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ABSTRACT

This paper presents investigations on positive streamer discharges propagating in
air along the surface of two non-mixing dielectric liquids. By measuring the cur-
rents associated with the streamer discharge propagating along the surface of the
two non-mixing liquids for varying ratio of their volume, we analyzed the effect of
the dielectric constant (the capacitive effect) and the surface properties. Especially,
we separated and quantified the magnitude of each contribution. Two different
combinations were studied: silicone oil together with glycerol and transformer oil
together with glycerol. For these material combinations, we found that the influ-
ence of the dielectric constant is about 3 times larger than the effect of the surface
properties. Further, by using a simple model of the streamer discharge, we deter-
mined with a 3D field calculation program the capacitive behavior of the two non-
mixing dielectric materials for varying ratio of their volume. We found that, in or-
der to obtain the observed capacitive dependence, the streamer must propagate lit-
erally on the insulator surface.

Index Terms — Streamer discharge, dielectric liquid mixtures, silicone oil,

glycerol, transformer oil, dielectric constant, surface properties.

1 INTRODUCTION

HE increased use of electronic devices in our

modern society implies a higher demand on the quality
of the electric power supply. In many practical situations,
it is found that the quality of the electric power is deter-
mined by the performance of the insulating elements used
in the power generation and transmission utilities. The
traditional materials used for outdoor insulation have un-
til recently been glass and porcelain. However, insulators
made of these materials are heavy, brittle, and compli-
cated to manufacture. In recent years, therefore, there has
been a trend to replace these insulators with polymeric
materials. These new materials are easier to manufacture
and there is a large flexibility in the choice of their prop-
erties. A lot of damage is caused by the electrical break-
down over the insulators which can affect their insulating
properties. This has led to an increasing demand for the
understanding of characteristics of discharges over dielec-
tric surfaces. The results of the research on this topic will
contribute to the understanding of interaction between
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surfaces and discharge processes, especially, the develop-
ment of pre-discharge phenomena (like streamers) on in-
sulating surfaces. These processes, which always precede
the actual flashover, are initiated when the applied volt-
age in the system is approaching the critical breakdown
value.

Streamer discharges have been studied extensively, both
theoretically and experimentally. However, the mecha-
nisms governing the characteristics of streamer discharges
along an insulator surface are very complex and are still
today not solved [1-5]. In our previous study [6], we com-
pared the characteristics of streamer discharges propagat-
ing in air and along different insulating surfaces. Clear
differences were detected between the investigated mate-
rials and a discussion was presented which elucidated some
possible mechanisms contributing to the observations. Es-
pecially, it was shown that the dielectric constant is one
important parameter which will affect the characteristics
of the streamer. The other suggested mechanisms were
related to the properties of the surface itself, for example
the ionization potential of the surface, the effect of charge
accumulated or deposited on the surface, etc. However,
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although, the previous work clarified the various possible
mechanisms, it was not possible to quantify the individual
contributions and therefore it was difficult to conclude in
general why the investigated materials differed in their
appearance when introduced in the stressed electrode gap.
In this report we have continued those previously con-
ducted investigations. Especially, our main goal is to an-
swer the question: How can we separate the effect of the
dielectric constant from the surface properties when a
streamer is propagating along the surface of an insulator?
In this report we present a method to accomplish that by
changing the relative volume of two non-mixing liquids and
measuring the corresponding streamer currents. Indeed,
the method not only separates the dielectric constant ef-
fect from the surface properties but also offers a quantifi-
cation of these two individual contributions.

2 EXPERIMENTAL DETAILS

An arrangement with a quasi-uniform electric field dis-
tribution between two parallel plane electrodes was con-
structed for this experiment, same as the one used in our
previous studies [7, 8]. A negative dc voltage U, applied
across the two plane electrodes provided a uniform aver-
age electric field E, defined as E = U, / d where d = 35
mm is the gap distance. The two parallel electrodes (made
of brass) were 90 mm in diameter with Rogowski profile.
A sharp, insulated, needle was placed at the centre of the
anode (grounded electrode) through a 16 mm diameter
hole on it. The needle was subjected to a step impulse
voltage of 5 us duration and magnitude 3 kV for trigger-
ing streamer discharges. The needle length in the gap (i.e.,
from the tip to the surface of the anode) was 3 mm, and
the diameter of the needle was 0.35 mm. In the experi-
ment, the voltage applied on the needle, the currents on
the needle and cathode were measured. The optical radi-
ation from streamer discharges also was detected by two
optical fibres, one placed close to the needle tip and the
other close to the cathode surface. Detailed description of
the set-up and the measuring system can be found in [7,
8].

A Plexiglas box (of dimensions 120 X 35 X 65 mm?®)
was introduced between the two Rogowski electrodes, see
Figure 1. On both sides of the box, at the upper part (the
part which is just over the liquid surface), a thin plastic
film (0.3 mm) was placed in order to prevent the liquid
from dropping out of the box during the measurements.
The plastic film was thin in order not to inhibit the
streamer propagation. At one side of the box there was
made a small hole which allowed the needle to enter into
the box to generate the streamers above the dielectric sur-
face. The box was filled with two non-mixing dielectric
liquids to the edge of the Plexiglas. The protruding insu-
lated needle was placed at a height of 3 mm above the
non-mixing dielectric liquids. The reason for choosing this
height was to come as close as possible to the uppermost
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Figure 1. Illustration of the Plexiglas box containing two non-mix-
ing dielectric liquids. The dimensions of the box are also noted in the
figure.
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Figure 2. A cross-section of the Plexiglas box placed in-between the
plane electrodes of the three-electrode system. The box is filled with
the two non-mixing dielectric liquids, liquid 1 and liquid 2 as marked
in the figure. H is the height (thickness) (in mm) of the uppermost
liquid.

liquid surface but still not being in contact. The total
thickness of the two liquids was 48 mm (excluding the
thickness 2 mm of the Plexiglas box) as illustrated in Fig-
ure 1. The total volume of the two non-mixing liquids was
~ 172ml (116 X 31 X 48 mm?). It was possible to change
the amount of each liquid by a hole placed at the upper
side of the box. To achieve this, we used a 1 ml and a 5 ml
pipette with a pro-pipette to put and remove certain
amounts of liquid. A Plexiglas plate was also fixed to the
top of the box in order to mount the optical fibers at right
position in the gap. Finally, the two electrodes were put in
contact with the sides of the box to get an effective gap
distance of 35 mm. Figure 2 presents a cross section of the
final arrangement composed of the three electrode gap
and the Plexiglas box containing the two non-mixing di-
electric liquids.
During the experiment, three different dielectric liquids
were considered:

e Glycerol, €. = 46

e Silicone oil, €, = 2.2-2.9

e Transformer oil, €, = 2.3

Of these three materials, glycerol has the highest mass
density and so will sink to the bottom if combined with
either of the two other liquids. The electrical difference
between the three dielectrics is that the permittivity (which
is a bulk property), €,, of glycerol is substantially higher
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than the two others, as indicated above. The difference in
dielectric constant between transformer oil and silicone
oil is negligible. In the paper, we will refer to them as
equal in magnitude each of them having the value €, = 3.
The silicone oil (AK350, supplied from Wacker Chemie
GmbH) was a polydimethylsiloxane (PDMS) fluid with
viscosity 350 mm?/s and a number average of molar mass
of the polymer, M, = 14000 g/mol.

The measurements were performed in air under the fol-
lowing atmospheric conditions: temperature 25 °C, pres-
sure 101.1 kPa and relative humidity 30%. These parame-
ters were constant during the measurements because the
experiment was conducted in a climate controlled room.
The starting point of every experiment was to fill the box
with one liquid, record streamer currents for a given back-
ground field and needle voltage. Then, level by level the
initial liquid was covered by an increasing layer of the sec-
ond liquid (obviously, the same amount of the first liquid
was removed before that). At each level, streamer data
were recorded until the second liquid finally filled the box.
In this way, we obtained the streamer currents at the nee-
dle and cathode and associated light signals from the
propagating streamer as a function of the relative volume
of the liquids. We conducted measurements for silicone
oil combined with glycerol and transformer oil combined
with glycerol. The reasons for choosing these two combi-
nations was to change the liquid existing at the top and in
that way observe possible differences due to surface prop-
erties.

3 RESULTS OF MEASUREMENTS

3.1 PRESENTATION OF A STREAMER
SIGNAL AND COMPARISON OF
STREAMER CURRENT IN AIR AND ALONG
THE DIELECTRIC LIQUIDS

Figure 3 shows one example from the performed mea-
surements. It illustrates the simultaneous record of the
needle and cathode currents for a streamer discharge
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Figure 3. Simultaneous measurements of the needle and cathode
current and light associated with a streamer propagating in air along
glycerol in a 500 kV/m background field.
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event in the presence of only glycerol. The corresponding
signals from the optical fibers placed at the needle and
the cathode are also shown. The applied background field
was 500 kV/m and the needle voltage was 3 kV. In the
presented streamer signal, we notice the initial transients
in the currents caused by the capacitive electromagnetic
noise when the square voltage impulse is applied to the
needle. The end of this square impulse is also visible in
the needle current; it appears as a quite fast negative shift
at time 5 us after the start of the impulse. The streamer
discharge event is the signal occurring at time 1.2 us after
the application of the impulse on the needle. A corre-
sponding light impulse is collected at the optical fiber
placed at the needle. In our previous study [7], the current
on the needle has been identified as a conduction current
meanwhile the current at the cathode is a displacement
current corresponding to the advancement of the positive
streamer in the gap from the needle towards the cathode.
By using the optical fiber placed at the cathode, one can
determine if and when the streamer has arrived at the
cathode. In Figure 3, there is almost no light detected at
the fiber close to the cathode, meaning that in this partic-
ular case a very small amount of the light from the
streamer has passed the fiber at that position. This would
then mean that there is charge remaining or deposited in
the gap, presumably at the surface of the glycerol.

From Figure 3, we can obtain the peak current at the
needle and at the cathode respectively. These two quanti-
ties, especially the peak of the needle current, will be the
main data taken from the streamer signals when analyzing
the effect of the dielectric constant and the surface prop-
erties presented in section 3.2.

We can compare the current signals of streamers prop-
agating in air alone and along two of the dielectric liquid
surfaces, namely glycerol (e, = 46) and silicone oil (e, =
3). In Figure 4 is presented the current at the needle in
the case of only glycerol and only silicone oil respectively.
In the figure is also included the measurements with only
air. Each signal corresponds to a different streamer dis-
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Figure 4. Comparison of the current measured at the needle for a
streamer propagating in air, along the surface of glycerol and silicone
oil respectively. The background field was 500 kV/m and the needle
voltage was 3 kV.
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charge event. Again, the background field in each case
was 500 kV/m and the needle voltage was 3 kV. The graph
illustrates that the current magnitude at the needle is sig-
nificantly larger for glycerol compared to silicone oil. Also,
the current magnitude for silicone oil is somewhat larger
compared to the case of air alone. Another interesting ob-
servation in the figure is the large oscillations present in
the signal for the case of silicone oil and glycerol com-
pared to the case of only air. Especially, one can see that
the oscillations become larger for increasing magnitudes
of the dielectric constant. One possible explanation could
be the relatively larger capacitance of the electrode sys-
tem when introducing the dielectrics in the gap.

3.2 EFFECT OF THE DIELECTRIC
CONSTANT AND SURFACE PROPERTIES

The increase of the magnitude of the streamer current
in the presence of a dielectric material compared to air,
presented in section 3.1, indicates an increase of the ion-
ization intensity. This increase of the ionization rate can
be attributed to the field enhancement due to the relative
permittivity of the dielectric but also to surface properties
like the ionization potential of the surface, the presence
of accumulated charge at the surface prior to streamer
propagation, etc, as discussed in our previous study [6]. In
this section we will use the experimental procedure ex-
plained in section 2 to study the separate contributions of
the capacitive effect and surface properties. Two investi-
gations will be performed, one in which the silicone oil is
floating at the top and the glycerol is at the bottom and
another in which the transformer oil is floating at the top
meanwhile the glycerol is again located at the bottom.
Section 3.2.1 presents the results of the first case mean-
while section 3.2.2 presents the second situation.

3.2.1 SILICONE OIL FLOATING OVER
GLYCEROL

Figure 5 presents the magnitudes of the current peak at
the needle as a function of the height (thickness) H (in
mm) of silicone oil floating over the glycerol in a back-
ground field of 500 kV/m. The figure shows the results of
10 individual events performed for each particular height
H of silicone oil. Note from Figure 5 that the measure-
ments were performed only for the height H in the range
0-5 mm (corresponding to the volume 0 — 20 ml of sili-
cone oil). Only this range of heights H are interesting to
analyze since the effect of the dielectric constant will be
more pronounced with increasing amount of glycerol
(which has the higher value of dielectric constant). From
the figure, it is evident that there is a quite big dispersion
of the data. The dispersion of the peak current is about
0.03 A with values ranging from 0.02 to 0.07 A. In order
to simplify analysis of the results, we have calculated for
every level (or height H) of silicone oil an average value of
the peak current magnitudes. The average was formed us-
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Figure 5. The streamer current peak (mA) at the needle as a func-
tion of the height H (mm) of silicone oil floating above glycerol in a
background field of 500 kV/m. In the figure is shown the results of
10 individual events performed for each particular height H of sili-
cone oil.
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Figure 6. Polynomial curve fit of the average streamer current peak
(mA) at the needle as a function of the height H (mm) of silicone oil
over the glycerol. The extrapolated point from the fitted curve at
H — 0 is different than the actual measured point at H = 0.

ing the 10 individual events obtained at each particular
silicone level. Figure 6 shows the corresponding results
using the data presented in Figure 5.

We have also included in the figure the measured re-
sults of the streamer current in the case of only air, sili-
cone oil and glycerol (solid lines in the figure at current
magnitudes 0.0202 A, 0.0272 A and 0.0591 A, respectively).
Even these measurements are formed by taking the aver-
age of 10 events. The figure also shows a curve-fit of the
averaged points for varying height H of the silicone oil
using a polynomial function. The curve-fit has been made
using all measured data points except the point corre-
sponding to the glycerol surface, that is H = 0. Indeed,
this is also the interesting fact that can be deduced from
the measurements. By extending the calculated fit to the
height H = 0 of silicone oil, the behavior of the glycerol
and silicone oil combination can be investigated.

From Figure 6 we can see that when the amount of
glycerol is increased, the streamer current magnitude in-
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creases more and more. However, since the surface prop-
erties of glycerol are not yet active, this increase must be
only due to the dielectric constant of the glycerol. Indeed,
what is going on here is that we are artificially changing
the dielectric constant of the silicone oil from 3 to 46 when
increasing the amount of glycerol. In the limit when the
silicone oil volume is zero, that is H = 0, we can see from
the extended fit that the increase in the streamer current
due to the change in the dielectric constant from 3 to 46
would be about 2.6 times the value obtained for the sili-
cone oil only (that is 0.0722/0.0272). However, when we
compare the measured point for the real glycerol surface
with the extended fit at H = 0 we notice that there is a
slight shift between these values. This means then that the
real glycerol surface does not behave as the fictitious sili-
cone oil material. Thus, the difference in current magni-
tude must be due to the effect of the glycerol surface
properties compared to the silicone oil material. So we
can see that we have quantified the capacitive contribu-
tion compared to the surface properties. The change in
the current magnitude due to the increase of the dielec-
tric constant is about 0.045 A, meanwhile the change due
to the effect of the surface properties is about 0.013 A.
Thus, the influence of the dielectric constant is about 3
times larger than the effect of the surface properties. An-
other interesting thing that can be observed from the graph
is that the experimental point at H = 0 is shifted down-
wards compared to the point obtained from the fit. This
would imply then that for the same dielectric constant,
the streamer current is higher with the silicone oil surface
properties than with the glycerol surface properties. It
means that the silicone oil surface is aiding such that a
higher streamer current is obtained compared to the glyc-
erol surface, and this effect is only due to the surface
properties.

3.2.2. TRANSFORMER OIL FLOATING OVER
GLYCEROL

Figure 7 shows the averaged peak current amplitudes at
the needle as a function of the height H (range 0—5 mm)
of transformer oil floating over the glycerol in a back-
ground field of 500 kV/m. Also here the average was
formed using 10 individual events obtained at each partic-
ular transformer oil level. The average for only air, trans-
former oil and glycerol are also included in the figure each
with values 0.0202 A, 0.0309 A and 0.0533 A, respectively.
Note, that there is a slight discrepancy in the measured
value for the average current peak in the case of only glyc-
erol shown in Figures 6 and 7. This is most probably due
to the scattering of the data in the new sequence of mea-
surements. In the figure is again included a polynomial
curve fit of the results. As can be seen, we have more or
less the same behavior as with the silicone oil floating over
the glycerol. This time the increase in the streamer cur-
rent due to the change in the dielectric constant from 3 to
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Figure 7. Polynomial curve fit of the average streamer current peak
(mA) at the needle as a function of the height H (mm) of trans-
former oil floating over the glycerol.
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Figure 8. Illustration of the geometrical configuration used in the
simulations.

46 is about 2.4 times the value obtained for the trans-
former oil only (that is 0.0741,/0.0309). If we neglect the
discrepancy in the measured values for glycerol shown in
Figures 6 and 7, we see that there is no big difference
between the silicone oil surface and the transformer oil
surface. They behave more or less the same. Especially,
both of them seem to enhance more the streamer current
compared to the glycerol surface properties.

4 RESULTS OF SIMULATIONS

We have used a 3-dimensional field calculation pro-
gram (called ANSYS [9]), which is based on the finite ele-
ment method to determine the electric field distribution
in the three-electrode system in the presence of the two
non-mixing dielectric materials. The purpose is to check
whether we can reproduce numerically the observed de-
pendence on the dielectric constant that we have in the
measurements. Especially, we want to calculate the
streamer charge (which basically corresponds to the time
integral of the needle current) as a function of the relative
amount of the two dielectric materials placed in the elec-
trode gap. A very simplified model of the streamer propa-
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gating along the surface was used in the simulations. The
streamer was represented as a cylindrically conducting
channel which is in contact with the needle electrode. The
streamer channel had a radius of 50 wm and was termi-
nated with a half sphere at its tip. This representation of
the streamer might not be the most appropriate but is used
because of its simplicity. In the simulations performed, we
assumed that the conducting channel of the streamer was
extending out 1 cm from the needle electrode. In the
measurements, the insulator surface was placed 3 mm be-
low the needle electrode. If we would assume that the
streamer propagates straight, then the height of the
streamer above the surface should be chosen as 3 mm.
However, this assumption of the streamer height might
not be true because although the streamer is initiated from
the needle tip it might be attracted to the insulator sur-
face and eventually propagate on the surface itself [10]. In
order to investigate the height dependence of the
streamer, we have made simulations for two different
heights above the insulator surface, 3 mm and 1 mm, re-
spectively. The insulator materials used in the simulations
were assigned the dielectric constants €, = 3 and €, =
46, respectively (where the first one was placed at the top).
The background field was 500 kV/m and the needle was
stressed with a constant voltage of magnitude 3 kV. Fig-
ure 7 shows a picture taken directly from the ANSYS-pro-
gram showing in detail the geometrical configuration used,
including the extending streamer channel. The height of
the streamer above the surface is 3 mm in the illustrated
case.

Figure 9 shows the charge in the streamer channel as a
function of the height (thickness) H of silicone oil (or
transformer oil) above the glycerol. The calculated values
of the streamer charge have been divided with the magni-
tude when only the material with €, = 3 is present. The
results of the simulations for the two different streamer
heights above the uppermost insulator surface 1 mm and
3 mm respectively are included in the figure. Note from

Normalised streamer charge

0 5 10 15 20 25 30 35 40 45

Height of silicone (or transformer) oil H (mm)

Figure 9. Results of simulations of the normalised streamer charge
as a function of the height H of silicone (or transformer oil) above
glycerol. Results are shown for two different heights (1 mm and 3
mm respectively) of the streamer above the uppermost surface.

Figures 6 and 7 that the measurements were performed
only for the height H in the range: 0—5 mm of silicone oil
(or transformer oil), meanwhile the simulations shown in
Figure 9 are performed for the whole range of heights H
(from 0-48 mm). The main conclusion that can be drawn
from the diagram is that the capacitive behavior which we
observed in the measurements when we increased the di-
electric constant of the silicone oil (or transformer oil) is
rather well reproduced in behavior (it is increasing when
we increase the amount of glycerol) but not exactly in
quantity. In the measurements we had a factor of about
2.5 times the value for only silicone oil or transformer oil
when we increased the dielectric constant from 3 to 46.
According to the simulations, however, we observe only a
factor of about 1.3 when we increase the dielectric con-
stant from 3 to 46. The second curve in the diagram shows
the results when the streamer height is 1 mm above the
insulator surface. Interestingly to see, we have now a
higher contribution of the capacitive effect. This indicates
therefore that when the streamer comes much closer to
the insulator surface (it should literally propagate on the
insulator), then the simulations would most probably at-
tain a better quantitative agreement with the measure-
ments.

5 CONCLUSIONS

Y measuring the currents of streamer dis-

charges propagating in air and along different liquid
dielectric surfaces, it has been possible to study the effects
of the dielectric constant and the effect of the surface
properties. First, it is clear that the presence of the dielec-
tric surface increases the magnitude of the streamer cur-
rent; this is mainly due to an enhancement of the electric
field at the tip of the streamer because of the dielectric
constant of the material which is higher than for the air.
But, the main result of our study is the proof that there
are also some surface properties of the material which af-
fect the streamer. This was expected before but here we
have been able to observe it experimentally. Especially we
have quantified the contribution of each separate effect.
Further, by using a simplified streamer model we could
simulate with a 3D field calculation program the capaci-
tive behavior and compare with the measurements. We
found in general a good agreement between the measure-
ments and the simulations. However, we discovered that
the streamer height above the surface is an important fac-
tor. In order to quantitatively reproduce the measure-
ments the streamer must propagate literally on the sur-
face itself.
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