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EXPERIMENTAL RESULTS WITH SMALL AIR
GAPS: FURTHER THOUGHTS AND COMMENTS ON
THE DISCHARGE (OR CHARGING PHENOMENA)
BELOW THE SO–CALLED INCEPTION VOLTAGE

Michael G. Danikas — Nikolaos Vrakotsolis
∗

There has been some research effort on the problem of possible partial discharges (or charging phenomena) below the
so-called inception voltage in both solid and gaseous dielectrics. In the present paper, we offer more experimental results
on the existence of random partial discharges for a range of small air gaps at electric fields corresponding to the inception
voltage or below it. There are strong indications that random partial discharges (or charging phenomena) appear in air gaps

greater than those at which discharges normally take place. The connection of the present results with those of previous
work is discussed. Some thoughts on possible future work are proposed.
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1 INTRODUCTION

Research on very small partial discharges has already
been reported [1]. The problems arising from possible
small partial discharge activity — not always detected
by the discharge detectors — have also been discussed in
various publications [2, 3]. In these papers, it is indicated
that very small partial discharges may cause damage to
the insulation even below the so-called inception level.
The consequences of such discharges for the insulation
lifetime are obvious.

Previous published work tackled the question of small
random discharges in small air gaps and it was indicated
that such discharges appear in air gaps larger than the air
gaps at which normally breakdown takes place [4]. Such
small discharges may influence the breakdown voltage
and the lifetime of the air insulation. The present paper
is an extension of previously published work.

2 ELECTRODE ARRANGEMENT

AND EXPERIMENTAL PROCEDURE

In this work, as was also the case for [4], a small
Greinacher generator was used [5]. The generator pro-
duces invariably 7.5 kV. This voltage applies to a needle-
plane electrode arrangement with the needle electrode
having a radius of 0.3 mm. The discharges were detected
with a typical R–C circuit (R = 150 kΩ, C = 39µF).
This detecting circuit registered discharges for a variety of
gap spacings. The discharge waveforms — as were regis-
tered by an oscilloscope (described briefly below) — were
in the range of µs. As is understandable from the above,
the time constant of the detecting circuit was much higher

than the discharge decay-time constant [5]. A Greinacher
generator (which is, in the context of our work, a fixed
voltage source) was used because it was thought more
convenient to study such phenomena with a single polar-
ity rather than with an AC voltage. The polarity of the
DC voltage was negative.

Normally, when the experimental set-up discharges,
Trichel pulses are produced. These pulses are shown on
the screen of a Tektronix oscilloscope (type 7623 A, band-
width 20 MHz). As was noted in [4], there is freedom
of movement of the lower plane electrode with respect
to the upper needle electrode. The distance between the
electrodes was measured with feeler gauges.

The electrode arrangement normally discharges when
the air gap is 1.80 mm (in other words, the inception volt-
age for this gap is 7.5 kV). With the gap set at 1.80 mm
(and certainly with smaller air gaps) the recorded dis-
charges are continuous. Having in mind that the voltage
is fixed at 7.5 kV, it would be interesting to see whether
discharge phenomena persist — even intermittently —
at air gaps larger than 1.80 mm. If this is the case, that
would be an additional indication of the fact that dis-
charge phenomena may appear for electric fields below
the inception field. Moreover, evidence of such discharge
events will be given in the form of oscillograms.

3 REGISTRATION SYSTEM OF DISCHARGES

AND CALCULATION OF ELECTRIC FIELDS

An expanded view of the needle-plane electrode sys-
tem is shown in Fig. 1. The recording of partial dis-
charges was carried out with a detecting and counting
electronic circuit which incorporated a programmable
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Fig. 1. Expanded view of the needle-plane electrode arrangement.

Table 1. Results of tests performed with a gap spacings of 2 mm,

2.05 mm and 2.10 mm. Also shown the testing time, the number of
discharges, and the maximum field Emax .

Gap Testing Number Maximum
spacing time of electric field
(mm) (min) discharges Emax (kV)

2 30 19 15.05
2 30 10 15.05
2 30 513 15.05
2 30 1125 15.05
2 45 7161 15.05
2 45 3721 15.05
2 60 3537 15.05
2 120 14310 15.05

2.05 120 12 14.95
2.05 120 231 14.95
2.05 120 105 14.95
2.05 120 45 14.95
2.05 60 0 14.95
2.10 120 0 14.84
2.10 120 4 14.84
2.10 120 10 14.84
2.10 75 0 14.84
2.10 120 0 14.84

micro-controller. The latter is programmed in order to
register and to add discharge pulses which are applied at
its input, ie discharges which occur in the air gap. It was
experimentally found that the smallest pulse duration,
which can be measured, is 12µs . The control of pulses
was performed every 10µs , consequently, there was suffi-
cient time for the elaboration of each pulse by the micro-
controller [6]. In Fig. 2, the whole experimental arrange-
ment is shown.

The maximum electric field Emax which is developed
at the tip of the needle electrode is given by

Emax = 2sEavg/[r ln(1 + (4s/r))] (1)

where, Emax is the field at the needle tip, Eavg is the
average electric field applied in the air gap (Eavg =
V/s), s is the electrode gap spacing and r is the ra-
dius of the needle tip [7]. Having in mind that s =
1.80 mm, the applied voltage V = 7.5 kV (hence, Eavg =

7.5/1.80 = 4.16 kV/mm), r = 0.3 mm, we have that
Emax = 15.59 kV/mm.

4 EXPERIMENTAL RESULTS

AND DISCUSSION

In a previous publication, we set the distance between
the electrodes at 2 mm (a distance distinctly larger than
1.80 mm) and the discharge phenomena became intermit-
tent [4]. In the present work, a distance of 2 mm gave
again intermittent discharges. Furthermore, gap spacings
greater than 2 mm gave also random discharges. That
happened up to the air gap of 2.10 mm. The following
Table 1 gives in detail the results regarding the testing
time, the number of discharges for the gap spacings of
2 mm, 2.05 mm and 2.10 mm and also the corresponding
Emax (it should be noted that the values shown in this Ta-
ble are not the values of all performed experiments. They
are just values of some experiments). Evidently, there is
still discharge activity even above the gap of 1.80 mm
(which, we repeat, is the gap giving normally discharges).
For gaps greater than 2 mm, random discharges are ob-
served. The number of discharges — as the gap increases
— decreases substantially. Such intermittency represents
another validation of the conclusion offered by Bruning
and colleagues, namely, that even below the so-called in-
ception voltage (or inception field) discharges can indeed
appear [2, 3, 8, 9].

An objection which can be raised — talking about
discharge phenomena below inception — is the follow-
ing: how can somebody talk so freely about ‘discharge
phenomena’ below inception? If there are indeed ‘dis-
charge phenomena’ below inception, then can we rightly
say that there is a lower inception voltage than the one we
thought to be valid? Such objections raised by Muhr [10],
who proposed the term ‘charging phenomena’ instead of
‘discharge phenomena’. In fact, no matter if we define
them as ‘discharge’ or ‘charging’ phenomena, the truth is
that these phenomena occur below the so-called inception
level. However, evidence from some oscilloscope measure-
ments of the registered pulses may convince the reader
that the aforementioned phenomena are discharges and
not just charging events.

Discharge pulses were registered with a digital Tek-
tronix oscilloscope type TDS 224 and of bandwidth
100 MHz. The observed pulses are shown in real time on
the screen of a computer with the aid of suitable software
(Wavestar). The latter gives the possibility to process
and to store the various pulse shapes. In Fig. 3, discharge
pulses with an air gap of 1.80 mm are shown. In Fig. 4,
discharge pulses with an air gap of 1.90 mm are shown.
In Fig. 5, discharge pulses with an air gap of 2 mm are
registered. The shape of the pulses does not apprecia-
bly change even for an air gap of 2.05 mm (Fig. 6). It
is observed that the pulse shape changes when the air
gap becomes 2.10 mm (Fig. 7). In Figs. 3–6, the shape
of the pulses was pointed, which seems to suggest that
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Fig. 2. Experimental arrangement used. By ‘electronic circuit’
is meant the detecting and counting circuit incorporating a pro-

grammable micro-controller which transferred the number of
recorded pulses to the PC (personal computer).

Fig. 3. Discharges with an air gap of 1.80 mm which were registered
after a test period of 10 min (200 V/Div, 1 ms/Div). The shape of

the recorded waveforms suggests a Townsend type of mechanism.

Fig. 4. Discharges with an air gap of 1.90 mm which were registered
after a test period of 26 min (100 V/Div, 1 ms/Div). The shape of
the recorded waveforms suggests a Townsend type of mechanism.

Fig. 5. Discharges with an air gap of 2.05 mm whch were registered
after a test period of 55 min (50 V/Div, 1 ms/Div). The shape of
the recorded waveforms suggests a Townsend type of mechanism.

a discharge mechanism being probably of the Townsend
type is at work, whereas in Fig. 7 the shape of the pulse
shows a pulseless mechanism. What does this mean? It
probably means that there is a change of discharge mech-
anism as the air gap gets larger. The discharge from the
pulse-type transforms into a pulseless discharge which
indicates the existence of a glow discharge mechanism.
Such transitions — from pulse to pulseless discharges —
have been already observed in other insulating materials
[11–14]. Furthermore, it is evident from [15], that pulse-
less discharges in cavities in epoxy resin have a shape
similar to that of Fig. 7. Again, according to [15], the ap-
pearance of such discharges does not minimize the danger
for the insulation. This might suggest a common denomi-
nator regarding partial discharge transition mechanisms,
no matter if these take place in air or in a solid dielectric.
This suggestion, however, has to be further validated.

In [4], we wrote that discharges with an air gap of
2 mm become intermittent. This holds true also for the
present publication. At 2 mm, discharges were recorded
that were erratic. Indeed, sometimes discharges in their
thousands were registered (see Table 1), whereas in other

experiments very few discharges were recorded (eg , for
a test duration of 30 min, on one occasion only 19 dis-
charges were recorded, in another test of equal dura-
tion only 10 discharges and yet in another test 1125 dis-
charges). By looking the results of Table 1, one might say
that these are not always repeatable. The non repeatabil-
ity of some of the results of the discharges may be due to
the fact that such phenomena are inherently statistical.
Regarding the long-lasting discharge activity, as is the
case in this work and bearing in mind that the polarity
of the needle is negative, this depends on the developed
space charges. To be more precise, in the vicinity of the
needle electrode, the electric field is greatly enhanced, the
ionization region, however, is reduced. The consequence
is that ionization might be terminated. The role of the
needle surface should also be taken into account. The
output work from the needle may also be slightly mod-
ified since the duration of discharge activity takes sev-
eral tens of minutes and this in turn may influence the
sporadicity of the discharges. The above seem to be in
agreement with those mentioned in [5, 7]. Consequently,
there is a qualitative agreement between the results of
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[4] and the present paper, where a similar behaviour was
noted. The discharges — as the air gap increases to val-
ues of 2.05 mm and 2.10 mm — are rendered even less
numerous and more intermittent. No one may say for the
time being with certainty whether such discharges — few
in number and occurring randomly — are dangerous for
an insulation. The fact is that they exist and as such they
deserve the attention from the part of the researchers and
other people concerned.

A further interesting point raised is that of Table 2.
This Table shows the duration of the registered discharges
and the change of the pulse height as the air gap changes.
It is obvious that as the air gap increases, the duration
of the discharges shows a somewhat increasing tendency
(not that evident from Table 2 in which the detailed mea-
surements are not shown). An opposite tendency is ob-
served regarding the pulse height. The pulse height de-
creases with increasing air gap. At an air gap of 2.10 mm,
the duration becomes far too great, in the range of ms. It
is precisely at this point in time that we get the transition
from pulse to pulseless discharges.

Table 2. Table showing the air gap, the pulse magnitude and the

duration range of the pulses.

Gap spacing Pulse height Range of discharge
(mm) (V) duration (µs)

1.80 290–520 100–300
2 12–125 60–100

2.05 8–120 100–400
2.10 65 6 ms

5 PROPOSALS FOR FUTURE WORK

Sporadic discharges may occur as the gap spacing in-
creases beyond a ‘critical Value’. Such discharges may af-
fect the insulation. The results of this paper — as well as
those of [4] — agree with previous published work on solid
insulating materials [2, 3]. Discharges not easily detected
by conventional methods, especially if such events appear
at/or below inception level, may indeed cause deteriora-
tion to an insulating system as was already reported [16].
We thus have strong indications on discharge events and
their possible deteriorating role but not conclusive enough
evidence. To do that, more similar research is needed on
a variety of insulating materials (gaseous, solids and liq-
uids) and also with a variety of electrode arrangements.
Such research has not yet been undertaken, probably be-
cause it requires significant funding from the part of uni-
versities, research institutes and industry. It is, however,
a task which has to be carried out. Recent work com-
ing from companies and high technology research groups
gives hope that the time for such a task has finally come
[17].

A further point, strictly concerning the present work,
which concentrates on discharges (or charging phenom-
ena) in small air gaps below the so-called inception volt-

age, would be to take into consideration the way the elec-
trodes are affected by the discharge activity. It is thought
that such activity would change somehow the surface of
the electrodes involved, and thus the difficulty with which
charges would abandon these surfaces. In other words, the
effects of electro-erosion should be taken into account and
should be studied. Although the subject of the erosion of
electrodes at or above inception voltage has already been
investigated [18], little is known regarding the behaviour
of the metallic surfaces at voltages just below the so-called

inception. Furthermore, an arrangement with a faster os-
cilloscope should be used. An oscilloscope, possibly in
the range of GHz, would register much faster discharge
events and, consequently, would give more precise and de-
tailed information on the gap spacings “critical values”.
Such an approach has already been tried with success
for enclosed cavities in solid dielectrics, albeit not with
air gaps [19]. Needless to say that, in this case, a power
source of greater versatility, than the one used in recent
papers [4, 20], should be used in the future. A variable
output voltage may give more substance to our claims,
for a greater range of gap spacings. If this is realized,
a comparison with already published results on similar
experiments may be carried out [21].

The present work stresses the fact that evidence exists,
which points out that even below the so-called inception
voltage, discharges (or charging phenomena) are possi-
ble. If this is so, then the classical formulae giving the
lifetime of an insulation have to be modified [2, 22]. In-
deed, if what is claimed in the present publication is true,
there is probably not a threshold electrical field (or volt-
age) below which no material damage is expected, i.e. no
deterioration takes place. In other words, the well known
equation L = c(V − V0)

−k (with L time to failure, V
the applied voltage, V0 the voltage below which no dete-
rioration takes place and k a constant) may be reduced

to L = cV −k . As was noted in [2], “most equipment de-
signers use this empirical relation without having settled
the fundamental question as to whether V0 = 0 or not,
since empirical experiments in reasonable time periods
cannot distinguish between the two forms”. Future work
should look at discharges (or charging phenomena) below
inception voltage also in connection to electric field (or
voltage) threshold and the above mentioned equation.

Finally, it must pointed out again that the work car-
ried out in this paper concerns discharges in air, with
small non-uniform field gaps without considering space
charges. It is suspected by some, that the discharge pulses
noted in Figs. 3–6, may be due to significant current den-
sities related to volume charge densities at the point elec-
trode [23]. This aspect should be seen in some detail in
the future, in connection to the field enhancement in the
vicinity of the point electrode together with the extent of
the ionization region [24].

Last but not least, further elaboration should be done
with respect to the data of the registered discharges re-
garding their magnitude and their number. Since it is



250 M.G. Danikas — N. Vrakotsolis: EXPERIMENTAL RESULTS WITH SMALL AIR GAPS: FURTHER THOUGHTS AND . . .

Fig. 6. Discharges with an air gap of 2.05 mm which were registered
after a test period of 40 min (20 V/Div, 500 µs/Div). The shape of

the recorded waveforms suggests a Townsend type of mechanism.

Fig. 7. Discharge with an air gap of 2.10 mm which was recorded
after a test period of 54 min (20 V/Div, 2 ms/Div). The shape of

discharge suggests a pulseless type of mechanism.

known that both the pulse magnitude and the pulse in-
terval distributions may contribute to the error arising
from the resolution times in cumulative counting, correc-
tion factors should be calculated so that a better use of
the existing counting system can be made [25].

6 CONCLUSIONS

Using a non-uniform electrode arrangement, this pub-
lication gives some experimental data on random dis-
charges that may appear even in air gaps greater than
the maximum gap which is related to continuous dis-
charge phenomena. It is shown that the discharges change
from the pulse-type to a pulseless-type as the air gap be-
comes larger. The present experimental data offers ev-
idence, namely, that discharges (or charging phenom-
ena) are possible even below the so-called inception volt-
age. This publication also supports evidence presented by
other researchers on similar phenomena below inception
with solid dielectrics.
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