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Sequence of S0 Hz breakdown levels in SF, for perturbed electrode
system F (SF; pressure: 0.2 MPa)
— — == V4 Theoretical breakdown level (1148 kV')

maximum (1 min} withstand level, established immediately prior tc

test runs a, b or ¢, respectively

corresponding 60 s highest withstand levels (V,) are also given. Some
salient findings emerge:

Figure 3.16, curves (a), (b) and (c), relate to a 50 Hz voltage test
sequence for three ‘successive’ test series for a concentric cylindrical
electrode system.

1.

Curve (a) illustrates that whereas the highest ‘60 s withstand level’
Vw was 480.8 kV,,, the sequence of ‘twenty-five instantaneous’
breakdown levels was significantly higher, being within the range
520-595 kV,. For the purposes of comparison, the theoretical
critical breakdown voltage level (V) is 621.6 kV,,, based on a
critical (Elp),,, = 89 kVmm~' MPa~',
Curves (b) and (c) show corresponding results for two repeat
series. Here, it can be seen that the corresponding ‘60 s withstand’
levels (V) increased significantly to 565.7 and 594 kV,, respect-
ively, as compared to the level of 480.8 kV , obtainable in the first
test series, i.e. curve (a).
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e Similarly, it can be seen from the sequence of individual
‘instantaneous breakdown’ levels (V,) that, despite occasional
low level breakdowns, a significant ‘conditioning’ effect has
taken place and, in curve (c), approximately 10 of the 25
‘instantaneous breakdown’ levels achieved breakdown values of
=600 kV,,, i.e. within 3.5% of the theoretical limiting breakdown
level.

2. Figure 3.17showscomparable 50 Hz results for a perturbed concentric
cylinder electrode system (F). As before, the results presented in
curves (a), (b) and (c), respectively, relate to three complete test series.
Once again, the sequence of ‘instantaneous breakdown’ results
exhibit a noticeable voltage ‘conditioning’ effect, with occasional low
level results, e.g. curve (c), the conditioned level of =590 kV,, being
within 3% of the theoretical breakdown value. Returning briefly to
the sequence of highest ‘60 s withstand’ levels for the test series (a),
(b) and (c) (Figure 3.17), it is noted that V, increases as the test series
proceeds, corresponding values being 509.1, 544.5 and 558.6 kV,,
respectively.

3. Figure 3.18 provides comparable results, obtained at higher SF, gas
pressures. Under these conditions, ‘instantaneous breakdown’ values
were significantly lower than corresponding theoretical levels, e.g.
being lower at 0.2 MPa, by between 15 and 31%, for this electrode
arrangement.

4. Figure 3.19 shows some further results for a larger concentric cylinder
electrode system (1), [see Table 3.3], which illustrate similar trends at
0.1 MPa but show a very significant spread in the SF, ‘instantaneous
breakdown’ levels as compared to the ‘60 s withstand’ level (V) of
795 kVgus, at the higher gas pressure 0.45 MPa [see curves (d), (e)
and (a)]. Here, the values of V, tend to be lower than the theoretical
limiting levels V', by between 18 and 60%, the difference increasing
with SF, pressure. It should also be noted [curve (a)), that the lowest
recorded breakdown level corresponds to a stress figure of = 8 KV s/
mm, significantly higher than the working stresses for GIS equip-
ment referred to earlier.

Extensive data exists for SF, gas-gaps under clean and contaminated
conditions (see References 13, 23-28, for example). It is now established
that the presence of particulate contamination of lengths 2-20 mm can
reduce the dielectric withstand capabilities of practical gaps by varying
amounts up to typically 30, 40 and 70% for lightning impulse, switching
impulse and power frequency conditions, respectively, at working SF,
pressure. Figure 3.20illustrates a typical spread in 50 Hz flashover levels for
varying degrees of gross contamination and represents the maximum
lowering of withstand that can be expected [13].

Barrier performance data: Careful design and assembly of the cast
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Figure 3.19 Sequence of 50 Hz breakdown levels in SF, for large concentric
cylinders ( Electrode system I, SF, pressure. 0.1-0.45 MPa)
A individual spark breakdown
V. — maximum (1 min) withstand level, established immediately prior to
test run

resin support barriers used in SFy insulated GIS equipment is vitally
important. It should be noted that, for a particular gas pressure, the
withstand characteristics of support barriers in SF, under clean con-
ditions depends on the particular resin formulation used, the insula-
tion shape and on the disposition of stress relieving fitting, insert, etc.
Typical withstand gradient levels of 11.6, 8.7 and 6.6 kV,/mm can be
achieved under lightning, switching impulse and 50 Hz short term voltage
conditions, respectively 13].

The presence of particulate contamination can reduce the 50 Hz
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Figure 3.20 50 H: flushover characteristics of epoxy resin conical spacers under
varving degrees of metallic contamination [10]

withstand capability of cast-resin support barriers in SF, gas by varying
amounts (e.g. up to< 30%) depending on particulate size and dis-
position. For the most onerous dispositions of cast-resin support bar-
riers, the percentage lowering of ‘withstand’ performance under impulse
conditions tends to be much less than that experienced for 50 Hz test
conditions, for comparable levels of contamination (see Figures 3.20 and
3.21, for example) at spacer gas gap interfaces. The reader should com-
pare these findings for 100% SF, with Figure 3. 11, diagrams e-g, relating
to particle initiated breakdown in SF,/N, mixtures. These workers [29]
consider that particle initiated breakdown is more complicated in SF/N,
mixed gas than in 100% SF, gas and they recommend that further studies
are necessary to achieve a better understanding of the discharge
mechanisms.

3.4.3.2 GIS equipment: power frequency ( VIt) characteristics

An understanding of voltage gradients that can be safely sustained in
service in GIS emerges from extensive laboratory studies, relating specif-
ically to long-time 50 Hz test conditions. The ratio E/p is a convenient
measure of the stress applied to GIS equipment in service. Typical
normalised working stress/gas pressure ratios (E/p) are 7 MV/MPa and
3 MV/MPa for SF; insulated switchgear including instrument trans-
formers, for 300 and 420 kV systems [4, 13], are shown in Figure 3.22. This
figure was originally prepared in 1983, at which time many of these units
had been in service for periods up to 15 years and excellent service reli-
ability had been demonstrated. It should be noted that this equipment
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conical spacers under clean and contaminated conditions

continues to provide excellent service reliability, some 30 + years after
going into service [13]!

It is readily apparent (see Figure 3.22) that the maximum service stress
levels for gas-gaps in SF insulated switchgear are relatively low, i.e. < 4
kVgus/mm, when compared to the significantly higher attainable with-
stand characteristics achievable (see curves, Figure 3.15). The working
stress levels shown in Figure 3.22 can be considered to be generally
representative of modern GIS installations. By restricting these gradient
levels well below the limiting values, deduced from long-term laboratory
studies, manufacturers ensure the long-term dielectric integrity of
their equipment — provided, of course, that the normal rigorous quality
control and in-service condition monitoring procedures have been
maintained. .

The importance of component cleanliness, achieved during factory
construction, testing, site assembly and commissioning of GIS, and
subsequently throughout the entire service life of SF, insulated equip-
ment, is now fully appreciated worldwide. Cleanliness, linked with
good design, assembly and the introduction of sophisticated ‘in-service
condition monitoring’ practices are recognised as being vitally import-
ant factors to resolve if safe and reliable operation is to be achieved
throughout the service lifetime of GIS, which should exceed > 40
years. In recent years there has been much progress in the development
of effective  UHF condition monitoring techniques [30-32]. These
strategic developments are considered further in several of the later
chapters.

Critical areas of metalclad designs have been identified which merit
special manufacturing, testing and assembly controls, and these aspects
will be further considered in Section 3.5 and also in later chapters. Sev-
eral papers have considered the power frequency (V/t) characteristics of
gaseous and solid insulation using model gas-gaps and gas/insulator
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arrangement for large electrode systems under conditions with ‘gross’
contamination present and with varying gas pressures [13].

3.4.4 Performance under contaminated conditions

As has been demonstrated above, the achievable design stress and reli-
ability of SF, insulated apparatus under normal power frequency service
conditions is crucially affected by particulate contamination. Particles in
the gas space and on the insulator surface can significantly lower the
dielectric strength of the system. In SF,, the breakdown voltage for a
relatively long particle, fixed in contact with the conductor, is consider-
ably higher than that for a number of free conducting particles, over a
limited range of pressures. Under power-frequency voltage excitation,
free conducting particles tend to bounce along the bottom of the
enclosure or across the surface of the insulators. The amplitude of indi-
vidual bounces depends on the particle size and shape, the potential on
the system and other random parameters. Particle initiated breakdown
can occur at voltages considerably lower than those required for break-
down due to the roughness of the electrode surfaces and is, in general,
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lower for negative impulse polarity voltages [26]. Since then, switchgear
and CGIT manufacturers - in support of GIS and GIL equipment
developments — have undertaken comprehensive evaluation of the
dielectric performance characteristics of practical gas-gap arrangements
and solid support insulation configurations in SF, under both clean and
contaminated conditions. Such studies can involve comprehensive
laboratory tests to determine, and quantify, the effects of particulate
contamination size on the breakdown voltage in SF,, under conditions
representative of both gas insulated ‘backparts’, circuit-breakers, dis-
connect switches, etc. and for GIL configurations, for widely varying
experimental conditions.

Numerous interrelated factors can influence the degree to which the
presence of particles can lower the the dielectric ‘withstand capabilities’
of GIS under normal service conditions. These depend on:

e length and diameter of particles present

e whether particles are metallic or nonmetallic

e quantity and nature of contamimant material (density, etc.)

e position of particles relative to electric field and also to various GIS
components

e actual design and physical disposition of GIS components (e.g.
whether circuit-breaker, backparts, etc. are mounted horizontally or
vertically)

e type of particle movement, when electrostatic forces exceed those of
gravity

e working gas pressure of SF, or gas mixtures

o cffectiveness of particle ‘collection’ or ‘trapping’ techniques.

The above factors are now well known and appropriate procedures are
implemented to avoid any problems (see Section 3.4.3.2 above). Manu-
facturers and utilities take immense care in the design, testing, site-
commissioning and also the ongoing ‘in-service performance monitor-
ing of GIS’ throughout the lifetime of the equipment. At the outset,
for a user to be able to decide on what GIS, ‘data’ are needed on
which to judge investment and maintenance decisions. To cover these
strategic aspects, very high frequency, UHF, condition monitoring
techniques have been developed and installed in many GIS installa-
tions wordwide [30-32]. Currently, the need, justification, design,
dependability, management of information, and future application of
monitoring and diagnostic techniques are under critical review by
CIGRE [32].

3.4.5 GIS service reliability

A recently issued report [33], briefly outlining the findings of a second
major CIGRE survey, states that GIS technology has contributed very
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effectively to increasing the reliability of new substations and to improv-
ing the asset life-cycle of existing ones. This. extensive study on high
voltage substations provides a database of GIS service experience survey
on SF, insulated equipment, covering collected information referring to
more than 13 500 circuit-breaker bays and 118 500 bay years. The survey
presents a valuable history, providing an analysis of results on installa-
tion and GIS major failure reports data, including:

(a) general data about GIS installations
(b) data concerning GIS failure frequencies

(i) Failure frequency overview, trend of major failure frequency
during the GIS lifetime
(ii) failure frequency-comparison with 1st CIGRE, GIS survey

(¢) major failure characteristics

(i) basic characteristic data overvoltage classes (identification of
main component, or GIS part involved in the failure, identi-
fication of sub-assembly or component responsible for the
failure

(i) classification of symptoms, cause of the failure, service circum-
stances, operational circumstances

(iii) type of repair, immediate consequences of the failure, charac-
teristics of the repair, correlation between basic characteristic
failure data.

Also considered in this survey were life expectancy, maintenance and
environmental issues:

(a) life expectancy
(i) for already installed GIS
(i) for newly installed GIS
(b) maintenance practice

(i) routine preventive maintenance
(i) major preventive maintenance

(c) extension and uprating
(d) environmental issues

(i) SF, handling

(ii) SF; leakage rates

(iil) analysis of failure relating to SF, gas
(e) electromagnetic phenomena.

It is hoped that the data presented [33] will provide a valuable resource
and benchmark for both users and manufacturers operating within the
field of GIS substation planning, design, construction and service. This
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is undoubtedly a valuable document for anyone interested in the applica-
tion of gaseous insulation. Nevertheless, it must be recognised that the
document has certain shortcomings, due to commercial and statistical
constraints, which prevents one obtaining a totally ‘holistic understand-
ing’ of all failure patterns, etc.

3.4.6 Vacuum switches

Vacuum, at better than 10 torr, has an electric strength of typically 30
kV/mm; under arcing conditions, gas for ionisation is provided by mol-
ten metal at the arc root of the electrodes and vacuum breakdown is very
dependent on electrode conditions. Arc interruption in vacuum circuit-
breakers (VCBs) is therefore achieved (Reece [2]) by cooling the arc root
quickly to suppress the hot spot. This is achieved by rotating the arc root
rapidly under its own magnetic field and by using electrode materials of
high boiling point and good thermal conductivity. The high electric
strength of vacuum ensures that once the arc is suppressed, usually at the
first current zero, no re-ignition occurs and dielectric recovery is achieved
within a few ps.

The contacts are housed in a sealed glass or ceramic bottle (Figure 3.23)
with a moving metal bellows and are maintenance-free. Excellent service
performance has been demonstrated for fault currents of <40 kA and 33
kV operation. VCB are ideal for use where many breaker operations are
required, for example in railways and arc-furnaces. The impulse level
(150 kV) on the small gap (10 mm) limits the working voltage of a single
bottle, but bottles have been stacked in series to provide 32 kV breakers
(Reece [2]). The major use of VCBs isin 11, 33 or 66 kV applications for
distribution use where an ‘oil-free’, ‘maintenance-free’, breaker is
required. Typical applications of VCBs and SF, interrupters are dis-
cussed further by Pryor and Ali in Chapters 10 and 11, respectively, of
this book.

3.5 System modelling

3.5.1 Field analysis techniques

The electrostatic fields of high voltage equipment are satisfied by the well
known Laplacian equation which takes the form

do o Jdo
v 2 = = m——— _—=
?=5x * ay* * a9z’ 0

where ¢ is the potential at any point in the Cartesian co-ordinate system
x, ¥, z. The field distribution in any design is dependent on the shape, size
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Figure 3.23  Section view of vacuum interrupter ( Courtesy Vacuum Interrupters
Ltdand [4, Chap. 6])

and disposition of the electrodes and insulation and also, in general, on
the permittivities of the insulating materials used.

One criterion which can be applied to the evaluation of the electro-
static design of high voltage equipment is the ratio of the average to
maximum field. This parameter, termed the utilisation factor ), is con-
sidered below, together with details of a related parameter termed the
normalised effective electrode separation. Brief reference is made in Sec-
tion 3.5.1.3 to a simple approximate two-dimensional method which can
often be used to estimate maximum voltage gradients for complicated
arrangements which cannot be solved directly by available numerical
methods.

Analytical solutions of the Laplace equation can only be obtained
for relatively simple electrode systems, where the conducting surfaces
(electrodes) are cylinders, spheres, spheroids or other surfaces conform-
ing to equipotentials surrounding some simple charge distribution.
Generally, the multiplicity of boundary conditions for the complicated
contours encountered in high voltage equipment means that analytical
solutions of the potential are not possible. Because of this difficulty,
several approximation methods have been investigated, the more
important of these being (i) analogue methods and (ii) numerical
methods [21, 34).

3.5.1.1 Utilisation factor approach

In the evaluation of the electrostatic design of high voltage equipment,
an important consideration is the effectiveness with which the available
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space has been used. For the region which encompasses the minimum
distance between conductors, the ratio of average to maximum electric
stress (E,/E,,,) is a useful criterion. This ratio, termed the utilisation
factor m, measures the inferiority of the field system in comparison with
that between infinite plane parallel electrodes [35], where n=1. In the
literature, the reciprocal term 1/n called the field factor ( f) is sometimes
preferred. Tables of n exist [35,36] for several standard electrode systems
for wide ranges of so-called geometric characteristics p and ¢, where
p=(r+g)r and g = R/r. Subscripts 2 and 3, respectively, are used to
denote two- and three-dimensional systems. Appropriate formulas
are given elsewhere, use being made of existing solutions of Laplace’s
equations [34-41]. These calculations assume constant permittivity but
techniques can be extended to multi-dielectric problems.

Some calculated values of n are also presented in graphical form in
Figure 3.24. It is immediately evident that 1 for each geometry tends to
decrease as the geometric characteristic p = (r + g)/r increases. This can
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Figure 3.24  Dependence of | upon geometric characteristic p for a few simple
geometries
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be explained by the increased divergence of the field as p increases.
Furthermore, it is noted that, for a particular value p, n for a three-
dimensional geometry is lower than that for the corresponding
two-dimensional geometry (e.g. compare cylinder-plane and sphere-
plane, curves 2 and 5, Figure 3.24). Once again, this may be attributed to
the greater field divergence in the three-dimensional arrangements.
Brief mention will be made later to the simple relationship existing
between n for corresponding two- and three-dimensional systems. To
summarise, utilisation factors, or field factors, may be calculated for
many practical arrangements either as a result of precise analysis for
simple geometries or, for more difficult configurations, by approximate
numerical or analogue techniques together with appropriate difference
equations discussed elsewhere [36].

3.5.1.2 Efficiency factor concept

For certain design problems, conditions of fixed axial distance must be
complied with. The utilisation factor has the limitation that it does not
take into account the space necessary to accommodate the electrode
geometry. To allow for this, n can be multiplied by the electrode sep-
aration g. The product of these terms gives the ‘effective electrode
separation’ a of the system. If, now, a is divided by some measure of
the total dimension available, a new quantity A is obtained, which is
really the normalised effective electrode separation of the system. The
efficiency factor concept (A) is sometimes useful when designing
high voltage equipment, particularly when conditions of fixed axial
distance d exist [35]. For a particular operating voltage Vit is possible to
keep the maximum stress at the electrode surface to a minimum by
selecting the best size, shape and disposition of electrodes for condi-
tions of constant d (see Figure 3.25). Under these conditions A = A and
E,=ViAd.

All the results referred to above assume a single value for the dielectric
constant. If two or more dielectrics are being considered, then the con-
cepts of utilisation factor and efficiency factor could be applied to each
dielectric separately. These techniques have been widely used to assist in
electrostatic aspects of GIS design for many years.

3.5.1.3 Approximate twolthree-dimensional concept

The electrode arrangements considered above contained at least one axis
of symmetry. In many practical arrangements, however, such symmetry
does not exist. In the absence of symmetry, the problem of making
accurate pronouncements on maximum field strengths for practical
three-dimensional systems often becomes complicated since it is some-
times either exceedingly difficult or even impossible to make single
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realistic numerical or analogue model representation without intro-
ducing appreciable errors.

It would be useful if, for example, one could obtain even an
approximate solution for a particular practical three-dimensional repre-
sentations (having conductors similar to axial and radial sections of the
original three-dimensional conducting surfaces), which, in general, can
be more easily solved. Boag and later Galloway et al. [34] investigated the
possibilities of this simple approach and have analysed numerous simple
configurations. Ryan has produced useful correction curves (see Figure
3.26), which can be used with acceptable accuracy.

3.5.1.4 Numerical methods

Numerical methods of solution, which express the Laplacian equation
in finite terms, provide a powerful means of calculating the electric
fields of practical arrangements. A great deal of published literature
exists relating to this subject. For a useful background overview of this
sector, the reader should refer to the technical literature, which contains
many useful practical applications of the numerical modelling tech-
niques now readily available to support gaseous/solid/liquid insulation
studies, covering electrostatic, electro-magnetic, thermal and arc inter-
ruption modelling and equipment design. A few sources are given as
follows:

1. In contrast to other workers who have used relaxation techniques
Ryan and colleagues [34, 37, 41] developed a computer program to solve
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the Laplace equation in two dimensions and three dimensions with one
axis of symmetry by an exact noniterative method. This method was
selected after various techniques for solving the resultant set of simul-
taneous equations had been studied. The main details of this program,
together with numerous illustrations of its extensive application in sup-
port of switchgear design are given in References 34 and 41. Two import-
ant examples of such work are shown in Figures 3.27 and 3.28 will be
considered in the next two sections.

2. Binns and Randall [42] have described an overrelaxation method
and give details of various accelerated finite difference formulas used. In
this investigation, potential gradients were calculated around a spherical
high voltage electrode separated from an earthed plane of a recessed
dielectric slab. The potential gradient transitions were determined and
analysed at the point where the surface of the recessed dielectric slab
meets the sphere surface.

3. Storey and Billings [43] have described a successive over-relaxation
method suitable for determining axially symmetric field distributions.
They also discuss a method for the determination of the three-
dimensional electric field distribution in a curved bushing.

4. The ISH Symposia series (International symposium on High volt-
uge engineering) provides an excellent resource to keep abreast of the
latest work in the HV sector, including numerical field techniques. This
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Figure 3.28 E-field design studies relating to the development of heavy duty SF,

interrupters in the 1980s [21]

(i) Identification of regions of interest. (a) general location of regions 2-9:
(b) plan view, illustrating three radial sections, A, B and C

(i) Typical E-field plots: first interrupter of 4-break design; through cap-
acitor {section A)

(iii) Typical E-field plots: first interrupter of 2-break design; through empty
support tube (section B)

symposia series has been held at regular intervals over more than 27
years: Munich (1972), Zurich (1975), Athens (1983), Braunsweig (1987),
New Orleans (1989), Dresden (1991), Yokohama (1993), Gratz (1995),
Montreal (1997), London (1999) and Bangalore (2001).

Since the work [34,37,41] was carried out, much valuable information
has appeared in the literature regarding finite element, finite difference,
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boundary integral and other variants. Numerous commercial field analy-
sis packages are now available. Indeed, further examples are presented in
later chapters. A detailed discussion of relaxation methods, difference
formulas, accelerating factors, etc. is outside the scope of this chapter. A
strategic message from this writer is that, whatever package is to be used,
care should be exercised to confirm its effectiveness, and the achievable
accuracy, by means of simple validation studies. Once this has been
demonstrated and carefully verified, the techniques successfully used by
Ryan and others can be adopted with confidence.

3.5.1.5 GIS backparts and insulating spacer design

With the widespread interest in gas insulated cables, busbars, etc., con-
siderable attention has been given to the design of spacer shapes for such
equipment. The examples summarised in Figure 3.27 illustrate the exten-
sive use made of analytical field techniques, during early insulation
development work on a EHV, SF insulated metal-clad switchgear
installation [21].

3.5.1.6 GIS interrupter design

In the 1980s, the trend with GIS equipment was towards more compact
designs and interrupters with fewer breaks per phase. As a consequence,
the dielectric design and performance of SF, circuit-breakers became
more critical. Careful shaping of stress shields, optimisation of stress in
gas-gaps and the careful selection and profiling of insulation materials,
including support insulation (e.g. spacers/barriers) were required. All
these and other aspects were thoroughly considered at the design stage,
using available software tools, e.g. computer field analysis programs,
which had been carefully developed, verified and used extensively to
study, critically analyse and optimise, design stresses in GIS and other
switchgear designs, for over 35 years [14, 34, 41]. Earlier papers have
described field studies during the sequential development of 4-, 2- and
I-break, heavy duty, high performance SF, puffer circuit-breakers, for
voltages up to the highest system ratings (see [21]). Figure 3.28 shows typ-
ical field plots for 4- and 2-break designs. Briefly, after extensive field
studies, closely linked with HV and high power development testing for a
4-break design, it was possible to critically analyse all results, before
‘sequentially’ repeating the exercise for 2-break design and later for a
1-break design. However, the vital difference was that the extensive
database gathered, prior to and during development of the 4-break inter-
rupter design, enabled the dimensions, profiles, etc. for the 2-break, and
subsequently a 1-break, design to be carefully, and indeed appropriately,
selected prior to costly testing. Indeed, it could be argued that this suc-
cessful development represented a good example of ‘rapid-prototyping’
or even ‘vitual-prototyping’ [21]. In any event, it is hoped that this brief
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example provides the reader with evidence of the strategic use, with sig-
nificant savings regarding product development time and cost, that can
be gained from the effective use of available ‘design databases’ together
with analytical tools, such as the field analysis modelling techniques
referred to in this chapter.

3.5.2 Prediction of breakdown voltages

3.5.2.1 Empirical approach

In 1961, Ryan first investigated the feasibility of using simple estimation
methods of predicting the minimum breakdown voltage levels of nonuni-
form field configurations in gas insulated equipment.

Initially, the method suggested by Schwaiger was considered and later
extended [35-41] to more complex electrode configurations by incorpor-
ating simple perturbation principles. The method does not consider
breakdown mechanisms but is based on a simple discharge-law concept
[40].

By ignoring space charge effects, the breakdown voltage V is given by
the relationship

Vi=Eng 3.1

where E and g are the appropriate breakdown gradient and gap dimen-
sion, respectively, and n, derived from Laplacian field analysis, is the
utilisation factor (ratio of average to maximum voltage gradient (E,/E,).
Initially, standard electrode geometries amenable to precise electrostatic
field solution were considered, and extensive tabulated field data has
been published 35, 36). Resulits of early investigations (e.g. Figure 3.29)
firmly established the usefulness of this simple concept for estimating
minimum breakdown voltage levels.

In the past, the only major limitation to the application of this empir-
ical approach to switchgear insulation design evaluation has been the
lack of reliable breakdown information. Ryan and colleague have made
significant contributions [25, 39] in this area and have shown that critical
breakdown gradients (Es) and highest withstand gradients (E,) in air
and SF, can be accurately represented by relationships of the form

rE=K|_pr+K2 (3.2)

where K, and K, are constants, p =[(r + £)/r] and r is the radius of the
inner cylinder or sphere. The real virtue of this simple empirical break-
down estimation technique is the fact that one can often consider prac-

tical electrode systems to be perturbations of the same simple geometry
[371.
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Figure 3.29 Dependence of o and 50 Hz V on 1lp for conductor and earthed
plate electrode system in air at STP [40]
(a) Electrostatic field study (o = ng)
(b) High voltage study:
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The simple electrode system shown in Figure 3.29 provides a good
example to illustrate the effectiveness of this simple empirical breakdown
estimation technique. An estimate of the anticipated breakdown voltage
characteristics of this arrangement (Figure 3.29) is required, in atmos-
pheric air under standard conditions [T =20 °C, P =760 mm]. We can
consider this electrode system to be a ‘perturbed’ coaxial cylinder sys-
tem, which will break down when the electric gradient (E,) at the inner
cylinder (along the plane of minimum airgap), reaches the critical break-
down gradient value — known for the corresponding unperturbed coaxial
(and concentric) cylinder system, to occur in air at standard temperature
and pressure conditions when E = E,=27.2+13.35 \r, where r is the
radius of the inner cylinder in centimetres. Predicted and experimental
results agreed to within + 5% for all sizes of inner conductor (radius r)
considered.

Predicted and experimental sparking voltages have also been com-
pared for numerous gaseous insulants, for a wide range of gas temperat-
ures and pressures and for many different electrode systems, using simple
perturbation field techniques. Excellent agreement has been demon-
strated (e.g. see Table 3.4). For example, designers of GIS switchgear in
the 1980s had access to a vast reliable database relating to the character-
istics of numerous insulating materials and also SF; to assist them
to achieve effective, competitive and reliable designs as a result of
much dielectric research and development activities (see, for example,
References 1, 13 and 21).
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Table 3.4 Breakdown data for hemispherically ended rodiplate arrangement
(r=12.7mm) [39]

Gap Breakdown voltage at relative density, kv

g

mm 3 5 7
Experimental 100 1568 210
Empirical® 20 102 158 214
Semi-empirical 103 162 220
Experimental 127 200 259
Empirical* 40 126 197 267
Semi-empirical 129 203 276
Experimental 144 227 288
Empirical” 80 143 222 301
Semi-empirical 142 227 310

® Estimate using eqn. 3.1, together with equation of form rE = K,pr + K, derived from concentric
sphere hemisphere data

3.5.2.2 Semi-empirical approach

As an alternative to the above empirical method, the author and his
colleagues have investigated a so-called semi-empirical breakdown esti-
mation method, based on streamer theory of gas breakdown [1]. For air,
the criterion for minimum breakdown voltage was given by Pederson
[44, 45] as ,

In aﬁf\ adx=Ina+ax (3.3)
where «, is the numerical value of a, Townsend’s first ionisation coef-
ficient, at the head of the avalanche, of length x, at which the critical ion
number is reached in an electron avalanche; in a nonuniform field,
streamers are formed, resulting in corona or breakdown.

The left-hand side of eqn. 3.3 is evaluated from the electrostatic field
distribution, obtained using a general field analysis program for practical
arrangements or from precise equations for standard geometries [38,39].
The right-hand side of eqn. 3.3 is computed from existing empirical
breakdown potential gradient data for uniform fields of gap x. The
values of a used in both sides of eqn. 3.3 for the examples discussed in
previous studies [38,39] have been published by earlier workers [1, 39].

This semi-empirical approach was extended to SF, using a modified
form of eqn. 3.3, namely

f (@-m)dx=k=18 (3.4)
where a and 1 are Townsend’s first ionisation coefficient and attachment
coefficient, respectfully, in SF,. An essential prerequisite of Pederson'’s
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semi-empirical approach for any particular set of conditions is informa-
tion concerning the following parameters:

(a) uniform field breakdown potential gradients
(b) aand n values
(c) potential-gradient distribution across the nonuniform gap.

General purpose digital computer programs have been developed which
are capable of solving equations of the form of eqn. 3.3 to predict, with
acceptable accuracy, the minimum breakdown voltage, V, for a wide
range of standard and practical electrode arrangements in air, N, and
SF,, for pressures in the range 1-5 atmospheres [38,39,41] and for air at
high temperatures.

Similarity and Paschen’s law type relationships were also studied. For
example, with uniform field gaps of 0.5-2.0 cm and temperatures 20—
1100 °C, Powell and Ryan obtained results for the static breakdown of
atmospheric air which fitted a relationship of the form

V,=24.49 (3g) + 6.61/(¥a g) (kV) to within +5% and —2%

Here, the same constants were selected as given by Boyd et al. from their
earlier study at standard atmospheric conditions, where the relative air
density 0 =1.0, p=1013 mbar and T=293 K (20 °C) (see eqn. 20.13,
Chapter 20, and also eqn. 6.3, p. 540 [1]).

An example of these techniques is given in Table 3.4, which compares
experimental and estimated breakdown voltages in air, at relative air
densities (3) of 3, 5 and 7, respectively, for a hemispherically ended rod/
plate arrangement [radius r = 12.7 mm}. It is clearly seen that both these
estimation methods are capable of predicting breakdown voltage levels
to within 5% over the range of gaps and air pressures considered.

3.6 Summary

This chapter has provided a general introduction to the application of
gaseous insulation systems. Although it has only been possible to touch
very briefly on some major aspects, important strategic issues will be
further developed in other chapters focusing on special areas. An indica-
tion has been given in this chapter of numerical field techniques which
have found widespread application in the insulation design of GIS and
other switchgear for many years. The simple breakdown estimation
methods (empirical and semi-empirical) by Ryan et al., which are exten-
sions of the work by Schwaiger (1954) and Pederson (1967) [44,45]
together with an available experimental database obtained from extensive
Paschen’s Law/similarity type studies in gaseous insulants, have been
thoroughly developed to such a degree that minimum breakdown volt-
ages of practical GIS design layouts (as well as a host of gas-gap
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arrangements; see [1,5]) can be estimated to within a few per cent, at the
design stage, often without recourse to expensive development testing.
Such derived voltages are generally the minimal withstand levels attain-
able under practical conditions. Undoubtedly, there is still considerable
scope in the future to predict dielectric performance by utilising advanced
planning simulation tools incorporating genetic algorithms and artificial
intelligence techniques, linked to various ‘extensive databases’ relating to
breakdown characteristics of gaseous insulation, including equipment
service performance data (e.g. from surveys similar to [33]).

Finally, it is anticipated that the continuing, and growing, environ-
mental concerns will influence the development of the next generation of
gas insulated switchgear but a commercial replacement for 100% SF gas,
for interruption purposes at the higher ratings, still seems remote!
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