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Abstract —Transformer oil is one of the insulating liquid used more frequently for electrical insulation purpose. The
dielectric strength of oil gap in divergent electrode systems in presence of insulating barriers has been the subject of
only few studies contrary to the air gap where numerous works have been reported. In a gaseous or liquid insulation
system of high voltage machines, the insulating capability in the available space can be improved by inserting an
insulation barrier in the gap, which alters the space charge distribution. When the discharge develops, the
accumulation of charges on the surface of barrier makes the barrier to behave as a floating plane electrode, and the
electric field between the barrier and the plane electrode becomes uniform leading to increase in the breakdown
voltage. This improvement in the insulation strength called the Barrier effect has been investigated.

The result obtained by the experimental investigation on breakdown characteristics of transformer oil under non-
homogeneous field conditions (Cone-Sphere electrode system) as well as moderately homogenous field conditions
(Sphere-Sphere electrode system) under alternating (50 Hz) voltage stresses taking into account the effect of gap
length and the influence of electrode covering by solid insulators as barriers has been reported. The effect of electrode
covering is reported for different types of solid insulating materials. It has been concluded that the effectiveness of the
barrier depends mainly on the barrier position, its thickness and dimension as well as its constituting material. The
experimental results of the barrier effect will help the manufacturers while dimensioning and designing some
insulation structure like power transformer.
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I INTRODUCTION

High voltage transmission of electrical energy has made immense strides during the last decades, and also the
high voltage transmission system will be used increasingly in the near future [1]. For some of the equipment, transformer
oil/polymer will be the electrical insulation system. So, electrical breakdown characteristics of transformer oil may lead
to spectacular consequences on the quality and reliability of high voltage networks. The insulation design of high voltage
transformer can only be optimized if the electrical strength properties of the insulation system are precisely known. The
main insulation materials used in a power transformer are oil, paper and pressboard. These insulating materials are
known to experience homogeneous as well as non-homogeneous field conditions.

Breakdown voltages of homogeneous and non-homogeneous field gaps are known to be largely affected by
inserting thin dielectrics “barriers” in the gaps; this is called barrier effect. Thus, it is of great interest to study the
influence of such barriers on the breakdown voltage in transformer oil.

The long term performance characteristics of transformer oil is highly difficult to understand, the reason being
that the transformer insulation is subjected to thermal, mechanical and electrical stresses causing multi factor ageing
which necessitates to study the characteristics of aged transformer oil.

The polymer barrier used with the transformer oil should not contaminate the oil by dissolving in it, thereby
reducing the electric strength of oil/performance of barrier. In the recent times it is expected that oil/paper composition
will be replaced with oil/polymer composition because of low loss and high electric strength. The effect of transformer
oil on polymers have been studied and concluded that proper material should be chosen for such applications. [2]

With the above said in mind and also since the dielectric strength of oil gap in divergent electrode systems in
presence of insulating barriers has been the subject of only few studies [3-7] contrary to the air gap where numerous
works have been reported [8-12], the experimental study was planned to investigate the application of paper/polymer as
barrier in moderately homogenous field conditions (Sphere-Sphere electrode system) as well as non-homogeneous field
conditions (Sphere-Cone electrode system) under alternating voltage in transformer oil as medium.

1.  EXPERIMENTAL SETUP
2.3. Experimental Samples
Transformer Oil used in the experiment had a breakdown strength of 15 kV/mm at 20°C on 2.5 mm standard
sphere. It had a relative permittivity (&) in the range of 2.2 - 2.3; Dissipation factor of 0.001 at 50 Hz and the maximum
possible water content of 50 ppm. Polypropylene, Polystyrene and Kraft paper sheets were used as barriers having the
following specifications as given in Table 1.
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TABLE 1
Insulating Density Relative Dissipation factor | Thickness (average of 20 measurements)
Material (gm/cm®) Permittivity (£,) (at 50 Hz) (in micrometer)
Polypropylene 0.8 3.1 0.0004 14
Polystyrene 1.05-1.07 25-28 0.0002 184
Kraft paper 0.9 2-3 0.003 68

2.2. Sphere-Sphere Electrode Configuration

The spherical electrodes were made from brass. The diameter of each sphere was 13 mm and they were mounted
horizontally in a test cell made of Perspex with their axis 40 mm above the bottom of the cell. The internal dimensions of
the test cell were 60 mm x 110 mm x 120 mm. The test cell was filled with transformer oil. The gap between the
electrodes was adjusted by a micrometer (least count 0.01 mm) attached to one of the electrodes, the other electrode
being fixed. Before starting the experiment, both the electrodes were thoroughly cleaned, polished and washed with
alcohol. The insulating barrier was placed in vertical grooves on the two opposite sides (wall) of the test cell with gaps of
2 mm. For electrode covering, the barrier was placed in contact with the grounded electrode. Figure 1(a) and (b) show
the test cell and the schematic of the electrode assembly with insulating barrier.

2.3. Cone-Sphere Electrode Configuration

The conical and spherical electrodes were made from brass. The conical electrode had a diameter of 15 mm and
height 7.5mm with round edges. The spherical electrode was having a diameter of 13mm.The electrodes were mounted
horizontally in a test cell made of Perspex with their axis 40 mm above the bottom of the cell. The internal dimensions of
the test cell were 60 mm x 110 mm x 120 mm. The test cell was filled with transformer oil. The gap between the
electrodes was adjusted by a micrometer (least count 0.01 mm) attached to the conical electrode, the other electrode
being fixed. Before starting the experiment, both the electrodes were thoroughly cleaned, polished and washed with
alcohol. The insulating barrier was placed in vertical grooves on the two opposite sides (wall) of the test cell with gaps of
2 mm. For electrode covering, the barrier was placed in contact with the grounded electrode. Figure 2(a) and (b) show
the test cell and the schematic of the electrode assembly with insulating barrier.

2.4. Supply and Measurement of High Voltage

The high voltages were obtained from 30 KVA, 150 KV, 50 HZ, 1 phase testing transformer. The voltages were
measured using a voltmeter (accuracy + 1%) connected at the primary side of the transformer that read the low side
voltage. The corresponding high voltages were obtained from a calibration curve drawn using the sphere-sphere electrode
system using the diameter of 25 cm (1S-1876, 1961).

High Voltage Sphencal Electrode
/
S
~ /, /_\
\\):/\_/ Y ¢
B =
Micrometer

Solld lnsulator
(Barrier)

High Voltage Spherical Electrode

/“\

Micrometer |
Conical Electrode Solld Insulator
(Barrier)

Figure 2. (a) Test Cell and (b) Schematic of Electrodes for Cone-Sphere Electrode Configuration
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I1l. RESULTS

The measurement for barrier effect and electrode covering effect for the sphere-sphere and sphere-cone

electrodes configurations were made and are reported in Figures 3-7 and Figures 8-12 respectively.
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Figure 3. Barrier effect for ac voltage by the insertion of ‘Polystyrene’ in a 10 mm gap for Sphere-Sphere
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Figure 4. Barrier effect for ac voltage by the insertion of ‘Kraft paper’ in a 10 mm gap for Sphere-Sphere
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Figure 6. Barrier effect for different types of insulating materials for 10 mm gap for Sphere-Sphere Electrodes
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Figure 7. Effect of Grounded electrode covering with different types of insulating materials on breakdown voltage
for Sphere-Sphere Electrodes
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Figure 9. Barrier effect for ac voltage by the insertion of ‘Polystyrene’ in a 10 mm gap for Cone-Sphere Electrodes
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Figure 11. Barrier effect for different types of insulating materials for 10 mm gap for Cone-Sphere Electrodes
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Figure 12. Effect of Grounded electrode covering with different types of insulating materials on breakdown
voltage for Cone-Sphere Electrodes

IV. DISCUSSION
4.1. Sphere-Sphere Electrode Configuration

When the ac voltage is applied to one of the spherical electrodes and other spherical electrode is grounded, the
electric charges liberated from the high voltage electrode are unable to reach the grounded electrode because of the
presence of barrier placed in between the two electrodes and gets deposited on the insulating barrier. This gives rise to
stronger field on the grounded electrode side [13]. The variations of barrier locations verses breakdown voltages for 10
mm gap are given in Figures 3, 4 and 5 for Polystyrene, Kraft paper and Polypropylene respectively.

It is evident from the figures that when the distance ‘S’ between the barrier and the ground electrode increases
the breakdown voltage is slightly decreased and then increases remarkably resulting in much higher breakdown voltage
than that obtained with the covered ground electrode. The change in the breakdown voltage with the barrier location with
respect to the electrodes is discussed with reference to first, second and third regions as shown in the Figures 3, 4 and 5.

In the first region when the insulating barrier is very close to the ground electrode, there is a slight decrease in
the breakdown voltage. In the second region, the charge is distributed on the broader area of the insulating barrier and the
electric field profile becomes moderately homogeneous resulting in a higher breakdown voltage. However when the
barrier is very close to the high voltage sphere electrode i.e. in the third region, the distribution of charge on the barrier
shrinks in a very small area and hence the profile of the field gap becomes distorted and as expected the breakdown
voltage drops to a greater extent [13].

Figure 6 shows the variation in breakdown voltage for polypropylene is higher than that of the Kraft paper and
polystyrene. The effect of covering the ground sphere electrode is shown in Figure 7 for different insulating
paper/polymer film. The breakdown voltage is higher with covering the ground electrode as compared to bare ground
electrode. This is because the streamers generated from the high voltage electrode initially do not break the covered
paper/polymer film.

4.2. Sphere-Cone Electrode Configuration

When the ac voltage is applied to the conical electrode, and spherical electrode is grounded, the charges
(electrons) are liberated from the conical electrode due to corona discharge and move towards the spherical electrode and
become attached to the insulating barrier. The charge which is distributed on the paper/polymer film (barrier) makes the
electric field weaker on the cone side and stronger in the sphere region. [13]

The Figures 8, 9 and 10 shows the effect of barrier on breakdown of transformer oil under ac voltage for
different types of barrier materials for Sphere-Cone electrode configuration. It is evident from the figures that when the
distance ‘S’ between the barrier and the spherical electrode increases, the breakdown voltage is initially slightly
decreased and then increases remarkably resulting in much higher strength than that obtained with the covered ground
electrode. The change in the breakdown voltage generally follows the same variation as obtained with Sphere-Sphere
electrode configuration with respect to first, second and third regions.

Figure 11 shows the variation in breakdown voltage for polypropylene is higher than that of the Kraft paper and
polystyrene. The effect of covering the ground sphere electrode is shown in Figure 12 for different insulating
paper/polymer film. It is again observed that the breakdown voltage is higher with covering the ground electrode as
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compared to bare ground electrode. Further, increasing the number of layers of the barrier increases the breakdown
voltage. The above results are quite in agreement with the results described by Roser [14].

V. CONCLUSION

Barriers can influence the failure-stresses by effectively breaking up a large oil volume into smaller oil volumes
and by interfering with particle motion and partial discharge activity. Breakdown voltages are higher in the presence of
solid insulating barrier simply because the barrier prevents the discharges from bridging the gap. However, the failure
voltages are found to be a function of the location of barrier. Inclusion of barrier in the oil gap improves the breakdown
strength of the gap. In general, the increase in breakdown strength is maximum if the barrier is placed in the middle of
the oil gap irrespective of the type of barrier. The optimal position does not change when varying the thickness of barrier.
However, the increase of barrier thickness leads to an increase in the breakdown voltage.

The barrier effect for the moderately uniform field i.e. sphere-sphere electrode configuration has similar
variation as for the sphere-cone configuration. However the electrode covering effect for the sphere-sphere electrode
configuration is more linear in nature.

The study of the barrier effect and electrode covering using a thin insulating paper is useful in analyzing the
effect of space charge on the breakdown mechanism. Electrodes covered with insulating paper film give higher
breakdown voltage for transformer oil compared with those obtained with uncovered electrodes.
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