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Measurements  with rodrod and rod-plane gaps result in a lage sdter in the vaues of breskdown voltage
ad cetan gep digances The scater in the figures depends on the change of the corona mode The transtion
in predischarges a cetan gep digances rexlts in two different breskdown voltages. It is shown that this
scatter can be obseved with al invedigated voltage shapes (dternating and direct voltages, lightning and
switching surges). The paper dso deds with the posshilities of influencing the scatter of the velues of bresk-

down voltage.

1 Introduction

In recent years, many experiments have been con-
ducted on the breakdown mechanism of airgaps With jn-
homogeneous fields. Most of the tests have indicated the
influence of corona behaviour on the flashover mechanism.!-3
As aresult of these investigations at short distances, the
primary processes, the physical behaviour of the predis-
charges and the transition of predischarges into the final
breakdown, have been partly explained. However, from the
engineering point of view, it is also important to know the
values of breakdown voltage, their scatter, the physical
caises of the sdter, and the way to influence them.

Especially with lightning impulses, the breakdown voltage
a ocetan dzes of airgap having an inhomogeneous fidd dis
tribution shows a large unexplained scatter.” 6 7 The paper
shows that the scatter in the breakdown voltages of airgaps
at large distances can be explained by the consideration of
predischarges.

For the technical application of ajrgaps as protection gaps
or asreferences in the design of electrical apparatus, know-
ledge of the scater in the vaues of breskdown voltage is very
important. It is also necessary to know how this can be
influenced.

Therefore, in the experiments performed, the range of
breakdown voltages observed was that in which a large
scatter occurs. The physical cause of the scatter in break-
down voltages is normally the corona discharge, and tests
were conducted with various voltage waveshapes to demon-
state that the variation in the corona behaviour changes the
breakdown voltage for al these wave shapes. If the different
possibilities that influence the breakdown voltage are known
it is possible to design the apparatus in such away that the
influence is optima or  beneficia.

2 Test arrangement and test procedure

All tets were peformed on veticd rod-plane or rod-
rod gaps in air. The shape of the rod electrode was either
hemispherical, pointed, with a 0-3mm-radius tip, or blunt-
edged; the diameter of the rod was 20mm. Investigations
were carried out with direct voltages, alternating voltages
(50Hz), switching surges of 60/525us and lightning surges of
1-2/50 us. The breakdown voltage was always corrected to
normal atmospheric conditions (20°C, 760torr, 11gf /m?).3

For direct and alternating voltages, the mean value of the
breskdown voltage was detemined with 20 flashovers. These
were entered on the probebility paper in accordance with the
method given by Heming and Wartmann.®

The results of impulse tests were also obtained from the
probability paper. Every flashover probability was measured
with at least 20 impulses.® For a normal distribution of the
flashover probebility, the 50 9 breskdown voltage was deter-
mined with about 7 x 20 impulses. For mixed distributions,
the number of shots can be seen from the Figures
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3 Results
Within a cetan range of gap didances a lage scater

in the breakdown voltages can be observed with all voltage
shapes. In Fig. 1, a measured example shows the principal
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50 % breakdown voltages for a rod-plane gap with positive switching
surges

behaviour of breskdown voltage & a funcion of gap digtance
including that range for a rod-plane ggp with postive switch-
ing surges. For this gap arrangement, a transition range can
be observed at a distance of 20cm < a < 100cm. At gap
distances greater than 100cm, the relationship between the
50 9 breskdown voltage and the gap digance is characterised
by a normal distribution, resulting in only one 50% break-
down voltage for a given gap distance. All the following
measurements pertain to the transition range.

On the probahility paper, one can often recognise this range
of the mixed distribution of the flashover probability in
impulse voltages or of the cumulative curve in the flashover
voltages with alternating and direct voltages. From the
statistical point of view, amixed distribution means that two
different parameters influence the flashover mechanism. Such
a dtudion can be chaacterised by two meen vaues and two
standard deviations, which are obtained by dividing the
mixed distribution, according to the rules of statistics, into
two normal distributions (Fig. 2).

In Fig. 2, the mixed didribution of the flashover probability
is divided into two normal distributions. For this 50cm rod-
plane gap (shape of the dectrode 2cm-diameter hemisphere)
with switching surges, the 50 9/ breskdown voltage is given by
two values (U, = 263kV, U, = 391kV). These two values
areentered in Elg. 1, and it is evident that the 50% val ues of
Fig. 1 are received by only one measurement at every gap
distance. For adistance of 20cm < a < 100¢m, the measure-
ments resulted in mixed distributions. When only one para-
meter is responsble for the flashover, a Gaussan didribution



of the breakdown voltage for airgaps with inhomogeneous
fields will normally result (Fig. 2a, pointed electrode). It is
dso posshle to obtan a norma digribution in the transtion
range, when one parameter is dominant.
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Flashover probability of 50 cm rod-plane gap with positive switching
surges
Parameter: shape of the electrode

20 impulses

XX XX 20 impulses
a Pointed .
b 2cm-diameter hemisphere

For airgaps with inhomogeneous fields it is logical to
investigate the corona behaviour to seek an explanation for
the scatter in the values of breakdown voltage. This can be
illugrated  in  three ways, each method contributing a  different
physical explanation:

(a) Each corona mode will be associated with a different
current across the gap.1®

(b) Photographic records of the corona modes can also
indicate the two different types of the predischarge
(Fig. 3).1420 The light emission can dso be measured with
a photomultiplier, with photographic paper placed  between
the eectrodes, or with an image convertor.

(c) Owing to the change in the kind of predischarges, the time
to breakdown will be influenced by the altered distri-
bution of space charge.10-!1

Fig. 3

Photographic record of corona behaviour of 50¢m rod-plane gap
with positive switching surges

a 2cm-diameter hemisphere
U = 250kV
streamer  corona

b 2 cm-diameter hemisphere
U = 250kV
leader corona

¢ Pointed electrode
[/ = 250kV

leader corona
d Pointed electrode
U = 190kV

leader corona

The connection between a mixed didribution in the flashover
probahility and the physcd cause of it will now be illustrated
on one example with method (b). If one considers the pre-
discharges for a 50cm rod-plane gap with switching surges,
one can observe the streamer corona (Fig. 3a) or the leader
corona (Fig. 3b). In about 509 of al impulses, the leader
corona can be observed. Owing to this alternative corona
behaviour, a mixed distribution in the flashover probability
appears (Fig. 2), because two different parameters influence
the flashover mechanism. For the leader corona, the break-
down voltage corresponds to the lower breakdown voltages
of aout 263 kv, wheress for the dreamer corona, the higher
vaues will be measured. This can be illusrated with the change
of the shape of the electrode. With a pointed electrode,

instead of a 2¢m-diameter hemisphere, the flashover prob-
ability is characterised by anormal distribution. The values

of the breakdown voltages correspond to the lower break-
down voltages of the mixed distribution (Fig. 2). The photo-
graphic records of the predischarges for the pointed electrode
always show the leader corona (Figs. 3¢ and d). Thus the
mixed digtribution, which is suggeted by daisticd methods
can be explained by the different corona behaviour. The
dependence of the breakdown voltage on the gap width also

paints to this conclusion.!

For the investigated waveshapes, the change in the corona
behaviour and the consequent scatter in the values of break-
down voltage will now be discussed, and some of the possble
ways of influencing this scatter will be congdered.

The most important parameter in this respect is the vol-
tage waveshape, since the corona-discharge mode is closely
dependent on the wave shape.? For example, with lightning
surges there is no associated glow corona.l? 13
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Fig. 4
Flashover probability of 50cm rod-plane gap by different voltage
waveshapes with positive polarity

a Direct voltage
b Lightning voltage 1-2/50
¢ Switching voltage 60/525

Fig. 4 gves a compaison of the didribution of breakdown
voltages with various voltage wave shapes of postive polarity
for arod-plane gap of 50cm. For this gap distance a transi-
tion range is observed only with postive switching surges, and
in this case the transition of streamer corona into leader
corona is the physical reason for the mixed distribution, as
we have just seen.!4 With lightning impul ses and with direct
voltages, the breskdown occurs only from the dreamer corona
The defined corona behaviour reults in a smdl scatter of the
breakdown voltages for the two latter waveshapes.

A further example of the influence of voltage wave shapes
on the characteristics of breakdown voltages is shown in
Fig. 5. For the negative rod-rod gap with an electrode
spadion of 50cm, the flashover probability of the lightning
voltage and tha of the switching voltage is characterised by
mixed distributions. Many results reported in the literature,
particularly for lightning impulses, show a large scatter in
the values of breakdown voltage, but no explanation is
given.1-6.7 In both cases, the physical cause of the mixed
digribution is the corona behaviour of the eathed eectrode
The onset voltage of the earthed anode is reached, and the



breakdown may be either preceded by a streamer corona or
may take place without any predischarges on the earthed
electrode. The lower breakdown voltages of the mixed distri-
butions belong to the flashover following the streamer corona
at the anode.!4: 15 Note that the tests with lightning impul ses
are performed with about 6000 impulses.

parameter that influences the transition range is thearrange-
ment of the gap, and, especially for rod-rod gaps, the height
of the earthed electrode. In Reference 18, it has been reported
that the corona behaviour of a rod-plane gap will be affected
when the electrode configuration is reversed. For lightning
impulses, the influence of the height of the earthed electrode
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Flashover probability of 50cm rod-rodgap by different voltage waveshapes with

negative polarity
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a Direct voltage

b Lightning voltage 1-2/50
¢ Switching voltage 60/525

For the gap arrangements investigated, the transition ranges
with different voltage wave shapes are compared in Table 1.
Further examples of observed transition ranges, especially
those associated with alternating voltages, are given in the
literature.16: 17 Table 1 shows that only at certain distances is
a transition range possible. In most gap arrangements, a
normal distribution occurs, as is known from the literature.
But, although the mixed distribution is only possible at a
small range of gap distances, it is very important from the
engineering point of view to know where this range occurs
and how it can be influenced.

It is almost impossible to define precisely the limits of
transition ranges as these depend on several parameters. One

Table 1

upon the 50% breakdown voltage of a5Q¢m gap isgivenin
Fig. 6. In this case, the corona behaviour of the high-voltage
electrode, the cathode, does not change in any essential way;
however on the earthed electrode, from a certain height of the
rod (h > 70cm) and over, corona may or may not occur.
Presence of corona on the anode leads to a lower breakdown
voltage.!> For heights of the earthed rod of below 70cm,
the flashover probability is characterised by a normal distri-
bution (Fig. 6). A similar effect can be observed in other
transition ranges for alternating and direct voltages and for
switching surges.:14

The next parameter that can influence the breakdown
voltage in the transition range is the shape of the electrode.

MEASURED TRANSITION RANGE FOR DIFFERENT VOLTAGE WAVESHAPES

Voltage wave shape Gap arrangement Shape of electrode Predischarge " Gap distance
| cm
Lightning impulse negative  rod-plane | blunt-edged 2cm-diameter | diffuse glow corona streamer corona 5< a<60
1-2/50 hemisSphere on the cathode 5<a<3s
negative rod-rod 2cm-diameter hemisphere | no corona | streamer corona 30 La <9
blunt-edged on the a}node
pointed no corona | streamer corona 15<a<40

on the anode

Switching  impulse positive  rod-plane | 2cm-diameter hemisphere | streamer corona | leader corona 20 < a < 100
60/525 on the anode
positive  rod-rod 2cm-diameter hemisphere | streamer corona | leader corona 30gax<125
on the anode
negative rod-rod 2cm-diameter hemisphere | no corona | streamer corona 40 <a<125
on the anode
negative  rod-plane | blunt-edged diffuse corona | streamer corona 10 <a <55
on the anode
Direct  voltage positive  rod-rod blunt-edged glow corona | streamer corona a > 50
on the anode
positive  rod-plane | 2¢m-diameter hemisphere | glow corona | streamer corona 20 < a < 60
on the anode
Alternating  voltage | rod-plane pointed ) streamer corona leader corona a > 50
rod-rod 2cm-diameter  hemisphere 9g/m3 < ¢, < 20g/m3




The results of measurements with lightning impulses verify
this statement (Fig. 7). With a 2cm-diameter hemisphere
dectrode on the eathed side of the rodrod gap, it is possble
to obsave a mixed didribution for the flashover probability.
When the hemisphericd anode is replaced by a pointed eec-
trode, a normal distribution results. The reason for thisis
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Influence of height of earthed electrode on 50% breakdown voltage
of a 50 c¢m rod-rod gap with negative lightning impulses
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Influence of shape of electrode on flashover probability of 40cm rod—
rod gap with negative lightning impulses

o 0o 0 imFulses
x x X 20 impulses

a 2 cm-diameter-hemisphere/2 = cm-diameter-hemisphere
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Influence of corona on high-voltage lead 01 breakdown voltage of
25cm sphere-plane gap with positive direct voltages

a With corona on the lead
b Without corona on the lead

that the field on the anode is far beyond the onset voltage.
The effect of the influence of the shape of the electrode was
do discused ealier (g 2.

The above two parameters alter the static electric field. It
should be pointed out that this fidd can be influenced dso by
the geometry of surroundings and the high-voltage connection.
This observation has been confirmed by calculations and
measurements of the onset voltage on sphere gaps made by
Steinbigler, !9

It is also very interesting to observe that the breakdown
voltage, as shown in Fig. 8, can be influenced not only by
the resutant dectric fidd (induding spacecharge  effects),  hut
also by discharge products of those predischarges that occur
away from the investigated electrode, e.g. the high-voltage
lead. Positive ions produced by streamer corona on the
vertical high-voltage lead may move into the interelectrode
space, thus affecting the dectric fidd and thereby causng the
breskdown voltage to rise Thus the onset voltage rises with
consequent alteration of the gap distance for which the
transition from breakdown without predischarge to that with
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Fig. 9
Alternating breakdown voltages of 70cm rod-rod gap with pointed
electrode
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Influence of source impedance on breakdown voltage of 40cm rod-
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streamer corona takes place. Once the electrode goes into
corona, the influence of corona on the high-voltage lead be-
comes negligible (Fig. 8 a = 180cm). At dl these teds shown
in Fig. 8, the standard deviation was smaller than 2%.

For the development of the predischarge, the atmospheric
conditions are also important, in particular the humidity. In
the test represented by Fig. 9, the streamer corona and the
leader corona can be observed as the two causes of the
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mixed distribution. For reduced absolute humidities, only
the streamer corona would be observed, while for higher
absolute humidities the breakdown occurs from the leader
corona.2?

It shoud be noted that the source impedance of the voltage
generator also has an influence on the breakdown voltage in
the transition range.!'> For 1-2/50 us lightning impulses, for
example, with the 40cm rodrod gap with negative excitetion,
the influence of the source impedance on the breakdown
voltage can be observed. For the higher source impedance,
corona discharge on the earthed electrode always takes place
(Fig. 10).

4 Conclusions

Based on results of tests with alternating and direct
voltages, as well as with switching and lightning surges applied
to rod-plane and rod-rod gapsin air, it is concluded that the
change in the corona mode a gap eectrodes Sgnificantly in-
fluences the breakdown voltage. The predischarge process
itslf is detemined by the waveshape of the applied voltages
by the arangement of the gap, by the shape of the dectrodes
by the geometry of the surroundings, by the atmospheric
conditions and by the source impedance. The possible varia-
tion in predischarges is associated with the observed large
scatter of breakdown voltages.

For an optimad design of dectricd apparatus, the transtion
range and its physical cause must be known. Only with this
knowledge is it possble to explan the obseved large scater
in results from comparative tests.57
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