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GUIDELINES FOR THE EVALUATION OF THE DIELEQTRIC
STRENGTH OF EXTERNAL INSULATION

by W.G.

1 INTRODUCTION

The Guideline, prepared within WG 33.07, deals with
the dielectric strength of external insulation, namely
air gaps and insulators, with special reference to
transient overvoltages. The aim of the Guideline is
to illustrate the general trends in the dielectric
strength as a function of the mest important influenc-
ing parameters and to give methods and criteria for
the evaluation of the strength.

The Guideline is composed of different chapters, com-
piled by "ad hoc Groups" set up within the WG. A sum-
mary of the content of the Guideline is given in this
chapter (chapter 1l}.

Chapter 2 deals with general aspects, such as defini~
tions of the various stresses considered and of the
parameters defining the strength.

Chapter 3 gives basic information on the discharge
mechanisms and illustrates the main existing medels
of the discharge. This information may help in un-
derstanding and rationalizing the influence of the
various stress and geometry parameters.
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Chapter 4 to 6 deal with the strength under the var-~
ious overvoltages under standard atmospheric condi-
tioens and under wet conditions.

Chapter 7 and 8 deal with the influence on the di-~
electric strength of air density and air humidity
respectively. The chapter about influence of air
density includes the influence of altitude.

Chapter 9 deals specifically with the performance of
insulators when contaminated. The analysis is mada
with special reference to transient cvervaltage. The
performance under continuous service wvoltage, which
may in many conditions determine the strength under
contamination, is out of the scope of WG 33.07 and
thus is not dealt with in the Guide.

Chapter 10 and 11 deal with wvery special cenditions:
the dielectric performance in connection with ice/snow
and fires.

Finally chapter 12 deals with cenclusions and future
research needs.



2 GENERALITIES AND DEFINITIONS

by W.G.

2.1 GENERAL

In the fellowing, general aspects and definitions will
be considered, making reference for these last, as far
as possible to IEC documents.

2.2 CONFIGURATIONS CONSIDERED

The guideline will ceonsider the strength of "External
Insulation" only. Thias is defined as: “The distances
in atmosphere, and the surfaces in contact with cpen
ailr of solid insulation of the egquipment which are
subject to dielectric stresses and to the effects of
atmospheric and other external conditions, such as
pollution, humidity, vermin, etc.." [IEV 604-03-02)

In particular, typical air gap configurations for
EHV/UHV 1lines and substations will be considered.
Special attention will be paid teo the strength of
phase~to—earth configurations. Consideration will be
given also to the strength of phase-to-phase confi-
gurations, when considered of practical interest.

The influence of the presence of insulators in the gap
on the strength will be analyzed deeply, considering
two main insulator families: line insulators (mainly
cap and pin) and substation insulators.

The strength will be examined:

= in standard atmospheric ccocnditions, as defined

by IEC 60, i.e.:
Temperature: 20 °¢
Pressure: 101.3 kPa (1013 mbar)

Absolute humidity: 11 g/m?
- in dry and wet conditions, making reference to
the test procedure described in IEC &0.

= in non standard conditions, as low air density,
high relative humidity, contamination, ice and
snow, high temperatures and presence of combus-
tion particles.

STRESSES CONSIDERED AND THEIR SIMULATION IN
LABORATCORY

Dielectric strengths under the following voltages will
be examined:

overvoltages: Transient overvoltages,
usually unidirectional, with time to peak
0.1 ys 5 T, = 20 pus, and tail duration T, < 300 us.
The overvoltages are usually simulated in laboratory
by standard and non standard lightning impulses. The
first one is double exponential with a time to crest
of 1.2 us and a time to half value of 50 us.

Fast-front

Slow-front overvoltages: Transient overvoltages,
usually unidirectional with time to peak 20 ps £ T, =
5000 pya, and time to half-value T, < 20 ms.

The overvoltages are simulated in laboratory by stand-
ard switching impulses (oscillating or double expenen—
tial type} with a time to peak of 250 ps and a time
to half value of 2500 ps and neon standard switching
impulses.
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Temporary overvoltages: An oscillatory overvoltage (at
power frequency) at a given location, of relatively
long duration and which ia undamped or weakly damped.
[IEV 604-03-12]

The overvoltage is wsually simulated by a power fre-
quency voltage of short duration. The standardized
duration is 60 seconds.

Combined overveltages: Combined overvoltages consist
of twe wvoltage components applied simultaneously
between each of the two phase terminals of a phase-to-
phase or longitudinal insulation and earth.

Each component can be simulated in laboratery by any
of the voltages mentioned above.

Composite overvoltages: Composite overvoltages consist
of the auperposition of two of the voltages mentioned
above. In this report, only those applied between one
insulation terminal and earth are considered.

The strength under DC voltage will be also examined,
under wet and dry conditions.

2.4 ASSESSMENT OF THE STRENGTH

In the assessment of the insulation strength it should
be taken into account the fact that the physical proc-
esses that determine a disruptive discharge in the in-
sulation are of a random nature. Consequently, the ap-
plication of the same test voltage sometimes results
in a disruptive discharge and sometimes in a with-
stand. A statistical procedure, therefore, should be
applied te the study of the phenomenon, associating
at each test voltage a probability P to produce a
disruptive discharge in the insulation. Changing the
test wvoltage P changes, and only physical reasons
govern the dependence of P on the test wvoltage.

Ag an example Figure ]l shows the results of impulse
tests on an air gap {2.6]. Impulses of equal peak
value were applied at each voltage level. The corre-
eponding probability has been estimated by dividing
the number of discharges obtained by the number of im—
pulses applled. To obtain information about the low
probability range, a very large mumber of impulses
were applied in toral.

To estimate the probability function P({U}, the points
Bhould be fitted by means of a function assumed to
represent the corresponding physical law.

It has been common use to ageume functions correspond-—
ing to cone of the various statistical laws (as an
example the Gausaian function or the Weibull func-
tion})}. These assumptions, however, have no other basis
than the fact that they fit reascnably well the test
resulte in the range usually investigated (0.02 < P
< 0.5%8).

From the best fitting function the voltages corres-
ponding to any assigned probability may be determined:
e.g., the voltage which has a probability of 50%
Uy=U(0.50}, the voltage which has a probability of 10%
Up=U(D-10) (U, is the statistical withstang voltage
adopted for self-restoring insulation). Making
reference to the Gaussian function the discharge prob-
ability function may be fully described by two parame-—
ters, namely Uy, and the gonventional deviation z. Once



this parameters are knewn the voltages having differ-
ent disruptive discharge probabilities may be easily
determined. As an example:

Ug = Uy - 1.28 z

In several cases for a given type of overvoltage the
conventiconal deviation (in per unit of Ug) is known
and practically independent of the insulation con-
figuration and dimensions {e.g. for lightning
impulses, z/Uy~0.03). It may be sufficient, therefore,
to determine only one voltage (usually Uy} of a given
configuration and dimension, to obtain an estimate of
its discharge probability funetion.

However, since the function assumed has no physical
basis, and the estimates are affected by statistical
uncertainties (mainly owing to the limited number of
tests possible), no estimates of P are justified out-
side the range 0.02 to 0.98 approximately.

This is the case when very low discharge probability
voltage is desired. The limited number of tests possi-
ble does not allow even the direct laboratery determi-—
nation of the voltages corresponding to these proba-
bilities. Physical considerations, supported by some
laboratory evidence, indicate that the statistical
distribution is truncated at Uy, - n z with n ranging
from 3 to 5.

2.5 REFERENCES

{2.1] IEC Insulation coordination. Part 1: Terms,
definition, principles and rules., Pub. 71-1,
1976 (under revision). o

{2.2) G. Carrara, W. Hauschild, "Statistical evalua-
tion of dielectric test results. Electra,
December 1990, Numb. 133.

[2.3) CIGRE Technical Brochures 1992 W.G. 15.01, S.
Yakov, "Statistical analysis of dielectric test
results”

[2.4) R. Brambilla, E. Garbagnati, A. Bertazzl, F.
Gallucci, A. Pigini, "Switching impulse tests
at very low probability levels”, 8th Conference
on Gas ‘Discharges and their Applications.
Oxford 16-20 Sept. 1985,

{2.5] ¢. Carrara, F. Gallucci, S. Manganaro, A.
Pigini, "Practical problems of impulse break-
down requering a physical approach”, 3rd Inter-
national Conference on Gas Dielectrics. Knox-
ville, March 1982.

[2.6} C. Menemenlis, G. Harbec, "Coeficient of vari-
ation of the positive impulse breakdown of long
air gaps", IEEE Trans. on PAS, Vol. 93, 1974.
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3 FUNDAMENTALS OF THE

DISCHARGE

MECHANTSMS AND DESCRIPTION

OF THE PHENOMENA BY PHYSICAL-MATHEMATICAL MODELS

by G.BALDO, B.HUTZLER, A.PIGINI, F.RIZK

3.1 INTRODUCTION

The behaviour of insulation in air depends on various
factors, such as the type and polarity of the applied
voltage, electric field distribution, gap length and
gas conditions.

In HV and EHV systems major attention has to be paid
to transient gstresses, due to both lightning and swit-
ching operations, which in general determine the exte-
rnal insulation design. Due to their high values large
clearances are needed so that field distributions,
which depend on electrode geometry and gap length, are
almost always nonuniform. It is possible to have
geometries with a high electric field either near one
elactrode only, rod-plane gap type, or near both elec-
trodes, rod-rod gap type, the behaviour of the insula-
tion being different. Furthermore as many processes
are different if the highly stressed electrode is
positive or negative, differences can be expected if
the pelarity of the applied voltage is changed. Final-
ly the influence of the gas conditions on the basic
procegses during discharge formation have to be men-
tioned; in the case of HV air insulation, air density
and humidity are of primary importance.

As is well-known, the basic process in gas discharge
development is the formation of free charges of oppo-
site sign mainly due to ionization of molecules by
collisions with free electrons accelerated by the
electric field. Due to both the different mobilities
of electrons and of positive ions and to the high
value of air density at atmospheric pressure, charge
concentrations can be created, which change the elec-
tric field distributicon and allow the propagation of
ionization phenomena also in parts of the gap were the
field due to the applied voltage alone would be too
low. This causes the propagation of ionization pro-
cesses along channels which are partially ionized and
can cross the whole gap causing breakdown.

The breakdown phenomenon develops in successive phases
which can be either well distinguished or partially
superimposed, according to the type of applied voltage
and to the type of electrode geometry.

The first phase is the first corona, which develops,
in the region of high electric field in the proximity
of the electrodes, in the form of thin filaments,
called streamers, propagating, generally, only for one
part of the gap.

The second phase is the leader phase, characterized
by the formation and elongaticon of a channel, more
highly ionized than a streamer, which propagates with
leader corcona developing from its tip. According to
the value and shape of the applied voltage and to the
gap length, the leader can either stop or reach the
opposite electrode.

Once either first corona streamers ox leader corona
streamers have reached the opposite electrode the
third phase develops. The leader channel elongates at
increasing velocity bridging the whole gap. At this
point the channel becomes highly ionized and the elec-
trodes are short-circuited.

In the case of rod-rod geometry, the phenomenon devel-
ops from both electrodes and the last phase occcurs

when filaments of opposite polarity meet inside the
gap-

The first corona phase and mainly leader phase have
guite different characteristics according to the pola-
rity of the applied voltage, thus causing a difference
in breakdown voltage with the pelarity. In almost all

Uyf-———
a)

Y

b)

d)

Figure 3.1 Long spark development.

a) applied voltage

b) streak photograph

c¢) schematic representation

d} current



the geometries of practical use, the breakdown veltage
with positive polarity is lower than with negative
polarity and the minimum breakdown voltage, with the
same gap length and impulase shape, belongs to the case
of rod-plane gap, i.e. a geometry in which only one
region of the gap is highly stressed.

To examine the discharge development,
geometry will be first considered.

rod-plane gap

3.2 DISCHARGE WITH POSITIVE POLARITY

The discharge development in a rod-plane gap under
positive voltage is described in Figure3.l which
refers to a 10 m rod-plane gap and a switching voltage
[3.1). This type of stress has been choosen because
the various phases of discharge development are well
distinguished. First corona occurs at instant T, and

leader channel propagatlion starts at time T,. When the

streamers of the leader corona reach the plane at time

Ty, the last phase, usually called "final jump",

s oc—-

curs., Breakdown is completed at time T,.

3.2.1 First Corona

When the impulse voltage applied to the gap reaches
a suitable value U,, the electric field strength in a
region near the rod electrode has values high enough
to cause the formation of a certain number of
filamentary discharges propagating intoc the gap with
velogity exceeding 10* cm/fs,

The phenomenon is explained by the streamer theory.
A free electron present in the right position is acce-
lerated by the field towards the electrode and ionizes
neutral gas molecules creating new free electrons at
a rate of a per unit length of path; electrons, how-
ever, can attach to molecules at a rate of n per unit
length of path, creating negative ions. An elecktron
avalanche is so formed which at its arrival at the
electrode has at its head a number of electrons given
by

rr
f(--n)dx
n=e"

(3.1)

where!

I, and r, are the starting and arrival points;
(e-n) is the net ionization cecefficient.

The same number of positive iona is left in the gap.

Both o and n depend on the energy W, gained by elec-
trons between two collisions, and on the number of
collisions per unit length of path, i.e. on gas den-
sity. The energy gained by an electron in a path 1 in
the field direction, between two collisions, is

WeEq,l (3.2)

where E is the electric field and g, the electron

charge. As ! is inversely proportional to the gas den-
sity and pressure, at a given temperature:

¢=pf1(}—f) (3.3)
n-z:f,(f) (3.4)
Charge multiplication cccurs only when (a - g} =z 0 and

in air at atmospheric pressure this occurs for field
values higher than about 26 kv/cm.

12

If the electric field is high enough, the avalanche
arriving at the anode can reach a critical size which
allows for a streamer to be formed by the effect of
positive space charge left inside the gap. As sche-
matically shown in Figure 3.2 the streamer formation
is promoted by secondary avalanches initiated by
electrons which are mainly produced by photoionization
[3.2).
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Figure 3.2 a Pogitive streamer formation
A) the primary avalanche is
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Figure 3.2 b Positive streamer propagation.

The criterion for streamer formation is usually given
by:
2
[ia-n) ax

£

(3.5)
e =k

where k is of the order of 10°

Under the action of the total field, the sum of the
geometric field and space charge field, the successive
avalanches reach the positive space charge, neutralize
it and leave a new positive charge in a more advanced
position from the electrode. With such a mechanism a
positive charge moves step by step into the gap leav-
ing behind it a partially ionized filament. This prop-
agation occurs at a veloclity which is very much higher



than the drift velocity of the positive ions. Depend-
ing on the size of positive space charge and on stati-

stics, a streamer can branch out as shown in Figure
3.3.
Figure 3.3 Ramification of a positive streamer.

In case of unifeorm field, due to the high geometric
field, a streamer, once formed, propagates tc the
oppesite electrode causing breakdown. In case of nonu-
niform field, on the contrary, a streamer generally
propagates along a part of the gap and it stops due
both to the reduction of the geometric field and to
the losa of energy of the space charge at its tip. At
atmospheric pressure a streamer has a stable propa-
gation in a constant field of 4.5 to 5 kV/cm, which
represents also the field along the filament.

Expressions {3.3) and (3.4) show that both a and n
depend on air density. The net ionization coefficient
(a-n} increases when air density decreases so that
streamer formation occurs at lower electric fields as
air density is reduced.

Water vapour content has an effect, even if less pro-
nounced: an increase of humidity increases the ele-
ctric field reguired for an avalanche to reach a crit-
ical size.
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Figure 3.4 Measured variation of the stability

field versus absolute humidity h for
three values of pressure.
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Cue to these effects, also the minirum electric field
required for a stable streamer propagation increases
with the increase of both air density and humidity.
Experimental results are shown in Figure 3.4 [3.3).

As the corcna inception depends on electric field
distribution the minimum corona inception voltage U, .,
depends on the electrocde type and gecometry.

For a constant experimental condition, the corona
inception voltage is not constant from one voltage
application to another, but is distributed in a range
of wvoltage wvalues. This aspect depends on the fact
that for corona occurrence it is not sufficient that
the voltage reaches the minimum inception wvalue; it
is alsc necessary that a free electron is present to
initiate a primary avalanche of critical size. At
minimum inception voltage, there is only one point P,
(Figure 3.5} from which a free electron can success-
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Figure 3.5 Critical volume for different

applied voltage, 30 cm gap. E; is the
field at the electrode.
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Figure 3.6 Experimental and computed distribu-

tion of inceptien probability.

a) 10 m gap, cone tip 1 cm curva-
ture radius, S00/10000 us
impulse, U,=1780 kV.

2 m gap, hemispherical tip 30 cm
radius, 350/10000 uys impulse,
U,=1600 kV.

b)

fully initiate such an avalanche [3.4). As veltage
increases, the region with sufficiently high field is
extended so that a volume can be defined from any
point of which an electron can now successfully start
such an avalanche. For a given electreode geometry,
this critical volume V is a function of applied volt-—
age and time and it can be computed. By combining the
production rate of free electrons and the increase of
the volume ¥, the probability of corona inception can
be computed as a function of time. Figure 3.6 [3.4]
shows a comparison between experimental and computed
data. Due to this type of mechanism, if the front
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Figure 3.7 Mean corona inception voltage as a
function of the rate of rise of the

applied voltage.

duration of the impulse voltage is reduced, i.e. if
the steepness of the voltage is increased,the mean
value of U, increases, as shown in Figure 3.7 [3.5].

In geometries commonly employed, with increasing vol-
tages, impulse corona develops with a great number of
streamers with many branches, starting from a more
luminous and ionized element near the electrode, which
is called the "stem“. A certain amount of negative
charge created by ionizatien processes flows along the
streamers into the electrode, so in the region covered
by ptreamers a net positive space charge is left which
modifies the previous field distribution; the field
intensgity is reduced near the alectrode and inecreased
out of the corona zone, as schematically shown in
Figure 3.8. If the applied voltage is not increased
any more, ionization processes stop.

0 0,5 x/d 1

Figure 3.8 Sketch of field distribution along
the axis in a rod-plane gap hefore

corona (a) and after corona (b}.

3.2.2 Leader phase

As previously stated, after the first corona, ioni-
zation phenomena restart and a leader channel usually
develops from the corona stem. This fact, which indi-
cates an increase of the electric field previously
reduced by corona space charge, can be related to
three different effects: increase of the applied volt-
aga, reduction of the cheoking effect of the space

14

charge due to its diffusion and drift, change in the
characteristics of the stem. These three causes will
generally act simultaneously but their weight, which
is different according to experimental conditions, may
hardly be quantitatively assessed.

The firat model for the streamer to leader tranaition
has been proposed by Rleksandrov [3.6]. All the elec-
trons flowing in the corona streamers converge in the
stem, where they release their energy by elastic and
inelastic collisjions. If the assumption is made that
the gas is heated tc a sufficiently high temperature,
the ionization degree in the stem may rapidly increase
because of thermoionization; by this process the first
leader section is formed. The increase of conductivity
enhances the electric field around the stem tip and
a second corona can therefore be launched which may
elongate the leader section through the same mechan-
ism. So a channel is formed which propagates due to
subsequent coronas emanating from its tip. Due to the
choking effect of space charge left by previous
corona, the channel tends to change continuously its
direction of propagation. Figure 3.9 gives a sketch

Figure 3.9 Sketch of leader advancement.

of this propagation. However, spectroscopic measure-
ments have shown that temperatures high enough for
thermoinization are not reached in the stem; as a con-
sequence, the mechanism which enhances the stem condu-
ctivity cannot be thermoinization of the gas molecu-
les.

More recently it has been shown [3.7] that most of the
energy imput due to the current flow, is stored as
vibratioenal energy of the gas molecules and then rela-
xed into thermal energy with a time constant which
depends on gas temperature and absolute humidity. This
delayed increase of temperature causes thermal detac-
hment of negative ions in the streamers, with conse-
quent increase of the stem conductivity. Furthermore,
the free electrons released in the stem flow to the
positive electrode in a short time, seo the net posi-
tive space charge in the stem is rapidly increased.
The enhancement of both conductivity and net positive
charge in the stem, leads to a sharp increase of the
electric field around the stem, which may cause the
restart of the ionization phenomena, the inception of
a second corona and the leader formation. The time
scale for a convenient increase of temperature ranges
from about 100 ns to 10 ws, depending on the experim-
ental conditions and mainly on the corona current va-

-lues.

It has to be mentioned, however, that new ionization
phenomena do not coincide necessarily with the star-
ting of a leader propagation. Experimental results
have shown that, with electrodes of small radius of
curvature, leader starting is delayed with respect to
secondary corona and it occurs when the applied volta-
ge has reached a convenient high value.



Once the leader is formed, the leader may propagate
or stop if the applied voltage is not sufficient for
propagation.

During the continuous propagation stage, the leader
elongates with almost constant velocity, of the order
of 1.5 - 2 emfus, along a tortucus path, 10 to 30 %
longer than the straight line corresponding to the gap
minimum clearance. The current flowing in the eircuit
is almost constant; this implies a charge per unit
length of leader channel which is almost constant of
the order of some tens of puC/m. During the first stage
the leader channel is almost dark and it is preceded
by a bright corona emanating from its tip. This leader
corona is extending more and more into the gap as the
leader advances. The presence of the channel can be
clearly seen only when in some cases a sudden reil-
lumination occurs.

The situation existing in the leader channel has been
studied on the basis of the thermodynamic and hydrod-
ynamic processes produced by the energy input due to
the current flow. Assuming a non local thermodynamic
eguilibrium, it has been possible to build up a model
for the determination of the characteristics of a se-
ction of the channel as a function of its position
with respect to the leader tip, that is as a function
of its “age". Figure 3.10 gives the values of channel

515 \
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Figure 3.10 Computed leader characteristics
Initial conditions: T=1000 °K, a=l

mm.

radius, gas temperature and voltage gradient as a fun~
ction of x.-x, where x is the linear coordinate along

the real leader path and x, the real length at time t

[3.8). It can be seen that temperature, radius and
conductivity of a section of the leader increase with

time. In long gaps, the voltage drop along the "ol-
dest” sections of the leader can fall down to 0.5
kV/em.

On the basis of this model, if a constant velocity is
assumed for leader propagation, the leader tip poten-
tial can be calculated as a function of time once the
time dependence of the applied voltage is known. Fig-
ure 3.1} shows, for a 10 m gap, the potential of the
leader tip as a function of time, for three different
impulse wvoltages(3.8). It may be noted that in the
case of impulse voltage with critical time to crest,
which is responsable of minimum breakdown voltage, the
tip potential remains almost constant. On the other
hand, as the field distribution in the region near the
leader tip, due to its small radial dimension, depends
mainly on the tip potential, leader propagation occurs
with almost constant field in front of it; this is
consistent with constant velocity and indicates that
optimum equilibrium conditions are reached between
leader advancement and voltage rate of rise.
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Figure 3.11 Computed voltage at the leader tip,
U,, and voltage drop on the leader
AU, , for short {a), critical (b)

and long (c) times to crest.

3.2.3 Final Jump

When the leader corona filaments reach the opposite
electrode the final jump stage starts: leader velocity
and current increase almost exponentially until the
leader has covered the total gap length. At the begin-
ning of the final jump the situation in the gap can
be represented, in a schematic way, as shown in Figure
3.12. The applied voltage can be expressed as:

U=E 1;+£& 1, {3.6)

where E; and E, are the mean gradients along the
leader channel and in the streamer zone. In these
conditions the current regime is due to leader and
streamer ° conductivity. No completely satisfactory
models exist for the description of this phase. How-
ever, if only the breakdown voltage is considered, it
is sufficient to determine the moment and the voltage
at which the final jump starts; then the leader cannot
stop any more and the duration of this phase is gquite

Figure 3.12 Schematic representation of the
discharge at the inception of final

jump.



short in comparison with the previous stage of conti-
nuous leader propagation; thus the veoltage at the
final jump almost coincides with breakdown voltage,

3.2.4 Influence of impulse shape

The variocus stages of breakdown formation which have
been briefly described, that is first corona, conti-
nuous leader and final jump, are clearly definaed and
easily detectable in the case of impulse voltages of
conveniently long duration of front. By reducing the
time to c¢rest some overlapping of the various phases
can occur, and some phases can be absent.

In the case of lighthning impulses, because of the fast
decrease of the applied voltage during the tail, the
leader cannot develop as in the case of switching im-
pulses. To reach breakdown, the voltage has to be in=-
¢reaged very much, causing a different behaviour of
the process. Due to the very high rate of rise of the
voltage during the front, first corona is almost imme-
diately followed by a succession of pulses which
launch satreamers farther and farther into the gap.
Before a leader has time to develop significantly the
streamers reach the opposite electrode, causing a
condition in the gap similar to that occurring at the
final jump. In this case the phase of continuous
leader propagation disappears. Breakdown voltage corr-
esponds to the average field along the streamer zone
multiplied by the gap length.

It has to be noted that in the case of short front
applied impulse voltage the influence of tail duration
is very important, and care has to be taken in compar-
ing results cbtained with different front and tail
durations. As an example, a 10 m rod-plane gap has a
50% breakdown veltage {Uy) of 2610 kV and 4670 kV with
impulse voltage shape 22/1500 us and 7/120 ys respect-—
ively. In the first case, due to the length of the
tail, a continuous leader propagation was possible and
a time to breakdown of 350 us was observed. In the
second case breakdown occurred in 37 ps, indicating
only a phase of final jump type. In this second case
the average field in the gap at breakdown voltage is
approximately 4.7 kV/cm, indicating that streamers
have covered the total gap length before a leader
elengated appreciably.

3.3 BRERKDOWN WITH NEGATIVE POLARITY

Breakdown of long gaps with negative polarity has been
less studied because it has both higher breakdown vol-
tage and greater complexity. However, it is of phy-

Figure 3,13
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sical and engineering interest, especially if ligh-
tning and rod-rod gap breakdown are to be gtudied.
Even if the negative discharge is much more complex,
three main phases may be identified as in the case of
positive polarity: impulse corona, leader propagation
and final jump. Figure 3.13 shows an image converter
plcture and a simplified sketch of discharge develo-
pment [3.9].

3.3.1 First corona

When the applied voltage reaches a convenient value
Uy, the first corona occurs as a burst of streamers
daveloping from the electrode toward the anode.

Eo
B

© (a)

Figure 3.14 Schematic representation of the

negative streamer processes.

The mechanism of streamer formation with negative
pelarity in non uniform field. is sketched in Figure
3.14. A free electron near the cathode is accelerated
in the anode direction creating an electron avalanche.
Due to charge separation the electric field is increa-
sed both near the tail and near the head of the ava-

T Ty Ts

moamw O

Image converter record and simplified sketch showing the

typical features of the discharge development; T, =60 ys, D=7

m hemisphere.

h: negatjive leader zone E: negative streamers

B: apace leader zone F: positive leader

C: positive streamers G: positive streamer zone
D: space stem



Lanche. When this primary avalanche has reached a
convenjent size, from point A a positive streamer
develops toward the cathode. In the same time a pho-
toelectron preduced in B generates a secondary avalan-
che; when this secondary avalanche has reached a co-
nvenient size a positive streamer develops from its
tajil toward the head of primary avalanche. The phenom-
enon can repeat itself through successive secondary
avalanches and a negative streamer elongates toward
the anode.

Also in this case, due to space charge at its tip, the
streamer can propagate in regions where the applied
field is reduced, leaving a filament partially ionized
with an excess of negative charge. In fact the move-
ment of negative ions, produced by electron attach-
ment, alonhg the filament, tends to leave an excess of
positive charge near the cathode which causes an
increase of the field in that region. Due to photoio-
nization and ion bombardment, electrons are emitted
from the cathode. The arrival of positive ions at the
cathode and the emission of electronz cause the excess
of negative charge in the filament.

In the case of negative' streamers, photoelectrons
originating secondary avalanches are produced, in ave-
rage, at a certain distance from the tip of the strea-
mer and are accelerated in regions where the field due
to space charge is rapidly decreasing. The applied
field has in this case a greater influence on propaga-
tion, so that pegative streamers develop more near the
field lines, have less ramificaticns and, with the
same applied voltage, a shorter length in comparison
with positive streamers. Furthermore it has to be men-
tioned that the increase of electron attachment in the
reglion of reduced field, reduces the possibility of
collisional jionization just in the final part of ava-
lanche development.

This difference in the possibility of propagation of
ionization phencmena mainly accounts for the differ-
ence of breakdown voltage in non uniform fields when
polarity is changed.

3.3.2 Leader phase

The first corona is followed at time 7, [Figure 3.13)

by the formation of a negative leader which appears
similar to the positive one previously described. The
direction of propagation is largely random and reillu-
mination with large instantanecus elongations occur.
For this reason it is difficult to define an average
velocity as representative for the advancement of the
discharge in the gap. In the continuous phases,
between reilluminations, the velocity is approximately
1 em/us with an associated current in the range of
0.5+1 A.

The ionized zone which precedes the leader channel has
a more complex structure than in the case of positive
polarity. Three different parts may be identified: a
luminous nucleus, called the "space stem", at a cer-
tain distance ahead of the negative leader tip, and
positive and negative streamers propagating from it
in opposite directions. This leader-corona system
repeats itself regularly in a more advanced position
with an equivalent displacement velocity toward the
plane of approximately 10 cm/us.

The mechanism leading to the formation of a space stem
is not so clear. It has been proposed [(3.9) that in
the region where negative streamers stop, a sort of
plasma is formed, as sketched in Figure 3.1%. The
space stem, consequently, would be a dipole where the
charge separation is supposed to be a consegquence of
the field E, in which the dipole is immersed. With the
field distribution shown in Figure 3.15 streamers of
opposite polarity can develop in opposite directions.
As a consgaquence of these gtreamers, a new phenomencn
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Figure 3.15 Schematic representation of the
space stem.
may appear; starting from the space astem, a “"space

leader” forms which elongates in opposite directions.
The region between the upper tip of the space leader
and the negative leader is covered by a glow-like
corona. When this region is bridged, the negative
leader, which suddenly lengthens, is strengly illumi-
nated and a large corona forms from its new tip. This
phencmenon causes the above mentioned difficulty of
defining an average leader velocity.

Apart from the complexity of development mechanism,
once formed the negative leader may be physically de-
scribed as a positive one.

3.3.3 Final jump

When the negative streamers, starting from the space
stem, reach the plane, a positive leader channel deve-
lops from it, propagating toward the tip of the dow-
nward negative leader. Both channels accelerate and
meet together to complete breakdown (Figure 3.16). The
formation of a positive leader may be facilitated by
the presence of protrusions on the plane, which create
local field increase and cause an earlier formation
of a positive leader. Figure 3.17 showsz the great

Figure 3.16 Arrival of negative streamers at the
plane and starting of negative

leader.



Figure 3.17 8till) photographe of discharges in a
5 m gap with 18 cm earthed rod ({(a)

and without rod (b); 60/3000 us.

influence on discharge paths of a small earthed rod
in a rod-plane gap.

3.4 DISCHEARGE WITE BOTH ELECTRODES STRESSED
Electrode geometriea encountered in HV applications
are quite far from simple rod-plane gape in which only
one electrode is highly stressed. Usually both elec-
trodes are stressed, even if in a different way, and
the geometries are more similar to rod-rod gaps.In
thia case two discharge processes, with positive and
negative characteristics, develop from the electrodes
one toward the other. If the applied voltage is high
enough, the two leaders meet inside the gap and brea-
kdown is completed as shown in Figure 3.18.

6 m rod-rod gap. Positive and nega-
tive leaders meeting inside the gap.

Figure 3.18

Ag shown before, with the same distribution and values
of the electric field, the development of a negative
discharge is reduced in comparison with a positive
one. Therafore the dependence of breakdown voltage on
the polarity of the voltage increases as the field
distribution moves away from symmetry.

Furthermore, as the field distribution in the gap
strongly depends on the position of the ground, the
breakdown voltage can vary even if the gap length and
the electrodes shape are the same. Figure 3.19, which
refera to rod-rod gaps, gives a general view of the
influence of the geometry on breakdown voltages.
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Figure 3.19 Breakdown voltage versus gap length
in rod-rod gap with wvarious elec-
trode geometries,.
3.5 MODELS

The knowledge gained during the last thirty years on
the mechanism of discharge in ajir allowed the improve-
ment of engineering models for the prediction of gap
strength. These models do not enter into detail in
physical aspects of the phenomenon but, usually, they
utilize the large amount af information, both gualita-
tive and quantitative, gained on the characteristics
of various phases of the discharge mechanism. As the
weight of these phases is different, according to
electrodes geometry and voltage impulse shape, the
best modelling of the dominant phase is of primary
importance.

Figure 3.20 shows corona inception voltage and brea-
kdown voltage as a function of gap length in a sphe-
re—plane gap when stressed by impulse of positive
polarity.

At short gap lengths (d,), the breakdown voltage coi-
ncides with the voltage which causes streamers forma-

breakdown
2R=constant

corona

|
!
1
|
[
|

| |

dy d;

Figure 3.20 Corona inception and breakdown volt-
age as a function of gap length in a

sphere plane gap.



tion, that is corona inception. The field distribution
is only slightly ununiform, the average field in the
gap is much higher than the average field along a
streamer and corona formaticon causes unavoidably brea-
kdown of the gap. In this case the breakdown voltage
can be computed as shown in paragraph 3.2.1 for corona
inception.

At long gap lengths (d;}, corcona inception has minor
importance, especially when the ratio 4/R ie large.
In this case, in fact, the streamer phase is followed
by leader propagation, which takes place in different
conditions depending on the shape and value of the
applied voltage. The leader can develop for a part of
the gap and stop without breakdown of the gap. With
lightning impulses (LI) the streamer phase reaches the
opposite electrode and the leader propagates with in-
creasing velocity in a gap which has been already bri-
dged by partially conducting filaments. The basic con-
dition for breakdown is to have the gap bridged by
streamers and modelling has to be based on final jump
phase (see paragraph 3.5.1). With switching impulses
{5I), on the contrary, the leader, once formed, pro-
gresses in virgin air with leader corona in front of
it. Ita velocity is almost constant, indicating a con-
stant electrical situation at its tip, until streamers
reach the opposite electrode; after this moment leader
pregression is similar te that observed with LI. In
this case the modelling of breakdown has to be based
on the description of the leader propagation (see
paragraph 3.5.2).

3.5.1 LI strength models

The various proposed approaches for the prediction of
the dielectric strength of air gaps under lightning
overvoltages usually allow the calculation of hoth the
minimum breakdown voltage and the time to breakdown.
They can be grouped in two main categories:

a) integration methods
b) physical approaches

The apprcaches of the second type seem to be a step
forward in modelling this type of discharge as they
try to take into account the physical processes in-
volved in spark formatiocn.

3.5.1.1 Integration method

In the integration methods the dielectric strength of
insulations is described as

T
ftv-vyrdae=p (3.7)
Ta

where T, is the time to breakdown and T, is the time
after which the applied voltage is higher than a refe-
rence voltage U,. In the case of n=] the method repre-
sents the well known "egual area™ criterion.

Different proposals exist for the values of U, n and
D but each proposal refers to a particular set of re-
sulte and it cannot be easily generalized. Furthermore
it has to be obaerved that these methods can be
applied only to the prospective shape of the impulse
voltage, whereas the impulse shape can change even
drastically with the applied voltage depending on the
characteristics of the generating circuit.

3.5.1.2 Physical approaches

These methods [3.11] consider the different phases of
discharge development and their dependence on applied
voltage; they compute the time to breakdown as the
time which is necessary, once the applied veoltage is
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known, for the completion of all phases of the dis-
charge process, namely:

- corona inception (T
— streamer propagation (T,
- leader propagation (T)

The time to breakdown T, is given by:

T, =T, + T, + T (3.8}

Corong_inceptien

Corona inception occurs at time T, when the applied
voltage has reached a convenient value U,, which de-
pends on electrode geometry, gap distance and rate of
rise of applied voltage (see paragraph 3.2.1}. U, can
be computed and T; derived if the impulse shape of the
voltage is known. In the case of gaps with greatly nan
uniform field distribution, inception voltage is far
below breakdown voltage; therefore, due to the high
rate of rise of the voltage, T, can be often disregar-
ded.

Streamer propagation

The streamer phase initiates at corona inception and
is completed when the gap is fully crossed by strea-
mers. T, depends on applied voltage and the minimum
value necessary for streamers to cover the whole gap
is not far from the U, value when standard lightning
impulses are considered. At this voltage T, has its
maximum value and it decreases as voltage is raised.
Experimental results have shown that T, is almost
independent of voltage polarity, electrode configura-
tion and gap clearance. Its value, on the contrary,
is strongly dependent on the ratio E/E, where E is the
average field in the gap at the applied voltage U and
Eyg is the average field at Uy, (Figure 3.21).
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Figure 3.21 1/T,, for various geometries and gap
clearences, as a function of the
gap, when given in p.u. of the value

at 50% level.

In almost all the proposed models, however, it is
assumed that the streamer phase is completed when the
applied voltage has reached a value which gives an
average field in the gap corresponding to Eg. Taking
into account that T, is only a part of T,, thia appro-
ximation gives acceptable accuracy. It haa to be men-



tioned that with this procedure the time (T, + T) is in
fact obtained.

Leader propagation

As has been said, the length of the leader at the end
of T, is a amall percentage of the total gap length;
for this reason it is always assumed that the leader
coevers the total gap length after the streamers have
crossed the gap.

The propagation of the leader is described in terms
of the instantanecus values of its velocity. Various
formulas have been proposed to relate leader velocity
and other parameters, generally applied voltage and
position of leader tip in the gap. These formulas are
fundamentally of two types:

v-xd(i;—so) (3.9)

V-K,d(-g-l) o5 8 (3.10)

where d is the gap length, x is the part of the gap
not yet covered by the leader, U ig the instantaneous
value of the applied voltage, E, is reference field
value and K, and K, are suitable constants.

Recently, on the basis of results obtained in a large
test program, a combination of the two previous ex-
pressions has been proposed:

V-x,d(%_go) e(" %) (3.11)

By integration, the leader development can be descri-
bed. According to the time dependence of U the leader
can either reach the opposite electrode causing brea-
kdown or stop, when velocity tends to become negative.
In case of breakdown T, ig also computed.

In all the proposed formulas the value U(t) has to he
the actual voltage applied to the gap; due to the vol-
tage drop caused by current flowing during leader pro-
pagation, this voltage does not correspond to the
theoretical one; this difference is larger the higher
is the overvoltage, i.e. the shorter is the time to
breakdown. The actual applied voltage can be determi-
ned when both generating circuit characteristics and
current flowing during leader propagation are known.

Mainly due to difficulties in synchronization, the
relationship betweaen current and leader velocity ia
not sc easy to be determined. A linear relaticnahip,
however, seems to be acceptable:

iegv (3.12)

with values of q in the range of 300-400 u¢/m.

Generally the computed breakdown voltages are in geod
agreement with experimental results; larger discrepan-—
cies are experienced when insulator strings are pre-
sent.

*3.5.2 SI strength models

In the case of breakdown under S5, leader inception
and propagation ending with the threshold of the final
jump are the most important phases for assessment of
the gap strength. In fact first corona has little bea-
ring on the gap strength even if it constitutes a pre-
-requisite to leader inception; at the same time, if
the final jump phase is reached, in practice breakdown
cannct be avoided.

Several models have been put forward to account for
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leader inception and breakdown of long air gaps under
positive SI. They calculate the critical strength of
simple configurations of practical interest and they
mostly constitute an engineering-physical approach to
the problem. In the following the best~known models
will be reviewed and the review will progress chrono-
logically from the early to the most recent models.

The bulk of the work deals with impulses having cri-
tical time-to-crest, which yield the lowest withstand
strength. Furthermore most of the models deal with
rod-plane and conductor-plane gaps, which were more
thoroughly investigated experimentally.

Few models extends to other configurations such as
rod-rod, conductor-rod and conductor-tower leg and
among them the meost recent permites to take into
accounts also the influence of air density .

In the previous chapter dealing with fundamentals of
discharges, the stages of first corona, leader ince-
ption and continuous propagation and final jump were
thoroughly described.

Successful modelling of the first corona stage has
been undertaken by Les Renardieres Group {3.12]. While
first corona constitutes a pre-requisite to leader
inception, first corona models have little bearing on
the gap strength and will therefore not be dealt with
here. While conditjions at the inception of the final
jump are important for the determination of the stre-
ngth of the gap, little is known about the final jump
mechanism and no model yet addresses that stage in
detajl.

This leaves the phase comprising leader inception and
propagation ending with the threshold of the final
jump as the most important for assessment of the gap
strength and it will therefore be dealt with here ex-
tensively. This review however will only deal with
engineering models, having direct impact on the pre-
diction of the gap strength, rather than detailed phy-
sical modelling of one aspect or the other of the dis—
charge mechanism.

The review will progress chronologically from the
early to the most recent models but the similarities
or contradictions among them will be brought up at the
appropriate time. Finally, as far as possible, the
same symbol will be used to describe any physical
parameter if it occurs in different models, although
this may be different from the symbol used in the
original publication. :

Lemke Model [3.13], (3.14]

This model can be described with reference to Figure
3.22, which refers to a rod-plane gap, under a criti-

Leader — o 1,
d
P
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Streamers ————= l
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Schematic representation of a rod-
plane gap at the final jump.

Figure 3.22



cal switching impulse at the threshold of the final
jump. The instant illustrated corresponds to the crest
of the impulse. The leader length along the gap axis
is 1, and the final jump h,.

The crest voltage U is then given by the sum of the
leader voltage drop Atf, and the streamer voltage
drop U,:

U= AU+ U, {3.13)

U, = by E, {3.14)

where E, is the mean streamer gradient taken as 4.5
kV/cm. From measurements, an empirical formula for the
length of the final jump is given as:

e epe )

Where a, is an unknown constant.

{3.15)

The leader gradient E; is more complex, being depen-
dent on position {life time). Lemke used Toepler’s
theorem, which states that the resistance per unit
length of the spark channel is invereely proportional
to the charge that flowed through it. Noting that
1, =d-h; , the resulting expression for AU; reads:

AUy = Ey, 2, 1n [ai - 1n [i)] (3.16)

] a5

where E;, is taken as 1.5 kV/em.

Substituting from (3.14), (3.15}, {3.16} into {3.13},
the 50% breakdown voltage of the gap becomes:

d o d
Uy = @&, |1+1ln [?o)]‘*aaf.‘hln [?u—ln [d_n}] (3.17}

Lemke found that teo fit experimental results, expres-
sion (3.17) has to adopt different values of a, for
different electrode configurations anc different volt-
age forms. For a rod-plane gap Lemke took a, = 1 m,
while for a bundle conductor-plane gap a, = 1.5 m and
for a bundle conductor-tower a, = 1.3 m., Lemke even
found that for a positive switching impulse superim-
posed on a direct voltage of positive polarity, a, for
a rod-plane configuration must vary in the range 0.9
- 1.25 m to account for the experimental results. The
physical reason for the variation of a, was not given
nor a method to uprear determine that parameter.

dleksandrov Medel [3.15], [3.16]

The basic assumption underlying this model is that a
critical charge ¢, formed at and near the positive
high voltage electrode is a prerequisite for centi-
nuous leader development. Such crxitical charge is a
characteristic of the electrode but does not depend
on the gap length.

The 50% sparkover veltage of the gap is then related
to the critical charge by:

Us'% {3.18)
Ocr * Qean * 0 (3.19)

where

Ocan is the electrode charge at corena onset

voltage;
Q. is the space charge at leader ingeption;
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c is the capacitance of the electrode tak-
ing into account the space charge formed
immediately before the continuous leader
stage.

For a conductor-plane gap of length d,
the form:

{(3.18}) takes

o[ e 2d 3
e () 1 (29) (3.20)
where
er is the critical charge per unit conductor
length
r, is the equiwvalent radius used to deter-

mine the capacitance C,
charge effect.

including space

In expression (3.20) both g,
avoid the problem of determining both guantities,
Aleksandrov applied expression (3.20) to two gaps d,
and d, for which the 50% sparkover voltages are deter-
mined experimentally:

and r, are unknown. To

ol = (2‘::'”] 1n{2:‘]_ (3.21)
ol = (2":;'0] 1n(2r‘:'=) {3.22)

From (3.21), {3.22)
£3.23)

L] Y

Usofdy) = Usold) = AU, = (zz‘: ] 1n (%)

To predict the sparkover voltage of a gap d,, it fol-
lows from (3.23) that:

q, d.
Upldy) = Ugo(dh) = ALy, = i |2 {3.24)
Sﬂ( 3) SD( 2) 23 {Zﬂan] [dz]
From (23}, (24} it follows that:
in
AU, = AU, (3.25)

The procedure is repeated to extrapolate the sparkover
characteristics to longer gaps.

Jones Model [3.17)

This model deals with the rod-plane gap and attempts
to account for the U-shape of the dependence of posi-
tive switching impulse strength on the time-to-crest.

Considering a gap of length d, partly penetrated by
the leader, then at any position of the leader tip,
che condition for continued leader propagation is:

viE) > Vol + 1, Eu (3.26)
where
V{t) is the instantaneocus applied voltage
Ve is the critical leader tip potential
corresponding to any length 1,
Eg, is the mean leader gradient

At leader inception a simplified thecretical analysis



as well as regression of measured values yield the
approximate relationship:

Upe = Voo(l,=0) = 270 yd  (kv,m) {3.27)
For any leader length I1,, the critical tip potential

Ve will then be given by:

Ve = 270 @ -1 (kv.m) (3.28)
Differentiating (3.26} with respect to t provides an
expression for the rate of growth of the leader:

dE.,

dt
-l - (3.29)
[s.: e i)

dv _
ar, _ lge 1«

According to this model, leader growth stops when
the numerator of (3.29) vanishes. On the other hand
as the denominator tends to zero breakdown is produced
in a final jump.

The current during leader propagation is given by:

dq, dv

d dl,
i‘a’(llqo)-qo?*lx"__ (3.30)

av  dc

where ¢, is the charge per unit leader length.

The leader gradient for an element with life time t
was found, in analogy with the electric arc to be:

.
Ey=E_ +(E -&8)e (3.31)
where

E; is the initial leader gradient at t=0,
taken as 500 kv/m

E. ig the ultimate gradient; £ = 100/{i%*
(kV/m, A)

& is an effective time constant taken as 50

s,

Considering a critical impulse, with the leader pro-
gressing with constant speed along the gap axis and
taking only the first term of (3.30), the breakdown
time ¢, =g,d/i and the corresponding average break-

down gradient becomes:

o4
E, « E{1) +[E - E.t1)] [T}t:—dJ (- % (3.32)
Note that in this expression, the breakdown gradient
is taken as that of a leader spanning the whole gap,
without taking the f£final jump into consideration.
While expression (3.27) yields reasonable values of
the continuous leader inception voltage, evaluation
of (3.32) with known values of i and gq resulte in
values of E, which are generally on the low side,

Carrara-Thione Model {3.18]

The model starts from cobservations on rod-plane and
conductor-plane configurations under positive impulses
having critical front time. The 50% sparkover voltage
is considered as the sum of three compcnents:

1. U, is the continuous leader inception
voltage
2. AU; ie the voltage increase during leader

propagation
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3. AU, is the difference between U, and U,,
where U, =u, + 4l
over voltage.

is the minimum spark-

A fundamental experimental observation is that for
each gap length, there is a critical size of the posi-
tive electrode above which corona and centinuous
leader inception voltages practically coincide, For
electrode sizes below critical, the continuous leader
inception voltage remains practically constant at a
level corresponding to the corona inception valtage
of the critical electrode.

The critical radius can then be determined from expe-
rimental sparkover voltages of gaps with fixed dis-
tance but with positive electrodes of different radii,
as shown in Figure 3.23 for a rod-plane configuration.
Flgure 3.24 shows the variation of the critical radius
R, with gap distance for rod-plane and conductor-plane
configurations.
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Figure 3.23 50% breakdown voltage versus elec-
troede radius for different gap
spacings.
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In extending the application of the model to more
complex configurations distinction is made between
rod-type gaps for which the equipotential surfaces
close to the electrode in the direction of maximum
gradient are considered spheres and conductor-type
gaps for which such equipotential are considered cyli-
nders. The corresponding basic configurations are the
rod-plane and conductor-plane gaps.

Two rather arbitrary criteria are proposed to esta-
blish the equivalence between a configuration of one
type and its basic configuration.

The criterion of equivalence to determine R, reads:

"With reference to corona to leader stem transition,
a configuration is equivalent to the basic configur-
ation of ita group with spacing #,, if the ratio
between the electric field strength E, and E;, evalu-
ated at the distances R, and R, < R, from the center of
positively charged conductor, in the direction where
this ratioc is maximum, is the same in both configur-
ations".

For rod-type gaps the following values were adopted
R, = 20 cm, R; = 40 cm while the corresponding values
for conductor-type gaps are R, = 5 em and R, = 15 em.

In order to apply this criterion in practice, a field
strength factor e¢ was defined as:

= & R "_
(&))"
where n=] for conductor-type gaps and n=2 for rod-type
gaps.

(3.33y

Computed values of € are shown in Figure 3.25 for rod-
and conductor-gaps. From the calculation of & for a
configuration under study, Figure 3.25 yields the
equivalent distance K, from which the critical radiusg,

can be determined.

The second criterion of equivalence relates to the
determination of AU, and reads:

"With reference to continuous leader progression star-
ting from leader inception, a stress situation on a
configuration is equivalent tc the critical positive

He(m)

Conductors—gaps
10k gap

Rod—gaps

11
5 10

£ (107%)

]
50 100

1000

Figure 3.25 Egquivalent gap spacing H, as a fune-

tion of the field strength factor «.
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impulse applied to the basic configuration of spacing
H,, if the charge increase on the electrode considered
during leader propagation is the same in both config-
urations’’.

For practical application of thie criterion, the volt-
age increase AU, for the required configuration is ob-

tained as:

AU, = BATy, {3.34)

where B is the ratio between the ccefficient relating
the charge to voltage in the basic configuration and
the coefficient relating the charge on the electrode
considered to the voltage which is used as reference
to define the stress in the configuration under con-
sideration.

The model have been extensively applied to phase to
ground and phase-to-phase configurations, finding
generally a good agreement between the computed and
the experimental results.

Hutzler Model (3.19], [3.20)

This model builds on Jones’ model to simulate the
temporal development of the leader in a rod-plane gap.
It could account for the effect of impulse shape and
for the statistical dispersion associated with leader
propagation.

An equivalent leader radius r is defined, for which
an arbitrary value of 30 cm was assumed. A critical
field £, of 31 kV/em at the equivalent radius was
assumed to be the necessary condition for leader pro-
pagation.

The leader current, associated with leader corona,
follows Townsend's expression in terms of the electric

field:

i hE(@E- Ey (3.35)

where h = 10" Am¥/v?,

The leader current is also related to the linear char-
ge 4, and leader speed v by:

i*vay, {3.36)

Similar to Jones, the leader gradient during propaga-
tien is governed by the differential equation:

%g o[B8 -

(2

(2.37)

with E_(i) =

and @ = 30us
For E s E. , the leader current vanishes, propagation

stope and the gradient recovers according to the dif-
ferential equation:

(3.38)

where 8, is a recovery time constant taken as 500 ue.
The condition at the final jump was taken a=m:
{m, kv)

470 (d - 1) £ vic) {3.39)

where V(t) is the instantanecus applied voltage.



Finally it was assumed that the leader progreases in
straight segments, making a random angle & with the
gap axis. The probability density function of @ is
assumed as:

. iL-coa®)
- .

£(9) -(L;“’) {3.40)

where a is a parameter which depends on dV/dt and the
radius of the geometric equipotential surface at the
point considered,

Figure 3.26 shows interesting simulation results of
leader current and position during sparkover and with-
stand tests. Figure 3.27 shows a comparison between
calculated values of Uy, and U,{=U,} and the well known
EdF formula.

While the agreement is fairly good with respect to the
complexity of the problem, it is clear that for gaps
below 5 m the model results are too high while for
very long gaps they are too low. This discrepancy
could be the result of the simplified criterion of
leader propagation, in the sense that for shorter gaps
the adopted leader inception voltage may be too high
while the opposite may be true for longer gaps.

Iy
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Figure 3.26 Simulation of current oscillogram,
image converter recording and static
picture, d=10 m, R=30 cm. Impulse
500/10000 us, U, =Ugy=1859 kV.
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Bhape:

Bazelvan Model [3.21}

Bazelyan takes the electrostatic energy stored in the
equivalent capacitance of a spark channel as an upper
limit to the energy released in the channel.

For a leader discharge the charge jacket contributes
the major part of the equivalent leader capacitance
(estimated roughly as 25 pF/m). An estimate of the
minimum voltage at which transition from streamer to
leader is poseible is 200-300 kv.

Considering the leader corcna zone, starting from a
leader tip of radius r, and potential V,, the charge
per unit length g, and length 8 of streamer zone were
obtained ap:

Q- 4Kl°VE

1n(i) (3.41)

v s

i (3.42)
w5

with the streamer gradient E, taken as 4.65 kV/cm and
the radius at the leader tip assumed as 1 cm. As an
example, evaluation of (3.41) and (3.42) yields q, of
21 uC/m and 8 of 1.7 m at vV, = 1000 kv.

hn empicical formula for the leader gradient in terms
of the leader current i and life time t takes the
form:

800

E = 708 pi3%

(in}’ A ps) (3.43)

This formula means, for example, that for a leader
current of 1A, the gradient of a leader segment will
drop to SO0 kV/m in 155 us and will eventually reach
10 kV/m in 2.9 ms.

Ancther empirical expression relates the leader speed
v to the tip potential v:

ve12 v8t (3.44)

This rather strong dependence of v on vV, is somewhat



different from results of Les Renardieres Group, as
reported by Waters [3.22], which indicates that the
leader velocity is less sensitive to the applicatiaon
of overvoltage, anode geometry and gap length which
may all contribute to change the tip potential.

Bazelyan used the model to evaluate the strength of
gaps up to 100 m long, but stressed that the calcula-
tions are in the nature of estimates claiming to esta-
blish only gualitative regularities.

Rizk Model [3.23], [3.24)

This model introduces c¢riteria for leader inception
and breakdown of different electrode configurations
under positive switching impulses with critical time-~
~to-crest. It accounts for conditions in the vicinity
of the high voltage positive electrode at leader ince~
ption as well as for conditions at the threshold of
the final jump.

Figure 3.28a presents a simplified schematic diagram
of a rod-plane gap at leader inception, subjected to
a positive switching impulse having a critical front
time. Positive streamers converge into an iconized stem
zone leading to the high voltage electrode. The stre-
amer and stem zone are characterized by the critical
charge Q, and the distances s and s,. The elements of
the model at continucus leader inception (3.24] can
be explained with reference to Figure 3.28b:

HV. Electrode —— U
Stem ——

Streamers —=y

AN RN

a) b)

Figure 3.28 Schematic representation of a rod-
plane gap at continuous leader in-
ception

a) simplified physical picture

b) simplified eguivalent scheme

e the distances s and s, are much shorter than,

and practically independent of, the gap length
d.
- the stem, at continuous leader inception and

for the purpose of calculating the field at its
tip, is considered as an extension of the high
voltage electrode.

- the applied electric field E,. at the stem tip
P is given by w./r, , where U,  is the applied
voltage and r,,. is an equivalent radius chara-
cterizing the thin stem and is very little in-
fluenced by the dimensions of the high voltage
electrode or the gap length.

- r,, is much smaller than bkoth s and s,.

- the first prerequisite for continuous leader
inception is that the streamer reaches a criti-
cal aize, characterized in the model by the
ratio @2,/U_ .

- Q and its image charges produce an opposing
field E,, at the stem tip P.
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- As the flow of the critical charge @, ensures
adequate electrical conductivity of the stem,
continucus leader propagation starts when the
resultant electric field at P exceeds a criti-
cal level £_.

- E;, and E_ are respectively correlated to the
space charge induced potential v,, and a eriti-

cal potential U, through the equivalent stem

radius r_,.

- the continucus leader penetrates the gap, sur-
rounded by a positive space charge sheath of
constant charge g, per unit axial length.

- the continuous leader penetrates the gap with
practically constant speed and the leader tip
potential is practically maintained constant at
the inception level U, .

The situation at the threshold of the final jump is
described in the model as follows:

- the tip potential U, must be equal to the pos-
itive streamer gradiert £, multiplied by the
length h, of the final Jjump.

T - the electric field £, at the ground plane must
exceed a critical value E_, in order to permit
the penetration of the gap by the streamers
ahead of the leader discharge (leader corcna).

- for rod-type positive high voltage electrode,
the field £, results almost totally from the
effect of the leader space charge sheath.

- for conductor-type positive high voltage elec-
trode, the geometry of that electrode will play
a role, although the leader space charge is
still the determining factor of E,.

The model results in expressions of continuous leader
ineception voltage U,, for different gap configur-
ations. For example, the expression for a rod-plane
gap reads:

{3.45)

The corresponding expression for conductor-plane gaps

— 2247
1+5.15-5.45 Ina

d in2d
a

Ue = (kV, m

(3.46)

where a is the conductor radius,

For a rod-rod gaps of 4 m or more, with a grounded rod
of height h soc that h=<2d, the expression for the co-
ntinuous leader inception voltage reads:

_1s56_
3.85
Rl e

Uy, = kv, m}

(3.47)

and the corresponding expression for a conductor- gro-
unded rod gap:

2247
5.15-5.49 1In a

(a+h) 1n (L;’”)

kv, m

UJc =

1e (3.48)

The leader gradient is calculated slightly differently
from Jones and Hutzler, in that the leader conductance
per unit length G rather than the leader voltage gra-
dient =, is governed by the Hochrainer‘’s equation:

(3.49)
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Figure 3.29 Leader voltage drop as a function of

axial ledder length.
with a time constant @ taken as 50 us.

The conductance per unit length G is obviously related
to the gradient E, through:

c= 1

z {3.50)

For a constant leader current, G is constant and (3.49)
yields:

-x 3.51
Gle) =G +(G, -Gye ® ¢ )

with G.=i/E. and G, =1/E, E. and E; being taken as
SC kv/m and 400 kV/m respectively.
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Figure 3.29 shows a comparismon of the calculated
leader voltage drop AU; as a function of leader axial

length 1,, to an empirical formula given in [3.25].

Figure 3.30 shows the variation of continuous leader
inception voltage U, and U, with gap spacing for a
red-plane gap. Experimental values from [3.26] and
[3.27) are also indicated.

The agreement between theory and experiment for U, is
within $2.5% except for the 27 m gap where the theory
predicts a value 6% higher than that reported in
[3.27].

Figure 3.31 shows similar model results and comparison
with experiments for a conductor=-plane gap [3.27].

Figure 3.32 shows the results of calculation of the
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Figure 3.32 Comparison of madel (%), and
measured values, of gap factor of
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gap factor of a conductor-rod gap together with expe-
rimental values from [3.28].

As shown the agreement between the model and experi-
ment i# excellent. More detalled results are given in
[3.23) and [3.24). Application of this model to air
density effects is reported in [3.29) and to exposure
of transmission linea to direct lightning strokes in
{3.30).

3.6 CONCLUSIONS

The knowledge of breakdown mechanism in long air gaps,
when stressed by transient voltages, has been highly
improved during the last thirty years by performing
a large amount of experimental work. By applying
advanced diagnostic technigues, as high speed photo-
graphy, spectroscopy and strioscopy, together with
traditional measurements, a detailéd description of
the various phases of the discharge process has been
obtajined.

In the same period, many basic processes has been
better clarified so that good physical medels of the
various phases have been proposed.

At the same time, due to the continuous increase of
the voltage in transmission systems, it was necessary
develop engineering models which allow either for the
caleculation of the strength of air insulations or for
the correct extrapolation of the existing data at
lower veltage. Several models have been put forward
and their complexity, generality, degree of sophistic-
ation and precision increased as the knowledge of the
discharge phenomena improved.

For lightning impulses, models exist which describe
the diacharge development in terms of streamer phase
and, mainly, of leader elongation. These models allow
for the determination of breakdown voltages and time
to breakdown with sufficient accuracy.

For switching positive impulses, several modela have
been put forward to account for leader inception and
its propagation. These models, which contribute to
establish general trends and to rationalize experimen-
tal works, calculate the critical strength of simple
configurations of practical interest, with accuracy
as good as that of widely used empirical formulas.

Models have been generally proposed for simple con-
figurations in standard conditions. Mecdelling of more
complex configurations and conditions taking into
account the influence of insulators, of environmental
conditions (e.g. humidity, rain, ice, fire) requires
additional work.
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4 STRENGTH UNDER EWITCHING OVERVOLTAGES
IN REFERENCE AMBIENT CONDITIONS

by B.

4.1 INTRODUCTION

As shown in detail in chapter 3, the dielectric
strength of an air gap depends on ionization phenom-
ena. The various mechanisms have been identified,
However they mutually interact in a complex way seo
that a generalized and easy to handle modelisation can
not be envisaged in the short term.

Nevertheless, in some specific cases, simplifications
can be made so that models are thus available.

These difficulties come from the fact that flashover
is the result of a series of events which develop
according to the entire history of the gap (the
phenomenon is not instantaneocus), and each individual
‘event obeys statistical laws.

Furthermore, a large number of parameters have to be
taken into account. As a matter of fact, ionization
phenomena result from the interaction of an electric
field with a gas, and any parameter which modifies
either the characteristics of the electric field or
gas has to be considered.

The electric fieid can be characterized by two sets
of parameters: (1) Those which define the static (or
geometric}) distribution of the field such the gap
length, the shape of the electrodes, the distance from
the ground or from surrounding electrodes (energized
or not}) and (2) Those which define the temporal
variation of the field such the shape of the voltage
stress {(or stresses when more than one electrode is
energized).

The air can be characterized by its physical parame-
ters (pressure, temperature) and by its chemical
composition (humidity).

During the discharge process, it must be recognized
that both the electric field distribution and the gas
characteristics are continuously modified through the
ionization phencmena which create space charges.

Unless explicitly specified, the conditions defined
in this chapter are those which are known to prevail
before the test. In other words, the test conditions
are defined by external parameters.

This qualitative presentation of the influencing
parameters illustrates the complexity of the problem.
It is thus easy to understand that a gquantitative
description cannot cover all the possible cases.

As far as statistiecs are concerned, the test results
will be characterized by the crest value of the
voltage which produces a discharge in 50% of the cases
when it is applied (Ug) and by the conventicnal
deviation z. Once U, and z are known the wvoltages
having different discharge probabilities can, in
principle, be easily calculated.

The influence of the geometrical parameters will be
analyzed for the case of idealized geometries, as the
detail of all actual structure geometries cannot be
taken into account.

Concerning the effect of the electrical parameters,
it has to be noted that the laboratory tests are, in
most cases, conducted either with Marx generators or

HUTZLER, E. GARBAGNATI,
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transformers, so that the results generally refer to
bi-exponential impulses or, in a limited number of
cases, to sinuspidal waves.

As the influence of air density and air humidity are
treated in another chapter, most of the content of
this chapter refers to standard conditions as defined
by IEC 60 [4.1] i.e:

Temperature : 20 °C
Pressure :+ 101.3 kPa (1013 mbar)
Humidity 11 g/m’.

The strength under standard rain will be also con-
sidered.

4.2 ANALYSIS OF GENERAL TRENDS AND MAIN INFLUENCiNG
PARAMETERS

4.2.1 Electrical parameters

In the simplest case, when only one electrode is ener-
gized, the electrical parameters define the impulse
shape and the polarity. In phase to phase tests a
second impulse is applied to the other electrode. In
order to represent mere closely actual configurations
a DC or AC stress can be applied prior te the impulse.
The influence of these different parameters will be
successively examined.
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Figure 4.1 U-Curves for rod-plane gape of various
lengthe under positive polarity impulses
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a) Positive polarity impulses

In the laboratery, the impulses most frequently
obtained are of bi-exponential shape. However, damped

sine waves, or composite front waves, are also
sometimes used.
A bi-exponential impulse is characterized by two

parameters, which may be time-to-crest, T., and time
to half value, T,. When these parameters are modified,
the dielectric strength of an air gap may be consider-
ably changed. It has been noted in particular that
when T, varies, the veltage U, passes through a
minimum having as coordinates T,., Uy ... This curve
is known as the U-curve (Figure 4.1).

The existence of this minimum is of paramount interest
as it will eimplify the characterization of air gapa.
It can be seen in Figures 4.1 and 4.2 that this
behaviour is qualitatively general and remains valid
for all electrode shapes, gap lengths, types of stress
and polarity. As the minimum of the U-curve is rather
flat, T, ie not very precisely defined and a quanti-
tative evaluation remains questionable. Neverthaless,
a4 number of important varjations are recognizable.
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Figure 4.2 50% breakdown voltage {Uy) versus time to

crest (T,) of the applied impulse of rod-
plane, sphere-plane and conductor-plane
configurations {d=gap spacing, R=radius
of the electrode) [4.15].

From a physical peoint of view, it is known that the
critical time to crest is directly linked to the dur-
ation of the leader propagation before the beginning
of the final jump. Conaequently:

- The critical time to crest is smaller under nega-~
tive than under poaitive polarity, as, on the
average a negative leader propagates quicker than
a positive leader.

The critical time to crest increases nearly lin-
early with the gap length, as the leader length
increases nearly linearly with the gap length.

The critical time to creat is changed when the
cathode ehape is modified. As an example, for a
constant gap length, changing the cathode from a
plane to a rod leads to a decrease in the leader
length, the fipal jump starts earlier, and thus
there is an associated decrease of the critical
time to crest.

The influence of the anode shape is less marked.
Example: the critical time to crest is alightly
lower for a conductor plane gap than for a rod
plane gap (See Figure 4.2},

If, instead of using bi-exponential impulses, tesats
are performed with sine waves, the amplitude at the
minimum of the U~curve is maintained. On the other
hand, valuea of T__ are higher for sinusocidal waves

30

than for bi-exponential impulses ; the ratio is about
2 [4.2], (4.3).

To better understand the influence of waveform, tests
were also conducted with composite front waves. By
varying both impulse test parameters (waveform, ampli-
tude, polarity) and the timing of the impulse superim-
posed on the baseline impulse, it is thus possible to
cover a greater diversity of impulse forms. Tests
performed to date have never lead to a reduction of
dielectric strength helow U, [4.4).

Another example of this U-curve, for an air gap of 10
m, complemented by the variations of z and the mean
flashover time T, for bi-exponential impulses, is
given in Figure 4.3. It can be seen that z is of the
order of 5% for T, values which are in the range of
Tew+ This result is generally assumed as representa-

tive of all geometries in the case of positive
pelarity.
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Figure 4.3 z, Uy and T, as a function of T,
Positive rod-plane gap (d=10 m}
[4.24}.

To the right of the minimum of the U=curve, the time
after which flashover occurs is less than T..
Flashover occurs on the front of the wave, and time
toe half value T, obviously has no influence on the
withstand of the air gap.

To the left of the minimum, T, is greater than T, and
we therefore can anticipate a distinct influence of
T, on the flashover characteristics of the air gap
considered. By way of example, for a rod-plane air gap
8 m in length, Table 4.1 shows that there is relative-
ly little difference in U, vhen the time-to-crest
increases from 7 to 22 us, provided that time T,
remains constant,

The influence of time to half value is illustrated
using another presentation format in Figure 4.4. It
can be seen that for constant Tar variations of T,
are accompanied by substantial variations of Uy. When
an impulse shape is modified, T, and T, are thus



Table 4.1 Influence of time to crest and time to
half value on the dielectrie strength of
a positive rod-plane gap (d=8 m)
T, T, Uy z T,
[1a) [ra] [xv) {kV]) [ue]
7 1400 2304 370 250
7 80 3805 33 34
22 15Q0 2277 217 274
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\ 7.1
l._®
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122.)
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Figure 4.4 Up as a function of time to half

value T,. Positive rod-plane gap {d=4,
6 and B m) (4.24].

simultanecusly modified for practical reasons. Thus
presentations such as Figure 4.1 can be criticized
because T, is not the only variable shown. Moreover,
Figure 4.4 shows that most of the variation of Uy, for
small T, is in fact due to T,. However, even for a
constant T,, Ug = f£{T,) is stiil a U-curve since
leader corona liberates charge carriers which have two
oppesing effects.

From the physical analysis, corona generates electrons
which heat the leader channel and acts as the motor
of the discharge. However, when electrons are created,
positive ions are released and generate a space charge
field which opposes to the applied voltage field. On
the left of the U-curve, the motor of the discharge
(the electrons) is very active, but the brakes (the
positive jons) are nearly blocked. On the right of the

critical time to crest, the brakes have no action, but.

the motor is so weak that the discharge propagates
with difficulty. At the critical time to crest the
best compromise is reached in terms of discharge
propagation between the motor and the brakes.

In summary, even if transient overvoltages cannot be
characterized by a single impulse shape, the withstand
voltage of any air gap has a lower limit, Ug.. Thus
the dimensicning of air gaps can be based on the value

Usgeas

b) Negative polarity impulses
The discussion of 4.2.1.a concerned positive polarity.

Currently available data on the dielectric strength
of air gaps im negative polarity are much less
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Variation of Uy, and T, versus T, {(d=5
m). Negative rod-plane gap {4.24).

Figure 4.5

numerous than for positive polarity. This is due to
the fact that positive stresses are more severe than
negative stresses in the vast majority of practical
cases and therefore less studied.

It is essential to note that the characteristics
described in the case of positive polarity also apply
to negative polarity. In particular, the flashover
voltage follows a U-curve {Figure 4.5). Howaver, ag
already mentioned, the critical time-to-crest is less
than that obtained with positive polarity. If the
time-to-crest is less than critical, flashover occurs

after the crest; if not, it occurs on the impulse
front (Figure 4.5)
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Figure 4.6 Correlaticn between strength under

negative polarity and strength under
positive polarity for a wvariety of
configurations.

Ugee= 3400/(1+8/d} [4.24].



The conventional deviation z appears tc be greater
than with poeitive polarity the scatter of the
experimental results is very large. An average value
of 8% can be taken as representative.

The atrength under negative polarity U. is compared to
the strength under positive polarity vU,, in Figure
4.6. Both atrengths are normalised to Uy, which is
the strength of the positive rod-plane gap of the same
spacing. All the experimental results lie hetween the
dotted linea. For a given air spacing, and despite a
significant scatter, the gap which has the higher
strength under positive polarity tends to have the
lower strength under negative polarity. In other
words, the order of merit is reversed when the
polarity of the strees is changed. Most of the data
points lie above the bisectrix, which means that moat
of the air gaps have a higher strength undex negative
polarity than under positive polarity. However, if
under poeitive polarity, the strength of a gap is
larger than 1.5 - 1.7 times the reference strength,
the strength under negative polarity may be lower than
under positlive polarity.

¢) Phasa-to-phage conditions

The experimental study of the problems posed by the
dimensioning of air gaps in cases where both elec-
trodes may be streased simultaneously was undertaken
more recently [4.5, 4.6]. These studies require more
test equipment and the number of parameters to be
evaluated is greater than in the case of phase-to-
earth stressing, The definition of these parameters
is given on Figure 4.7. The result is that the level
of our knowledge to date is far more superficial.

“0
ﬁ\
1
u |- " .
4 A
Figure 4.7 Definition of the various parameters

useful for phase-~to-phase testing.

Testing ls generally conducted with two impulses of
amplitudes & and U,. Their relative amplitude is
characterised by the parameter a' defined as:

U
U+

a = (4.1)

The reference condition is conaldered to be that where
the peaks of the two impulses are synchronous, the
negative polarity impulse having a time-to-crest equal
to or greater than that of the positive polarity
impulse. While this reference case does not correspond
to minimal dielectric strength, it providea a good
order of magnitude and, as it has been tha subject of
much study, enables the main characteristices of the
dielectric etrength of phase-to-phase air gaps to be
presented.

! The use of the parameter a and of total voltage
{U.+ U} enables a synthetic presentation of test
reeults. The current trend however is to use the
representation U, = f(U) which is better suited to the
study of phase-to-phase and phase-to-earth insulation
coordination. Reference [4.7)] contains an exhaustive
study of this subject.
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Figure 4.8 Phase to phase teats: Influence of the

positive time-to-creat on U, ([4.5]
r=rod-red configuration
c=conductor~conducter configuration

ha in the case of phase-to-earth stresses, the Uy
voltage passee through a minimum value when the time-
to-creat of the poeitive polarity impulse varies
{Figure 4.8). For a given spacing, thia critical time-
to-crest is between the critical times-to-crest
observed under positive voltage alone and under only
negative voltage. The exact position of the curve is
dependent on parameter a.

When the relative importance of the positive and nega-
tive componentes varies {variations of a), the total
voltage (U, + U.) varies more or lessa linearly between
the voltage measured under positive voltage alone and
that measured under only negative voltage {Figure
4.9). For the requirementsa of insulation coordination,
particular interest im taken in values of « 0.33
and 0.5,

This behavieour of the strength ia, in fact, due to the
presence of the ground. As an example, let us consider

W UThgg (kV)
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Figure 4.9 Phase to phase tests: Influence of

the parameter a for 2 parallel con-
ductors 4 m apart, 9 m above ground
[4.24).
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Figure 4.10 Distribution of electrical field in a
geometrically symmetrical rod-rod
gap. Gap spacing 4 m. Gap axis H=10 m
above ground. Rod radii 5 com.

a 4 m rod-rod air gap with a horizeontal axis 10 m
above the ground. Each rod is composed of a 10 cm
diameter tube ending in a hemisphere of the same
diameter. Geometrically, the air gap is symmetrical.
We then apply a unit voltage (% V) to the right-hand
electrode, the left electrode being earthed. Under
these conditions, the electric field calculated along
the axis of the air gap is given by Figure 4.10. The
asymmetry is evident. At the surface of the energized
electrode the field is 11.7 V/m, whereas it attains
a mere 1.83 V/m (more than six times less) at the
earthed electrode. Thus the energized electrode is
electrically more "pointed” than the earthed elec-
trode. This asymmetry is caused by the presence of

ground. As a matter of fact, if the gap axis is
installed at a larger height above ground, the
W™ s UT)gp Ik}
A
2000 |
e ha
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(k’#%
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d =4m
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Figure 4.11 bisruptive phase-to-phase voltage
dependent on height above ground.

Conductor~conductor gap [4.5}.
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asymmetry will be attenuated.
where the ground is
distribution becomes

In the idealised case
completely removed, the field
aymmetrical whatever the value
of o, On the other hand, if a 0.5, the field
distribution remaine symmetrical whatever the height
of the gap axis. This duality between a and the height
above ground H appears on Figure 4.1} where it can be
seen that the flashover voltage does not depend on H

for a = 0.5 on one hand, and increases with H for a
= 0,33, tending asymptotically toward the value for
a = 0.5 on the other hand.

Figure 4.12 gives test results in a more complex case:
a phase-to-phase configuration which, as in the previ-
ous case, is influenced by the ground, but where in
addition, the role played by a fourth electrede (the
third phase) is studled as a whole. The role played
by the third phase is slight, and only just statisti-
cally significant. It should be noted, however, that
the configuration studied is horizontal. Furthermore,
in the came of Figure 4.12 the voltage applied to the
drd phase is a sine-wave and equal to the phase-to-
earth voltage of the 400 kV system. In practice, in
the case of a voltage transient on both phases, the
voltage of the third phase is also affected. Tests
[4.6] have shown that the influence of the third phase
could reach 10% in certain unfavourable cases. For a
triangular configuration the influence would probably
be more marked. However, the ‘“realism”™ 5f these
unfavourable laboratory conditions needs to be looked
into more closely before drawing any final conclu-
siana.

When the first teste of phase-to-phase dielectric
strength were conducted (4.%], a certain number of
parameters were defined on a theoretical basis. In
particular, flashover wvoltage between phases was
defined as the sum (U, + U.) of the peak values of two

components, positive and negative. When the peaks are

simultaneous, (U, +U.) do actually represent the
voltage applied to the air gap at the time of
flashover.

Contrariwise, when the time differential, At, between
peaks differs from zero, this value (U, + U} is only
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Figure 4.12 influence of the third phase. Conduc=-

tor-conductor gap {(d=4 m, h=9 m)

[4.5]., From left to right:

a) reference case with 2 conductors
only

b} 3 conductors with the third earth-
ed

3 conductors with the third ener-
gized by a 50 Hz power freguency
voltage (the two phase + and
impulses are synchronised at dif-
ferent times compared to the third
phase sine curve).

c)



of conventional significance. Initially, it was
observed that (U, + ¢} passed through a minimum value
for 4¢ =0, and this value served as a reference for
the determination of the general characteristics of
phase-to-phase air gaps. Since then, by examining the
matter in greater detail, it has been noted [4.8) that
the minimum of (u, + u.) was not obtained at Ac =0 {uy,
and u. are instantaneocus voltages applied to the air
gap at the time of flashover, see Figure 4.7}. Experi-
mentation now shows that u, and U, could be considered
to be identical, since flashover always occura in the
neighbourhood of the peak of the positive component.
The same does not apply to u. and U., which can differ
coneiderably when At =0,

By way of example, Figure 4.13 gives the flashover
parametera (u. and U,)} for various characteristica of
the negative component {(shape and amplitude) and for
varioua values of At. Compared to the reference case,
the reduction in withstand voltage may be as great as
20%. Fortunately, such eéxtreme reductions are cbtained
for amplitudes of negative components far greater than
those encountered in service. However, reductions of
12% to 15% are not impossible, as can be derived from
Figure 4.13.

d) Influence of a prestress
In actual configurations, when a switching surge

occcurs, the air clearance ia already stressed by the
AC or DC operating voltage.
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Figure 4.13 Rod-rod gap (d=4 m). Effects of

phase-shifting At between negative
and posgitive impulse on flashover
(see Figure 4.7 for definition of

parameters) [4.8].

a) for a given negative impulse
shape: 110/3000 us

b} for a given value of U_: 1500 kV
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Figure 4.14 Performance of c¢lean insulators under
compusite wvoltage stresses, DC  +
impulse, in both dry and wet condi-
tions [4.10]. Test object: conductor-

structure (supperted bus bars). Anal-

ysis of the Influence of +the DC
prestress for different polarity
combinations.,

As an example Figure 4.14 shows how the flashover
voltage varies as a function of a OC prestress in case
of a substation structure. It can be seen that the
strength is lower under positive impulse than under
negative impulse. Furthermore, the flashover voltage
is practically unaffected by the D.C. prestress in dry
condition [4.10].

4.2.2 Influence of qgecaetry

a) Rod-plane gap

All the air gaps can be characterized by the minimum
strength obaerved for the critical time to crest
{minimum of the U-curve). This value will be given,
in the following, as a function of the geometrical
charactaeristics of the air gaps which are mainly the

gap spacing d and the electrode shape. Among the
different gaps of spacing d, the positive pod-plane

gap has the lowest strength and is used as a refer-
ence.

Ite characteristics will be first detailed. The influ-
ence of the radius of curvature of the positive rod
(anoda) can be shown in simplified form in Figure
4.15. When the anode radius is le¢as than a certain
critical wvalue R_, (which ies dependent on air gap
spacing) [4.11), voltage U, remains constant as a
first approximation.

Thia is the direct consequence of the streamer to
leader tranaition. Ae a matter of fact, the condition
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Influence of the radius R of spheri-
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Figure §4.15

for this transition is a corona strong enough which
requires a given voltage across the gap, independently
of the anode radii, provided it is lower than the
critical radius. For R » R, we note that Uy
increases with R. This increase is needed for the
first corona to occur. It has to be noted that in thie
case the U curve is modified. An example is given by
Figure 4.16 for a 10 m long air gap. Most of the lower
part of the U curve disappears and its minimum becomea
very flat.

It is important to point cut that for the majority of
practical problems, the anode radius is lees than the
critical radiua. In this case, the strength depends
only on the gap length and is usually expressed by the
formula [4.12]:

. - 3400
50 erdt

er. 1+8 (4.2}

d

Ugp (% L)

5000

H
4000 \\
3000 \\
%(“‘———- _____ o b Sphere
Cone
2000 \— /}/
«-T-¥
1060
1 10 100 1000 T lust

Uy, versus T, for a 10 m air gap and
two electrode geometries [4.24]:

~ a cone (*) R < R_,

- a sphere (x) R =0.75 m > R,

Figure 4.16
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with 2 m<d < 15 m

does not
an approximation is provided by:

As the scatter (conventional deviation z)
vary significantly

z = 5% (4.3

The essential characteristic of the curve developed
from eguaticon (4.2) is its distinct saturation with
increasing distance. This is one of the fundamental
laws limiting the IiIncrease of the operating voltage
of overhead lines. For example, to go from 1000 kV to
2000 kv, insulation distance must be tripled {from 3.5
m to 11 m). However, it has been shewn [4.12] that for
distances greater than 15 m,  saturation is less
distinct than indicated by formula (4.2). Up to d =

30 m, experimental results are relatively well
represented by formula [4.15]):
Usp crse = 2400+55 d  (kV,m) (4.4)

with 15 m < d < 30 m.

The UHV study committee of CRIEPI has also proposed
[4.14] a formula which is ncot as simple as formulae
4.2 and 4.4, but has the advantage of being unigue for

larger range of gap spacings (up to 25 m). It also

better represents the experimental results in the

lower range of gap spacing. This formula is:
U, = 1080 ln (0.46 4 + 1} {4.5)

and is shown on Figure 4.17.
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Figure 4.17 Uy versus d for rod-plane and conduc-
tor-plane gaps, with critical impulse
shape and standard impulse shape

{250/2500 ps) [4.15].

The impulse which is standardized as switching impulse
by IEC Publication &0 has a 250/2500 ps shape. It is
recognized, that for this specific wave shape, the
Paris formula {4.16) gives a better evaluation of the
dielectric strength of rod-plane air gaps:

U,, = 500 o°* (4.6)

Up to 10 m, formula 4.6 does not differ very much from
the equations listed in Figure 4.17, because U-curves
are flat near the minimum of Ug.

A summary of the influence of the anode radius and of
the gap length is given in PFigure 4.18 for positive
rod-plane gaps. Three regions can be distinguished.



Figure 4.18 Influence of the geometrical charac-
teristics of a positive rod-plane gap

on the Uy, breakdown voltage.

R radius
d gap length
Uy breakdown voltage

corena threshold
breakdown voltage

Region I corresponds to conditions where the flashover
voltage has the lowest value for a given gap spacing.
It is delineated from region II by a curve whose
projection on the d.U. plane {curve A) is equation 4.2
(or 4.5). On the d.R plane the projection of this
limiting curve is curve B which gives the critical
radius as a function of the gap spacing. In this
region I, breakdown is the conaequence of two or more
successive corona and a leader development. In region
11, the leader development is triggeéred by the first
corona, while in region III the final jump is trig-
gered by first corcna. The limit between regions II
and III is defined by U/d = 4.5 kV/cm.

Under negative impulses, rod plane air gaps have

qualitatively the same characteristics as under
positive impulses. Figure 4.17 shows that depending
on air gap length a relatively more marked saturation
than under positive voltage is observed. It gives a
few experimental results, which can be falrly well
represented between 2 m and 14 m by the formula:

Usp coxe = 1180 g™ (kv, m) (¢.7)
Thus, the ratio 0, /0, decays from 2.4 {for d = 2 m)
to 1.94 (for d = 4 m) and thereafter remains constant
at 1.8 for d ranging from € to 14 m. BRea already
mentioned, the conventional deviation is higher than
in positive polarity and reaches values of E%.

b) Conductor-plane gap

Conductor-plane air gaps exhibit the same tendency as
rod plane gaps. The general trend as a function of the
gap length is the same, with breakdown voltages which
are 7% to 15% higher than for the rod-plane gapsa
{figure 4.17).

The standard deviation and the U, values are related
to the length of the conductor. Thie is due to the
fact that a conductor can be considered as a number
of gaps in parallel. For a given voltage, the bhreak-
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down probabilities P, and P, of conductor-plane gaps .

with conducter lengtha t, and L, are related by the

formula (1-p)% = (1-P}" , and Uy, and z values can

be derived accordingly [4.17]. As a result, the =z
value ia lower for conductor-plane gaps than for rod
Plane gaps, but the decrease of z is in fact limited
down to values of about 2% due to the sag of the
conductor, which cannot be avoided.

©) Actual air gaps

The rod-plane air gap, the main characteristics of
which are presented in clause 4.2.2a, is a very
important configuration for deaign because it has the
lowest strength. Furthermore this i an ideal con-
figuration for research purposes as the number of ite
characterietic parameters is relatively small.
However, even in this case, the variety of electrical
and climatic conditione to which it can be submitted
is 8o large that the description of its propertiea is
still incomplete. It im not surprising, therefore,
that available data concerning actual air gaps is even
more incomplete. They are sufficiently numerous, how-
ever, to enable us to derive a few general guidelines.
For thies reason, rather than pregsenting partial
findings for specific air gaps, we shall set out these
guidelines in the following.

In the case of a positive rod-plane air gap, the eiec-
trical field vector is oriented from the rod towards
the plane. In the vicinity of the rod, the field is
divergent. Should the rod be negative, the field is
convergent close to the rod. In either case, the field
is practically uniform close to the plane. Examination
of the results of Figure 4.17 shows clearly that
flashover occurs more readily in a divergent field
than in a convergent field. Furthermore, available
physical data show that in a rod-rod air gap {or in
any other alr gap where the field is convergent at the
cathode and divergent at the anode) the development
of the discharge is essentially determined by the
electric field distribution in the divergent region
of that gap near the anode.

Let us assume, therefore, that the distribution of the
voltage inducing flashover in a positive rod-plane air
gap is represented by Figure 4.1%9a, The valtage
applied to this air gap is obtained by {for instance)
the formula (4.6):

Uy = 500 g

Let us imagine that, at this air gap, we attach a
negative rod-plane air gap to which the same voltage
is applied. For reasons of both electrical and
geometrical symmetry, the plane will represent the
equipotential V = Q0 and it is possible to eliminate
this hypothetical plane without changing the voltage
distribution between the positive and the negative
rod. We have thus defined a symmetrical positive rod-
negative rod air gap of length 2 d to which the
following voltage is applied (Fig. 4.19b):

U (2d) «2 x500 g€ (4.8)

When passing from the positive rod-plane air gap of
spacing d to the symmetrical rod-rod air gap of
spacing 2 d, the voltage distribution in the area
where the field is divergent has not been modified.
Consequently, the conditions governing the development
of the discharge are the same. Formula (4.8) gives the
flashover voltage for the rod-plane air gap of spacing
d. Likewise formula (4.9} gives the flashover voltage
for a rod-rod air gap of spacing 2 d. The flashover
voltage of a rod-plane air gap of length 2 d is given
by:

Uy, (2 d) =500 2°-% go-¢ (4.9}

Comparison of formulas (4.8} and (4.9) shows that the
flashover voltage of a symmetrical rod-reod air gap is
2% = 1.32 times greater than that for a rod-plane air
gap of the same spacing.

Naturally, the foregoing explanation is idealised. It
does not take into account space charges or ionisation
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Figure 4.19 Voltage distributieon

a) rod-plane gap of spacing d

b) rod-rod gap of spacing 2d without
earth plane effect

c¢) changes in Uy depending upon elec-—

trode shape for the cathode only.

phenomena close to the negative rod and was developed
for a very specific geometric case. Nevertheless, it
does bring out clearly an entirely general rule which,
incidentally, contradicts a certain number of precon-
ceived notions (Figure 4.19c}). This rule could be
expressed as follows:

The more “pointed" the cathode, the the
flashover voltage of a large air gap.

greater

In fact, this result is guite easily understandable.
In order to achieve the appropriate field distribution
in the anodic region to ensure discharge propagation,
a voltage drop has to be spent in the cathodic region.
This voltage drop is higher for more pointed cathode
{see Fiqure 4.19c) and plays the decisive role in the
variation of Uy as a function of the cathode shape.
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For the ancdic regicn, where the field is divergent,
the results found in the case of the positive rod-
plane air gap -and illustrated by Figures 4.15 or 4.18
for the anode remain valid, i.e.

The more "pointed" the anode,
voltage of a large air gap.

the lower the flashover

The term "pointed” used in the above guidelines repre-
sents more abstract concepts concerning the conver=
gence or divergence of the electric field. Its meaning
is thus rather different from its usual geometrical
meaning.

To quantify this fact, the concept of "equivalent
radius" is frequently used. It is known that the elec-
tric field E 2t the surface of an isolated sphere and
at an applied voltage U is written: E = U/R, R being
the sphere radius. By analogy, the egquivalent radius
of a given electrode placed in a specified electrical
and geometric environment is defined as the ratio
between the potential of this electrode and its
surface electric field. In the case of an isolated
sphere this calculated equlvalent radius is equal to
the geometric radius. In the example of Figure 4.10
the equivalent radius of the energized electrode is
8.5 cm. For the earthed electrode, the equivalent
radius cannot be directly defined as the applied
voltage is zero. However, it can be defined by
comparison with the equivalent radius of the H.V.
electrode. In the preceding example we would have
obtained an equivalent radius of 54.6 cm.

The concept of equivalent radius described here and
illustrated in Figure 4.1i0 forms the basis of the gap
factor approach which will be precanted in elause 4.3.

d) Phase to phase configuration

When the height above ground (e.g.- zero voltage
surface) of the two phase electrodes is large compared
to the phase to phase gap length (Figure 4.8), even
if the ground influences the field distribution, the
insulation still behaves as a phase to phase configur-
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Figure 4.20 Characteristics U’y = f(U) for actual

phase-phase earth configurations

[4.9].

A: ring-ring pedestals d=3 m, H=6 m,
HG=2.5 m

B: disconnectors d=4 m, H=6.5 m, HG=3
m



ation for the complete range of a. In other words,
any phase-to-ground insulation(e) still has such large
strength that it is “protected” by the phase-to-phase
insulation. The ratio of the probability P, of dis-—
charge between phases to the overall probability of
discharge P; is ¢ = P,/P;. In the idealised case ¢ is
always equal to 1.

In configurations which are closer to actual system
conditions such as disconnectors eor bus bars, the
phage to ground Btrength is not as large, and the
U, = £{U) curve is truncated at both extremitiea. When

U or U, the phase to phase

relatively low compared to the phase to ground stress
and all discharges occur in the phase to ground gaps
{¢= 0). Examples are given by Figure 4.20.

is small, stress is

e) Influence of insulators

In many casesg, air gapa are modified by the presence
of insulators, either insulators strings or post
ingulators.

By way of example, Table 4.2 compares two conductor
cross-arm air gaps which are strictly identical except
for the presence of a string of 19 cap-and-pin
insulators in the second case.

Table 4.2 Influence of the présence of insulators
en the dielectric strength of a conduc-
tor-cross arm gap (dry insulators)

Air gap Alz gap with
Polarity without insulators string of 19 inaula-
tors
Ui z Uy z
(kv] (%] [kV} [*]
positive 1160 3.1 1132 4.2
negative 1478 1.3 1449 1

Thea influence of cap and pin insulators in the gap is
secondary: data in {4.18) indicate an influence lower
than 3%. Given experimental error and the statistical
uncertainty of these resuits plus the imprecise nature
of the evaluation of the geometrical characteristics
of the insulator-less air gap, the presence of dry
insulators in an air gap does not modify its behaviour
significantly [4.16, 4.19, 4.20). Nevertheless a
correction factor has been proposed [4.21].

(RN

In the case of insulator strings, the field distribu-
tion is evenly perturbed by the metallic caps and
pins. In the case of post insulators, or of leng rod
suspension insulators, the field is lotally perturbed
by any metallic flanges present and this may impair
more drastically the dielectric strength of the
insulation.

It has been shown (Figure 4.21) [4.22) that the
maximum strength reduction is observed when the flange
is located between one quarter and one third of the
gap length measured from the energized electrode. The
reduction can reach 15% to 18%. In cases of a second

flange the strength reduction may be larger. More
extensive data are given in reference [4.22).

4.2.3 - Influence of rain

As environmental c¢onditions modifies the charac-

teristics of the insulating medium it is impertant to
evaluata their impact on the dielectric strength of
external insulation. Other chapters are devoted to the
influence of pressure, temperature (or air density),
ice and snow, humidity, and fires. In this paragraph
we describe the influence of rain.

The tests which have been carried out show that the
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Figure 4.21 Rod-lower structure and conductor-
lower structure configuration
equipped with insulator model, dry
conditions. Effect of the distance of

the top metal flange from energized
electrode on the positive SI strength
g, (4.22).

rain, as a perturbation of the iasulation medium, has
no significant effect on the dielectri¢ strength of
air gaps neither under positive polarity nor under
negative polarity. The physics of the discharge is not
modified. However, in some cases, due to streaming of
water, the rain can modify the shape of the electrodes
and can accordingly decrease the dielectric strength
of an air gap.

In other words, if rain is observed to modify the
dielectric strength of an air gap, this is due to the
modification of the electrode shape rather than to a
change in the insulating medium.

When insulators are present within the gap {cap and
pin, long red, string, post insulators) the existence
of a physical support may make the rain cascade on the
sheds. The physical mechanism of the discharge is mod-
ified. Instead of a discharge propagating through the
air, the discharge closely follows the sheds and jumps
from shed to shed. This type of discharge is charac-
terized by a flashover voltage which is not very much
polarity dependant and which, under positive polarity,
is not very different from the air gap flashover
voltage.

hs a result, rain does not materially reduce the
dielectric strength of some configurations (e.g.
insulator strings with cap and pin insulators having
a large distance between sheds). However the data are
much more scattered for post insulators (Figure 4.22)
and in some extreme cases, the reduction may reach 30%
[4.22) particularly if the gap factor of the gap where
the insulator is inserted is large. Generally speak-
ing, the reduction is higher for larger sheds and for
small shed spacings.

The dielectric strength wunder negative polarity is



® MULTIPLE UNITS

O SINGLE LT

09

08 (-

0.y |-

06

e5 ! ] 1 1 1 !‘ | -
0.9 1 1.1 1.2 1.3 14 1.5 1.6 Kd

Figure 4.22 Configuration with actual insulators
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nearly reduced down to the strength under positive
polarity.

In both cases, the standard deviation is increased,
80 that the gquestion of the reproducibility of rain
tests still remains.

4.3 METHODS AND CRITERIA FOR THE ASSESSMENT OF THE

STRENGTH
4.3.1 Evaluation of the phase to ground switching
impulse strength

clause 4.2
in

in
insulation

The different parameters examined
influence the strength of external
different ways:

- some have a decisive influence, like the air
clearance, the shape of the cathode, the balance
between positive and negative components for phase
to phase configurations,

- some have a significant infiuence. This is the
case of the impulse shape. When the shape of the
impulse varies, the strength passes through a
minimum value so that reference is often made to
this critical wvalue having the time to crest
Toe*Teu- Alternatively, reference can also be made
to a standard value (standard impulse having T, =250

HE) .,

- some, have a lower influence, like pre-stressing
by the operating voltage and can be forgotten in
a first approximation.

The various studies undertaken in this field have led
to some simplifications. The concept of "a gap factor"
proposed by L. Paris in 1966 is vne of the more
interesting (4.23].

The gap facter, k, of any air gap is the ratio between
the flashover voltage of the air gap to the positive
rod-plane air gap flashover voltage, with air gaps of
identical spacings and submitted to the same switching
impulse. The main interest of this concept is that the
gap factor is practically independent of the length
of the air gap coneidered.
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In summary, this means that under a positive switching
impulse, the flashover voltage U of any air gap is
obtained by:

3400
1+

U=k for T, = Ty,

nie

U= k500 4%°
0.05 U

for T, = 250 ps

z =

kX is the gap factor determined by the overall dis-
tribution of the electric field.

As an example, as shown in paragraph 4.2.2 the gap
factor of an electrically symmetrical air gap is 1.32.

Values of the gap factor for some basic configurations
are given in Table 4.3.

Table 4.3 Gap factor of a number of basic configur-
ations. If k > 1.6, withstand in negative
polarity is less than in positive.
Canfiguration k

Rod-plane d 1
‘-...__‘___/
Canductor-plane d 1.1 118
I ) H
Rod-rod
It HI d " 1+086 y
H
Conductor-rod H d {1.1 10 1.15) exp | 0.7 ——
H’ H
H s
ko exp|[20,7 ———
Protrusions d
H' k=1

*Sign + for protrusions from the negative electrode
Sign — tor protrusions from at the positive electrode
kg @ gap factor without protrusions.

For overhead lines or air-insulated substations, it
is not always possible to simplify the configuration
without making large errors. Table 4.4 gives the gap
factor for some configurations which are more realis—
tic. Two evaluations are given. The first one (right
column) is a rough wvalue which can ke taken as an
order of magnitude. The second one (central column}
is a formula {4.21] which takes into account some
secondary geometrical characteristics of the actual
configuration, and which can be used to assess the
influence of these secondary characteristics.

Furthermore, the following indications may be given
about the influence of other secondary geometrical
parameters.

Influence of the type of conductor The gap factor,
referred to the clearance d measured from the axis
of the bundle, slightly increases with the number of
sub-conductors, N, according to the expression :

Kpundte = Kaingte + 0.01 (N-2) (4.11)



This equation is applicable for N = 2+8 and spacing
between sub-conductors of about 40+50 cm.

Influence of high voltage fittings
high voltage fittings, as conductor yoke, shielding
rings and similar, has two effects: to modify the
field distribution of the HV ccaductor and to reduce
the clearance from the HV parts to the structure.
With reference to Figure 4.23, on condition that
i/d < 0.2, the gap factors of Table 4 are still
applicable, provided they are referred to the actual
minimum clearance

d’ < d. If large fittings are present, the correction
for the bundle should not be applied.

The presence of
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suspension rod harnging from the structure (see
Figure 4.23) is negligible in Vv-string configurations,
provided the length of the string excesds the gap
minimum ¢learance d. In I-string cenfigurations, the
gap factor, referred to the distance from the conduc-
tor to the structure d is slightly reduced with the
increase of the length of the rod 1‘ according to the
expression:

7
K=k, -0.aL (4.12)

valid as far as 1'/d < 0.2,

Influence of earth fittings The

Table 4.4

influence of a

Influence of the impulse shape
tioned gap factors hold,

All the above men-
as a first approximation,

Gap factor for some actual configurations.

Configuration Formula Typical value
€conductorcross-arms
- H -8 5/d
k= 145. 0.015.(— - 6) + 0.35 (e 1 -0.2)
N dy
- 0,138 -d—l—‘t.s X 145
5
r=15cm
Applicable in the range ;
H H
| I dy =2 +10m dpfdy = 1 + 2
o S/idy = 0.1 F1 Hidy =2+ 10
conductor-windows
k = 125+ 0.005 (ldt - s) - 025 (¢85 g3y
k =125

Applicable in the range :

d=2+ HWm Sd =01 +1 Hd=2+10

sconductar-lower structures

§=3cm

d . 13 | - .
=il
7 vz

41167 "
k = 1.15. 081 (i) o0z B
H d

W 1.167 "
il . s —e25Md
-A [1.205 ( H) 0.03 (H)] (0.67 —¢ )

where A = tif 5/d < 0.28nd A = 1l Sk 202,
Applicable in the range .
d=m2* W0m S/d=D+w H/M=0)

k = 1.15 for cond-plane
to 1.5 or more

cconductor-lateral structures

Kk = 1.45 .+ 0.024 (l:‘-)- £ . 0351854 g

. . k = 1.45
Applicable in the range :
d =2 +10m S§/g=01%1 Hd=2+10
arod-rod structures Horizontal rod-rod-siructure
{open switchgear) " d
ky = 13501 — —(— - 0,5)
H H
Rod-lower structure
H H A5/d
kg = 1«06 — —A 1093 — (0549 =& 2) -
2 H H Ky = 1.3
where A = 0if S/dg<8.2anc A = ¥ if S/dy> 0.2, ky = 1. 06 iH.

Applicable in the range :
lkybdy = 2+ 10m dyftt = 0.1 = 08 dy <dy

tkyldy = 2+ 10m Sidy w(Q + = dy < dy
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Figure 4.23 high wvoltage

both for critical impulse shape and for the standard
one (depending on the rod plane characteristic of
reference). .

The dependence of the strength on the impulse shape
is then strongly related to the configuratien con-
sidered.

For switching impulse of positive polarity, the
dependence of the critical time to crest, T,, on the
above mentioned parameters is roughly given by the
expression:

Terse © §50 - 35(k-1)]1 d (4.13)

: gritical time to crest in usec;
: gap spacing (m};

: gap factor of the conflguration
{1 <« k < 1.8).

Tau
-k
As far as the dependence of the breakdown voltage on
the time to breakdown (U-curves), it is not easy to

indicate eguations of general application; direct
reference can be made to the experimental data.

Influence of insulators in dry conditions Starting
from gap factors k relevant to configurations in air
{see Table 4.4), the influence of cap and pin insula-
tors may be roughly expressed by the formula §4.21]:

k, =[0.85 + 0.15 e”'* ) k (4.14)

where k, = gap factor with insulators.

The influence of post insulators may be expressed with
the formula {4.22):

kg = k|1-0.4 (k=1)"5 (1--9-'7,1&) tn—l}“-’] (4.185)
£
with:
d,= length of each unit (in the range 0.8-1.7 m)
n= number of units (1 to 4)
h= sum of the iengths of the flanges line side and

earth side {(assumed equal to intermediate ones)
{0.15 teo 0.35 m).

The above expressions interpolate the results with an
accuracy of % 5%. The presence of the live and earth
flanges was taken into account, as a first approxima-
tion, evaluating k and U,.. with reference to the
distances d and d‘ d - h; respectively.

Influence of insulators in wet conditions ‘For
configurations with c¢ap and pin insulators the
influence of rain may be assessed on the base of the

following egquation [4.21):
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(4.16)

.
k=1
Koo = [1-0.54 & "7k,

For configurations with post insulators, the influence
of rain is given by the following formula optimized
on the basis of experimental results relevant to
cenductor-lowsr structure and rod-lower
configurations [4.22]:

structure

1-0.5 £-po-3 8
¢

k.. = $

wor

( 417
k; ln.ns-o.s(k,-l) —& } ( )

with:

distance between sheds {0.035 to 0.13 m)
external diameter of the insulator; average value
in case of different diameters in the stack (0.15
to 0.4 m}
number of units (1 to 4).

The abcve expressions interpeolate the results with an
accuracy of about % 8%.

4.3.2 Evaluation of the phase tc phase
Switching Impulse strength

As for phase to earth configurations, the gap factor
approach can be used to evaluate the phase to phase
Switching Impulse strength with critical impulse shape

of ideal phase-phase configurations. According to
[4.5] the following formula can be adopted for
positive impulses of critical impulses shape:
. - - 3400
07+ Ul = k=g (4.18)
LR

k values are given in Takle 4.5 for « = 0.33 and C.5.

Table 4.5 Gap factor k for

configurations.

usual phase-to-phase

Flashover voltager is calculated by:
{U+u) o=k 3400/ (1+8/d).

Configuration a=D.5 a=0.33
Ring-Ring or large smcoth electrodes 1.80 1.70
Crossed conducteras 1.86% 1.53
Rod-Rod or conductor-conductor 1.62 1.52
{along the sepan}
Supported busbare {[fittings} 1.50 1.40
Asymetrical geometries 1.45 1.36

More detailed equations have been proposed for the
phase conductor-phase conducter configuration ({long
span). The data may be approximated by the following
equation:

U'sg = Ulgepe ~ (4.13)

B ou”

where is the breakdown voltage between the

Ulosm
conductors at u” =0 and is given by the expression:

_o0.25d
H

Uyga ™ 640 ¢ (1 (kv, m (4.20)

and 8 represents the slope of the U" = f{u") character-
igtice, and is given by the formula:

B=0.8-0.5¢4 9 (4.21)

The above equations are applicable in the range 4



S+18 m,

d/H = 0.2+1 and u“fu* = g«1.

These equaticns fit the experimental curves with an
accuracy generally batter than 3%.

The phase to phase streangth may be also expressed in
the form of the 50% breakdown voltage between phases,
as a functlion of the stress parameter o = u~/(u"+l"),
as per the following equation:

640 ¢ (1-0.25 i’)
(U +u’) = Z (kv, m)  {4.22)
)

1-a (0.14 +0.5¢4

which has the same range of applicability as (4.19}
through (4.21). The withstand voltage, U, = Uy, - 3 z,
z = 3%, may be obtained applying a reduction factor
of about 10%.

If both phase to phase and phase to ground break downa

have to be taken into consideration

(as in Figure

4.20) the procedure for the determination of Uty =

f{u~}

becomes more complex and less

accurate; an

example is given in [4.7).
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5 DIELECTRIC STRENGTH UNDER FAST FRONT OVERVOLTAGES
IN REFERENCE AMBIENT CONDITIONS

by G.BALDO,

5.1 GENERAL

Fast front overvoltages are usually simulated in
laboratory for type and routine testing with a
standard impulse, of double exponential type, with a
time to crest T,=1.2 ps and a time to half value T,=50
ps {Figure 5.1). Lightning strokes to lines may lead
to travelling waves the shape of which might be
similar to standard impulse. However, lightning
overvoltages (see example in Figure 5.2) with shapes
substantially deviating from the standard double
gxponential one, may be generated in many practical
conditions. Namely back flashovers at the tower
generate travelling waves with fast linearly rising
fronts; sparkover of protective gaps introduce either
full or partial chepping of the impulse; oscillations
may cccur due to reflections in substations, etc.

T2

Figure 5.1 Standard Lightning impulse

For application purpose, the following information is
needed for any given impulse, gap and gecmetry:

- the crest wvalue of the voltage producing a
discharge in 50% of the applications (Uy) and
the conventional deviation z. Once Uy, and z are
known the voltages having different discharge
probabilities may be easily evaluated.

- the volt-time characteristics which relate the
maximum voltage reached before breakdown, U,, to
the time to breakdown T, (see Figure 5.3)}. They

Voltage (MV)
18

9 0 0 &0 30
Time {us)
Figure 5.2 Examples of non standard lightning im-—

pulses

B.HUTZLER, A.PIGINI,

E.GARBAGNATI

o N~ :

Volt-time curve for impulses of constant
prospective shape

Figure 5.3

are obtained by applying voltages cof wvarious
levels, with values ranging from the minimum
discharge voltage to much higher values.

A large amount of work was carried out to obtain the
above characteristics (see references [5.1] to
[5.29)).

In the following standard lightning impulses will be

mainly examined. However, indications will given con
the possibility of evaluating the strength with non
standard lightning impulses.

5.2 SURVEY OF EXPERIMENTAL DATA
5.2.1 Standard lightning impulses
5.2.1.1 Uy

Air gaps {(without insulators)

Many sets of data are available in the literature
{[5.1] to [5.29}). Examples of the obtained results
are given in Figures 5.4 and 5.5, which report the Uy,
for rod-plane and conductor-cross arm configuration,
respectively. The data refer to dry condition even if
other data jndicate that the influence of rain is
negligible for configurations without insulatorx in the
gap.

Far reod-plane configuration the Uy with negative
polarity is much higher than that with positive
polarity. Furthermore, the Uy when plotted againset the
gap clearance is nonlinear with negative polarity
while it is linear with the positive one.

For the conductor-cross arm configuration the Uy, with
poeitive polarity is very close to that with negative
paelarity. The U, is higher than that with rod-plane
under positive polarity.

A generalization of the influence of the gap geometry
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Figure 5.4 Resulte of LI ({1.2/50 us) tests on rod-

pPlane configuration without insulators
[5.4).

(clearance and configurations) on the Uy, is given in
Figs. 5.6 and 5.7 [5.1].

Figure 5.6, which refers to the rod-plane configura-
tion, gives the average gradient in the gap (Eg=Ug/fd)
under positive and negative polarities, at 50%
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Figure 5.6 Rod-plane configuration without insula-

tors in the gap. Average gradient at Usp
under LI as a function of the gap clear-
ance [5.3], [5.4], [5.21).
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Figure 5.7 Other configurations without insulators

in the gap. Average gradient in the gap
at Ugy under LI as a function of the gap
factor of the configuration. Gradients
of the values relevant to
the rod-plane with the same gap length
same voltage polarity
{5.3), (5.4), (5.21].

clearance (d). With positive polarity, Ey has a value
of about 500 kV/m, independent of the clearance. With
negative polarity, Ey is higher than that with posi-
tive polarity and decreases when the gap clearance

Figure 5.7, which refers to various electrode configu-
rations, gives the value of By, in p.u. of Ey of the
as a function of the *“gap factor" K
of the configuration with SI[5.1)'. It is evident that
Ey with positive polarity tends to increase as X
increases, while with negative polarity an opposite
Combining the information in Figure
5.6 and 5.7, it can be found that the value of Ee is
higher for negative than that for positive polarity
it becomes close for
the two polarities when K values are about 1.3-1.4
{(values typical for line and station configurations),
finally the negative polarity becomes most critical
when the highest gap factors are considered.

! as more deeply analyzed in the chapter dealing with switching
impuises, the gap factor is defined, with reference to positive polarity
impulses, as the ratic batween the Ugy of the cxamined configuration and
that of the rod-plane having the same gap clearance under switching

discharge probability, as a function of the gap
U.
sox (KV) given in p.u.
5000
and wnder the
4000
I increases.
3000
rod-plane one,
2000 trend is found.
voltage when K is c¢close to 1,
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Figure 5.5 Results of LI (1.2/50 us) tests on con-

ductor-crosa arm configuration without
insulateors [5.4},

impulse, For a given gap distance the gap factor gives an order of merit
to the configuration. it is found useful to adopt the same order af merit
also with lightaing impulse, The gap factor of the configurations of
interest can be obtained from chapter 4.



Another way to rationalize the data was proposed in
[5.28] on the basis of other sets of results. The
lightning impulse strength was plotted as a function
of the switching impulse strength of the same
configuration with the same voltage polarity, as shown
in Figure 5.8. The switching impulse strength is given
in Figure 5.8 in p.u. of that with rod plane with the
same clearance under positive switching impulse.
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Figure 5.8 Lightning impulse strength (Eg) as a

function of switching impulse strength
{in p.u. of that with rod-plane, posi-
tive polarity) [5.29)

Air gapg with insulators

The presence of insulators between the electrodes can
play an important role on the discharge process, thus
also heavily affecting the U.

As an example Figure 5.9 reports the results obtained
in case of rod plane configuration, inserting cap and
pin insulators in the discharge gap. It can be seen

that the presence of insulators strongly reduces
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Figure 5.9 Results of LI (1.2/50 ps) tests on rod-

plane configuration with cap and pin
insulators in the gap [5.5]}. Comparison
with the strength of the pure air gap
and with that in presence of insulatorxs
and a shielding ring.
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Figure 5.10 Results of LI (1.2/50 us) tests on con-
ductor-cress arm configuration with cap
and pin insulators. Comparison with the
strength of the pure air gap [5.4).

breakdown voltage in the case of negative polarity.

The influence of cap and pin insulators is reduced
when the stress on the first insulator at both
extremities of the string is reduce? using shielding
rings. It 1is alse reduced for more practical
configurations (see as an example Figure 5.10), with
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Figure 5.11 Configuration with cap and pin insula-
tors in the gap {d = 4 m). Average gra-
dient in the gap at Us under LI as a
function of the gap factor of the con-
figuration. Gradients given in p.u. of
the values relevant to the rod-plane
{without insulators) with the same gap
length and the same voltage polarity
(5.4].



insulators at both extremities less stressed than in
the case of rod-plane gap.

The E; obtained with standard lightning impulse on
typical configurations with and without cap and pin
insulators are given in Table I (5.4}, in order to get
indications about the expected strength.

A generalization of the results similar to that made
for configurations without insulators is not easy when
cap and pin insulators are included in the gap, as
shown, as an example, in Figure S.11 where an attempt
to present the data as in Figure 5.7 is made, always
with reference to the basic case of the rod plane
configuration without insulators.

For some configurations, as conductor upper structure,
and even conductor cross-arm, the strength is to be
considered close to that of air gaps, as given by
Figures 5.6 and 5.7. For other more peculiar configur-
ations, and especially when large clearances are
involved, only a preliminary indication about the
strength may be obtained by the results available and
testing is advised to get accurate results.

It is to be menticned that the dielectric performance
depends on insulator type {capacitance between units,
distance between metal parts along the insulator set}).
A lower influence is to be expected for insulators
with few metal parts (e.g. post insulators, long rod,
composite) [5.28] .,

The influence of rain on the flashover voltage is,
generally, secondary as in the case of air gaps.

5.2,1.2 The standard deviation

The standard deviation is of about 3% for air gaps
under positive impulse. It is higher for negative
impulses.

The standard deviation can alsoc be largely affected
by the presence of insulators, reaching a maximum of
5 to 9% in connection with the cases presenting the
largest influence of the insulators on Uy,. In the
other cases a value close to that of air gaps is
applicable.

TABLE I Comparison of the strength with and without
insulators in the gap. Distance range 2+5 m

46

[5.4]
CONFIGU~ GAP INsSU- Ew
RATION FACTOR LATORS POS. NEG.
CAP & PIN (kV) (kV)
ROD=-PLANE 1.00 NO 525 B0O~700%
YES 520 520-250°
CONDUCTOR 1.35 NO 570 670-600?
STRUCTURE YES 550 600
ROD-ROD 1.40 NO 580 650~600°
{lower 6m} YES 530 550-~250¢
CONDUCTOR 1.55 NO 590 620-5907
CROSS-ARM YES 530 600~570°
CONDUCTOR 1.90 L] 650 610-590°
UPPER ROD YES 6£00-400° S80

Experimental gap factor (5.4].
Non linear trend: decreasing with the clearance,
see Figure 5.4 and 5.6.

1y
‘}

The range of the measured strength varying the
gap clearance is given.
(}} Non linear trend: remarkable reduction of the

strength caused by insulators especially for
large clearances. The range of the measured
strength varying the gap distance is given.

5.2.1.3 Volt-time curves

Examples of volt-time curves, summarising the data in
[S.2), are presented in Figures 5.12 to 5.15. The u,
(E,) is given in p.u. of Uy (Eyx). The spread of the
results is partially due to the fact that they refer
to gaps of different length. Furthermore the results

were obtained in different laboratories using
different circuits.
UB
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Figure 8.12 Volt-time curves for standard lightning
impulses, rod-plane gap, 1 to 6 m.
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Volt-time curves for standard lightning
impulses, rod-rod gap, 1 to 6 m.

Figure 5.13
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Volt-time curves for standard lightning
impulses, long rod insulator string gap,
1 to 6 m.

Figure 5.14
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Figure $.15 Volt~time curves for standard lightning
impulses, cap and pin insulator string
gap, 1 to 6 m.

It has to be mentioned that by inc¢reasing the applied
voltage, the interaction between the phenomena and the
generating circuit increases. Due to the large current
associated with discharge development, large voltage
drops can occur which changes the actual voltage
applied to the gap. Attention has to be paid when
comparing results at short time to breakdown.

5.2.2 Non standard impulses

The case of non standard impulses is much more
complex. The variety of impulse shapes is very large
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Figure 5.16 Influence of the impulse shape. 50 %
breakdown voltage of various configura-
tions as a function of the duration of
the impulse tail [5.15).

and experimental results cannot cover ail the possible
cases. Figure 5.16 (5.15] and Figure 5.17 [5.1) give
some exampies of the influence of the impulse shape.

Figure 5.16 shows the influence of the tail duration
of a double exponential impulse on 50% breakdown
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Figure 5.17 Volt-time ¢

urves for the various impuls-

es shapes congidered, conductor-cross arm
configuration, d=3.6 m [5.1]).



veltage of two simple configurations. The data clearly
show the large influence of this parameter. The
maximum influence pertains to the rod-plane gap with
positive polarity, while this influence is less with
negative polarity and high gap factor. Furthermore,
results relevant to rod-plane with insulators in the
gap are shown, confirming the insulater influence.

Figure 5.17 shows the volt-time curves of conductor-
cross arm configuration for various non standard
impulses. They provide, for long T,, visual evidence
of the different divergence between characteristics
associated with the various impulse shapes, as well
as further information on the contribution of the tail
duration. Starting from impulse shape A which is
cloge to standard, it can be seen that, by reducing
the tail duration, U, increases. The same trend is
followed by oscillating impulses. The large difference
between curves belonging to F and G impulses is
clearly due to the different voltage remaining after
chopping: in any case, when the voltage is increased
80 that all processes take place around the crest,
differences in impulse shape tend to be less signifi-
cant and al)l curves converge; minor differences in
this case can be due to c¢ircuit interaction and to
slight modifications associated with time parameters
of the front.

Due to the variety of impulses and configurations, the
available results cannot be generalized.

5.3 EVALUATION OF THE LI STRENGTH

In the case of standard impulses, experimental
information is, in general, sufficient to estimate the
dielectric strength of the configurations of practical
interest.

In fact, once the configuration and gap distance are
fixed,, the gap factor can be derived from chapter 4.

Entering with thie data in Figure 5.6 and 5.7 the Uy,
can be derived.

Generally experimental results are also sufficient to
obtain indications about the volt-time curve (Bee
examples in Figures 5.12 to 5.15). An example of
application ie given in Appendix.

In the case of non atandard impulses, on the contrary,
experimental data cannot be generalized, as mentioned
before. Therefore, suitable models have to be evolved
to predict the behaviour of the insulation.

Various approaches have been proposed to evaluate the
strength under the above mentioned overvoltages [5.2].
They may be obviously used to evaluate the volt-time
curves under standard lightning impulse also.

The approaches may be grouped into three main cat-
egories, namely,

- Physical approaches (5.1}, [5.6-5.15], which, in
their general form, evaluate the time to break-
down, T,, for a given applied voltage, as the sum
of the times necessary for the development of the
various phenomena inveolved in the discharge (time
to corona inception T, , time necessary for stream-

T, , time necessary for leader

ersa propagation
piopagation T, , as schematically shown in Figure
5.18,

For a defined configuration (type, distance..

the calculation implies the following steps:

-}

* The instantaneous voltage u at the examined
configuration is required for model application.
In particular, in case of laboratory results,
the voltage is evaluated by simulating the
generating ecircuit through lump parameters with
charging voltage as an input. The circuit simu-
lation allows to take into account the interac-
tion with the test object, once the current
related to the discharge process is given. The
model assumes that the current, &, is negligible
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Figure 5.18 Scheme of the discharge development
without insulators in the gap.

up to the leader inception while later it is
linearly related to ieader velocity, v, accord-
ing to the equation

i=qgv {5.1}

with g=400 uC/m, i in ampere and v in m/us.

* The streamer phase duration T, is evaluated.
Generally it is assumed that the streamer phase
is completed when the average gradient in the
gap u/d, reaches a fixed value, E,, depending on
the configuration and clearance considered. As
a first approximation E, can be assumed to be

equal to By (data of Pigure 5.6 and 5.7)

* The leader phase duration 7T,, is evaluated. it

is assumed that leader phase starts when strea-
mers have covered the whole gap (time T*+T, }.
The medels consider an ™eguivalent" leader,
which, for all the geometries, propagates from
one electrode only, with a propagation time
equal to that of the actual leadere. The dur-
ation of the leader phase is computed as the
time necessary for a leader to cross a distance
equal to the whole gap length. Many formulae
have been proposed in the literature [5-1}, in
particular the following formula was recently
proposed [5.1]:

v, = 170 g ﬂ(%—b‘,} (5.2)

vi= leader velocity {(m/s);
instantaneous voltage (kV}
gap length (m);

leader length (m);

d-1 (m})

where

I i e N

Integration methods (e.g. constant area criteria)
[5-16),[5.17] which consider the time integral of
the difference between the applied voltage and a
fixed wvoltage (in some cases this difference is
raised to a power n different from unity), as
schematically shown in Figure 5.19. In particular,
a coefficient n 2.25 was proposed in [5.17).
Breakdown is assumed to take place when the inte-
gral reaches a fixed value, depending on con-
figuration and voltage polarity.

Simple formulae interpolating the various sets of
data are available (e.g. those in [5.22]).
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Figure 5.19 Integration method. Schematic represen-—
tation of the method.

The accuracy of several approaches proposed in the
literature have been checked against the experimental
Volt-time curves obtained for pure air gaps. Those
models based on physical approaches gave results of
large generality and accuracy for pure air gaps. The
models in ([5.1] and [5.11) allowed to reach an
accuracy generally much better than 10% for all the
configurations without insulators considered, with a
gap factor ranging from 1 to 1.4, Available integra-
tion methods did not give, in general, a good accuracy
{errors extending up to 20-30%).

Examples of application of the approach in [5.1] to
configurations without insulators are given in Figure
5.20.

The models generally showed low accuracy for cases
with discharge heavily invelving insulators ( see the
example in Figure 5.21) wheres the discharge assumes
characteristics which are very different from those
in air gaps, for which the models were set up. In this
case the best evaluation accuracy was obtained by the
integration methods, “calibrated* on a similar
configuration.

5.4 Conelusioas

Experimental data permit to evaluate the strength of

the most common insulation configurations under
standard lightning impulse.
The extrapclation of experimental data through

modelling permits also to evaluate the strength under
non standard LI with generally sufficient accuracy.

In the case of long insulators strings of cap and pin
type peculiar behaviour may be encountered which still
needs some understanding.

Figure 5.21
insulators in the gap.
polarity.

Rod-plane configuration with cap and pin
LI of negative
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EXAMPLE OF EVALUATION OF DIELECTRIC STRENGTH WITH
STANDARD LIGHTNING IMPULSE

rod-rod

without

iasulators,

with a gap distance of 4 m and
a height of the lower rod of 4

from chapter 4, K=1.3

from Figure 5.6

Uy positive=520 kv
Ugp e negative=700 kv

from Figure 5.7
Uy positive=520 x 1.09=570 kV
Uy negative=700 x 0.B&=600 kv

Configuration:
m.
Gap factor:
Ugy:
Volt-time curves: a

first

derived from Figure 5,13.

Additional

derived by the application
proposed

the

approach.

information can be
information can be
of

evaluation



6 DIELECTRIC STRENGTH UNDER AC AND DC VOLTAGES

by A. PIGINI, L.

6.1 INTRODUCTION

The analysis is made with reference to the satrength
of external insulation in clean conditions (dry and
wet). The performance under continuous operating
voltage and contaminated conditions, which is very
important for the design of external insulation, is
outside the scope of WG 33.07 and thus of this guide.
The phenomena under contaminated conditions and
transient overvoltages ls examined in chapter 9.

THIONE, F. RIZK

6.2 DIELECTRIC STRENGTH UNDER AC VOLTAGE
Air gaps

Fundamental knowledge on dielectric strength of large
air gaps i3 reported in chapters 2 and 3.

The breakdown behaviour of different types of air gaps
{rod-plane, conductor-plane, conductor-structure, rod-
rod, conductor-rod) under power freguency voltage, for
different gap spacing, is shown in Figure 6.1.
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The test results were obtained by increasing the
voltage step by step and maintaining the voltage for
1 minute at each voltage step since the gap breakdown.

It can be observed that the tendencies of the curves
relevant to the various air gaps considered, are quite
similar.

Rod-plane has the lowest withstand voltage. Taking
into aceount the data of Figure 6.1, its S50 % break-
down voltage ¢an be approximated by the following
equation:

Usopp =750 In (1 + 0.55 d¥'3)  (kV rms, m) (6.1)

with d 2 2 m

The peak value of Uy, under AC is about 20-~30 & higher
than the corresponding value under positive switching
impulse (SI) of critical shape.

The influence of the configuration on the strength is
generally lower under AC than under SI. It is quite
small for gaps up tao about 1 m clearance. For gaps
larger than 2 m the strength can be evaluated accord-
ing to the following equation {in dry conditfons):'

Uso = Usppe (1.35 X - 0.35 k%) {(6.2)

where K is the gap factor, determined from SI tests
(eee chapter 4).

Values measured and calculated are presented in Annex
I.

The influence of rain is negligible, specially for the
configurations presenting the lowest strength.

It should be mentioned that the test results can be
influenced by the test method. Information on this
matter may be obtained from the tests carried out on
a rod-plane air gap of 2.8 m with the following two
procedures:

- AC voltage is increased in a linear way with
different rise rates until the breakdown occurs
(linearly rising voltage method);

) 120kV/s
850 so0kyss | 6OKYs
(I?E.‘.’s.)_‘__ 30kV/s
y S~ 15kV/s
800}- ~~. §
Ty
\\
~
~
~
Y
7501
a
7004 Linearly risang vatloge proceduce
650 NIRRT SRR Lo Iy
"1 2 5 0 2 570 2 S 1000
t, (=)
Flgure 6.2 Linearly rising voltage method. Mean

breakdown voltage Um, as a function of
the mean time to breakdown t_ [6.2).
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Figure 6.3 Voltage etep method. Mean time to

breakdown tm as a function of the etep
voltage (6.2).

- predetermined voltage levels are applied to the
rod and maintajined constant for a given time
until the breakdown occurs (voltage step
method) . .

Examples of the results cbtained are given in Figure
6.2 and 6.3, indicating a decrease of the strength of
about 5 % when the time to flashover is varied from
1 minute to 1 hour, with a tendency of saturation for
longer times,

Influence of insulators

When insulators are present the flashover voltage can
remarkably decrease with respect to the reference case
{the same air gap without insulators) specially when
post insulators are considered with large flanges
close to the energised electrode. Reductions of the
strength similar to that with SI may be expected (see
chapter 4).

The influence of rain can be also important specially
for post insulators with small distance between sheds.

Tests performed on single post insulator units and
insulator columns (tested according to IEC 168} have
given a ratio between the strength under rain-and that
in dry conditjien of 0.76 * 0.06 and 0.87 2 0.12
respectively. It is also interesting to compare the
ratio of the strength under AC and SI, in wet condji-
tion, for the same insulators (referenced to peak
values). The ratios obtained for units and columns are
0.90 £ 0.06 and 0.%90 £ 0.09 respectively.

The spread in the above ratios depends partially on
the insulator characteristics and partially on the
poor repeatability of the rain test, specially under
AC voltage.

The design of extermal insulation is usually not
dictated by the performance under power frequency in
clean condition. However test specifications atill
prescribe tests under AC and in rain condition at
quite high voltages. These tests can be rather severe
for some kind of insulators.

6.3 DIELECTRIC STRENGTH UNDER DC VOLTAGE

Air gaps

Fundamental knowledge on dielectric strength of large
air gaps is reported in [6.3). to [6.6]).

Examples of the results available are reported in
Figure 6.4, 6.5 and 6.6,

For practical HVDC and ERVDC insulation configura-
tions, with gap factors from 1.15 to 1.8 and clear-
ances varying from ! to 5 m (range investigated), the
short time flashover voltage is almost proportional
to the gap clearance.
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Figure 6.4 DC sparkover/ withstand voltage as a

function of the gap clearance for a
rod-plane configuration.

For both positive and negative polarities and in both
dry and wet conditions, the mean flashover gradient,
E,, is close to a value of 500 kV/m, which is typical
for the positive streamer discharge.

Much higher flashover gradients are observed only with
negative polarity, in dry condition, on configurations
of rod-plane type.

Taking into account the possible influence of the
duration of the voltage application, values of about
400 kV/m may be retained as conservative figures for
design of air clearances.

U (kv}
1500

_ U (*DRY anxd WET) e

1400

1200

1000

00

600 1{/

400
/ semintmon and maxiaxem st resull
200
0
0 03 1 15 2 25 3
d (m)
Figure 6.5 bC sparkover/ withstand voltage as a

function of the gap clearance for =a
rod=-rod configuration.
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Influence of insulators

The flashover voltage, in dry c¢onditions, is only
slightly lower than that of air gaps, for both
positive and negative polarities; the minimum observed
flashover gradient is about 400 kV/m [6.4].

on the contrary, the strengﬁh can be considerably
raduced below that of the rod-plain air gap, under
rain (wet) conditions.

Under rain the flashover voltage is generally lower
with negative pelarity than with positive, and is
largely affected by a number of parameters, such as
the insulator characteristics, the resistivity of the
water, the uniformity of wetting, etc.

The short time flashover gradients, measured on wet
insulators, for both line and station types, with
lengths varying from 1 to 5 m, are ranging from 300
to 500 kV/m with positive polarity and 170 to 400 kV/m
with negative polarity.

Recently, lower values of about 70-100 kV/m were
obtained for large bushings for DC application under
strongly non uniform wetting conditions, which is
dealt in the fellowing.

Behaviour of bushings

Background

The problem of the performance of bushings under non
uniform wetting could dominate the design, ([6.7] to
{6.13]).

Analysis of service records of major HVDC stations
with voltages in the range % 125 + 500 kV revealed



that in 80 recorded flashovers, about 65 % related to
wall bushings ({6.7). A& study of the performance of
HVDC wall bushings at Itaipu reported that the
pollution severities in the range 3 + 5 ug/cm? are too
low to account for a conventional pollution flashover
mechanism ([6.10}. In a laboratory investigation of
HVDC horizontally mounted insulaters, nonuniform rain
tests were carried ocut and the mean sparkover gradi-
ents obtained were as low as 60 + 70 kv/m [6.13].

Bughing flashover mechanism under nonuniform wetting

Recently, the flashover mechanism on horizontally
mounted wall bushing under nonuniform rain was
investigated (6.11], [6.12]).

Ref. [6.11) presents a simple model in which the
bushing is characterized by a wet and a dry zone each
having a constant surface resistance per unit length.
The veltage distribution was determined by the
relative length of the wet and dry parts. The model
of ref. [6.11) gives a criterion for the sparkover of
the dry zone, which constitutes a necessary but
insufficient condition for the flashover of the
complete bushing. R ) .-

A more rigorous model of bushing flashover mechanism
is given in ref. [6.12).

The basic elements and conclusions of the model are
given below:

=~ HNon-uniform voltage distribution along the bushing
as well as within the dry zone itself constitute
prerequisites for initiation of the flashover pro-
cess.

- Stray capacitance to ground and between the wet
surface and the high voltage conductor play a major
role in streamer-to-arc transition across any
bridged intershed gap. T

- A fast collapse of the voltage across a bridged
intershed gap is essential for exerting critieal
stress on the adjacent gap and allowing further
propagation of the discharge leading eventually to
complete flashaver.

=~ The model confirms laboratory experience estab-
lishing that critical relative length of the dry
zone results in minimum withstand stress.

= The model provides minimum withstand stresses of
HVDC wall bushings under nonuniform rain which are
in good agreement with experiment.

- The critical dry zone length is sensitive to the
distributtoen of surface resistance within that zohe
and the model predictions are in the same range as
experimental findings.

- The minimum withstand stress of an HVDC wall
bushing on the positive pole is at least 10% higher
than on the negative, confirming superior field
performance of the positive pole.

~ The minimum withstand stress of an empty shell can
be as much as 50% higher than that of a complete
bushing. Shells should therefore not be used as
substitute during nonuniform rain testa.

~ The minimum withstand stress of an HVDC wall
bushing under nonuniform rain first drops gradually
but then practically stabilizes with the increase
of the wet layer conductance per unit leakage
length.

- Increasing the specific leakage path keeping the
same insulator length of the wall bushing does not
constitute a viable alternative to improve per-
formance under nonuniform rain.

- Under the same nonuniform wetting conditions, a
lower voltage DC bushing performs better than a
higher voltage bushing.

eventive measures and ongoing research

Following are the preventive measures that are keing
applied and considered to alleviate the problems of
the bushing performance:
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* applicaticn of silicon grease;
* application of RTV coating;
* installation of beoster sheds.

Research is being conducted to provide better under-
standing of the effects of such measures and hopefully
to provide more elegant and more permanent solutions.

6.4 CONCLUSIONS

- For pure air gaps under AC the peak value of the
breakdown voltage is higher than the corresponding
breakdown voltage under positive SI of critical
ghape.

The influence of the configuration on the AC
strength is lower than in the case of SI.

When insulator are presents then flashover voltage
can remarkable decrease with respect to the case of
a gap without insulators.

=~ For pure air gaps under DC the mean flashover
gradient is about 400 kv/m.
Insulators in dry condition have a little influence
on the gap. Contrary, the strength can be noticely
reduced when insulators are present in wet condit—
ion.
Bushings may be particularly eritical under DC
voltage and in rain condition.
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ANNEX I

(r.m.s.) measured and calculated for

various configurations with the following formulae:

Usope = 750 In {1 + 0.55 d'-3)

{kV r.m.s., m)

with d =2z 2 m
Uso = Usopp (1.35 X - 0.35 &7)
ROB-PLANE CONDUCTOR - PLANE
K= 1.00 K= 1.05
mesured calcula- differ- |mesured calcula- differ-
ted ence ted ence
d US0{rms} USO(rms) UsA(rms} USC{rms}
[m) [kV) kvl X kvl [kV] %
1.00 350,00 328.69 -6.09 325.00 339.09 4.33
2.00 835.00 &12.7% -3.51 650.00 432.08 -2.76
3.00 835.00 B837.7C 0.32 830.C0 B64.19 .12
4.00 [ 000,00 1021.2% 2.13 1030.00 1053.59 2.29
$.00 | 1170.00 1175.56 0.48 | 1210.00 1212.74 0.23
6£.00 | 1250.00 1308.25 4.66 | 134500 134%.64 0.34
Mean value: -0.33 1.43
Standsrd deviation: I.54 2.47
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COMDUCTOR-STRUCT . (UNDER ) ROD-ROD
K= 1.30 K = 1.40
mesured caleula- differ- | mesured cateula- differ-
ted ence ted ence
d USO{rms} US0{rms} USO¢rms) USO(rms)
{m] (kv} [kv] % kvl kvl %
1,00 380.00 382.43 0.64 395.00  395.74 0.19
2.00 705.00 712.88 1.12 775.00 737.70 -4 .81
3.00 975.00  974L.65 -0.03 | 1060.00 1008.59 -4.85
4.00 | 1175.00 1188.27 1.13 | 1250.00 1229.64 -1.63
§.00 | 1310.00 13467.77 4.41 1395.00 1415.38 1.46
6.00
Mean velue: 1.45 -1.93
Standard deviation: 1.54 .57
CONDUCTOR - ROD CONDUGTOR - ROPE
K= 1.65 X = 1.50
mesured calcula- differ- |mesured calcula- differ-
ted ence ted ence
d Us0(rms) USQ(rms} USOcrms) VS0(rms)
[m3 ikv) fkv] % {kv] (kV} %
1.00 390.00 418.%6 7.43 390.00 406.76 430
2.00 760,00 780.97 2.76 805.00 758.22 -5.81
3.00 | 1G80.00 1D&7.75 -1.43 1140.00 1036.45 -9.07
4.00 | 1380.00 1301.77 =5.67 | 1360.00 1263.85 -7.07
5.00
6.00
Mean value: 0.85 -4 41
Stardard deviation: 4,83 5.16




7 INFLUENCE OF AIR DENSITY ON THE DIELECTRIC SBTRENGTH OF EXTERNAL
INSULATION
PIGINT,

by M. MORENO, A. F. RIZK

7.1 INTRODUCTION

The experimental data on the dielectric strength
considered in the previous chapters refer to standard

The dependence of air density on altitude (A) can be
approximated by equation 7.2 (based on data of [7.7)):

conditions, i.e.: 273+
! 8= e-“( 273::) (m, *) 7-2)
- temperature t, = 20 °¢C
- pressure b, = 101.3 kPa
- absolute humidity h, = 11 g/m*
204
The influence of air humidity is dealt with separately h [RAPUATO
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with & = 121 104

In general the breakdown voltage is related to air
density according to the following equation:

U=, 3" (7.3)

with m exponent which may vary with geometry and
impulse characteristics.

In the following, after a brief analysis of the
influence of air deneity on the breakdown process,
correction procedures are deacribed,

7.2 INFLUENCE OF AIR DENSITY ON THE BREAKDOWN PROCESS

As shown in chapter 3, the fundamental phases of the
diecharge in the breakdown process are: streamer
formation and propagation, leader formation and growth
and the final jump.

With reference to the final jump phase, the breakdown
voltage U, may be expressed by the equation:

U,=E 1, +E, 1

(7.4}

]

with:
E;+ E, average gradient along the leader and
streamer zone respectively.
1, . 1, leader length and streamer length re-
spectively.

Depending on the type of configuration, geometry and
voltage characteristics, the part of the gap covered
by leader and streamers may vary; furthermore positive
and negative steamers may be present.

Experimental evidence indicates that for non uniform
gaps (7.2]1, (7.3), (7.4):

- the gradient necessary for positive streamer
propagation is proportional to air density.

- the larger the part of the gap covered by
positive streamers the larger is the influence
of air density.

- density causes not only a variation of the
gradient necessary for the propagation of
streamers and leaders, but alasc a variation of
their relative length (Figure 7.2).

A parameter g, which facilitates a rough estimate of
the similarity of the analyzed discharge process with
a pure positive streamer type digcharge is that
expressing the ratic of the average breakdown gradient
to the average positive streamer gradient at the
relevant atmospheric conditions:

U!D
Q'W (kV, m) {7.5)
where:
Uy is the S0% breakdown voltage
d is the gap length
500 kv/m is the average streamer gradient at
standard atmospheric conditions
k, is the humidity correction factor (see chap-
ter 8). k=1 for standard humidity conditions.

For g close te 1 ({e.g. positive lightning impulse
applied to a rod plane)the discharge process is
dominated by positive streamers and the dielectric
strength is proportional to air density.

For g values lower than 1 (e.g. positive switching
impulse applied to a rod plane) the discharge process
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Figure 7.2: Roed plane configuration, positive

switching impulse. Streamer length 1,
at 6 = 0.7, in p.u. of the value 1, at
standard conditions, as a function of
the ratio L,/d [7.3] (l,.: streamer
length at standard atmesphere
conditions, d: gap length).

is dominated by streamer and leaders and the dielec-
tric strength is less influenced by air density.

For g values larger than 1 and lower than 2 [e.g.
negative lightning impulse hpplied to a rod plane) the
discharge process is dominated by positive and
negative streamers and the situation is very compli-
cated, generally indicating an air density influence
lower than in the case of g=1.

For g values larger than 2 (e.g. uniform gaps) the
discharge process is dominated by first corona and

SSOOj
Uso
(kV}
30001
.- o . d=5 m
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Figure 7.3: Examples of the dependence of the 50%
breakdown voltage on relative air
density for rod plane configuration,
varying the impulse shape.
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again the dielectric strength is propertional to the
air density.

A general physical medel describing the density
influence ia not yet available. -

& model has been recently proposed limited to the
important case of non uniform cenfiguration under
positive switching impulses [7.5]. The model permits
to evaluate the influence of ajr density taking into
account its influence on the veltage necessary for
leader inception and for leader propagation. On the
basis of the model an air density correction procedure
has been derived, as reported in the relevant section.

7.3 GENERAL TRENDS
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Positive SI of standard impulse shape.
50% breakdown voltage as a function of
atmospheric conditiona (7.3]. Compari-
son with calculations according to the
standardized approach [7.1].

the dependence of Uy on air density for

Examples of results obtained wunder positive and positive polarity standard lightning (LI) and switch-
negative polarity impulses for rod plane configuration ing (5I) impulses are given in Figures 7.4 and 7.5
are given jin Figure 7.3 [7.2]. [7.3].
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The results indicates a linear dependence of U over
& for LI (m=l) and a less than linear dependence for
SI (m<l}.

An overview of the experimental results is given in
Figure 7.6 [7.2) which gives experimental values of
m as a function of experimental g valuesa, obtained
with different impulse shapes in different configur-
ations.

The investigations regarding the influence of air
density on the dielectric strength under alternating
voltage (AC) and direct voltage (DC) are more limited
[7.4): the few results available agree with the
picture given in Figure 7.6.

7.4 STANDARDIZED CORRECTION PROCEDURE

This procedure, developed on an empirical bases, is
applicable for all voltage shapes and geometric
configuration. It relates the m value to the g value,
according to the curves given in Figure 7.7 [7.1],
derived from Figure 7.6.

- ] T T T T
/ _
| I
/ i
0.5 /

0 ;;7 . It J_I.

Figure 7.7: Exponent m versus

according to [7.1].

parameter g,

Az a simplification, the method considers m=1 for all
g values larger than 1. The simplification is adopted
considering the large spread of the results for g>1

and the reduced importance of the conditions with

1.2<g<2 for design purposea (negative 5I non relevant
for non uniform gaps).

The method has been developed with special reference
to phase to ground configurations. In the sapecific
case of phase to phase configurations the method can
be still applied, provided that referance to Ug
between phases is made for the evaluation of the g
value [7.6].

The method gives a good accuracy when applied in a
limited air density range (with § from 0.9 to 1.1)

m
t
05
P - Lol |
8 15 3 FE
Figure 7.8: Exponent m versus parameter g, .
extending the approach in [7.1) to

larger air density variations (7.4].
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{7.2), (7.3]. However, is not recommended for larger
air density variations, as those connected to large
variations of altitudes, in all the cases g is differ—
ent from 1 (in particular for peositive switching
impulses).

A technical reason for the limitation of the method
is that various curves should be adopted when refer-
ring to different & values, as shown in Figure 7.8
[7.4), when the g value is evaluated accaxding to the
prevailing atmogpheric conditions. The reference to
the various curves in Figure 7.8 permits to apply
congruently the method: e.g. to correct frem &=1 to
§=0.7 and to correct back to &=1, obtaining congruent
results. Only by referring to close & conditions
{ranging from 0.9 to 1.1} one averaging curve can be
assumed, as made in (7.1), as a first approximation.

A more important reason for the limitation is that
the method is not sufficiently accurate when adopted
to extrapolate air density influence for positive
switching impulses in a large density range, as ghown
in Figure 7.5 [7.3].

7.5 HIGH ALTITUDE CORRECTION PRCCEDURES FOR POSITIVE
" SWITCHING IMPULSES

New proposals were made with reference to the import-
ant case of positive switching impulses. Beth propo-
sals consider the dependence of m on air density.

Empirical proposal

On the basis of investigations up to 3000 m, the
following expressions have been derived to fit
experimental data obtained in various air gap con-
figurations:

v 0.8 [1+T{1-3)] (4-0.2¢,)
- . . 7.
u, {1-¢.29, * 9.2 (7.6}
with:
U,: breakdown voltage in standard conditions.

1-0.8g,

T=1.4x¢ "%
1-0.2g,

- Un
° s00 d[1+-i5§ll]
K: gap factor (see chapter 4)
Physical proposal

On the basis of the physical approach illustrated in
[7.5) the application curves of Figures 7.9, 7.10 and

n 0.7 T T T T T T T T T
v §=0.70
06 « 5=10.75 .
. s 5= 0.80
05 © §=085 _
+ 8= 0.90
§= 0.95
7 |
0.3 -
0.2 4
0.1 L ? 1 1 i 1 T L__J
0.25 0.35 0.45 0.55 0.65 0.75
g
Figure 7.9;: Physical approach {7.5). Dependence of

the exponent m of a rod plane gap on g
for different values of &.
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Physical approach [7.5]. Dependence of
the exponent m of a rod-rod gap (with
clearance equal to the height of lower
rod} on g for different values of 5.

Figure 7.10:

7.11 were derived.

It has been verified that the proposed approach
permits to obtain a gocd accuracy when applied to
positive SI in all the density range from 0.7 te 1.1
{discussion to [7.5]).
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Physical approach [7.5). Dependence of
the exponent m of a conductor-tower
window gap on g for different values of

Figure 7.11:
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7.6 CONCLUSIONS

The influence of air density on the dielectric
strength depends on wvoltage shape and pelarity and
configuration geometry.

A correction method to take into account limited air
density wvariations ({0.9<&6<1.1) has been recently
standardized.

The method ile not enowgh aceurate when applied to
large air density variations: in these cases the
methods given in part 7.5 of this report permit to
cbtain much bhetter accuracy.
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B8 INFLUENCE OF AIR HUMIDITY ON THE DIELECTRIC STRENGTH OF
EXTERNAL INSULATION

by N. L. ALLEN, J. R. FONSECA, H. J. GELDENHUYS AND J. C.

8.1 GENERAIL

Changes of atmospheric humidity have been shown to
affect sparkover voltages in non-uniform field gaps.
Natural humidity wvaries, in different parts of the
world, between 1 and 30 gm' and since variations of
sparkover voltage of the order of 1 per cent per gm?®
have been measured, it is clear that the effects of
humidity on the performance of high veltage external
insulation are important. In this Chapter, a brief
account of the effects of humidity on the physics of
discharge processes is followed, in Section 8.3, by
a description of the correction procedures recommended
by the I.E.C. In the remainder of the Chapter, the
variations of sparkover voltages with humidity are
discussed for the specific cases of impulse, alternat-
ing and direct veltages, with comment also on the case
of negative voltage.

8.2 INFLUENCE OF HUMIDITY ON BREAKDOWN PROCESSES
The electrical breakdown of air in non-uniform fields
is preceded by three distinct phases, as examined in
detail in Chapter 3.

First, a free electron, usually detached from an
ambient negative ion, acquires sufficient energy from
the electric field to ionize and create an avalanche.
Second, if the positive ions in the avalanche so
produced have sufficient density to reach a critical
size (critical avalanche), the resulting space charge
field c¢an initiate further avalanches, s¢ that the
positive space charge region extends itself rapidly
at the rate of metres per microsecond; this is the
formation of a "streamer". In a few cases, especially
under direct woltage, after the first avalanche, a
glow type corona may o¢cur, only subsequently develop-
ing into a streamer. Finally, if voltage is applied
for sufficient time, the jions and electrons in the
streamer trail can gain energy, so raising the
temperature and the level of ionizaticn to form a

ZHENG.
highly «conducting arc-like c¢hannel; +this is a
"leader". The transition from a streamer usually

starts near a highly stressed anode and it extends
with the comparatively low velocity of a few centi-
metres per microsecond. When the leader bridges the
inter-electrode space, the current rises rapidly and
breakdown, or sparkover, is completed.

A change of humidity affects all three processes. It
affects the probability that electron detachment
occurs, but more importantly, it changes the rate at
which ionization and diffusion take place in the
electric field and hence, affects the formation of an
ion density sufficient for streamer formation to
occur.

Since the streamer propagates by further avalanche
formation, it follows that humidity changes the
conditions for streamer propagation.

The subsequent heating process in the streamer trail
is also believed to be affected by humidity change,
so that the transition to a leader is facilitated
[8.1). It is an experimental fact that a leacder forms
more quickly and propagates at higher speed, as
humidity increases.

The effects of humidity upon the breakdewn process
will now be discussed.

B.2.1 Avalanche-type discharge

For relatively small gaps and large electrodes the
breakdown occurs as soon as the first critical
avalanche is formed. Thus the influence of humidity
cn the breakdown voltage is the same as on the first
critical avalanche formation.

When all humidity-dependent facteors are taken inte
account, it is estimated that an increase of geometric
field at the rate of about 0.25 per cent per gm’ is
needed to achieve the threshold condition, as humidity

Table 8.1

STREAMER PROPAGATION FIELDS E,'l AND HUMIDITY COEFFICIENTS e

Ef = Eg | Lo oo (- h) (hy = 11 gm™).

E; (kPm™h (% per (gm™%) Electrode gap details.
Andersson [8.4] 464 2.2 Plane paralfel 0.5 - 2.25 cm
Phelps and Griffiths {8.5] 487 L7 Plane parailel 9 cm
Allen and Boutlend; [8.6]
(a) pulsed streamer source 490 1.8 Plane parallet 66,47,21 cm
(b} D.C. streamer sourve 510 2.2 Plane parallcl 66 cm

535 2.5 Plane parallel 47 cm

542 1.9 Plane parallel 21 cm
Acker and Penney [8.7] 4460 - Non-uniform 3.17 cm
Allen and Dring [8.8] 414 1.0 Non-uniform 60 cm
Geldenhuys [8.9] 464 1.3-1.5 Non-uniform 50 cm

489 1.3 Non-uniform 50 cm
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TABLE 8.2

HUMIDITY COEFFICIENTS, %, UNDER NEGATIVE IMPULSES.

k , percent per gm?

k
Standring et al, 1963 (8.10) -0.4
Vlastos, 1966 [8.11] -0.6
Harada el al, 1971 {8.12] 0
Allibone et al, 1972 [8.13] approx - 0.5
Kucera et al, 1972 [8.14] 0
Kucera et al, 1970 [8.15) -0.4 10 0.25
Harada et al, 1971 [8.12] 0
Allibone et al, 1972 [8.13) [¢]
Feser ot al, 1986 (8.16] [}

is increased [8.2]. This corresponds approximately
to the rate of jincrease of breakdown field, with
humidity, that has been observed exparimentally in a
uniform-field electrode configuration [B.3), where
breakdown is governed by avalanche growth alone.

§.2.2 Streamer type discharge

For non uniform field and for impulse voltage the
breakdown occurs through the formation of streamers
which develcp once sufficlently large avalanches are
formed. The value of the electric field required for
positive streamer propagation is an extremely import-
Ant parameter in determining the breakdown of air in
leng gaps. There have been several determinations of
the variation with humidity of the streamer propaga-
tion field E,. For the positive streamer it has been

found to follow the relation:
{h

Ey =Egp [ 1 + (8.1)

£ -
100 ho) ]

where ¢ is a humidity coefficient. Values of Egy and

¢t are given in Table 8.1.

These reaults have been obtained from experiments on

the propagation of atreamers either in uniform
electric fields or in non-uniform fields. The results
indicate, on the average, an increase of Ez with

humidity of ~about 1% per gm®. Data for negative
streamer propagation are much more limited. The
available data about breakdown voltage in this case
where the discharge is governed by negative streamers
suggest a limited humidity influence (Table 8.2).

8.2.3 Stresmer plus laader discharge type

For non-uniform fielda and for relatively slowly
rising voltage applications, the breakdown occurs with
the formation of streamers and leaders. Leader
growth, varies with electrode separation and with rate
of voltage rise, as well as with the atmospheric
conditions. A simple model is given below.

At the instantaneous sparkover voltage, Ug:

Ug = Eyl; + E51; + E3l; (8.2)

where £, and E;, E; are the gradients of the leader
and positive and negative streamers, of lengths 1; and
R Egquation (8.2} holds when the

leader, with the associated streamers at its head,
just crosses the electrode gap:

ls respectively.

IMPULSE GAP GEOMETRY
(Rod-plane)

L1 (1/50 pu s) 1.1 metre

L.I. (1/50 u s} 0.45 metre

L.I. (2/40 u s5) 0.5 to 2 metre

L.I. (1/50 i s) 0.2 to 4 metre

L.1. (1.2/50 u ) = 6 metre

S.1. (200/3200 and 450/4300 ps) 1.5 metre

S.1(220/2100 p 5) 0.5 10 2.0 metre

5.1, (BO/10OO p &) 0.2 metre

S.1. {60/2500 u s) 0.3 metre

1y +13+1s=4d (8.3)

Recent measurements [8.17] show a variation in the
average value of £ against 1,. When the leader
develops initially from the streamer its propagating
field is the same as that of the streamer; as it grows
in length, the heating process reduces its resistance
and hence its gradient, tending towards the limiting
value of 50 kv/m.

1:.5!

i (8.4)
6.751

51-450exp[— ]+50 (%’,m}

Since both E; and 1, increase with humidity (E;, is

assumed independent of humidity), substitution of
numerical values shows that the second term in (8.2)
tends to increase faster than the first, so that the
resulting instantaneous breakdown voltage U, increases

"less rapidly with increasing humidity than it would

do for a lightning impulse, where streamers only are
significant. Thus, the "humidity coefficient” would
be reduced. Indeed, equations (8.2) and (8.4) admit
the poseibility that if 1, is sufficiently large, the

value of U; could be reduced as humidity increases,
since E, also decreases with increasing I;.

8.3 CORRECTION PROCEDURE
Reference is made to the correction procedure now
recommended by IEC.

According to this procedure the 50 per cent breakdown
voltage U at any atmospheric condition is related to
the value at standard conditions (relative air density
4 =1, absolute humidity A, = gm® by the relation

U= Ukk, = Uk, {8.5)

where k, is the air density correction factor {which
is discussed in Chapter 7} and k, is the humidity
correction factor which is, in turn expressed by:

ky = (k) (8.6)

Values of k can be obtained from Figure 8.1. One
important feature must be noted. 1In Figure 8.1, k is
plotted as a function of h/3 rather than as a function
of h alone. This takes into account the fact that
absolute humidity corresponds to a constant partial
pressure of water vapour, regardless of the chaages
of air partial pressure which occur with changes of
air denaity. Thase effects become especially import-
ant for measurements at high altitude and have been
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density & {8.18).
* Linear approximation te curve.

demeonstrated by tests performed at different altitudes
and in weather chambers as in the example of Figure
8.2.

The exponent w takes into account variations due to
electrode geometry and the voltage shape. The value
of w is arrived at using a factor g which is defined
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Figure 8.2 Exponent w as a function of relative

air density {8.19).
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in terms of the streamer propagation gradient £, of
500 kV/m, corrected for the conditions & and k:

7]

o0 §kg (KW@

g-= (8.7}

where d ia the length of gap, and ¥ is the 50%
breakdown woltage at the actual atmospheriec cendition
for the voltage shape and electrode configuration in
question. It has been shown that w is related to g
as follows [8.20]:

w=g{g-0.2)/0.8 gl

W=l 1<gc¢1.2 (8.8}
w={2-g)/0.66g 1.2<¢<g¢2

we0 g> 2

The dependence of w on g has been checked over a wide
range of conditions, as shown in Figure 8.3, where
experimental values are compared with the curve given
by Equations (8.8). The agreement permits the uzse of
these eqguations in a range of conditions, notably for
switching impulses and D.C, where correction was
previously difficult. ’

A7comprehgnaive account of the background to the new
procedure is given in reference [8.20]. It must be
obaerved, however, that there still exist a number of
exceptional cases, especially when very short and very
long gaps or high humidities are involved, which
cannot be covered by existing correction procedures.
These are discussed later.

W -1

+z ﬁ I -
o] 1.0 2.0 0
Posltive £
O reser et al. L.I. {8.16] 1 metre rod-plane 1.2/30 ps
£ Fesar ot al. 5.1. {8.16} 1 matra rod-plana 6072508 pa
O Harada st al. L.T. [E.12] 1 matra rod-rod /40 pm
- Harada et al. 3.1. (8.32] 4 metye rod-plane  220/2100 us

A4 Alhara et al. S.I. (8.1]3) 10 matra rod-plana  100/1500 pe

¥ Albaca #c al. 3.I. (8.23] 10 matra rad-plans 1004/5100 um

< Las Renardiers S.I. (8.1} A metre rod-plane  390/3503 ue

% Barnes et al. S.l. (B.24) 7.5 matra rod=crod 25073000 s

¥ Volkows et al. [8.38)] 4 metre rod-plane 1250/... us
Negative

-@ Feser et al. 5.7. [E.16] 0.3 matre rod-plane &3/1500 pe

M Harada et al, L.I. [8.12) 2 ostre rod-plans  2/40 p»

B Harada et al. L.I. [B.12] 1 metre rod-plane 2/40 e

+

hllibonw ec al. 5.1. [8.13}
Figure 8.3

0.4 metre rod-plane #0/2000 ps

Plot of experimental polints for w
against g and comparison with curve
degcribad by equations 8.8.

8.4 APPLICABILITY OF THE CORRECTION PROCEDURE
8.4.1 Air gaps

8.4.1.1 Lightning impulse

Breakdown under positive lightning impulse voltage is
less complicated than it is under other voltage forms
since the breakdown strength increases linearly with
electrode separation, at least in the range of 0.5 to
6 m (8.12] [8.24). It also increases linearly with
humidity, {(checked up to d = 4 metres) at approximate-
ly the same rate as the variation of streamer propaga-
tion field with humidity. A summary of the available
information is given in Table 8.3 where experimental
w values are given. For rod plane under lightning
impulse the w wvalue ranges from 1.0 to 1.26. This



TABLE 8.3

LIGHTNING IMPULSE BREAKDOWN : HUMIDITY EFFECTS IN ROD-PLANE GAP.

Sa n
kVm!'
Standring et al. {8.10] 525 1.12
Harada et al [8.12) 510 1.05
505 1.02
525 1.14
533 1.15
Allibone and Dring [8.13] 530 1.22
540 1.20
Geldenhuys [8.9] 500 1.00
Feser et al [8.16] 537 1.17
Ramirez et &l [8.25) 527 1.13
Soetjipto et al 18.26] 554 "1.26
" Allen and Boutlendj [8.6] 526 1.12
Mean value 526 113

spread may be expected to depend on the spread of
experimental values of ¥ and a w value of about 1 may
be derived. In general for
impulges the g value is close to 1 and the proposed

correction approach can be considered fully appli-
cable,

Breakdown under negative lightning impulse is more
complicated. The breakdown voltage may increase less
than linearly with the gap distance, as in the case
of the rod plane configuration. The corresponding g
value is higher than 1. The influence of humidity is
generally smaller than for positive impulsas.

In general, evidence of humidity effects show that the

proposed procedure can be applied to lightning
impulses.
8.4.1.2 switching impulse

The available information on humidity effects on
switching {mpulse breakdown is less homogeneous than
in the case of lightning impulses.

Since 50% breakdown voltages under positive switching

impulse are less than those under lightning impulse,
g <1 always. A comparison between the experimental
w valuea and those predicted by the correction
approach is made in Figure 8.3. Although soeme scatter
exists, the agreement with the curve must be regarded
a8 good, since a small uncertainty in ¥ leads to a

large uncertainty in w. Additional information on the

positive lightning

Impulse Electrode and

B sec gap details

1/50 1.1, 2.0 and 3 m "point”
2/40 0.5 m square rod

2/40 1 m square rod

2/40 2 m syuare rod

2/40 3 m square rod

1/50 0.8 m hemisph-ended rod
1450 0.6 m hemisph-ended rod
1.5/52 0.5 m small sphere-anded rod
1.2/50 I m cone-ended rod

2/48 4 m hemisph-ended rod
1/47 0.6 m cone-ended rod- -

1150 L m hemisph-ended rod

humidity exponent w for various pogitive switching
impulses is given in Table 8.4, The proposed correc-
tion approach is sufficiently accurate for clearance
up to 4 - 5 metree. It is however important to point
out that care is needed generally in the application
of the I.E.C. procedure to the estimation of eparkover
voltages at different humidities when using switching
impulees and when large air gaps are considered. The
difficulty exists because the minimum of the "U-curve*
has been shown to shift to smaller values of time-to-
crest with increasing humidity (8.1] {8.27). The
problem is illustrated in Figure 8.4, where notional
U-curves for the same gap are shown. For standard
humidity bh,, these would, using the IEC procedure,
suggest that at humidity A, the sparkover voltage
would be of value as indicated at B. However, due to
the humidity-induced shift of the U-curve, the actual
minimum now cccurs at C, which is at a lower voltage
then predicted at B.

An example of the humidity influence for very long
gaps ia given in Figure 8.5, where the influence of
the time-to-crest is seen. Where this is relatively
short, the U breakdown voltage decreases with increa-
eing humidity, in contrast to behaviour with longer
times-to-crest. The correction procedure cannot be
applied in this case.

As far as negative SI are concerned, the more limited
evidence avajilable shows that experimental peints fall
close to the w versus g curve in the range 1.2 < g <
2 (equations 8.8 and Figure 8.3} and that the correc-
tion procedure can be applied.

TAELE 8.4

SWITCHING IMPULSE BREAKDOWN : HUMIDITY EFFECTS IN ROD-PLANE GAP.

Sq

kVm!
Busch [8.27] 167
Andrade et al {8.30] 161
Busch [8.27] 189 -
Andrade et al [8.30) 205
Aihara et 2l {8.29] 185
Andrade et a] [8.30) 223
Harada et al [8.12) 375
Allen und Boutlendj {8.28) 405
Allibone and Dring [8.13) 440

Geldenhuys [8.9] 500

w Impulse Gap
-

056 TO0/ 14 metres
.05 29012419 13
.084 T00! 10
11 102/153 10
.08 490/ 4]
.14 266/2372 7
.52 22012100 2
.64 1713500 1
75 80/1000 0.8
1.0 70,2000 0.5



T T {
600 (- -
=
=
g
e
400 - ~
200 - -
'
t
!
:
1 | | )
0 100 200 300 400
T [psec)
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§.I. flashover in long gaps with

different times to crest [8.29).

Figure 8.5

8.4.1.3 pirect voltage breakdown

sparkover voltages are deter-—
according

In non-uniform fields,
mined by glow or streamer pre-discharges,
to the gap length and electrode profile.

As a first approximation the propesed procedure for
humidity correction is applicable for gaps larger than
250 mm and smaller than 1500 mm; these conditions are
generally characterised by a linear relationship
between breakdown veltage and gap distance. When
humidity exceeds about 13 gm”’ in longer gaps, there
may be significant departures from the linearity
between breakdown voltage and gap distance in rod-rod
and rod-plane gaps [8.31], [8.32), [8.33]. In this
region, breakdown voltages are less than those
expected from a linear extrapolation of points at
lower humidities; also the departures from linearity
are sgignificantly greater than the scatter about
individual experimental points (Figure 8.6). In
general no correction can be applied in this noan-
linear' reglon. For small gaps with the discharge
governed by glow processes the relatienship between

T T T T T 1 T
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h [gi?)

Figure 8.6 D.C. sparkover average stress (kV/m)
as a function of humidity, showing
departures from linearity at high
humidities ({(8.33). Full line drawn

through points obtained in 1.0 and
1.5 metre gaps. Dashed line for C.S5
metre gap.

breakdown wvoltage and gap distance is again not
linear. Also in this case the humidity correction
procedure is not applicable.
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Figure 8.7 A.C. sparkover veoltage as a function

of humidity (8.36)
(a) 1.0 m gap
(b} 1.5 m gap
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8.4.1.4 Breakdown under alternating voltages

The AC breakdown of air gaps as a function of absclute
humidity shows varying tendencies, depending on the
gap length, electrode configuration and humidity
range. Most of the test data available has been
obtained with rod-plane gaps with lengths ranging from
1 m to & m, in test chambers or natural weather
conditions, indicating that the alternating breakdown
voltages vary with humidity in a complicated manner,
80 that no constant humidity coefficient can be
obtained [8.34), (8.35]. In the humidity range balow
11 gm? the breakdown voltages generally increase with
humidity, whereas in the higher humidity range, it is
practically unchanged or even reduced with increasing
humidity, so that the humidity coefficient becomes
negative. In addition, much higher jitter in break-
down voltages has been observed in the high humidity
range. RAa a typical case, Figure 8.7 indicates the
breakdown voltage versus absolute humidity for rod-
plane gaps of 1.0 m and 1.5 m length, [8.36] together
with the related scatter limits. Other experimental
information is given in Figure 8.8. The changes of
slope and sharp increase of scatter can he ¢learly be
identified on these figures [8.37]. The variation
with humidity has alsoc been recorded in larger gaps,
shown in Figure 8.9, [8.38) where it is compared with
long-front S.I. tests,

It is clear from the foregoing that clear systematic
trends resulting from humidity change under alternat-
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Figure 8.9 Variation of A.C. sparkever in longer

gaps [8.38}.
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ing voltages have not been established for humidities
exceeding 11 gm’. It is suggested, therefore no
humidity correction procedure can at present be
applied to alternating voltage measurements outside
a restricted range of gaps and humidities.

8.4.2 Humidity effects in the presence of insulator

surfacas

It is important to indicate the influence of humidity
on flashover voltages along insulating surfaces, in
spite of the fact that there ias, as vet, insufficient
systematic data to enable standards to be formulated.
Surface conditions are critical, but where the
discharge develops mainly in air gaps between elac-
trodes without attaching to the surface, no signifi-
cant difference would be expected between the cases
with and without the surface. On the other hand, with
insulation structures where the discharge channel
adheres to the surface, different effects can be
expected. If, in addition condensation occurs,
conditions are quite different from those with a clean
dry surface in a humid atmosphere, and the term
"humidity effects" hecomes inapplicable.

Data is available on flashover across insulator
strings, post insulators and bushing-type insulators;
these show different behaviour when humidity changes.

Figure 8.19 shows the dependence of flashover voltage
on absolute humidity for insulatoer strings containing
10 to 25 units of standard insulators under positive
switching impulse (8.12). Here, the voltage increases
with increasing humidity up to 25 gm?’.

Other tests with lightning impulses and with power
frequency voltages made on both strings and single cap
and pin units (Figure 8.11}), show a smaller change in
flashover voltage over a similar humidity range
[B-39).

Investigations performed in a humidity controlled
chamber on post insulators, with a simple cylindrical
insulator surface, have shown a linear rise with
humidity at the rate of about 1 per cent per gm?,
[8.40] substantially ‘confirming earlier results
[B.31) except at the highest humidities. In the same
humidity controlled chamber it was found that the

150 l 'No. ofiinsu!alo'r units
(]
-—-'—.--"""-s"_—~——5d15;.;:;‘S
= k=057% ]
——-—"#_ﬁ__dﬁ_~——.“—ﬂ—-56:;;1S
k= 063%
=0 TS umits T
Z k =0.70%
e N 10 units 7
k=082%
0.5 -
{ 1 I !
0 5 10 15 200 25
h (g/m?)
Figure 8.10 5.I. flashover voltage vs absolute

humidity for 10-inch suspension insu-
lators, 220/2100 us impulse corrected
to RAD=1 [8.12].



71

L I | ] ]
1500f(-) = " -
é;-—;:i;‘zi:;;isz e
< (+) ‘foﬁ?" B
X
% 000 o Positive -
:’. ® Negative
=
Ug = U iky
Us = Uy kylky
500 | U,: Voltage under actual test conditions -
Uj: Voltage corrected to air density
Us: Voltage corrected to std. atm. conditions
kq: Air density correction factor
kn: Humidity correction factor
1 1 1 | |
0 5 10 ) 15 20 25
h[ghna]
Figure B.11 LI flashover voltage vs absoclute

humidity for 250 mm diameter disc
insulator .{B.39]}.

flashover voltage of a simulated bushing configur-
ation, wunder lightning and switching impulses,
decreased significantly with increasing humidity;
these differences were associated with differing field
configurations.

The evidence is thus contradictory, and in general it
is recommended not to apply humidity correction when
the discharge path directly inveolves insulators.

8.5 CONCLUSICNS

The new IEC humidity correction procedure is based
upon a comparison between the mean stress for sparko-
ver across a nan-uniform field gap and the electric
gradient reguired for streamer propagation.

Analysis of the applicability of the procedure has
shown that:

1 In the case of lightning impulse voltages, the
procedure can be applied for all non-uniform
field gaps over a range of humidities up to
20 gm?.

2 For switching impulses, the procedure can be
used, for gaps in the range 0.5 < d ¢4 metres.
For longer gaps, there is less precision, with
reductions of flashover voltage with increasing
humidity in some cases, depending also upon the
time to crest. In these cases the correction
procedure cannct be applied.

3 With direct voltages, the procedure can be used
for large gaps provided the humidity does not
exceed about 13 gm?® and the discharge is gov-
erned by streamers. Where other modes of pre-
discharge cccur (e.g. small gaps, high humid-
ity} the procedure cannot be applied.

4 With alternating voltages ancmalous breakdown

behaviour in many cases prevents the applica-
tion of the correction procedure.

Insufficient knowledge is available to permit
the use of a correction procedure for flashover
in the presence of insulator surfaces.
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9 PERFORMANCE OF CONTAMINATED INSULATORS UNDER TRANSIENT

OVERVOLTAGES.

by E. LEMKE, A. FRACCHIA, E. GARBAGNATI,

9.1 INTRODUCTION

External insulation may be subjected, in service, to
various transient stresses, of internal and external
origin, which can be represented in laboratory by
lightning impulses, LI, sawitching impulsea, SI, and
by short duration AC application, TQ. Depending on the
line condition, the transient overvoltages may be
superimposed on the permanent AC or DC voltage. That
condition can be represented in laboratory by
composite voltages (eg. LI, SI, TO, superimposed on
AC or bC stresses).

The above trangients -may  occur in various
environmental conditions and may affect insulators
characterized by various degrees of contamination. In
particular a critical condition may arise when there
is simultaneocus presence of pollution and wetting on
the insulator surface. The simulation of the above
condition may require various pollution test pro-
cedures, according to the peculiarity of the environ-
ment considered.

Many tests were performed to investigaté the pollution
influence on the withstand characteristics of insula-
tor configuraticens under transient overvoltages,
({9-1] teo [9.15]}.

The available experimental information indicates that
the presence of a wetted pollution layer may remark-
ably affect the strength not only at operating voltage
but also under transient voltages.

In the following the performance of external insula-
tion under transient overveltage will be reviewed with
the aim to obtain jindications about the strength
reduction which is important for the insulator design.

In the appendix a short summary of the kacwledge
available about the discharge process under transient
overvoltages and polluted conditions is also given .
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Figure 9.1: LI flashover voltage of cap and pin
standard and antifog insulators strings.
Solid layer method, wet contaminant.
Comparison with data in dry condition
[9.5].

SURVEY OF EXPERIMENTAL DATA

A. PIGINI

9.2 GENERAL TRENDS ABOUT THE PERFORMANCE OF CONTAMI
NATED INSULATORS UNDER TRANSIENT VOLTAGES

A summary of published data relevant to the perfor-
mance of contaminated insulators {suspensicn and post
type} under transient overveltages is presented in the
following. Results obtained with different test
procedures (salt fog and solid layer) have been
analyzed for the following transient voltages:

la) Lightning impulse (LI) alone
1k) LI superimpesed on AC voltages

2a) Switching impulse (SI) alone
2b) SI preceded by AC energizaticn
2¢) SI superimposed on AC voltage
2d) SI superimposed on DC voltage

3a) Temporary overvoltage {(TO) alone
3b) TO with AC pre-stress

9.2.1 LI PERFORMANCE
a} LI alone

The available data generally refer to the standard LI
(1.2/50 us).

In Figure 9.1, the 50 % flashover voltage of cap and
pin insulator strings is given as a function of the
insulator length d. The results were chtained by the
solid layer method (wet contaminant) with a salt
deposit density, Sdd ranging from Q.06 to 0.25 mg/cm’.
For comparisen purpeose the strength under dry condi-
tion with positive LI is also reported. The figure
indicates a remarkable strength reducticon in presence
of pollution with reference to the dry condition. The
reduction tends to increase with the increase of the
insulator length leading to non linear characteris-
tics. The strength saturation makes it difficult to
keep the LI withstand voltage of insulator strings
higher than 3000 kV, particularly for standard units.
The strength of standard type insulators is reduced
for both polarities, resulting in cleocse values. For
antifog insulators the decrease is larger for negative
polarity, which therefore represents the most critical
one.

The influence of the pollution severity S5dd on the
strength reduction is shown in Figure 9.2, which
reports the specific flashover voltage as a function
of sdd of the contaminated layer. The performance of
standard and antifog cap and pin insulators and smooth
cylinder insulator have been considered. The data
indicate that the reduction is practically constant
above a 5dd of 0.1 mg/cm® for both positive and
negative polarities. Further, the results indicate

.once again the impeortance of the insulator profile.

Strengths as low as 200 kV/m were measured on an
insulator meodel without sheds (smooth glass cylinder).

b) LI superimposed on AC
Results given in {9.4) indicate that dry bands on the

surfaces of polluted jinsulators result in the most
significant lowering of impulse strength for heavily



700 -
0.28-0.37m
—_ -
E
> 4-T.5m
=
= o.1m
~
=2 P
5 1m
w1 —_—— . — e —— — —_ 1
=} -
Q T T T T
[ 0.2 0.4
Sgg [ mg/em?)
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pelluted insulators. This reduction is about 30-40 %
with reference to the strength obtained with LI only.
Without dry bands the strength reduction is about 10-
20 %.

9.2.2 SI PERFORMANCE

a) SI alone

As for air gaps, the influence of the impulse shape
is to be expected also for contaminated insulators.
Unfortunately few data are available in this respect
{9.6], [9.7), and they refer to rather short insulator
lengths (1 to 2 m), thus not allowing very gquantita-
tive indications. However, as a general trend, the
atrength tends to be lower with the longer impulse
duration.

Most of the investigations were carried out with
impulses close to the etandard one {250/2500 pe} and
of positive polarity, which is also the most critical
voltage polarity under contaminated conditions. Conse-
quently, in the following major attention will be paid
to standard impulse shapes of positive polarity.
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Figure 9.3: SI flashover voltage of cap and pin
insulators strings as a function of

insulators length. Solid layer method, wet
contaminant [9.3), [9.7].
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The presence of pollution and wetting ean cause a
heavy strength reduction with respect to dry condi-
tion, as shown by the set of data of Figure 9.3, which
reports the strength of cap and pin insulatoer strings
as a function of the string length (data derived from
[9.3), [9.7], obtained with the so0lid layer method and
referring to a Sdd range from 0.05 to 0.23 mg/cm?) .
Again the insulator profile plays a major role: the
reduction with standard type insulators is much larger
than with antifog one.

The strength reduction depends largely on pollution
severity, as evident from Figure 9.4 {data. derived
from [{9.1) and [9.7], obtained with salt fog and sclid
layer methods, respectively).

The data in Figure 9.4 show that the strength tends
to decrease when the pollution severity is increased,
even for high pollution severity.

b) SI preceded by AC energization

Results, obtained with standard and antifog cap and
pin insulators, standard and antifeg long rod insula-
tors and post type insulators, are summarized in
Figure 9.5. The pollution tests considered have been
performed using the salt fog method with test. severi-
ties ranging from 2.5 to 225 g/l. The figure shows the
ratic Uyg/Uy,,, versus test severity (g/l) for both
polarities. For comparison purposes correspending data
obtained with SI alone are also given.

It is evident that the AC pre-stress produces a reduc-
tion in the $Y strength, which is more preonounced with
negative polarity.

€) SI superimposed on AC voltage

Results, relevant to standard and antifog cap and pin
insulators and standard long rod insulators, are
summarized in Figure 9.6. The data, obtained by salt
fog method, indicate a strength reduction similar to
that obtained in the case of SI preceded by AC
energization.

d} SI superimposed on DC voltage
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Figure 9.5:

Figure 9.7 shows the SI flashover wvoltages as a
function of the DC pre-stress, varying both amplitude
and polarity. The results were obtained by the solid
layer method (wet contaminant) with a fixed test
severity (sdd 0.04 mg/cm?y.

Again, the data point out that the pre-stress may have
a remarkable influence on the strength.

It is evident that the strength reduction is strongly
influenced by increasing the amplitude of the pre-
stress voltage.

e) Influence of dry bands on the SI stfength

As suggested in [9.11], the additional strength reduc-
tion found with composite voltages may be attributed
to the dry bands formed by the applied pre-stress.
Tests made without pre-stress but with non uniform
pollution distribution (dry bands simulation) gave
results similar to those obtained with pre-stress
applied to uniformly contaminated insulateors, as shown
in the example of Figure 9%.8.
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9.2.3 PERFORMANCE UNDER TRANSIENT OVERVOLTAGE

As long as the overvoltage duration increases, the
flashover procesas becomes closer and closer to that
under permanent AC voltage.

Figure 9.9 shows examples of results obtained with
various pollution procedures [9.15] on percelain
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Figure 9.8 Tests on insulator column [9.10].
Comparison of the resultsa:

= in dry condition under positive SI
contaminating uniformly the column and
applying a positive SI preceded by AC
contaminating non uniformly the column
and applying a positive. SI alone
(solid layer method, wet contaminant,
5dd=0.04 mg/cm?)

housing (longitudinal insulation of circuit breaker}.
In the figure the flashover voltage obtained with TO
is given in p.u. of the strength measured with
permanent voltage, with the same pollution method, and
is reported as a function of the TO application time.
It is clear from the figure that the flashover voltage
tends to come towards permanent voltage and with a
relatively short duration overvoltage. However the
curves show different trends which may be related to
the test procedure and test object characteristics.

The pre-stress affects also the strength with ToO
{9.12], (9.15). Examples of results obtained with pre-
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P - »- ;ri& 4
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-1 = ——_— - — E|
£ 'l-
| .
0.1 v [T L L0 9.0
Voltage application time - At - (&}
Uy, ¢ flashover voltage with TO application
Uy ¢ Maghover vellage with leng duration vollage application
Figure 9.9: Pollution tests on longitudinal cireuit
breaker insulation with TO. Flashover
voltage vs. overveltage application
duration.
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Experimental equation
(B2 —1)t=1.6X10"*

0.01 0.02 0.05 0.1 0.2 0.5 1.0 2.0
! {sec)
Flashover
fZaVa
TZy.
e [\l
I \/ \/ :
.
9 ’
' .
1] L]
v ' '
ava
—— 1 1
ve Al : |
' '
| .
L ' |
Va Withstand voltage of an insulator string derived from the continuous
entrgization methods : the Wet Contaminant Method or the
Fog Withstand Method
Va8 : Baie voltage simulating the normal operating condilion.
t : Time to Hashover,
a 1 Qwervoltage factaor,
8 = aVa/Va : Ratio of overvoltage Lo withstand voltage.
Figure 9%,10: Pollution test on suspension type
insulators with - TO preceded by AC
energization. Flashover voltage vs.

overvoltage application duration.

stress are shown in Figure 9.10 [%9.12]. With pre-
stress the strength becomes very close to that under
permanent voltage for voltage application durations
in the second range.

9.3 IMPORTANCE OF THE EXAMINED STRESS CONDITIONS FOR
INSULATOR DESIGN PURPOSES

The analysis of the available information has shown
that the strength of insulatore under transient
overvoltages and contaminated conditions may be much
lower than that in dry condition. This reduction
becomes even higher in the presence of dry bands, i.e.
when an overvoltage occurs on a polluted ingulator,
being already energized.

A preliminary indication of the impact of transient
overvoltages under pollution conditions on the degign
may be obtained by comparing the strength with the
stress expected under the overvoltages considered.
In this respect it is convenlent to compare the
transient overvoltage sgtrength of contaminated
insulators with that required by the same insulator
under permanent AC voltage, when subjected to the same
contamination condition.
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Figure 9.]11: Ratio between the positive SI strength and
the AC strength as & function of the
insulator length. Solid layer method, wet

contaminant, Sdd = 0.04 mg/cm?

Starting from the data in Flgure 9.1 it can be easily
derived that the LI strength under contaminated condi-
tions is 4-5 times that under AC.

The SI strength becomes closer to that under AC.

As an example Figure 9.11 reports the ratic between
8I and AC strength as a function of the insulator
length (data from ([9.10), obtained with solid layer
method) .

The figure indicates that, at least for the configur-
ation considered, the ratio decreases with insulator

length reaching values as low as 1.3 - 1.5 p.u. for
very long insulators. When comparing the strength with
possible sawitching overveltage stresses (usually

higher than 1.5 p.u.) the importance of the examined
condition for design purpose appears evident.

The strength under TO can be very close to that under
AC {see Figure 9.9 and 9.10).

9.4 CONCLUSIONS

Contamination may significantly reduce the strength
of insulators under transients overvoltages with
respect to the reference dry condition.

A more precise indication about the criticality of the
transients should be based on a statistical analysis,
taking into account the probablliity of the simulta-
neocus occurrence of high wvalues of the overvoltages
and of critical contamination conditions [9.15].

REFERENCES

[9.1) G. Carrara, M.

tion test methods”,

Sforzini,
IEEE CP 68-CP-163,

"Analysis of pollu-—
1968.

[9.2) Ely,., Roberts, "Switching impulse flashover of
air gape and insulation in an artificially
contaminated atmosphere", Proc. IEE, Vol.
115, N.1t, 1968.

{9.3] Okada, Xoga, “"Switching surge flashover
characteristics of long disk insulator
strings under pelluted conditions”, IEEE PAS
B9, N.3, March 1970.

77

(9.4)

(9.5)

(9.6}

(9.7

(9.8)

[9.9]

[{9.10)

[9.11]

(5-12)

{9.13]

[9.14]

{9.15]

[9.16]

[9.17)

{9.18]

[9.19]

Lushnikoff, Parnell, "The effects of pollu-
tion and surface discharges on the impulse
strength of line insulation", IEEE PAS 90,
N.4, 1971.

Okada, Kimoto, Kega, "Lightning impulse
flashover characteristics of long disk insu-
lator strings under polluted conditions",
1EEE Paper, 71-CP 114-PWR, 1971.

Macchiaroli, Turner, "Switching surge perfor-
mance of contaminated insulators"”, IEEE Paper
71 TP-141-PWR, 1971.

Hiroshe, Seta, Ichiara, Anjo, Okada, "Switch-
ing surge insulation characteristics of
insulators wnder polluted condition", CIGRE
Report 33-83 (WG 04).

Kizewetter, Lebedev, Merkhalev, Ostapenko,
"characteristics of EHV insulation in conta-
minated and moist conditions", CIGRE Session
19.. 33-16.

Kucera, Plechanova, "A probabilistic choice
of insulators for alternating voltage and
electric strength at switching impulses in
the areas with pollution”, CIGRE Session
1982, 33-04.

Garbagnati, Marrone, Porrino, Perin, Pigini,
"Switching impulse performance of post insu-
lators in polluted conditicns™, %th ISH,
Braunschweig 1987,

Cortina, Marrone, Pigini, Thione, Petrusch,
Verma, "$tudy of the dielectric strength of
external insulation of HVDC systems and
application to design and testing", CIGRE
1984 Sessicn, 33-1.

Itabashi, ©Osada, Seta, WNaito, *A study of
short-time AC flashover voltage of contami-
nated insulators and a consideraticn of its
application to transmission line design®,
IEEE PAS %5, 1976.

Macchiaroli, Turner, "Comparisen of insulator
types by the wet contaminant and clean fog
test method", 1EEE PAS 89, Feb. 1970.

Kimoto, Fujimura, Naito "Performance of heavy
duty UHV disk Ainsulators wunder polluted
condition”, IEEE Paper No 71 TP 649-PWR.

Bargigia, Marrone, Mazza, Perin, Pigini,
"Longitudinal insulation performance of HV
circuit breakers under the joint effect of
pellution and temporary overvoltages", CIGRE
1990.

Erler F., "Neue Erkenntnisse liber die
Vorlichtbogenverlingerung wihrend des Kriec-—
hiibberschlages dicker Isolatoren bei Impuls-
und Wechselspannung", Doctoral Thesis 1970.
Dresden University of Technology.

HOSCH W, LEMKE E., “Switching surge flashover
of insulators under pollution condition®, EIT
MADRAS 1981.

Toepler M., "Zur Kenntnis der Gesetze der
Gleitfunkenbildung®, Annalen der Physik 21
(1906) 193-222.

Lemke E., "Durchschlagmechanismues und Schla-
gweite-Durchschlagspannungs~Kennlinien ven
inhomogenen Luftfunkenstrecken bei Schaltspa-
nnungen”, Doctoral Thesis (1967) Dresden
University of Technology.



(9.20] Lemke E., Zhrih M., "51 flashover model for
leng insulators under contamjinated condi-
tion", 7th ISH Dresden (1991) paper 43.22.
[9.21) Obenaus F., "Der Einfluss von Oberflichenb-
elag (Tau - Nebel - Salz - Schmutz) auf die
Uberschlagspannung von Isolatoren”, Hescho-
Mitteilungen (1933) H. 70, 2203-2239.

[9.22]) Hampton B. F.,
luted insulation™,
985-990.

“Flashover mechanism of pol-
Proc. IEE 11 (1964) 5,

(%.23) Rizk F., "Mathematical models for pollution

flashover", ELECTRA 78 (1981) 71-103.

APPENDIZX

EVALUATION OF THE DISCHARGE PROCESS UNDER TRANSIENT
OVERVOLTAGES

Let us consider an impulse voltage with a time to
crest {t, ) much smaller than the time to half value
{(ty ). The main influence on the leakage flashover is
given by t, [9.16], {9.17] (see Figure Al). At very
short times to half value (t, smaller than 200 uB) no
pre-arc will occur and malinly satreamer discharges
could develop., Then the flashover voltage is deter-
mined by the reguirement of voltage for atreamer
discharges and may attain a value close to dry
conditions.

At very long times to half value, i.e. longer than
3000 pa, a long pre—arc could be formed. In this case,
the specific leakage flashover voltage will be
determined by the pre-arc only and reaches values of
approximately 0.7 kV/cm.

usa <0
(kv/cm}
16 S
T4 \
12
1.0
g6 \
\]
0,6 \\
04
g2 > '
electric |leokoge| thermal
0 Hlashorer |flashorer! I{ashorer .
wt ow? w0t wt w10 wt W
t, (s)
Flgure Al: Flashover strength versus the voltage time
duration for a cylindrical model
insulator under pollution conditions
(9-173.
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[9.20].

With virtual impulse duration longer than 100 ms, a
further decrease of the flashover voltage will be
observed. This is not caused by a new flashover
mechanism but due to the fact that the poliution layer
will be heated up by the current flowing for a longer
time duration, and the surface conductivity will be
increased.

In the range between 200 and 3000 ps of t, (ST range)
the performance is more complicated, as analyzed in
the following.

EVALUATION OF THE DISCHARGE PROCESS UNDER SWITCHING
OVERVOLTAGES

Discharge without dry bands (application of SI only)

Based on the analysis of experimental data as well as
on simplified assumptions for the very complex
'flashover mechanism specially for a leader discharge
[9.18], [9.19) a flashover model was developed [9.20].
Whereas the AC/DC flashover is governed by the pre-arc
[9-21)to [9.23)], it is not the case with the SI stress
where the leader discharge becomes more important.
Because of its comparatively short life time and low
enerqgy dissipation the leader may not produce any dry
bands, as in the case of an existing pre-arc. Further-
more, the main leadar gradient is much higher than the
gradient in the pre-arc, i.e. the current absorbed by
the bridged layer can not be neglected, as in the case
of AC / DC stresses. From this follows that, instead
of the usual voltage (U) - currxent {I} characteristic
for AC / DC, for SI only the strength (E) -current {I}
characteristic is applicable ([9.20), in order to
evaluate the instantaneous discharge
(Figure A2).

parameters

Analogous to the AC / DC flashover criterion, a
critical condition for the 51 flashover arises, if the
dotted straight line in Figure A 2b, which represents
the negative slope of the layer resistivity per unit
length, becomes a tangent of the E-I leader character-—
istic, given by the full curve in Figure A 2b.



Discharge with dry bands (application of SI with pre-—
stress)

Az reported in (9.10}, the SI strength may essentially
be reduced in the presence of dry bands. If the
flashover strength is drawn versus the dry band

length, typical U-curves are obtained.

In the presgsence of a short dry band, having a length
a; (Figure A3}, the flashover under positive SI first
occurs along this dry band in a very short time (air
breakdown in the us range), followed by the flashover
along the contaminated layer of the length a; during
a much longer time period (creepage flashover in the
ms range}.

For dry band lengths smaller than 1 m, the strength
of the air gap corresponds to the positive streamer
gradient, i.e. 450 kV/m. For longer dry band lengths
the mean breakdown strength corresponds to the minimum
pessible breakdown voltage per unit length of long air
gaps under positive SI, i.e. it can be expressed by
the well known SI strength of the rod-plane gap in
air.

In order to check if 'the developed apprecach works,
even for insulators of practical interest, results of
calculation are compared with available experimental
data. Because non-uniform contamination is to be
regarded as the worst case, only the presence of dry
bands of critical lengths shall be considered in the
following.

As an example, Figure 9.8 shows the results obtained
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Figure A3: Approach for the evalwation of the minimum

flashover strength in the presence of dry
bands [9.20].

for a post insulator, where experimental data of
[9.10] are used. As evident from the dotted curve, the
calculation meets the measurements quite well up to
the longest investigated insulator length of 12 m.

Another example is reported in Figure 9.11. Here, the
calculated minimum curve is also in satisfactory
agreement with experimental data from {9.10) for
practical insulators up to 12 m length.



10 INFLUERCE OF ICE AND BNOW

by T.

10.1 INTRODUCTICN

In some cold areas, heavy snow andfor freezing rain
are encountered and the insulators are sometimes
covered with snow or ice. When shnow or ice are not

melted, they do not exhibit low resistivity. In the
process of melting, however they exhibit lower
resistivity, partially or in considerable portion

along the surface of the insulators., Observation of
the dynamic leakage current and resistivity with time
was observed by many researchers [10.1]. Such phenom-
ena may cause partial drying, sparking, etc. on the
surface along the insulators which is similar to that
observed on polluted and wetted insulators., Thus,
there is a considerable reduction of the flashover
voltage of the insulators after they are covered with
snow or ice and when the snow or ice is melting.

10.2 CRITICAL CONDITIONS AND MAIN INFLUENCING PARARME
TERS

Theres are many publicaticons on understanding the
degradation of surface insulation by snow or ice, but
there are only few on actual insulator string assem-
blies covered with enow [10.2 to 10.7] or ice [10.2],
[10.7 to 10.10]. This is because of the difficulty in
carrying out the impulse wvoltage tests on insulators
covered with snow or ice. Typically, the worst
condition of snow-covered insulators is found on
tension insulator string assemblies. Typical worst
conditions of ice-covered insulator are found on
suspension jnsulator string assemblies because ice
cycles do not tend to bridge individual sheds cf hori-
zontally mounted insulators, Thus, all the test
results published were on insulators assuming the
above situations.

It is very difficult to make flashover tests with
natural snow or ice on insulators; in the tests
reported so far snow oxr ice seems to have been artifi-
cially formed. Namely, in the case of a snow test
natural snow from the ground was moved and piled on
the insulators in some way by the laboratory techni-
cians. The resistivity of the water melted from the
snow was 20 ~ 150 kit em. In the case of ice tests,
water in cold weather was sprayed by using suitable
hoses on insulators, and then froze on the insulators.
The resistivity of the water used was 70 — 300 ki cm.
Table I gives the summary of all the resistivity
values from the References.

TABLE I: Summary of resistivity of water melted
from sanow or that used for producing ice.
Ref. RESISTIVITY (kQ cm)

Snow Ice
10.1 - -
10.2 - 30
10.3 40-60 -
10.4 20-100 - -
10.5 20-39 -
10.6 20-1900 -
10.7 25-150 15
10.8 - 15
10.9 - 15
10.10 - 7
10.11 - -
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Figure 10.1: Relation between volume density and
apparent resistivity of snow as it
was [10.11].

Impulse flashover voltage characteristics of snow or
ice covered insulator assemblies have been usually
obtained by applying the impulse voltage without
superimposing the AC operating voltage before tests.
On an actual line, however, switching or lightning
surge attacks the insulator assemblies covered with
snow. But the asnow condition is critical due to the
melting cf the snow by leakage currents and/or partial
discharges under the AC operating voltage. In view of
this, a few tests have been made on snow or ice
covered insulator string assemblies, while simulating
the effect of the superpogsition of impulse voltage on
the AC operating voltage.

Since the performance of a snow or ice covered
insulator is influenced by the resistivity of the snow
or ice, the obtained data appear to be well character=-
ized by the resistivity of water melted from snow or
ice [10.3}F, {10.11]. Also, because the good correl-
ation between volume density and volume resistivity
of the snow [10.11] as shown in Figure 10.1,
flashover data are characterized by the volume density
of snow [10.6])

some

10.3 GENERAL TRENDS. ABOUT THE DIELECTRIC PERFORMANCE
OF SNOW OR ICE COVERED INSULATORS

Linearity was found between the switching impulse
flashover voltage and the insulator length, for line
insulators when they were covered with snow {10.2),
{10.3), [10.5]. An example of the data is shown in
Figure 10.2 [10.5).
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The relationship between the length of longitudinal
snow coverage on the insulator string and the switch-
ing impulse flashover voltage results in a U~shaped
curve [10.2 te 10.7]. Minimum flashover voltage lies
at 60 to 80 % of the snow covering ratia. Typical
examples are shown in Figure 10.3 {10.5). Figure 10.4
shows the relationship between the switching impulse
flashover voltage of snow covered insulator aggsembly
and the volume density of the snow. Flashover voltage
decreases as the volume density increases but there
is no reduction of flashover voltage for volume
density greater than 0.6 g/m' [10.6]).

As shown in Figure 10.5, linearity was also found in
the relaticnship between the lightning impulse
flashover voltage of the snow covered insulator
assembly and the gap spacing between the arcing horns
[10.4]}. A drastic reduction of 35 - 50 % in the
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Figure 10.3:

units covered with snow [10.5).

Relationship between U, under SI
and the percentage of insulators
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Figure 10.4: Relationship between SI flashover
voltage and volume density of the
snow [1C.6).

flashover voltage compared with the case without snow
on the insulator assembly is seen in this Figure. No
special tendency in the relationship between the
flashover voltage of snow covered insulator assemblies
and the snow covering ratio has been confirmed.
Minimum flashover veltage was however obtained at the
snow covering ratio of 100 % (complete coverage),

No clear relationship has been reported between the
switching impulse flashover voltage and insulator
length when insulators were covered with ice. However,
the flashover voltage of suspension insulator string
[10.6 to 10.10] and station post insulators stack
[10.8] is said to have fallen to S0 % or so of that
under clean and dry condition. Figure 10.6 shows an
example of published data (10.9]).

10.4 CRITERIA FOR INSULATION DESIGN

The AC withstand voltage characferistics of a tension
insulator string covered with snow is shown in Figure

2000
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O POSITIVE (+) HO SNOW-COVERING ( —)
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Figqure 10.5: Lightning impulse. 50% flashover
voltage of snow covered assembly

[10.4}.
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Figure 10.6: Positive and negative flashover
characteristics of solid-core cy-
lindrical post insulator stacks for
switching impulse wvoltage with a
virtual front time of 120 to 140

us.

0.7 110.7). Similar AC withatand voltage characteris—
tica are indicated for various insulators covered with
ice in [10.3). There is additional literature showing
similar AC characteristics, but there is no literature
which indicates DC withstand voltage characteristic
except [10.2). Referring to these, consideration on
the application criteria to insulation design may be
made.

Design criteria for withstand voltage of insulators
covered with snow or ice is indicated as 75 kV/m for
AC and DC voltages and 200 kVv/m for switching impulse

voltages [10.2]. Thus, the design for AC and DC
180 — NATURAL TEST
A A PLOT [CONDUCTIVITY (O}, [LS/em
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Withstand voltage as a function of
volume density of the snow [10.7].

Figure 10.7:
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Figure 10.8: Time to flashover veoltage charace-

teristics of snow covered insulator
string compared with a polluted
insulator string (1G.12].

operating voltage can be considered conservative for
switching surges of less than about 1.9 p.u. (10.2].
But switching impulse voltage characteristics can be
critical for a system of larger surge magnitude. For
anow or ice of low conductivity, insulator length may
be critical, and the resulting lower withstand voltage
characteriatics should be considered.

Lightning impulse flashover voltage is also reduced
to 50 % or so of that under dry conditions. Whether
an insulation design should take into account this
characteristic or net, shall be determined considering
the amount of accumulation of snow or ice, probability
of simultaneous occurrence of lightning, and also
lightning performance of the concerned systems (10.3).

There are only a few reports on the performance of AC
withstand characteristics againat simulated temporary
RC overvoltage {[10.4], ([i10.12). Figure 10.8 shows a
summary from [10.12] which indicates that a curve for
snow covered insulators is almost the same as that for
polluted insulators. Thus, a design criteria similar
to that for pollution may be employed.

10.5 CONCLUSIONS

hfter evaluating the performance of insulation system
under snow and ice situations, the fcllowing guideline
evolve:

- Insulation design of a transmission line is
genecrally determined by the insulator contamin-
ation design for AC cperating voltage.

- Snow or ice, depending upon the resistivity of
water melted, can be more sericus than erdinary
pollutien.

- Switching or lightning impulse flashover volt-
age can be reduced by 50 % or so. Thus, switch-
ing or lightning surge may be critical to the
external insulation.

- An insulation design should be determined
taking in to account the amount of accumulation
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11 INFLUENCE OF HIGH TEMPERATURE AND COMBUSTION PARTICLES
(PRESENCE OF FIRES)

by J. FONSECA, K.

11.1 INTRODUCTION

Fire has been reported as responsible
Bystems outages in many countries [11.1}.

for power

Types of fires which cause outages include: burning
sugar cane fields, forest fires, grass fires, refuse
burnings, oil fires, natural gas fires, etc.

The flashover voltage of air insulation at high
temperatures, as under fire conditions, is drastically
reduced when compared with values at ambient tempera-
ture.

The dielectric strength is dependent on the type of
voltage stress (AC, DC, impulse) aand also on the
proportion of the gap covered by flames.

At high temperatures the flashover wvoltage of an
electrode configuration is reduced due to the main
following principal changes within the gap:

Decrease of the relative air density

For constant pressure the ‘relative air density

decreases with increasing temperature according to the
expression:

5 = 02-_7?383&? (11.1}

where p is in mbar and t in °C.

Field measurements have shown that in the flames,

temperature values of 900 °C can be reached, thus &
can be reduced to 0.25.
The reduction for air density may be evaluated

according to the procedures given in chapter 7.
Generation of combustion particles in the gap

In the presence of fires a great number of floating
particles are generated within the gap. The guantity
of generated particles varies with the fire source
being, for example, greater for grass or sugar cane
fires than for alcohol or gasoline fires. These
particles produced by burning are responsible for the
greatest reduction on the breakdown wvoltage under
fire.

Other phenomena, such as thermoichic emission from
electrodes, {11.2] can cccur at high temperatures but
these are not usually encountered on the fires of
interest here.

These phenomena may affect the strength under labora-
tory conditions, specially in short gaps under fire,
where such levels of temperature could eventually be
reached.

11.2 DIELECTRIC STRENGTH

bs shown in the previcus chapters for other environ-
mental conditicns the dielectric strength may depend
on the type of voltage stress. Unfortunately most of
the available data has been obtained only wunder
permanent (mainly AC) voltages.
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11.2.1 Power frequency voltage

Table I shows the flashover voltage of a 3 m conduc-—
tor-plane configuration under various temperatures
originating from different fire sources {11.3].

Table I: Dielectric strength at power frequency

voltage of a 3 m conductor-plane configu-

ration.
Gap conditions Flashover voltage
kv/m (rms)

Without fire, t=15 *°C . 259
Without fire, t£=100 °C 190
Without fire, t=120 °C 170

Fire with gasoline 100

Fire with alcohol 80

Fire with sugar canes 50

leaves

! Discharge gap taken from conductor to the tip of the

cane.

The results indicate that the flashover voltage
depends on the combustion material and is a minimum
when the gap is bridged by flames of sugar cane
leaves. The largest reduction of the strength in this
case is believed to be caused by a much higher density
of burning particles generated in the gap by the sugar
cane fire rather than by the alcchol and gascline
fires,

Tests under sugar cane fire were performed in Brazil
{11.6], ‘in a 1 m conductor-conductor and conductor=
plane (conductor-tip of the cane) cenfiguration (Table
11y,

Table IX: Dielectric strength of a 1 m gap, under

sugar cane fire.

Withstand veltage
kv/m {(rms)

Configuraticn

conducteor-plane 35

conductor-conductor 35

The lower strength values obtained in these tests can
be attributed to the test procedure used (withstand
test). In case of the flashover test (Table I} the
voltage was continuously increased up to flashover.
As the fire of sugar cane leaves was very fast and had
a random behaviour it probably happened that lower
voltages were not simultanecusly applied with the
worst fire conditions giving, for this reason, an
indication of higher flashover voltage,.

The results alsg indicate that the breakdown voltage



was independent of the configuration considered.
The research was completed with observations of
programmable gugar cane fires under 138 kV AC trans-—
mission lines [11.6) which substantially confirmed the
above findings.

Simulation of a transmission line flashover was also
made in a 76 m long, 2 phase test line energized to
495 kv phase-to-phase [11.1].

Five identical wood structures (3x3x4.9 m) were built
as fuel supplies and placed midpoint on the ground
between phases.

The first two fires failed to produce flashover. The
addition of nine automobile tyres in the other two
fires caused flashovers between the 7.6 m phase to
phase spacing and the 5.8 m to the wood structure.
The gradient values in these cases were:

-phase-~to-phase:
~phage-to~structure:

65 kV/m
49.3 kv/m

The strength reduction can be attributed to the use
of different burning materials as shown in table I.

However, as the voltage, distance between phases and
distance to ground were fixed, no information about
the critical gradient could be obtained from these
tests, which.is estimated to be much lower than the
quoted values for the case of an automobile tyres fire.

Finally tests performed on short c¢learances under
laboratory conditions {11.4),[1.5] with simulation of
floating particles have indicated a reduction of the
breakdown gradient to 7 kV/m. Pessibly the reduction
was caugsed by an unidentified facter, present in the
laboratory and not present in the field conditions
actual or simulated.

11.2.2 DC VOLTAGE

Most of the results available refer to short gaps
[11.2), (11.7), and can hardly be extrapclated to
large gaps.

Testa were carried out with a bipelar experimental
line (% 450 kV)} under a fire in vertically standing
apruce trees (Figure 11.1) with a clearance to ground
of 13.7 m and a clearance to thz trees of 6.7 m. The
rating operating veoltage during the test was +450 kV
for one pole and ~45C kV for the other pole. When the
trees were burning a large number of flashovers were
obtained {11.8).

11.3 CONCLUSIONS

The flashover gradient of an air gap covered by fire
is independent of the electrode shape and gap length
and is drastically reduced by the presence of combus-—
tion particles in the gap.

o

Figure 11.1 Test line configuration (11.8)
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Field tests and laboratery simulation of field
conditions have indicated that the average flashover
gradient can be reduced to about 35 kv/m under power
frequency (rms value).

While these wvalues may be taken provisionally for
reference for design purpose, tests are to be encour—
aged to improve knowledge, taking into consideration
that lower strength values were obtained in laboratory
conditions.

Information about the strength under overvoltages and.
in presence of fire would also be of interest.
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12 CONCLUSIONS

by W.G.

The state of the art about the dielectric strengt- of
external insulation has been reviewed in the previous
chapters aiming to give up dated information for
insulation design. The following conclusions and
indications for future research can be derived from
the analysis of present state of knowledge.

- Knowledge about the dielectric strength under
transient overvoltages is now becoming well
established. However many aspects still deserve

further consideration.

= Many models of the discharge process have been
proposed: they are very wuseful tools for
rationalising the results, understanding the
effects of the various influencing parameters and
extrapolating the results. The models may alsc
permit development of better criteria for the
estimation of the dielectric strength with
reference to very low discharge probabilities,
which can not ©be easily explored by usual
experimental procedures.
Most of the mcodels are however semi-empirical and
deeper development of the basic physics of the
discharge process may permit big improvements. In
particular, understanding of discharge phenomena in
complex conditions is necessary, such as discharge
on Ilnsulator surface, under rain, under humidity
and pollution.

- The methods for the evaluation of the dielectric
strength under standard atmospheric ceonditicns and
under stapdard rain are generally sufficiently
accurate for design purposes. In a few cases, when
the knsulators significantly affpct the discharge,
the accuracy of the evaluation may be not
sufficient, thue suggesting specific investigation.

— Thae methods proposaed for the estimation of the
influence of alr density, including influence of

33.07

altitude, and the influence of air humidity are
generally sufficiently accurate. Studies to improve
the accuracy of the methods are however of inpterest
for a few cases, again when insulator surfacas are
involved in the discharge, in the case of smali
gapas and for very large gaps.

- General methods to evaluate the strength in non

standard environmental conditions {(e.g. in presence
of contamination, snow, ice, fires} are not
available. Further experimental research and
modelling {s necessary to improve knowledge of the
dielectric strength in these conditions.
The research have also to consider aspects of
emerging 1mportance, such as the dielectric
performance of insulators under acid rain, leading
toe high surface copductivity.

- Finally, there are some areas that still require

investigation by the Working Group to enhance the
ugsefulness of these Guidelines to the electric
power transmission, distribution and utilisation
industry, and these areas form the bases of the
continuing activity of the Working Group.
When coordinating the information in these
Guidelines with the documents being prepared by IEC
TC 78, Tools for Live Working, it has become
apparent that the understanding of specific issues
still need to be advanced. These include the
applicable values of gap factors, minimum approach
distances, critical wave shape(s} for evaluation of
sparkover, the effect of the complexity of line and
station electrical equipment configurations,
movement of a conductive "object" inte and through
the air gap, and new work technigues. This issues
impinge upon the work practices, and alsoc on the
ugse of varicus items of tooling and eguipment {e.g.
helicopters, conductor carts, robots, portable gaps
for transient overvoltage controls} during
energized work.



Le CIGRE a apporté le plus grand soin a la rédisation de cette brochure thématique numérique afin de vous
fournir une information complé&te et fiable.

Cependant, le CIGRE ne pourra en aucun cas étre tenu responsable des préudices ou dommages de quelque
nature que ce soit pouvant résulter d’ une mauvaise utilisation des informations contenues dans cette brochure.

Publié par le CIGRE
21, rue d' Artois

FR-75 008 PARIS

Tél.: +3315389 1290
Fax : +3315389 12 99

Copyright © 2000

Tous droits de diffusion, de traduction et de reproduction réservés pour tous pays.

Toute reproduction, méme partielle, par quelque procédé que ce soit, est interdite sans autorisation préalable.
Cette interdiction ne peut s appliquer a I'utilisateur personne physique ayant acheté ce document pour

I'impression dudit document a des fins strictement personnelles.
Pour toute utilisation collective, priére de nous contacter asal es-meetings@cigre.org

The greatest care has been taken by CIGRE to produce this digital technical brochure so asto provide you with
full and reliable information.

However, CIGRE could in any case be held responsible for any damage resulting from any misuse of the
information contained therein.

Published by CIGRE
21, rue d’ Artois

FR-75 008 PARIS

Tel : +33153891290
Fax:+33153891299

Copyright © 2000

All rights of circulation, translation and reproduction reserved for all countries.

No part of this publication may be produced or transmitted, in any form or by any means, without prior
permission of the publisher. This measure will not apply in the case of printing off of this document by any

individual having purchased it for personal purposes.
For any collective use, please contact us at sales-meetings@cigre.org




