowns are measured
(FigeS5e22)» The good reproducibility of the flashover
voltage is attributed to thelmeticulously clean éonditiéns-

to the relatively small size specimen and to the relatively

low field of 37 kV/cm.
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Sa8a2 dc Plashover yoltage neasurements of profile ‘ot
spacer . ,
The dependence of the dc flashover vol¥ade of a spacer
having ijfile *c' on the contact angle © aﬁd the rédius Bc
in SPs 1S shown in FPiqeSe23e The Qas pressure is varied 1in
the range 0-5— 0«3 MPae.. The.diametef G is varied from 21.32
mm to 2839 mm as 6 varied from 15° to 80°. It will be
observed that as ® increases the flashover voltage increases
and reaches a maximum at 8 =559 (Bc= 7.07 mm). A further
increase in 8 results in a decrease 1in the f1§shover
voltagee
F1ge 5«24 shows the dependence of the flashover voltéqe of
a spacer of profile °c®* on & in N2 at differemt gas
pressuress [t uill"he-observed that the flashover voltage
incteases and reaches a maximum at @_=45%. Tt is evident
from FigseS5«.23 and 5.28 that the o‘mun contact anqgqle to
vield ¢the hiqheFt improvement in the withstand voltaqe
canahilitv lies in the range 35 to 53° and the maximum is at
8 = 45° in general aqréement uith.‘the analysys of the

/

electric field. . ' ‘
22823 dc_zlaahnxﬂ:_191;nae_nensn:enen:s_nf_ngntile_:ﬂ:
snacer AN R
The dependence of ihe dc flashover vcltage of spacer °*d4°
on the radius Rd in SPe is shown in Fige.5.25 in the gas

pressure range J«1 to 03 NMPa. The flashover voltage of a

rectanquldr cylinder terped Vs is also shown at different -
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qas Dpressurese It can be seen from F;q.S.ES that the
flashover voltage is independent Bf Rd except at Rd = 5.3 mm
where it is sliqghtly lower particularly at 0.3 MPa.

FigqeS5«26 sﬁous the dependence of the dc flashover voltage

of profile *d* in Nz on the radius RBd « It Will be observed

th&t the dependence.of the flash?fét/ voltage in Nz on Rd is

g -

similar to that 1in SFe which 1is depicted in Pigq.5.25. The
highest improvemeﬁt in the ﬁ}thstahd voltage is obtained in
the range Rd= 7 to 8 om . ¥
5
In SPe and Nz it is clear that the svaéér of profile *4°
can be used with Rd > 6 mm to give a higher withstand

-

voltage gver a cylindrical spacere

—

v
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Figure_5=23: dc flashover voltage as a function of contact
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Pigpre 5.28: dc flashover voltage as a function of @ xn Nze

Other condxtxons are as of Pigete23.
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Saltell CnnnarisQn_nf_;he_ilashnxe:.zglxase;nf_;h:ee_:xnes
of spacems nsing-dch ac (60 _Hz) and 3.2/50 as
lightping_ipulses
The flashover voltage measurements using -<dcs ac (60 HZ)
Aand 1.2/%0 us liqhtning impulse of a Plexiglas spacer having
three different profiless cylindricals p?ofile *c® with 6 -
459 and.ﬂc ¥ 707 mm and profile *d* with R4d = 7.07 mm are
mgasured in SP¢’ and Nze. The radius of profile °d® ‘and the

angle of profile *c* spacers are chosen to be optimum to

& -
J

give the maXimum . withstand voltage. . e 7

A

Selteli=1 dc Plashover voltage

The dc flashover voltage oE‘the three profiles in SPs 1s
‘q;ven in Pige5+27. The q#s préssuré-'is varied in the range
0.}- 0«3 MPae. It will Dbe cobserved that at a fixed qas-
pressure the flashover voltages of profiles °®c*® and *d* are
higher than thag of the right aggle spacere. Tyj;callv- the
flashover voltage at p = 0.3 MPa and L = 10 mm is 24226 kV
for profile *d*s 251¢5 kV for profile *c* and 20526 kV for

the riqght angle spacerse. Profiles *d* and ‘*c* give .

improvements - of 13% and 22.5% in the withstand voltage

i

cabaﬁility' respectivelys compared to a rectaqgmlar cylinder
having the s;me length of L = 10 mm atﬂpoi MPa. ‘
PiGe5+28 shows the dc flashover voltage of the éh:ee
‘profiles as a function.of. gas pressure in Nze The gas
Dfessure is wvaried in the range 0.1 - 0.7 MPa. Typical‘;
values of the flashovei voltages at a presscre 05\0-7 nPa of

‘ \

i : ¢

o
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Pigure S.27® dc’'flashover voltage of a Plexiqlas spacer as
- a function of gqas pressure in SFs for
different profilese €27 3.2+ L= 10 mme Ho= 10
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1 cocrresponds to rectanq5§ar cylinders curve 2

to spacer Of profile *d°s curve 3 to spacer of
profild “*c¥, curve 4 to SPe without spacere.
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N2 are 160+7 kV for profile *d"s 156%5 kV for profile °*c*

» 143

and 135:5 kV for .the right - anqle spacer.. These values
compare f;vourabllv with '£he dec mgasu:ements of 120 Y%
égported previously for a <vylindrical spacer of the same

length at 0.7 MPa of nitrogen {18l. The two shaped profiles
lead :5 improvementé of ﬁhe withstand voltage of 17.5%'a£d
15% for 'd* and *c*s respectively over the rectanqular

cvlinder in 0.7 MPa of Nze.

Selofia2 Lightning impulse flashover woltage

The 1.2/50, us impulse flashover characte:istic; of the
three profiles in SFe is shown in fiq.5.29.'The gas pressure
is varied in the ©dange 0.{ - 0«4 MPa. It will-be cbserved
that the 1lightning impulse flashover voltage for profiles

*c* and *d* is higher than that of the riqht, angle spacer at

a fixed gas pressure.  Typically,

“the lightning impulse
¥y, ) . .
_flashover voltage at 0«4 MPa of SFs/and L = 10 om 1s 29328
; . -

KV for profile *d*s 306s7 kV for.profile *c* and 2613 KV
for the right angle sﬁace:. ‘Profiles *ac and *c* give
improvements of .iZ.SZ and 17.5% in the liqghtning impulse
withstand voltage capabilitye respecfivelye compared tc a
rectangular cylindere _ >
giﬁ:ﬁ-%g shows thg 1.2/50 - us innilse flashover
. cha;acteristic of the three profiles in Nze The_qas ptéssure
is varied in the range '0.1 - (0.7 MPa. Typical values of
flashover vecltage atfd.7 MPa of N2 are 15524 kV for profile
*d*, 15925 xv for profile *c* and 137x6 kV for the right
} 5

7

v’
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pressure 1in Nz for different profiles*.
Conditions are as for Piqe3.27.
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Pigure S5429: 1.2/50 us impulse flashover as a function of
gas pressure in SPe for different profiles.
Conditions are as for FPige5.27.
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anqgle spacere The improvements ace 114 and  "137%.
resﬁectivelv' when profiles °d* and *c* are used ain (0.7 MPa
of nitrogene.

P:ofi}es *c®* and *d* gave similar withstand voltages at
the same gas pressuré. Therefore érofile *d* miqht Dbe
preferable because it, is mechanically stronger 1in the

contact region with the electrodes.

Sellele3 ac (60 Hzi(rlashover voltaqge
- Tge crest ;alue of ac (60 Hz) flashover voltage of three
spacer vprofiles made of Plexiqlas in SPe 1S shown 1n
é;q-5.31. The gas. pressure is cestricted in this case tC the
range (0.1 * 6-2 MPa) dﬁé to the 1limitations of the ac
supply to 150 kV (rms). It will be observed that the
flashover voltages of profile *d* and °c® 'are also higher
than that of the riqht angle spacer over the range of the
qas vressnré usede. b B

Fiqe5.32 shows the pe;; ac flashover voltage of the three
profiles in Nz« The gas pressure isgVaried in the range 0.1
- 0.7 MPa. Typicallys the peak ac flashover voltage at 0.7
MPa of nitrogen is 14325 kV for profile °*d*, 15046 kV fof
profile *c* and 123:§ kV for the right angle cylindec. The
two shaped profiles lgad to iuprovemgpts of the ac withstand
voltage of 15% and421z for *d® and °c®s respectivelys over
the rectanqular cvlinde? in 0.7 MPa of nitrogen when a
lenqth of 10 mm Plexiglas is used.

{

s
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Figure Sa230: 1.2/50 us impulse flashover as a function of
qas pressure in Nz for different profilese.

Conditions are as for Fige5.27.
N
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Pigqure 5+31: ac (50 Hzs peak) flashover voltage as a
- function of gas pressure in SFe for different
%  profiles. Conditions are as for PigeS.27.
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5+825 Comparison bhetween dce ac and _lightping izpulse
flashovex voltages
A comparison of the flashover voltage using dce ac and
lightning impulse for different pfofiles are presented in
this section to ascertain the capability of each protfile in

practices

The dcs ac (59 Hz) and 1.2/50 wus lightning 1impulse
flashover voltages for a’qb”;;_ long spacer, of profile *d°
made of Plexiglas in N> and SFs are shown 1in FigeS-33. It
can be seen that the dc and the 1lightninf impulse voltages
are close in valuese but the ac withstand valtaqe 1s lower
by about 10X at 0.2 .MPa 0Of SPse Pige5.34 shows téb
flashover voltaqes of E£9§ile *c*®* using dcy ac (60 Hz peak)
and 1.2/50 us lightning impulse in SFs and Nze It will be
observed that tﬁe.dc and the lightning impulse flashover
voltages are _higher than the peak ac for both SFs and Nz.
Typically for Nz at 0.4 MPas the peak ac flashover veltage
is lower than the dc and the lightniny impulse by about 10%
(Pige5.34). - |

The reason for the observed lower ac (crest) withstand

voltage was discussed in sSection Se3e5.
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Conditions are as for Figs5.27.
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flashover " voltages as a function of qgas
pressure in SPs :and N2 for profile’c®e.
Conditions are as for FigeS5.27..
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Sa3 Elashozex_Cha:aszenisxics_nflniffe:enx_lgsplaxina
Materials and Gases- —

The flasbégff voltaqe of three cylindrical 'saécprs made
of Plexiqlas 'aﬁd having a length 1=10 mm and 2R6=10 mm 1in
0.1 MPa of freon is shown in Pig.5.35. Five minutes are
alloﬁed between successive sparks-for spacet'1; 10 minutes

-~

for spacer 2, 2nd 30 minutes for spacer e It will be
. ’ =

observed that the flashover voltage decreases rapidly after

the third spark for the three specimens used. Visua;

examination of the spacers showed that there is carﬁbn

deposits on the spacer surface arising from the arc

discharqge and this appears to f%duce the flashover voltage
of the spacer. -

The dc sucface flashover of PTFE (Teflon) cylindrical
spacer is measured in the qase# airy Nz+ CO, and Hz and 1is
shown ;:hFiq.S.BG. The lenath of tﬁe’space: is L=10 mom and
the diameter is 2Rp=10 mm. The gas pressufe is v;cied in the
range of Qa1 to Qai& Hba. As caﬂ be seen froa FigeS5.36 that
the flashover voltage with air is hidher than N2y CO2 andéd Hz
at a fixed gas pressuree In this ranqe of pressures a linear
dependence is observed. Howevers Teflon has been found to be
difficult to shape to -'the profiles of Fige3els.

N mhg\EEDendence'of‘the flashover voltages of a cvlindrical

spacer and a spacer having profile ®a® '(FPiqge3.7la) with €=

4S°, made of Macor glass-c®famic on’thé number of spacrkings

+

in Q&4 MPa oOf N2+ 1s shogp' in -Piq.S.B?./ 1€§-Hacor
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glass-ceramic has a partially crystalline structure which

enables it to be machined with ordinary tools and does not

P

require diamond tools like glass—ceramicse. Five minutes are

allowed hetween SUCCESSLve Sparkse. .I} will be observed from

Fig.5.37 that the flashover voltage is not stable and after
aboutr 12 sparks starts to decrease rapidlye. Visual
- .

examination of the spacer showed an arc mark on its surface
f

implicating carbon deposits as beinqg the reason for reducing

the flashover voltage. Macor glass—ceramic has been

considered a poor =arc tracking material especially under

higqh gas pressure.

Plashover voltage measurements have been carried out for .

PVC and P2 in high gas pressuree. Pige 3.38 shows the ac (60

Hz) peak flashover voltage as a function of sparkings for

PVC and PE in SFa-e The gas pressure is (.1 MPa until sparck

-
-

number 1C. then increased to Q.Z MPa of SFe until spark
number 20. It can be seen. that the fiashover voltage 1n PVC
is unaffected up toO thc teﬁth sparke Some conditioning 1is
initially observed with increasing the pressure but

- . .
deterioration rapidly occurs in both materialse. It seems

" that both of these materials are not suitable n the

- . . . . ».
qppllcatxon.aagolvznq 2 high voltage strengthe.
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STBENGYR_FOR SHAPRD .SPACERS
\"rhe Townsend aqd- ueek-Réether breakdown mechanisas  in
gases are briefly reviewed and then applied analytically to

validate the field galcuiations.
?

621. Townsend Nechanism

Prom a sinqle electron starting at the <cathodes.
> > )
. i . S
successive electron avalanches between the electrodes\ are
i 3
_.developed antil breakdown occurse Under nonaniform_-field

conditionss the number of electrons n at the agode is [S9]),

xd Z
¢ n 1+ ngp[ ];(Ol- ny a2i¥az +
- Y [%exot fztce-‘-‘ n) az)A{az
2y ~ -

(61)
Neo

-,

(

Where_ O! is Townsernd’s first iomization coefficientes ?715
*the ., election attachment coeffieiénfs\ V is rthe total
L. - . N - . * ] -a
secondary ionization cpeffxolent' d the gap leéifh and no
$
\\ the initiil electrdhs emitt from the cathode.
T—€rom equation (61)y
. rd
d Z .
f er;n t f (- 7)) dz}) Xaz =1 (6<2)
0 g 1»-)

k- - 159 - -

The Townfend's critemion for breakdown can be \ie:ived

'
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Under uaniform field distributiones the criterion for

breakdown becomesse

Vo
x=1

I's

Lexpl (X ~-1Dd1~11=1_ (6.3)

The s%'gndarv i1onization coefficient }J is very sensitive
to the surface conditions the materdial of the electrodes and

the ¢type of gase * Since in high pressures of SPe the

_ breakdown voltage was found to be independent of the

‘ (
electrode material it 1is not, necessary to invoke the

secondary electron productidn processes. However for'

nitrogens pgrticularlv‘/ég the Jlower end of the pressure
range (around 1 .bar)de the breakdown of the qas can only
ocecur uxth the contrxb<;1on to electron produc;;on from the

secondary 1onxza5}on processese.
-

L

§22 'ﬁJEméhual o /iﬁﬁ
In ®%his ha;IE-.z /;t.is'assuned that the breakdown of

i - . e
,/fﬂ éz;lqas occurs when the space  chatge field arising from the

electrons produced by photoionizafion apd other processes
becoues‘gﬁ the same order as thgilocal plied field._ Loeb
and Meek [1001/develcped the fol;puan c riterion from the

streamer fornatzo in nonuniform f;gt&i (\\

PR

. v
(N-ﬂizexp[ fz(d'- I] Yadz 1 = k E?*-[z/NI (657 .
0 .

*
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Wwhere N is the gas densitys k 1s constant and 2 iS éhe

avalanche lenqth and éd-f] )Z is the net Townsend ionization
coefficient at the avalanche head.

i A similac critez%on was proposed by BRaether (101} who

suqgested that 10? is the critical number of electrons to

forﬁ a sStreamere The above equation of Loeb and Meek has“
been modified by Pedersen {991,
/[ ] .
Z . '
I(Q-n)dz=1nr«lc=k (6.6)
o -

Where k 1is constant.. From the available experimental uniform

fijeld breakdowns a suitable wvalue for k is’' abont 18 or

Nc=10% electronse ' .
S

In electgggeqative gasess the Meek-Raether streamer

criterion suggests that the avalanche dges fot have to

. . - .
proceed all the wav to the ancde and therefore the avalanche

o~

“lenath ‘becomes a fraction of the distance between the

electrodess. The limiting.value of the breakdown strength in

£
: )

SPs is obtained whehs

(-Mraz =0 , (6.7 .

e
In this cé“sgu/n = rLID

,_>'\ | | ' o - " a
ﬁ,\

: — .
w\\\ o M

-

A,
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£+3 Calcu —of_Space Chaxge PRield

Electrons and positive 1ions are produced in pairse
Because there is a large diﬁfetence‘in the mobility between
electrons aﬂd\ions- the laﬁter accumulate near the  cathode
and their number exceeds the electrons there while near the

anode there are more electronse The presence of the space

charqe distorts the originally aniforn fielg. according to

Possion®s equationes

. OE '
[. ] ‘A = - .)
£ v j9 | (6.8

LY

To - caicnlate the electric field at the tip of an
-,~avaia9che. étirtinq from a single electrons it 1s assumed
that the electéons are contained ih a spherical volume at
the tip of th? 2131a£¥he. rhe‘ number of ele&t:ons 1s exp

. fEEdz uhe:g z 1is the distance from the cathqde being the
avalanche lenqth. At the surface of the sphere containing

the electronss the space charge fiela is (1021,

N : e éiz ’ | 6 gs_;y‘
. (-%-_“ T a Meo 2 | ‘.

Where™r is the diffusion radius of the sphere containing the

- @lectronse The dg;ivation‘can be foand in (102) and in the
~ final forme
\ -
. §2

Br.= - B . (610)
8T €052 v 2z

PR

x5 Lo
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In nonuniform field eguation (6-10) becomese /
\ | ‘Ia
\ o W8 dz
— Er = : B (611)

IlTrf.o-Z vz’

Where v is the electron energy and E is the average field
from.the cathode to the locatior z since .(vd = ke B+ where

vd isthe drift velocity and ke 1is the mobility of the

electron)e The criterion for breakdown is that it occurs

when .the space charge fiqld 4 becogﬁs app;etiable and close
in value tt‘) the i.ocal field' at that locatione.

There are .no data available in the literature on the
surface charge distribution along the surface o©f concave

SpPACErSe Thergfore the co-nutation‘,of the electric fieid

distridbution does not take into account the effect of the.

!

sucface charge.
. .

-

628 cgzrﬁlax1nn_ne£leen_£ha_£al:nla:ed_lxeld_and_xhs
rlashmrzage_mﬂgents_n_m X -

& v n v & and _[Cidz are calculated as a fanction
of z at a qiveh .qaé pressure of S¥, 0using the measured
surface flashover voltage and the calculated electric field
distribution for different spacerse Also the critical

avalanche lenqth z=zc and the breakdown field sttenqth {Er)

are deternzne?f “h% f&dz equals to . about 18 and the space '

charge field Er becomes close  to Bz calculated frog the -

”, - 3
chargqe simulation and the flashover v;{laqe at lecation Ze

]
a

Ty o
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G281 sgnnn;.as;;pn_gt.gtx-jgslza_-zs_gnd_xx_.in_sz‘
The valuaes o‘f D(/p and n/p for §?.. as ‘functions of E/p
have been reported in the literature with a high accuracy
ahd can be approximated in the vicinitv of the reqiﬁn shere

/e = n/n by the following ~relatioanships [99) within the

range 80 Vcat/Torr < E/p < 160 veal/Torr e

Ad/p
Nss

0.028 (B/p) - 1.76 (6=12) -—

= 0.008 (E/p) + 1.52 (6.713)

E/p is in V cat/Torry O{/p o N7p are in c#f/Torr and P is

the gqas pressure in Torr at the ambient temperature of 20

rd

oc. ' - &

P

From ‘'the flashover voltage measurements and  the
[ '

ndrmalized electric field distribution for a certain
pressures the values of X/p , r]lp and X /p =. (X ~7])/p and

j%idz are cahﬂhlated. The space charge field Er can be

calculated from egquation (6.11)e The values.of the electron

energy v were given in £103) as a function of E/N wheres

P

N = 3.56 x 101% x p, (50;&7“\
: S . 273
T ambe.
,. ,

- .
Where P 1is the reduced pressure /EE’O°C in Torre P the
> } ] L
measured pressure in Torr and Tamd the\ ambient teaperature

f
in K.
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In order to determine whether the computed field is‘equal
to the localized space charge field at the onset of 'the
flashover an iteration technique is employede. Dif@erent

‘ - —_
values of z are first chosen commencing with low values ;nd
gradually increasinge« then the cortespoﬁdinq values of v
jEidz and E(z) are used in equation (6.11) until the space
chacrge field Er becomes equal to the local field B(z)

;
derived from the charge simdetion and the f over voltaqe//

at the sam¢ time as jEde value ofk

. 2z at thig location becomes the critical avalanche le qth zc.\
The path AC (Fige3.1) is chﬁsen because it 1is the most
probablie path of the f}ashover- )

fables s.i to 6.4 show the values of ZCo‘fﬁfdz’ E(zc) and
the space charge field Er. Typical calculations of these

values are shown in Appendices D‘and E« The neqgative values

of (0 are neqlected as they do . not contribute to 'the
ionizatioﬁ'of the gas. |

For example it '?ill be cbserved from Table 6.1 that for
8= 30% 45% 60° and 70° of profile "a® at 0.1 MPa of SFs
‘the breakdown field Er (calculated from equation 6.11)
aQteés.uith uthe field Bzc (calculated at location zc from
the flashover voltaqé and CSM) when jEZdz approaches the/?
range 17 to 18 at the crxtgpal avalanche lefgth 2= 2¢. The
present analysxs also shows that szmllarly qood  aqreement is
obtained for profilés®b®,, ‘*c* and 'ﬁ' over the pcessurg
range of SFs where the Foule:; Nordheim field emissioncﬁff

electrons is neqgligible (< 2 bar)e. .
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It can ‘be seen from Tables 6.1 to 6.4 that thecé are
co‘nditicns (e.q-_ Table 6«1+ 8 =15°) where f& dz of about 15
can noct be satisfied. The value of f&dz has been found tor
the low flashové: voitaqe (e.q- at 8=159) to be either lower
than that necessary to vield suﬁﬁicigntly large avalanéhe
(>107 electrons) or entirely neqative. This is because the
field appears to. be. lower than that necessary to cause
breakdowne It is suqqesfeé'tﬁat if the effect of theJ$urface .
chargess which could enhance the field by 5 to 1Z% iﬁ‘%he,i
~icinity of zces had béen included 1it would bhave been
possible to satisfy equation (6.11). For the cases shown in,
Tables 6.1 to 6.4 where ‘ 'fégdz = 18 and Br = E(zc) ace
satisfiea_.the surface hatqe‘ would have . only m
influenc on the value of zd as the field there changes vefv
strongly with smal vari#t;an of‘z.

It will be observed from Tables 6.1 tb 6.4 that the
cfitical évalgnche length 2c is  a frattiOn_of tpe gap leﬁqth‘
and therefore the critical avalanche does not proceed all
-the way to the anode. This is in accordance with the
streamer mechanism. The avalanche lengqth depends on the
electric field E(z):- As the field increases zc beéqpes
smaller. Also the values of f'c'( d‘z for different p:oéiles in
0.1 MPa and 0.2 mPa of SPe are gf the order‘of 17 gqiving Nc

=% J4x10 ¥ clectrons.
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1

Table 641 zZco I&dz: £(z) and Er as a function of 8 in
SPs fOor a spacer having profile *a®. L=10. mm.
Ro=10 mme g=2 mme 4=6 mm and €;=3.2. ’

0.1 MPa of SP,

Z
» 8° ZCy CM f&dz Bzcy kV/cm Bry kV/cm
Q
- 15 1.0 =& 8«16 T 7242 —
[
30 04645 1746 30.09 90465
45 0.262 16491 53415 93.0
60 °  0e361 17.221 . 91.221 - 91.57
T | 0 0.3855 17.51 Z//;ao.as 90038
}/ -
0.2~MPa of SFe . e
e° ZCy CM jlo_(dz _ EzCe kV/cm Ere kV/cm
; .
15 1.0 ® <0 123.78 —_—
30 1.0 <0 -  135.68 —_
45 01912 16.16 18643 18542
- 60 0.3238 . ->17.12 181.85 182406
A
70 1.0 T <0 129.6 | _—
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Table 6.2z zcCv jEde. E(z) and Br as a function of Bb in

SPF, for a spacer having profile "b*. 1L=10 mm,
Ro=10 mmy q=2 mme d=6 mmsy h=1 mm and £;=3.2.

0.1 MPa of SFe

B

Z .
s Bbemm  2ZCy CmM jEde Ezce kV/cm Brs kV/cm
‘i 0o . .
7.73 1.0 ' <0 82.7 —
. ) . ,
2.83  0.2953 17.06 - 32.5 92.63
2.3, 0.510, - 17.50 #739.39 * 89.79
213 . 043602 17«25 90450 50.77 «
-\
0.2 nP:\qf SFPe _
Ty - e
' Z
Rby mm  Zce cm fbxdz Ezcy kV/cm - Ece kV/cm
o -
7.73 1.0 <0 163.5 - —
8.0 1.0 <0 157.08 R
2.83  0.2563 16293 185.0 X 188,27
2.3 0.7394 17.956  182.05 18282
213 08161 . 18.089 .  181.5 - 181.8
AW “
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Table 6.3 ZCe Jozdz' 2(z) and Er as a fdnction of © in
SPe for a spacer havi{:q profile *c*. L=10 mm,

Ro=10 mms and 5333.2.

0.7 MPa of SFs

e° Zcy c€m fz& az Ezce kV/cm Ery kXV/cn
Fae |

15 1.0 2.754 71.05 —_

30 04412 17.33 93412 32556

45 0.3118 17.12  98.6 94424
. 60 0.3656 - 17.26 93.80 93.09

70 0.8206 = 17.388 . 82.93 9240

0.2 MPa of SPe '
— ‘
e° zcy cm .. I&dz Ez2ce kV/cm Ecy kv/cm
. ’ o

15 1.0 <0 125.97 —
'30, »0.5868 17.72 . 18040 18045

85 . 0.2396_—  16.86 186.5 185.9

60 0.3132  * 17.12 " " 185.30 185.0 |

70 0.4316 17.82 - 183.0 132.86

A -
v
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Table 6<4: zcCo» fo{ dzs. E(z) and Er as a function of Rd in

SPe for a spacer having profile *d*. L=70 mme
Bo=T10 mme g=1 mm a =3e2s -

001 HFa Of SP6

BRds mm .zc' cm f%dz ) Ezcy kV/cm Ere kV/cm
. S

19.3 - 1.0 9.0 75420 L —

10.0  0.8268 17.436 TR0 - 97-99

7.07  0.3113 .17.165 9545 95.36

5.77  -03257 17421 - 9.7 " 93.66

5.3 03099 17.173 9498 33,79

0.2 MPa of SFea

Rd.» ;::m ZCe CM fédz BEzce kV/cCm Ers kV/cm
) A ;

19.3 1.0 <0 159.5 . —

10,0 1.0 0.78 w8.21 —

7.07  0.3882 17.37 18815 18546
5.77 1.0 16.84 132.03 —

S.3 1.0 13.52 £ 127.76 —

_ 1
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The dependence of the critical avalanche lenqth 2c on the

171

"contact anqle 6 for profiles *a® and *c¢*® in SFs is shown in

FiGebale "It w@ill be observed that the avalanche length zc

shows 'a marked dependence on the contact angle 8« In the

ranqe.from e= 35° to 6=60°, zc is higher af 0.1"MPa of SPe
thaﬁ"that at 0.2 MPa of SFPs for profile *a® and *c®. This is
because the ratio of the flashover field to the pressure is
sliqhtly higher at 0.1 MPa than at 0.2 HPa of SFee

Similarly E/bQ%s higher at lower values c¢f z for profile a

-

than for profile ¢s at the same gas pressures 4qiving lower
zc for profile as ~ as observed in Pige6els At 6=85° the
flashover voltage and hence E/p is highest and therefore the

avalagche length is expected to be the shortest as found
. :
here. '

Prom these findingss it can be judged that the values of

the calculated field for differemt profiles and the

flashover voltaqe measurements satisfy the - streamer

criterion for breakdcwn in high pressure oOf SFee

L

v
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Pigure 6-1: Dependence of zc on the contact anqle 8 in SF,

for vprofile *a® and ‘c' spacerse..

conditions are as of Tables 6.1 and 6.3« -

Qther
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625 Correlation Between the Calcvlated Fiela_and the
Plashower _¥Yoltage NMeasnorements in Nz
Similar analysis to that.described in section 6.4 1is
perfo;ued here for nitrogen. Since the attachment process to
form negative ions is neqligibly small ’ f& dz =

jzidz.

13

From the measurement of the flashover voltage of the
spacers aad tg; calculated field distributicne the -first
jonization coefficient {/ can be determined as a function of
z along the path AC (Piq.3;1) using the neasuied values of

Bevlen [1081. -

Q/po = A exp (- BRo/E) (6.15)

Where A=2.108 €& torit and B= 226 V cat toret at 0°C.  The
results of Heylen are widely used in the literature because
they were reported over a wide range of E/poe They are
slightly higher than the values reported by Cookso? et al
{105l The valoes of ¥ in equation 6.11 are taken from Refe.

11031, 2

Typical calculation of o and jﬁ(dz are shown 1n

Appendix Fe The calculated zCo -IC( dz ‘;nd E(z) for a spacer
having the highest withstand electric field which is profile
"'a' with 6=65° and for different g:essnres in‘ N2 are shown
in Table 6.5. It can' be obserwed th;% in the range from 0.3
MPa to 0«6 MPas the values of Iudz satisfy the streamer

criterion for breakdown and qive/space charqge field values

N

-
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of Br in qood agreement with the values of Ezc calculated
from the flashover voltage and CSM -at. the same locetion 2Ce

The -calculation of the breakdown ‘stceneth Er is not
possible at pressure < (.2 MPa of nitrogen becauee it is
dominant by the Townsend breakdown criterion which requires -
the secondary ionization coefficient }J) . The latter is very

sensitive to the electrodes sarface and the gas conditions

and is not availablee. <

Table 645 zcCo» jkydz. E(z) and Er as a fnnctxon of P 1in
N2 for a spacer having profile *a®e L=10 mms
Ro=10 mme q=Z mme d=6 mm and £2=3.2. :

PyMPa zcy» cm J’zd dz Bzce kV/cm Brs kV/cm
0.2 1.0 12.3% . 83.45 039
0.3 " 0.913 17.38 83.3 " T 82.78
0.8 0865 . 17.38 - - ' 110.2 109.6
0.5 0.885 17.36 1131.0 ©131.9
0.6 04898, ¢ 17.35 150.8 ) 1489.82
0.7 1.0 16-98  129.78 122.9

N

The dependence of }zc on the ptessure shown in Table 6.5

is explained by the dependence of Y and jc( dz on B/p in .

the pressure ranqge covered. Typically at "z= 0-S5Cm (Y 2nd
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IC!dz increase from 0.2 to Q.8 MPa therefore zc decreasese.

Thereafter ¢ and Iczdz decrease steadily and therefore

zc should increase aqain as observed heres - The values of

Y » jc{dz and zc are shown in a leocation z =049 cm nedr the

critical avalanche lenqth in Table 6.6« Similar dependence

is -found in the vicinity of -z =0.8 cme.

-~

~

Table 6.6: values Of Bz/py X zy fczdz at locations close

to the avalanche length and zc for profile a in
‘Nze Other conditions as in Table 6<5. ;

PeMPa Ez/py _ ™ (0.9) I%ﬁdz zC -
vemt torr! o

0-2 37.27 11462 11.55 1.0

0«3 37.11 17.488 17.06 0.913
Dl 35.62 18475 38002 0-.865
0.5 34.16 1805 17.64 ‘0-855
0.6 33.02 17«36 17.39 0.898
0.7 31.80 1618 15.96 1.0
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DESIGN QF SPACER=CONDUCTOR=GAS(TRIPLE JUNCTIQN)

. -

221 Introduction—

To improve the electrical insulation capability o©f gas

. lnsulated systemss the gap containing the spacer should be

designed such that the flashover voltage with the spacer is

close to the breakdown voltage of the gas with the absence
of the spacer. An attempt to achieve this is made here by
reducing the field at the conductor-spacer-gas triple

junction and its vicinity in order to reduce the field
'\.

emitted electronse It has been reported that the electric.

field at the metal-dielectric Junction of a cylindrical
spacer can be reduced by incorporatinqla suitable end-cap
designs by using a recessed electrode and by Gé?nq a metél
insert in the spacer (107-109]. Also an improved design of

~the cathode tgiple junctioﬁ to aVoid- local field
intensification has been investigated [1061.

---  Experimental investigations in v%ég&m showed that the
electrical field at the eleccrgﬁﬁ ;ﬁnction is :educed‘ by
recessing the solid insulator into the cathode [110+711]).

, The best electrical performance of the solid insulator in

vacuum was obtained- when -thé€ angle Dbetween the solid

insulator and the recessed electrode was 60°(110].

- - 176 - -
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-

In compressed gas insulated systemse the use of metal

inserts in the solid insulator produces a favorable field

distribution and improves the flashover strenqth-at high gas

/

pressures [6J. It was reported that the surface flashover of

cylindrical- .spacers in SFes increased when the electrodes

extended into the insulator especially for higher qas
) -

pressures [9le _Ir this chaptefs the effects of the recess
A v
angle Y + the depth Of the recesse . the lenqth of the spacer

ahd thef permittivity of the spacer on the electric field

distribution are investigated. Also the dependence on the

radius and the metal insert 1is stnqied-' The dependence of

the flashover voltage on the :eceéé_anqle"y was not studied
‘

previously‘gnd this is reported for the first time here at
high gas pressurese.
7.2 Spacer=Conductor Confignration
) . ) AN v
The cross—sections of several desiqns of Spaceﬁ-eleptrode

. Y y
geometry is shown in Fige7.1. System A shows a spacer which

\ - . .
Y is the angle between the spacer and the incline edge O

recessed electrodes. In Svstems B+C and D _only ome
' »

conddctor has a depression to hold the spacer which 1s

useful for dc applicationse The edge of the depression in

Fd

the recessed electrode is rounded in systems B and C with a

radius r (quarter ' of a «circle) to aveid field

intensification on the surface of the spacer and in the

’ < i

R
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vicinity of the cathode triple junction. 3System C shows a

cross—sectiOn‘\of a spacer with a concave shape at one
B ' h

conductor and placed im a recess in the other conductor.
- F ) - .
is the anqle between the tapgent to. the surface of the

®0

spacer and the n 1 at the contact with the conductor. W .

and t are the diumeter and the length of. the metal inserts.
respectively. roNs the radius of the corner of the insect
and is chosen to be 1 mme System D shows a depression to
hold the spacer and an inclined edge to redﬁce the electric
field at the spacer surfacee. Ly is the radiusfof the contact
of the flat part of the electrode and the inclined section

and is chosen to be 1 mm throughout this studye

\ ‘\\_/) . - .

\ S
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Pigure 7.1z ' Spacer— electrode arrangementse. 2Ro diameter

of the spacers L. lenqthe £z permittivity of the

-Spacers £y permittivity of gase System A=

cyvlindrical spacer placed in recessed electrode

at both endss Y angle between the Spacer

surface and the recessed electrode. System B:
cylindrical spacer placed in a groove of one
electrode onlye. d thickness of qrooves r radius
of qroove edqel Systds C: concave-shaped spacer
at one electrode -and housed in a qrgove at the

[~

other electrodes 8 angle between the tangent to-

the surface and the normal. at the contact
poin System Dz cvlindrical sgpacer placed in

recgssed electrode with. a qgroove at ane’

electrode onlye.
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2123 Apalytical Resnlts and Discussions - ‘w:qf/
. &
' Je3s1 EZffect of the tecess angle

The electric field components at the cathode Jjunction
B*tice E®n-c and E°T.c and the maxima in both the tangential
. E'tym and the total fields E*T,m oOf a Plexiqlas spacer with

a rTelative . permittivity (£2=3.2) placed in recessed
. s

{System A) are shown in Table Tel. E'tym and

re in locations P and @ of (PigeT7«1s System Ade The

electrod

B*T,m

recgss anqle Y is varied ‘from 5° to 90°%. It can be seen that

E*tic increases as Y increases while E°t,m de¢reases with

inqreasinq'r « EB*T,c increases steadily as ) increasess bat

E*Tym shows 'a stronger dependence onY - Typically E'T.m
.decreases from 3.3 at’ Y= 5}"' to 1.3 at'y= 30° and to 1.03 at
T=80°. "

The dependence of the no:nalrvfie;d E*nyc on the recess
anqle 7Y is also shown in Table 7.7. It will be observed that
lE-n;c‘decreases as'}'increases- Tvpicallv, it decreases from
B'n,c=0.65 at =5 to 0.09 at) = 80°.

. The total electric field E°*T, distribution alond the
interface of a Plexiglas (£2=3.2) spacer placed in recessed
electrédes (System 1) is shown in Pige7.2y for recess angles
Y= 10+ 20 85 70, and 90° (cvlin&rical i;sulato: between two
planar electrodes)e it will be observed from riqs?-zlthat
B*?, decreases with increasing Y in thé reqion between P and
Q and in the vicinity of ﬁhefe locations while it increases
at the triple junctions. Bence there expected to ‘be some

'Yvalnes which vield a maximum withstand voltage of the gape
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E*tiCo E*nicy E'"TiCy E*t,m and E*T.m as a
fanction of Y (System A)e L=80 mmy 280=80 mm,
d=5 mnmy £2= 342« E'ra;m and E°*T;m are 1in
locations P and O of Pigs7.71+ and Bay = V/le

— - —

Y Eleic Eale| | Flewm | Flric E'pin
5 0.135 0.65 1.31 0.66 3.3¢
10 0.24 0.64 1.20 0.68 |  2.30
20 0.36 " 0.62 1.18 | T0.71 | ~ 1.64
- | 30 0.47 | 90.55 1.12 0.72 1:3
s0. 0.56 0.48 | 1.10 | . 0.74 | 1.16
45 0.60 _ | 0.44 1.10 0.745 1.13
50 0.65 0.40 '1.09 0.76 1,40
60 0.73 0.31° 1.08 0.79 I.08
70 0.82 0.21 | 1.06 0.85 1.06
80 0.91 | 0.09 1.03 0.915 1.03
90 1.0 0 1.0 1.0 . 1.0
B°T, at and near the locatioms P and Q which are at

2*=0+1 and 0.9y respectively is enhanced particularly at low

values of Yy below 85% -

4

FPige7.3 shows E*n: alonqg the spacer—qas interface of

\
Plexiqlas spacer{£z=3«2) for7’=10' 20y 45,. 70 and 30® uasing
. [} -

System. Ae It will be observed from Piqge7.3 ghat ¥he recess

anqle 7Y has also a stronq influence on the norsal field

especially at and near locations P and (. The effect is more

w—— S ° \
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Total electric field E*T, alonqg the spacer
sucrface of system A (Pige7.1) }oc different
recess anqles. £2= 342+ L= 80 mme 2Ro= 40 mms
d= 5 mmx and Bav=V/lL.
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significant for 7’<35°. " Typicallys 2°n;m decreases from 2«1
at Y=10° to 0.54 at Y = 35°

E*Tyc and E*T:m as a function of the recess anqle';re
shown in PigqeT<8 for system A« It can be observed that E*TI:m
decreaseSo'initiallv_tapidlv, with increasingY s while E*Tic
increases with incre#sinq'y - E°Tyic and E'T:m are important
parameters affecting the surface flashover voltage at hiqh
qas pressure. The first controls the electrons emission from.
the cathode while the  latter affects' the growth in the
nunfer of electrons. Therefores for higher flashover voltage
the recess angle Y should be chosen in such way to give
lower E*T;c as well as B'T.m.'

E't;cle'ngcland BE*T,c at the cathode triple junction for
an, epoxy spacer L£2= 8.7 placed 1in recessed electrodes
(s>§tem A) with &/L =0e2 are shown 1in Table 7.2 for
different cecess anéles 'y « Alsc shown in Table 7.2 E"tym

and E'T;m at locations P and Q of FPig«7-1. The ratio d4/L has

been chosen to be the same as that used the experimental

studye It will be observed that *t,m and E*T.m

B.TllC' LI

decrease as Y increases. E*Tym decreases 60% as

Yincreases from 10%® to 45°. E*t;c and E°T;c increases asy

) X
increasese. E*T:¢ increases by 14% as T’increases from 10°

to 45°.

W
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Pignre 7.3: Devpendence of the normal field E°n: oOn the gas

side of the interface of the spacer of system A
(PigeT7.1) an  the recess angle. Other
conditions are as Of Fige7.2. ’
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Table 7222 E*tiCe E'nicey Z'TicCe g*'tym and E£°*T;m as a
function of Y (System A)e L = 40 mmse ZIRo= 40

mme A/L=0e2 mms E£2= %7« E'tym and E*T;m 4Te 1n
locations P and Q of Figqe7e1ly Zav = V/L.

Y |B'aze| [B'52 | Bleim | B'ric | E'mim
10 0.76 0.22 1.30 0.79 2.94
20 0.74 0.41 1.21 0.85 90
30 | o0.68 | 0.53 1.18 0.87 1.50
40 0.61 0.66 1.14 0.89 1.27
45 0.56 0,70 1.13 0.90 1.20
- |50 0.50 0.75 1.10 | -.0.91 1.16
leo | -o0.39 0.83 1.08 0.92 1.09
70 0.26 0.89 1.05 | ~ 0.93 1:05
80 0.12 0.94 1.02 0.95 1.02-
90 6 | 1.0 150 | 1.0 1.0

72322 Effect of permittivity

Table 7.3 shows the dependence of the electric field
Eomponents on the permittivity £2 of the insulating material
placed in recessed élgét;odes of system A at a fixed
recessed angle which is arbitrarily chosen to be L3°., It
will be observed that with the. excgption of E'tym all the
other fields increase as the permittivity of the insulator

increasess. E'nic and E'T:icC increase.?bv’BOZ and  T3%

) AN
@
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respectively when using a Porcelain spacer (&z_=9’-0) instead

of Teflon (L2=2.1).

Tala el Fumttion of iy for ssvstes Ans L 80 mms 22ac 40
amy d= 5 mmy Y =85° and %av=V/lL. .
€2 | E'tie 1B el | B'eim B'ri1c E'rim
2.1 0.34 0.50 1.12 | 0.60 1.12
3.2 0.52 0.50 1.10 072 1.14
4.7 0.63 0.52 1.08 p.86 1.15
5.8 0.74 0.57 1.07 0.93 1.18
© 9.0 0.81 0.65 1.06 1.04 1 1.24
30 0.95 0.78 1.04 1.23 1.36
50 0.98 0.81 1.04 1.27 1.38
B a0 0.99 0.83 1.04 "1.29 1.40
100 1.0 0.84 1.04 1.30 1.40
i| 1,000 1.02 0.85 1.03 1.33 1.42 |
12,000 1.03 0.86 1.03 1.34 1.43

J2323 Effect of the deoth df recess d

The dépendence ‘qf the electric field conﬁonents on the
recess depth 4 of Pige7.1 {system A) for a Plexiglas £2= 3.2
and théﬂtécess angle Y = 85° is shown in Table 7.8« It will
be observed that both 2R*tic and E*T.c decrease as 4

increasess Typicallv‘ds 4 increases from 1 to 10 ame E*T.cC
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decreases by about 20%. The maxima in EBE"tym and E*T;m

rl

increase as d insFeases.

Table 7.8z E®t,Ce E®nace E't,nme E*T,c and E*T;m as a
function of depth 4 for "System A™. L= 40 mme
2Ro= B0 mme Y =45%, £2=3.2 and r:=1 mme MNaximam
occur at locations P and Q and Bav=V/L.

d,mm E"t:].c Eltlm IE'nlc E".T.‘lc E‘Tlm.'\
- 0.77 | 1.02] o0.34 0.84| 1.08
3 0.67 | 1.06| 0.40 079 1.09
5 0.60 | 1.10{ 0.44 6.747| 1.13 -
7 0.59 1.15[ 0.39 0.70§ 1.18
10 0.56 | 1.20| 0.37 { o0.67| 1.23
)
\
1.3.8 Effect of the Yength L .

Table 7.5 shows ‘the field components of a Plexiglas
spacer (£2 = 3.2) placed betuween recessed electrodes for
fixed /L =025 a;d a recéss angle 7;= 45°, ThRe spacer
lenqgth isﬁvaried_fro- 10 =m to 160 ame It can be seen from
Table 7.5 that E®tyce E°nsc and B°*T,c decrease as L

increasese E"tic and E*T,c show a siqnificant redaoctions



190

with ingreasing Le E*t;c-and E°T;c decrease by about 49% and
42%s respectively as L increases from 10 ma to 100 nmm.
Howevers the maxima in both the E°t;m and E*Tym increase by

13% and 10%e respectively as L increases from 10 mm to 100

mm. In fact this finding is due to the combined effect of L
and de ~ € . C s
\ :

Table T7.59: E*"tice E*ngcey E"timy E*Tic and E*T:m as a
function of length L for “"System A%™. 2Ho= L0 mme
d/L=0425 nms Y =85° and Bav=V/L.

-

L E'vic B im E'Nic E'mie E'pim
m -

10 0.82 1.16 0.45 0.94 1.20
30 0.61 1.19 0.42 | 0.74 1.22
- -

40 0.56 1.20 0.37 . 0.67 1.23
80 0.45 1,27 "0.29 0.53 1.28
100 0.42 1.31 0.25 - 0.49 1.32

MW9.S Effect of radins r (System B)

The field components at the cathode triple 3Junctions of
system B aqd the maxima in the narnai- tandehtial and total
fields as a function of the radius T fét an epoxy spacer

(£2=8.7) and a fixed depth d = 5 'mm 3are shown in Table 7.6.



o
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‘It can be seenr from Table 7.6 that d4s r increases E'ni:Cy and

. b
E*'T;c decrease. A significant reduction in the field can be

obtained By increasing the radius of the recess edge. Also
E'nyme E°t;m and E*T.ms decrease as the radius C increasese.

E*Tyc and BE*'T,m decrease by about 49% and 32%, respectively

as r increases from 0.5 mm to 4 mm.

Table 7.6 E®n;cy E'tyc and E*T;c at point ¢ as a function
of r for "System B™. L=80 mme 2Ro=40 mm o L=

- 4.7 and d= S5 mm. Bav= V/(L-d)e.

A !
¥

L - - i

F | At point C :
TemoT = = Eaim | Fltim | Blrim

nl tl Tl

0.5 - 4.76 0.87 4.84 4.75 2.34 4.83
1.0 _ | 4.30 70.33 4.31 4.56 1.84 4.73
1.5 4.00 0.24 4.01 - 4.49 1.49. 4.65
H 2,0 3.70 0.23. 3.72 4.38 1.25 4.47
2.5 3.55 0.27 3.56 | 4.35 1.05 4.41
4.0 2.45 0.34 2.48 3.25 0.91 |~ 3.29
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72326 Effect_of the depth d_(System.Bl
The dependence of the total field near the cathode
junction (at point c) on the depth d in'Svstem B 1s shown 1n
Piq&??g as a function of ;ﬁe radius £+ The total field E*T:c
is determined for é= ;39';5 and 10‘mm using an epoxy sSpacer
(L2=8.7)e AS can bévseen from rig:?-sv E*T,c decreases as r
increases. Also it decrease; as d decreases for a fixed
value of re. A higher reduction in the field E'T.c can be
obtained the larqer the value of r and the smdller thg value

of de Por pragtical applications 4 and © should be chosen to

R —

have reasconhable values ¢g satisfy the  mechanical
requirements of firmly holding the sSpPacer as well as to
minimize the local field at ¢he cathode junction. The
reduction in the -figld E*Tsc calculated for d =3 nmm is 33%

as r increases from 0«5 to 2.5 mm. Bovwevers, the reduction is

almost 84% at r= 2.5 mm when g decreases from 10 mm to 3 mma

~
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\ - IR
Total electrijc field at the cathcde junction
E*'Tsc Of system B (Pige.7.1) as a function of r
and for different valuoe of de £2= 4.7+ L and
Ro -areé as of Fige7.2 and Bav=¥/{(l-d).
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Zadsd Effect of metal insert
The effects on the fi?id components Of placing a metal
insert in the bottom conductor of'éystem 8y at both the top
and the bottom conductors of system B and of system C
(Pig.7.1) are examined- W and t are the diameter and the
depth of all metal insertss respectively. 3oth W and t are
varied to determine the effect of metal insert on the field
distributionse. -~
B®t,y B'gg and E*Ty at both the cathode and the anodé

junctions for the Jdifferent electrode geometries are

calculated and shoun in Table 7.7 Also shown in Table 7.7

—

are the nax%ua fn the field components E'n;m.’ E*t;m and
B'Tiyme It can be seen érom Table 7.7 that the presence of
metal inserts at the cathode decreases therfielﬁ components
E*tscs E%n;c and 2'°Tice but there are slight increases in

the field components E't,as E'nsa and E*Tya at the anode
junctione A siqnificant reduction iﬁ the field at the =
cathode junction can be obtained by increasing the diameter

and the tﬁickness of the metal insert though the fi€ld at
the.anode ﬁnncgion -sliqghtly increasese The effect of the
presence of metal inserts at both anode and cathode are also
shown in Table 7.7 It will be observed that the metal
inserts have stronq'influoence oﬁ the field components at the
anode and the catthe Junctions (Table 76}1 confiqurationsﬁb—’)- .
and. 9)« In order to attain a rqggéiion of the electric field

. L] .
at the cathode and the anode junctions the spacer—' conductor
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geometry of system C is useds A concave shape of the spacer
surface at théﬁQnode Junetion with a metal.insert at the
cathode (Piqe7-1r sSystem C) helps to reduce the electric
field significantly at both electro&e ﬁuhctionél

The total field B°T; along the insulator gas interfaée

for the different spacer— - conductor confiqurations

(1+5+9+10418,  described jn Table 7.7) is presented 1in
}iq-7.5. It will be obser:;d that the lowest field value at

.

the cathode can be attained by using configuration Se while_ -

the lowest value at the anode AJunction can be tained b
using confiquration Ye As can be .seen confiquration as
the advantage of reducing the field at both the cathode and

the anode Junctionse.
h |
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F11
1.5°
0.5
0.25
Figure 7.6z Total electric field E°T, distribution along

the insulator sarface and for different spacer~-
electrode confiqurationse. L = 40 mme 2Bo= 40
mmy E2=8e7« Curve s system B: curve 5s system
B with insert ( W=15 mm o t=10 om) at the
cathode onlys curve I inserts at both
electrodes ( W= 15 mme t= 10 mm): curve 10¢
system ¢ ( 6= 459, B=14.148 mm)s curve 1G4,
system ¢ with inserts at cathode oanly (W= 15
mme t= 10 mmde Number of curves refer to
qeometries in Table 7e7e )
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7.3:8 Effect of the-apgle ) ( System D)

) In sy\sten D+ the curvature of the cathode }'s a part of a
circle which is "tanqentiai to the incline. of the electrodé
and the spacer surface. The relation between the radias of
curvature r and the angle Y iss £= £ tan (Y72}.

E*tyCe E°n,c and E'tyare calculated ‘at the triple
junction for a qlass~ceramic spacer_(;z= S«8) of system D
.and showun in ‘rab,ie T8 It u':n be_obserwved that as

TincreaseSe b E°nac a.nd E®*Tyc decrease and they show 2
marked dependence on Y « The reduction in E®*nic "and BE*TiC 1S
almost 53% an'd' 35%s respectively when using ) =90° instead
of 20°. But the tangential field E®t,c increases as

‘Yiﬁcreases. It increases by about & times at ¥ =90° than that
at Y =10°. Por the case of 7 =90y the small radios of
curvatare- (r=1 mm) is responsible for the high field
components at the t_r.i.nle Junctione <

The total electric field distribation alonqg the spacer

" interface of a’ qlass-ceranlc spacer '(s*rstea D) for various
angles Y is shown in Pige7e7« The spacer length is 30 mm and )
the diameter 2Ro= 80 mm. It can be seen from Pige7.7 that
E°T,m occurs at 'Y- 10°. Por larger 7Y the hzqhest field
2°Tym occurs near the cathod: 1unctxono The total fxeld E*T,
decreas_es as tty axial distagce increases away from the

cathode junction. - .

Fige7.8 shows the effect of ~the anqle Y on’' E°Tc

-

(Ealculated at location c¢ for system D (riq-7.1 )« It can be
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~

av= V/(l-d).

£ for "System D%.
«3 and d/L=0.25

»
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E*'t,c and E°"T,c at point ¢ as a functicn
L= 40 mme 2Ro =
mm 9dy/d=0.5

80 mme ELz=

and £/d:1=0e2 o

&7
Y T"t'.lc E'nlc EITlc bt
o~ -~
10 0.40 3.42 3.45
20 0.74 - 3.46 3.53
) 30 0.98 3.16 3.30
40 1.15 2.86 3.08
50 1.29 2.57 2.88
60 1.39 2.30 2.70
70 1.49 2.06 2.54
80 1.59 1.82 2.42
90 1.66 1.62 2.30

seen that 2°T,c decreases as ) increases. Also for a fixedY

the total field decreases as £ (or r) increases. Therefore

to reduce the electric field Y shonld be chosen as close to

-

90° as possible and £ should be large but within a suitable

range values depending on the systenm dimension. Por 'Y =90°

the curvature is formed using a quarter Of a circle and
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Pigure 7.7: Total electric field B°*T, distribation along
;- the interface of a gqlass—ceramic¢ spacer System

*D* for different anqlee. L =380 mme £E2 = 539

2Bo= 40 mme d/L= 025+ d1/3=0e5¢ £/d:=0e2s £1=1

mm and Eav = V/(L-d)e . ?
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therefore ri1= re. Howevers it should be femembered that the
field at the triple Jjunction is higher than for some of the
other profiles investigated in this work and therefore this
is not an attractive profile. ' The purpose of these
calculations is primarily to investigate the effect of the
inevitable curvature which is introduced when the sharp
surfaces on the electrode are rounng to give a smooth

Y

finishe.
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Figure 7.8: Total electric

field EB°Tic at the triple
cathode Junction as a fanction of Y for
*system D®. L = 80 pme £2 = Se8s 2Be= 80 mme
d/L=025 and a:;/d=05¢ £2= 1 ome.



1.8 BEfect of Recessed Angle bn the Flashaver Voltage
Measurements

The flasho;er voltaqe of an epoxy spacer placed between
ﬁgcessed eleétrodes has been measurede The recessed angle
is varied in the range from 20° to 75°%

Table 7.9 shous the flashover voltage in SPg and 1in N,
and at different pressurese It can be seen thak the
flashover voltage of a cylindrical spacer is lower than the
breakdown of the gas by itself« It will be observed that the~
breakdown fvoltaﬁe of SFs and of Nz when using recessed
‘electrodes with a gap distance of L=10 mm and a recess depth
of d= 2 mm (for 7Y =20 and 60°) is close (within & 3%) to the
breakdown voltage of SFPe ﬁnd of Nz under uniform field
condition -uith a qap distance of 6 mm between the
electrodese The flashover voltage of cylindrical spacers
placed in recessed electrodes for'}’=20o 4S5y '60 and 759 is
measured and compared with Y =90° (right angle cvlindrical
spacer) with gap 1lengths of 6 mm and 10 mme. It has been
found that the efficiency of the spacer can te increased to
98% at 0.2 MPa of SPs and to 100% at 0«6 MPa of Nz using
recessed electrodes with 'T'=50° (Table 7.§§;ArJﬂ%

E?.c is responsible for fhe emission oOf éléct:ons from
the cathode by the Powler-Nordheim field tunnelling process
since the eleciric field.there i§ highe ET;m which occurs at

a Iocqtion near the cathode causes an exponential growth in

the number of electrons. Therefore in the range ) =5-202 a
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lower flashover voltage than for the case without recesses
is obtained because a hiqhér number of electrons are
produced in the gqas due to the high ETym values (Table 7.2).
As 7Y is increased to and above 45° ET,m decreases giving a
reduced ionization growths despite the avqilability of more
initiatory .electrons with the slightly higher ET:cCe.
Therefore higher withstand voltage should be obtained with
lower BETm at 56°- As Y'is increased further ET;cC increases
much more while BTim .changes only sliqhtly hence the

flashover should decrease again as has been ohserved

experimentally (Table 7.9).
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Table 7.3:

conductor— spacer
an epoXy SpPacCere.

2 MMa
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ac (50 Hz peak) —flashover voltage for different
gegmetries in SFe and
2Ro=20mm and d=

Nz for

Concductor-spacer

F.0.V (kv) in SF6

E.o.v. (kv) in N

55

geomet=y ra
P=0.1MPa | P=0.2MPa | P =0.3MPA |P=0.6MPa
& mm
r 61.0 112.0 51.0 95.0
—e— o
il
¥
¢ 51.0 85 47.0 . 81.0
I ™
7 -
somm 75 135 65.0 110.0
i .{'.'l’ﬂo —] - .
- . 5
_/T——\_r y=26° 58.0 107.5 , 54.0 96.0
1Qmm [ 1
—t___ b y=60°| s9.0 | 1l0.0 54.0 96.0
97 :
7 71. . 78.
- // : 4 1.0 49.5 0
4 /427 : .
< =20°
.
vy = 45° 56.5 99.0 51.0 87.5
y = 60° 58 105 54 95
y = 75° 100.8 52.5 86.5
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- Spacer. Geometries

The ;:est value of tpe ac (60 Hz) flashover voltage is
measﬁred in four spacer—éondgctor geometries: 1. cylindrical
spacer between planar elgctrodes; 2. cylindrical spacer
hetuﬁgn recessed électrodes' 3. cylindrical spacér Wwith
mé;?i inserts in both electrodes and 4. a concave spacer
between planar electrodess in SPe and in Nae The breékdoun
of ‘the gas by .itself is .also measured for comparisone The
qgas pressure is restricted to 0.2 MPa in SFe due to the
limitations of the ac supply voltage and to 0.7 MPa in Nz.

'Pige7.9 shows the flashover voltaqé of Pleiiqlas spacers
having a length of L= 10 mm in SPse It can be seeh from
Pige7«9 that the flashover voltaqé of the cylindrical spacer
(curve 4) 1is the lowest and this can be increased using any
cne of the profiles exanined in this worke It will Dbe
observed that the spacer placed in recessed electrodes
(curve 1) and the spacer with metal inserts (curve 2Zs t= 2.5
mm and W =10 am) have a hiqhe: flashover voltaqe'than that
of profiles 3 and 4. Both profiles 1 and 2 have almost the
same flashover strengthe The efficiency can be'inc;eaéed
from 81% - using profile 4 to J31.5% for profile 1. S0% for
profile 2 and 87% for profile 3 at 0.2 MPa Of SFse

‘The ac flashover characteristics in Nz are shown in
Pige7+10. It will be observed that the withstand voltage of

a spacer between recesSed electrodes and a concave spacer

[N
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Pigure 7.9: ac crest (60 Hz) flashover <characteristic of
four different insulator- condactor gJeomsetries
' in SFee Conditions: L= 10 mmy D=2Ro= 20 mms d=
2 mmy )Y = 60% t=2.5 mms W= 10 mms @=85%and &»=
3.2. '
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Figure. 7.10: ac crest (60 Hz)! flashover characteristic of
) - four different spacer- conductor geometries in
N2« Conditions are as for Fige.7.10.
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are higher than the others. The efficiency is mmproved from
74% when using a cylindrical spacer (profile &) to S0% with
recessed electtodés {profile 1) and §S9X with a concave

spacer (profile 2) at 0.7 MPa of Nz.

Ly
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PARALLEL_SRACERS ON THE PLASHOVER _VOLTAGE

821 Introduction
In practical applicationss the;desién,of*;gp.insulation
system often requires mu%tiplé spacers in parallele. . It has
been reported that the electrical sfrenqth decreases with
increasing the number of parallel insulators [112] and the
diameter of a single spacer in vacuum {1151+ and with
increasing the area of electrodes in SFe [1713,174].
- The decrease of electrical strenqth has been attributed
to increasing thé number of weak points in the larger
system. result;nq in a higher probability of the occurrence

of an electrical breakdown [705])¢ Alternatively it was

attributed to the larger stored enerqgy in the electrostatic

- field W#ith the larger capacitance [116+1171. |

There is a scarcity of data on the effect of.varyinq the
number oOf parallel spacers and the spacer diameter and
therefore ¢the contact area with the electrodes on the
surface flashover in high pressu;es of SFs and Nz In the
present chapters the dependence of the dc and ac flashover
voltages on the number of spacers placed in parallel and on
the diameter of a single spacer -.is reported in SFs and N

over a wide range of gas pressuress

- 210 -
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822 Resnlts And Discussion

8.2:1 Effect of number of parallel spacers

The dc surface flashover voltage of multiple Plexiglas
spacers, each h;vinq'a'diameter of 10 mm and.a length of 10
mm is determined in SFe and N: idga uniform fielﬁa The gas
pressure is (1-3)x10%® Pa in SFe and (1-7)x10%® Pa in
nitrogen. The number of parallel spécers n is varied in"the
range &rom 1 to Se. - .

Fige5.1 shows the dependence of the surface flashover

. voltage on the number Of spacers placed in parallel in SF,

. S
and for different gas pressuress. It can be observed that as
n increasess the surface flashover voltage decreasess and

the dependence becomes more - pronounced at higher gas-

-

pressures. Typically when the number of spacers 1is inc;edsed

. ™ :
from 1 to 5S¢ the dc surface flashover in SF,s decreases by

S~

about 12% at 0.3 MPa. : [

—~—_

The dependence of the surface flaéhovef voltage in N2 on
n-is-;;Bwn fn Piqe8e.2+ for different gas pressures. It can
be obsefved that the surface flaﬁhover decreases as n
increasese Typically the f;aéhover voltage decreases “ith
increasing n from 1 to 5 by about 12% at 0.5 MPa of N2 « gi;

The reduction in the breakdown voltage of the system can

be explained in’'statistical terms. InCreasing the contact

‘area and the number of spacers placed in'parallel will

increase the prbbability of finding a “"weak link*" in the

system and hence increase the probability of the breakdown

. at lower voltage (11641171,
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Pigure 8.1 dc surface flashover wvoltage 1in SFe as a
. function of number ‘'0f spacers placed in
parallel. Materialy Plexiqlase £2 322
~dirametery 10 mme length = 10 mme n =0 gas

breakdoune
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Piqure 8.2 dc suarface flashover voltage in N2 as a
fanction of numher of spacers placed irmr
parallel. Conditions are as for ¥Yige.3.1.
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The probability Pi(V) of the surface flashover of a

single insulator is determined by the applied voltage V.
where V is™a certain applied voltage before flashover.

For n insulators placed in parallel 2:n the syséem the

probability of the flashover PE(V) at the same voltage V is

given by {112]}.
n

pECVI=1~- | [ 1- PiC¥)) - (8.1)
M

If we asSume that Pi(V) is the same for all insulators thens
n
PE(V)=1 — [1- Pi(V)] . €Be2)

when Pi{(V) .<< 1/nes the equation (8+2) becomese

-

PE(V)=> n’ Pi{(V) ) {(8.3)

Equation 83 shouws that the probability of the surface
flaéhover increases with increasing the number of spacers in
paraliel- The higher pfobahility of the occurrence .of
flashover leads to lower insulating strenqtﬁ of the complete
system as is observed hetree |

Table B.1 shows the variation in the contact areae the

total capacitance of the 'gap and the enerqy stored 1in the

_system W=(1/2) CV¥? for different number of parallel spacerse

C is the total capacitance of the gap and ¥ is the breakdown
voltagee. It can be seen from Table &1 that increasing the
number 0of spacers increases'sliqhtl¥ the total capacitance

of the gape. (The stored enerqy just prior to the breakdown of
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the gap decreases as the number of sPacers increases in SPe
and Nae This suggests that the reason for the lower
breakdown voltaqe can 'be interpreted by the ™weak link™ in
the system as the stored endrqy hypothesis requires a higher
available enerqy in the gap to yield a lower breakdown
voltaqe.

Fige8.3 shows the effect of the number of parallel
spacers on the efficiency of the svéten in S¥Ps aéd Nze It
can be observed that the efficiency of the toéal system
decreases as the number of spacers inéreases. It decreases
from 0.88 for n = 1 in 0.7 Mpa of N2 to 0.80 with 5 spacers.
In 0.3 Mpa of SF4 it decreases from 0.79 for n=1 to 0.69 for

n= Se
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| { 1
1 /2 3 4 5
n .
4
? . .
= Plashover voltage ratio P as a function of

Pigure 8.3

number of parallel spacerse
are as of Fige8ata

Other conditions
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T?g,gc sucface fiashover vo;iaqe cf a single Plexiglas
spacer having a lenqgth of 10 mm and .different diapeters is
measured in SPs and . Nze The diameter of the spacer is
- )
varied in the range from 5 mm to 50 mm.

FigSe8.8 and B«5 show the surface-flashover voltage in

-5Ps and N{j’ réspectivelv- as a function of spacer diameter

* B
at different qas pressurese. It can be observed that the

. surface flashover voltage decreases slightly up to 30 mm and

the reduction becomes smaller at 4 > 30 mm (Table 8+2) for
all gas pressurese.

The dependence of the surface flashover voltage Tin SP,

and Nz on the contact' area of thg spacer (with one

. . L ]
electrode)s the total capacitance of the gap and the stored

enerqy W=(1/2) cvz i;: given i; Table 8.2+ It will be
observed that the flashover voltage decreases as the contact
a:eﬁ aith' the electrodes and the total capacitance 6f the
system incfease. The stored epmecqy in the gap initiallw
decreases with increasing diameter from S to 20 mpm and then
increases slightly thereafter. The-observed decrease\bf the
flashover voltaqe with increasing diameter 'of the spacer 1is
such that it alsc follows the "weak link™ hypothesis.

The effect 6E varvin; the spacer diameter oOn the spacer
efficiéhcv is presented in Piqe8.6« It.will ﬁé ghéerted that

the efficiency of the spacer decreases as the diameter

increasese . Ip 0«3 Mpa Of SPe it decreases from B85% for a

!

i
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Piqgre 8.4 dc surcface flashover Jroltaqe in SPFe as a
fdhction of spacer d:l.an!etex:. Conditions are as
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Figure 8.5: dc surface flashover vwoltage tn N> as a
‘ function of spacer diameter. Conditions are as
for FigeB8+.1.
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Spacer of 5 mm in diameter to 76% for a spacer of a 20 mm in
diameters .

Tﬂe ac flashover characteristics in SPs and N using
‘parallel spacers and spacers ui_th‘éif.ferent diameters are
shown in Fiqe.8.7. It can be seen tﬁ;t the flashover voltage
decreases as the number of ° parallel spacers or the diameter
of the spacer increases The éeduction in the flashover

voltage is higher when using parallel spacers than varying

the diameter of the spacer for the same ratio of changee. It

——

decreases from 148 kV .to 118 kV in 0.2 MPa of SFPe¢ and from
134 xv to 104 kV in 0.7 MPa of N2 by using 5 spacers insteaé
of 1. The <coressponding values when using a sinqle spacer
with a diandter 10 mm and 50 mm are 1438 kv and 133 kV in 0.2
MPa of sf, and 134 kV and 113 kV in 0.7MPa Of Naa It can be
seen thst'the same behavioar is obtéined in both dc and ac
voltages and the explanation ‘given for dé is also valid for

o

dCo._ : X
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Pignre B8.4°: Flashover voltage ratio F as a function of

) insulator diameter in SPF§ and Naze Conditions
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The effect of the area of the flat end of the spacer on
the flashover voltagqe in SPes and Nz when using qultiple
spacers in parallel or when varving the dianmeter of sﬁacer
1S shown in Pige8<8« It will be observed that the flashover
voltage decreases as the area increaseses It will be seen
that 2 larger reduction in the fiashover voltage is*éound
for increasing the area when using parallel spacers 'phan
with increasing the diameter. It is clea:‘}rOn Fig.8.8 that
the effect of the fl#t end area dn the flashover voltage of
the system is-important bue it is difficult to rely on 1t to

s

explain the phenomenae.
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921 Conclusions
The electric field and the potential distributions have
been calqulated along the surface 6f.the proposed profiles
as well as in the gas reqion. Spacers. fabricated in
accordance with the proposed profiles have been tested using
dce ac:aqd lightning impulse. The following conclusions can
be drawn: ) |
1. The flashover field calculated £from the fligﬁovef
voltage and the charge simulation method aq:ées ;ith
‘the space charge field calculated at locations where
]é{dz equals aboﬁt 17 in SFe and Nze This confirms that
the streamer criteribn is also appliﬁable for gaseous
qaps bridged by spacerss It ‘is believed that this is
‘the first time ‘that such analys#s are successfully
demonstrated in a2 gap 5ridqed by ; spacere
Z2e The most critical parameter in the sﬁace: design is
the total electric field at the cathode triple
jJunction and its vicinpity. As the field decreases in
the vicinity of the electrodes the withstand yp}taqe.

of the spacer increasese X i

- 227 -
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The tangential and the tota&_electric fields for a
concave spacer are lower in th€~vicinity of the triple
junction than the average applied ‘fieldrin theiqap-
The reduction ‘in both fields depends on the cgltact
angle © between the spacer and the normal to the
electrode and on the radius of curvature of the
épacer.
The optimum contact angle to x;eld-a maximum reduction
in the electric field at the triple junctions is found
to be 45° for profiles a and c.

The vertical portion near the electrodes in spacer 'b*

and *d* should be kept as - small as possible to

" maintain a low electric field near the electrodes.

The electric field distribution for the proposed

profiles (asbs¥ ¢ and 4) is symmetrical inside the

solid dielectric despite the asymmetrical applied

voltage to the electrodes. Howevers at a location away
from the insuiato: surface thg electric field is found
to be hidher near the high voltage electrode than at
the other electrodee. _

The‘radiusrof thé spacer has a small influence on the
electric field distributione.

The radius of the transition reqion in spacers b and d
has a small influence on the electric field
<omponentse except on the maximum normal field which

decreases when the radius increasese.



10.

1.

13.

6.

<29

The withstand voltage capability of a 10 mm Plexiqlas.

shacer can be increased by as much as I3% in high

pressure of SFes and Nz_compared te the rigqht angle
cylindrical spacer. This significant improvement in
the flashéier voltqqe of the spacer can be attained
while maintaining ‘the same physical dimension of the
gap and at the same gas preésure.

The flashover voltage of a 10 mm Plexiqglas spacer
under dc and lightning impulse are close in values.
The ac ‘flashover voltage is lower by about 10% in both

4 .

SFs and Nze

The dc¢ fiashover voltage of a Plexiqlas'sna;er having
profile a can be increased in 0.3 M4Pa 0f SFs to 96%

of the breakdown voltage of the gase

The recess anqte¢¥2\gf the electrodes and the

dimensions of. the metal insert into the spacer have a
sStrong ipfluence oq'the electric field components at

and in the vicinity of the cathode triple junction and

-~

on the flashover voltages The optimum recess angle to

yield the lowest field at the 3unction lies 'in the

-
-

range 40%to 60%.

The fotal electz}c field at the cathode 1hnction of

syQtem B decreases with increasinqg the radius of the

qroove or with decreasing the depth of the qroovee.

" The ac flashover voltage of an epoxy spacer placed 1in

recesséd electrodes with Y =60° in 0.2 MPa of SPe is

typically 53% of the breakdown voltage of the gase

©

N
. h"
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r
1

. Multiple spacers in parallel decrease the dc and ac

L]
surface flashover :oltaqes. Typicallye by 1z% as the
. -
number Of spacers increases from 1 to 5 in SPs and Nze
Increasing the contact area of a sinqgle sSpacer with

the electrodes also decreases the flashover voltage

SN A i
but to lesser extent. Typically by 6% when the
o \ .
contagﬁ,;:éifTE‘TﬁErgﬁged by S5 timese.
. ' T . y
4
Recoanenda

The flashovw characteristics of a spacer are §tronqu

affected by contaminatione Also the flashover voltage
strength depends on the types ape and the size of | .

the free particles. Therefores the proposed profiles
. -

must be tested under contaminated environment.
There is a scarcity of data in the literature on the
surface charge accumulated on the spacer and 1its

effect on the electric field and the flashover voltage

‘of the gape Therefores the surface charqe distribution

on the .surface of these spacers need to be measured 1in

“high gas pressure of SF, and Ny under different

conditions of applied voltaqgess. The analysis

o

performed in chapter 6 <can be refined with ‘the &

* inclusion of the field-produced by the surface charge

distribution. This may then enable the calculation oOf
the flashover voltage of a rectanqular cylinder which
has not been possible hitherto as the apparent applied

field is lower than that required for a flashover.
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Recentlys there has been a qreat deal of research and
discussion on using SFs and nitrogen mixtures in gas
insulated systense. Therefores it 1S sugqgested that
these profiles are to be tested in gas mixturese.

' P
The search for better performange of spacers can be

_advanced by studying the dependence Of the field

"distribution and the flashover voltage on the surface:
and volume resistivity of the proposed spacers as well
a; other shapes including tapered conese.

The performance of the proposed spacers in a céaxial

qeonetrv'should also bé{investiqated.



( APPENDIX A

\\ Expressions for the potential and field coefficient elements

} for. ring charges [79 ]. 5
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Complete ellipticrintegra@ of the first kind.
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elliptic integral of the second kind.
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the
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radius of the ring charge Qj
< .
z-coordinate of the ring charge Qj

radius of the contour point Pi

z-coordinate of the contour peoint Pi .
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Appendix B

CALCULATION OP BX /

e |

w=g-h
4
.
. ™
(Rx + Bb)2'= BxZ + 12 + 2BRx 1 cos P
. \ o
12 - Rb2 = 28x (Bb - 1 cos @) (8.1)
£2 = Rb3- w2 -
£ = anz - ' .
J .
w<+s
tan ﬁ = ’ : 4”/,
o BEbZ - w2
@ ¥ +s
p = taﬁi( ) (Be2)
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= 12 = BRb® + 52 + 2Rb s cos'Y .
s : - :
- H’ -
cosf = —
e : Eb )
12 = gbZ + s2 + 2 S W O (BeD)

From equations (Ba1)s (8+2) and (Be3)y
!
¢

12 - Rb2 .

Rx =
2(Rb - 1 cos g)

s2 +. 2 us

Rx = {Bed)
: - ¥+ s :
2(Rb~ /ﬁbz + 52+ 2 s W e« COS (tant ))
- . - /sz - u
L] ~
- S
b/;

/
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CALCULATION OF EY -
RY N
A
i . S
L/2 - . 1Y

|
|

-

(Ry + BA)Z = BRy2 + 1% + 2Ry 1 cos ﬂ .

12 - Rd2J= 2Ry (Bd - 1 cos f) (Ce1)~

. !
£Z = RdZ- pZ

Py

- 1 -
. £=[raFo g2
\ - .
i es
.. de --D‘z_
) p+s
= vail(, (Ce2)
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o ’12':—§ﬂ2 + s2 + 2Rd s cosy

p

os )Y
Rd .
12 = RAdZ + 52 + 2 5 p ' {C.3)

From equations (Ce1)y {C.2) ;nd {Ced)y

1= RdZ?

Ry =
2(Rd - 1 cos 4)
32 + 2ps
By = ; * (Ce&)
2(86—/Rd2 + 52+ 2 s p - CcOS (tantﬂl—————))

/Rdz - pz
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J Appendix D | '
Table De1: TYPICAL CALCULATION OP(Ys AND |fé§dz FOR
PROFPILE ®*a®s 8=60° IN (0.2 MPA OF SP,

¥b= 176 kVes L= 10 mme . SN

Zy €I Bze kV/cm By k¥/cn '52= - 17 fz&dz
6 .

0 139.06 139.06
0.02 1151.36 145.0
0.046  161.56 150.75 .
0.06 167.2 155.17 '’y <0
0.08 - 172.3 = 158.75
0410 175.29 1617 )
0.12 177.4 165.08 ~18.3
0.1 179.0 16607 26.8 " 0.15
0-16 180.22. 167.5 6056  1.02
0.18 181.05 168.98 83.8 2.86
020 181.56 170.15 - 98.08 4.28
0.22 - 181.5% 171.36 108.8 6«30
0428 181.96 172421 109.28 3a44
0.26  181.96 172.92 ° 109.28 10.62
0.28 181.8 17358, 104.8 12.76,
0.30 - 181.63  174.06 100508 -~ 14.80 °
0.32 181445 178.53 5540 1675
0.3% 181.50 178.91  93.60 . 13565
036 0 181.10 © 175.25 - 85420 2045

v TN

RN



233
D.1z Calculation of the space charqge field Er

From equation (6.11) and for the condition given in

Appendix 5v fable b.1. f?i e
o &dz
e 0Oe
Er= E .
Qﬂ'ﬂo.Z ¥ 2Z f
& . - fﬁ‘zdz
N Oe
/Er= T7.193% x 108 E
. ' v <
at z=0.32 cm ‘ .
' _ exp(16.75) _
Br= 7.71934 x 10° 174253 = 127.25 kV/cm G

S«8 x 0.32 4

—af z=0e325 cm

7 ' _  exp(17.225)
BEr= 7.1938 x 10° 174453 = 20147 kV/cm
548 x 0.325—
af z=0e324 cm |
_  exp(17.13) o
Br= 7.193% x 10° — 17453 =283.78 kV/cm
S«8 x 0324 -
at z=0.3238 cm
. exp(17.12)
Er= 7.1938 x 108 17853 =16206 kV/cnm

5.8 ° x 03238 _
!

Where E_ is an average value of the field between the

cathode énd Ze
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/ .
The applied field Bz calculated from the charge simulated

method and"the'flashoiéfg voltage in the ran{g.i=.\6{32 to'
De34 cm is‘1§1-u5 kV * 0.03% (appendix Ds Table p.1).

The space éharqe field Er equals toc the apb;iéd field ?é -
to within .+ 0.17% at the location z=0.3238 cm and at the
same time satisfviﬁq ;he Pederson criferion of 1E§_dz=
17.12 hence zc= 0.3238 cme. ' ' |

It will be observed \that.tﬁe space -charqe field Er is
very stronqly depeandent on z in the vicinity of zce. Hence 1if
~a change in thé applied field by ahbout 10X is included due

to incorporation of the accumulated surface charges this

would have only a neqligible influence on the value of Zce.
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Appendix P
Table Ee1: TYPICAL CALCULATION X » and f& dz POR
PROFILE *c®s £=85° IN 0.1 MPA OF SP,
Vb= 88 XV and L= 10 mm.
. € - Z

Zy cm  Bzs kV/cm 2, xV/em XX =-1] !&dz

. | 7 p

0 6425 68425 .
0.02 70.70 | 6745
0408 76479 70455
0.06 80.9 '73433 . <0 <0
0.08 ° 83.91 75.62
0.10 8618 775
012 87.87 " 79.08 - -32.44
018 89.23 80.43 5.64 0.008
0.16 90.37 8156 37.56 044
.18  91.29 8256 " 63.32 . M85
0.20 92.0 " 83.85 83.2 2.91
0.22 92472 84423 103.36 477
0.24 93.30 84+96 " 119.6 ,  Te04
0.26 93:78 . 85.62. 133. 06 5452
o.za w19, as.z:‘ 144452 12.29
0.30 94457 - 86473 153.48 15.27
0.3 ' '95.86 8722 163.28 18.43

0.34  95.12 .  BT.65 17056 21.77




i
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£.1 calculation of the space charqe field Er

From equatzon (6.11) and Appendix E+ Table E.1l.

at

Er=

Er= T.1934 x JE’

-

2=0e3 cm

Br= 7.1938 x 10°

E

Er=

B

at

z=0.3) cm

at

-

= 7.1934 x 10°

z=0e313 ¢m

T

at

7.1334 x 10°

2z=0.312 cnm

T

at

v

71938 x 10°

Z2=0e311 cm

-
-yt

71934 x 10'

{'_Jﬁﬂﬁ\ca

T

at

2=03118 cm

Br= 7.193% x 10°

ozdz

e

47T8°.2 v 2

fcgdz

v

exp(15.27) _/f\!ﬁ

Se8 x 0 3

exp(16.85)

53 x 031

exp(17.376)

Ced x 04313

exp(17.166)

S«8 x 0.312
r

exp(17.008)

5«8 x 0+311°

exp(17.1)

Se8 x*0.3115

919(17.12’

5.8 x 0.3118

z

6698

72.3

87.0 =121035

¢

187.0 = 98.62
87-0 = 38.47
87.0 = 92.87
37.0 = 94.24

1535 kV/cm

kV/cm

kV/cm

kv/cm

kv/cm

k¥/cm

kv/cm

262

.
&



283

The values of Ez in the range 2z= 0«3 to 032 cm is 358.51
k¥ + 0.37% (appendix B+ Table E.1).
At z= 0.3118 cm. Br= Ez within = 0.25% and at the same

time satisfying foldzé’ 17.12 4 therefore zc= 0.3118 cm.
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Appendix P
Table Pe1: TYPICAL CALCULATION OP &/ » AND Iddz POR
PROPILE *a®s €6=845° IN 0.3 MPA OF N2

Vb= B84 kV and 1= 10 mme.

Zy €M Eze kV/cm Be kV/cm ol fczgdz
Q
0 64.89 68.89 3425 0
0.02 72.48 6845 692 0e1
0.04 78.0U . 71«75 10.96 0.279
0.06 81.08 74.33 13.73 0e526
0.08 83.18 76425 15.88 0822
0.10 88,62 77.8 17.48 1.155
012 85463 79.0 18465 1.516
0e18 86e3 , 800 19.86 1.597
“0.16 8648 80.81 20.08 24328
0e18 87.14 815 . 2051 2698
0+20 37.36 . 82.05 20.78 3.11
0e22 878 82«54 20.83 ~ 3.53
0.24 87.38 82.96 20.81 3485
0.26 87.23 63.3 20.62 be36
0.28 87.14 83457 2051 4.77
0.30 86497 83.8 20.29 5.13
0.32 . 8648 84.0 2008 5«58
0.34 8672 88.15 19.98 : S.98
036 86455 .88.28 18.77 6377
0.38 - 8647 88.39 19.67 677
0.40 8639 8487 19.57 ° T.16
0el2 86438 3457 19.56 7.55
Do 8630 83.64 19.36 794
0e46 86429 3469 1945 8«33
0.48 86427 85125 18.43 872
0s5 - 86422 85.16 19.36 : 9.108

Since the electric field distribution along the spacer
1Cm ' .

surface is symmetricals ]E!dz = 18.216
3 .
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F.1 Calculation of the space charqge field Er

Prom equation (6-11) and RTF
e ‘e

at

Er=

Br= 7.1934 x 10°

2=1.0 cm

Er=

at

7.193% x 10°

z=0.96 cm

Er=

at

7.19383 x 10°

2=0.32 cm

Er=

at

7.1934 x 102

z=0.918 cm

Er=

71934 x 10°

The values of the

are

Bz(1.0)= 68.89 kV/cm

\'a_

282 x 0.913

Ez(0.96)= 78.04

-

£z(0.92)= 83.18

32(90918)= 83.324

endix Py Table
Xdz
uTraooz v Z
faz
E
v 2
exp{18+.216)
85.16 =
2-38 x 1.0
expl{17.937)
3%.71 =
2¢3 x 0.96
exp(17.338)
85.93 =
2.82 x 0.92
exp(17.3607) .-
85.95 =

applied field Ex at the

3]
&
n

Fele

209.78 xV¥/cm

141.47 kV/cm

85.33 kV/cm

82.7u kV/cu

above locations

At z= 0.918 cme Br= Bz within + 0.35% and .[cidz= 1736

5ence' zc=0.91 8 cme

N
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