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ABSTRACT

Transformers are essential parts in the power system for voltage level conversion and maintaining the
power flow in the electrical power system, the stability of which is significant for the reliability of the
whole supply. The oil used in all transformers is used for insulating and cooling purposes. Degradation
of transformer oil occurs because of the ageing, high temperature and chemical reactions such as the
oxidation. It is also affected by contaminants from the solid materials. Therefore, the oil condition
must be checked regularly and reclaimed or replaced periodically, to avoid the sudden failure of the
transformer. In this paper, breakdown voltages (BDV) as well as dielectric dissipation factor (Tan J) at
some different oil conditions are measured. The effect of temperature variation, particle existence in
the oil and the water content are studied. The results explain that the aged oil at 80°C (heated for two
hours) provides a good dielectric strength than that fresh oil. The particles in the oil play an important
part for decreasing the BDV as well as giving worst value of tan d.

Keywords: transformer, Mineral oil, Breakdown Voltage (BDV), Dielectric Dissipation Factor
(tan 3), and water content.

1. Introduction

Transformers are one of the most expensive and strategically important components of any
power system, so that their proper and continuous function is important to system reliability. In
general, insulating materials will deteriorate under normal operating conditions. The aging rate
of any material is influenced by several external aging stresses: thermal, electrical, mechanical,
and ambient stresses [1]. Although there are test items required for transformer insulating oil
such as the density, Color, kinematic viscosity, pour point, flash point, total acid value,
oxidative stability, water content, breakdown voltage, dielectric loss tangent and volume
resistivity. No different test items are used for different types of insulating oil. These tests give
an early indication of the change in the dielectric properties and provide the useful information
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about the quality of the insulating oil. Several researches have been carried out to compare
between the properties of mineral and ester oils [2, 3, 4, 5, and 6].

The breakdown voltage of mineral insulation oil under the influences of moisture,
acidity, pressure and particles was systematically investigated in many researches [7, 8,
and 9]. In [10], the influence of copper ion on the aging rate of both insulation paper and
oil was investigated. The effect of the oil temperature and catalysts such as copper as well
as water contents on the BDV and dielectric dissipation factor for different mineral oil
samples (fresh and aged for two hours) are investigated.

2. Experiments setup

Experimental tests are carried out on transformers oil to determine experimentally their
electrical, physical and chemical properties. The explained tests were carried out in the
Extra High Voltage Research Centre and the Central chemical Laboratories, Egyptian
Electricity Holding Company (EEHC). The tests are carried out with fresh oil, used oil and
aged oil (heated for two hours) to measure the breakdown voltage, dielectric dissipation
factor (tan &) as well as the water contents. The effect of contaminants on the previous
properties is also investigated. The particles used in the test are 200,400,600 and 800mg of
red copper powder founded by the mesh of 0.6, 0.3 and 0.15mm. Some of oil samples are
taken from real transformers to compare its properties with the properties of the other oils
(fresh and aged oil) for Breakdown voltage test only.

Oil tester device with standard cell having two uniform copper electrodes 25 mm
diameter with a gap spacing of 2.5 mm according to IEC standard 156 [11]. Determination
of breakdown voltage of each transformer oil sample has been carried out according to the
IEC 156 testing procedure [12]. The apparatus used to carry out the tests is FOSTER OTS75
with automatic voltage rising up to 2kv/s. A schematic diagram of the electric circuit of the
system is given in Figure-1 gives the main configuration and dimensions of the test cell. In
the IEC 156 test the breakdown events are repeated six times, and then the average of the
breakdown voltage values is obtained and given as the breakdown voltage test result in kV.
The dissipation factor measurements are made according to IEC 60247 and the test cell for
atuomated insulation analyzer (type M4000), as shown in Figure 2, is used. Water content
was measured by Karl-fisher moisture titrator (MKC-500) in Central chemical Laboratories.
Air bubbles, water, and other foreign material is the usual cause of breakdown in the cell. If
the sample is allowed to stand in the cell for a short time before the test is made, the
entrapped air will have a chance to work out any foreign particles to settle to the bottom.

3. Results and discussions
3.1. Breakdown voltage (BDV)

The breakdown is the maximum voltage reached at the time the circuit is opened either
automatically (established arc) or manually (visible or audible discharge detect) [12]. The
volume of oil sample required for BDV cell lies between 300 ml and 500 ml. The voltage
is started approximately 5 min after filling the oil container and checked that no air
bubbles are visible in the electrode gap. Then apply voltage to the electrodes and increase
voltage uniformly from zero with rate of 2kV/s until breakdown occurs.

At ambient temperature, the breakdown voltage of 3 transformer oil types ( fresh, used
and aged ) without contaminants particle (copper) is investigated in Figure 3 and as
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shown, the breakdown voltage in case of aged oil (2 hour heated) is greater than the other

cases. The aged oil is not influenced by many of stresses like sparks, the decomposition of
the insulating paper and contaminants particle that produce in the oil
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Fig. 1. A schematic diagram of the apparatus used for the determination of transformer
oil breakdown voltage, the configuration and main dimensions of the test cell
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Fig. 3.The breakdown voltages for three oll type (fresh, aged and used oil).

The values of Breakdown Voltage for the 3 types of oil with red copper particles as
contaminant at ambient temperature are lower than that without red copper particles. It

refers that the harmful effect of the contaminants on the dielectric strength of the
insulating oil. This fact is shown in Figure-4.
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Fig. 4.The effect of oil type on the breakdown voltage with contaminants particle.

In Figure-5, the effect of the oil temperature on the breakdown voltage of the fresh oil
is illustrated. An increase of the oil temperature results in an increase in the breakdown
voltage. The normal oil temperature not exceeds 90°c for the transformer under working
and if temperature increased to 130° the oil may make transformer failure [10].
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Fig. 5. Effect of the oil temperature on the breakdown voltage.

Particle contamination in insulating oil may lead to a decrease of the breakdown strength. A
breakdown at relatively low voltage can happen if the oil is heavily contaminated with particles which
can form a bridge between the electrodes along the highest field intensity. Moreover, in the case that
particles exists in electrically stressed oil, it will cause a stream of water or vapor along with a
breakdown channel, further decreasing the electric strength of the oil. In Figure-6, 7 and 8, the effect of
200mg, 0.6mm red copper particles on the breakdown voltages at different temperatures for the fresh
oil is illustrated; the presence of the particles on the fresh oil will cause failure on the oil at low voltage.
Then purification of the oil is very necessary to prevent the breakdown of it.
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Fig. 8. Effect of the oil condition on the BDV.

In Figure-9, the effect of change of weight of red copper particles (200,400,600 and
800mg) founded by mesh of 0.6mm on the BDV. The BDV for the aged oil is decreased
with the red copper particles weight increase.

In Figure-10, the effect of change of weight of red copper particles (200,400,600 and
800mg) founded by mesh of 0.3mm on the BDV. The BDV for the aged oil is further
decreased with the red copper particles weight increase and may lead to transformer failure.
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Fig. 9. Effect of change of weight of 0.6mm red copper particles on the BDV of aged oil.

But in Figure-11, the effect of change of weight of red copper particles (200,400,600
and 800mg) founded by mesh of 0.15mm on the BDV is illustrated. The BDV for the aged
oil decreased more than the past two cases and that because of the very small size of these
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particles that makes it more homogenous with the oil and forming a bridge between the
two electrodes of the BDV tester, also it increase the conductivity of oil and decreases the
electric strength and causing the transformer failure.
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Fig. 10. Effect of change of weight of 0.3mm red copper particles on the BDV of aged ail.
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Fig. 11. Effect of change of weight of 0.15mm red copper particles on the BDV of aged oil.

In Figure-12 and Figure-13, the effect of change of weight of red copper particles
(200,400,600 and 800mg) founded by mesh of 0.6 and 0.3mm on the BDV of fresh oil.
The BDV for the fresh oil is further decreased (more than the same case with aged oil)
with the red copper particles weight increase because this fresh oil still have a humidity
amount that can increase the oil conductivity and decrease its dielectric strength.
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Fig. 12. Effect of change of weight of 0.6mm red copper particles on the BDV of fresh oil.
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Fig. 13. Effect of change of weight of 0.3mm red copper particles on the BDV of fresh oil.

But in Figure-14, the effect of change of weight of red copper particles (200,400,600
and 800mg) founded by mesh of 0.15mm on the BDV is illustrated. The BDV for the fresh
oil is failing down more than the other past cases and as shown, the behavior of this
sample is the same the aged oil sample with the same particles size that because of the
very small size of this particles makes it more homogenous with the oil and forming high
conductivity between the two electrodes of the BDV tester, also increase the conductivity
of oil and decrease the dielectric strength causing the transformer failure.
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Fig. 14. Effect of change of weight of 0.15mm red copper particles on the BDV of fresh oil.
3.2. Dielectric dissipation factor (tan o).

The tan & is measured according to IEC 60247 [13] using test cell for automated
insulation analyzer (type M4000). Air bubbles, water, and other foreign material are the
usual cause of breakdown in the cell. If the sample is allowed to stand in the cell for a short
time before the test is made, the entrapped air will have a chance to work out any foreign
particles to settle to the bottom.

Figure-15 shows the effect of contamination particles (200mg, 0.6mm of red copper
particles) on the tan dvalue of the transformer oil. Existence of the contamination particles
will lead to higher value of tan 8. Also higher temperature affects the value of tan 5as well
as the greater of the applied voltage the higher of tan svalue.

Figure-16 illustrates the difference between four oil samples under different temperatures
with red copper particles, the aged (heated for two hours) oil gives high values of tan dthan the
fresh oil that because the solubility of aged oil is lower than that of the fresh oil.



218
Ahmed Haassan et al., Further contribution for evaluating the aging of transformer oil of power ...

0.008

0.007 +
0.006
T
«© 0.005 Oo— —i
€
= 0.004 i - - —a
i L3
0.003
0.002
0.001 — — - e
0
2kv akv 6kv 8kv
Applied Voltage
—<=Tan & at 80 C with particles —#@—Tan & at 80 Cwithout particles
—a—Tan & at Amp.Temp with particles —#— Tan & at amb. Temp. Without particles

Fig. 15.Effect of particles at different temperatures on the measured tan ¢ of the
aged (heated for two hours) oil.
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Fig. 16. Effect of the oil type on the value of tan 5 at different oil temperature.

In Figure-17, the effect of temperature change ( at 40,60 and 80 ¢") on the transformer
oil without using red copper particles is illustrated.as shown in the graph, a direct
proportional relation between tan 6 and oil temperature is explained and it means when
increasing the temperature of fresh transformer oil, the tan § value alsow increase.
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Fig. 17. The effect of the change (at 40, 60 and 80c”) of oil temperature on tan &
value of fresh transformer oil without using red copper particles.

In Figure-18, the effect of temperature change ( at 40,60 and 80 c°) on the transformer
oil in case of using 200 mg of red copper particles founded by the mesh of 0.6mm is
illustrated.as shown in the graph, a direct proportional relation between tan & and oil
temperature plus copper particles is explained too.it’s the same behaviour for the fresh
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transformer oil without adding red copper particles with respect to the higher values than
the values of transformer oil without red copper pareticles.
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Fig. 18. The effect of the change (at 40, 60 and 80c°) of oil temperature on tan 6
measurement of fresh transformer oil using red copper particles.
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Fig. 19. Comparison between tan 6 measurements of fresh transformer oil using
and not using red copper particles.

Figure-19 shows the comparison between tan 6 measurements for the fresh transformer
oil in case of using and not using of red copper particles. There is a clear difference
between the two cases in measurement values but at general it shows the same behavior at
temperature increase for the two cases.
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Fig. 20. The effect of the change (at 40, 60 and 80c®) of oil temperature on tan 6
value of fresh transformer oil without using red copper particles.

In Figure-20, the effect of temperature change ( at 40,60 and 80 c”) on aged transformer
oil without using red copper particles is illustrated.as shown, a direct proportional relation
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between tan 6 and oil temperature is explained of the aged transformer oil and it means
when increasing the temperature of aged transformer oil, the tan § value alsow increase.
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Fig. 21. The effect of the change (at 40, 60 and 80c®) of oil temperature on tan &
measurement of aged transformer oil using red copper particles.

In Figure-21, the effect of temperature change ( at 40,60 and 80 c°) on the aged
transformer oil in case of using 200 mg of red copper particles founded by the mesh of
0.6mm is illustrated and as shown, a direct proportional relation between tan 6 and oil
temperature plus copper particles is explained too.it’s the same behaviour for the aged
transformer oil without adding red copper particles with respect to the higher values than
the values of aged transformer oil without red copper pareticles.

Figure-22 shows the comparison between tan 6 measurements for the aged transformer
oil in case of using and not using of red copper particles. The red copper particles affect
with a clear difference between the two cases in measurement values but at general it
shows the same behavior at temperature increase for the two cases.
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Fig. 22. Comparison between tan 6 measurements of aged transformer oil using
and not using red copper particles.

Figure-23 illustrate the temperature effect on eight oil samples (fresh and aged
transformer oil) under different temperatures without using of red copper particles, the
aged (heated for two hours) oil gives higher values of tan d than the fresh oil that because
the solubility of aged oil is lower than that of the fresh oil.
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Fig. 23. The temperature effect on eight oil samples (fresh and aged transformer
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Fig. 24. The temperature effect on eight oil samples (fresh and aged transformer
oil) under different temperatures with using of red copper particles.

In Figure-24, the temperature effect on eight oil samples (fresh and aged transformer
oil) under different temperatures with using of red copper particles is explained. The aged
(heated for two hours) oil gives higher values too of tan & than the fresh oil, so the
purification of oil is necessary to recover the oil solubility and dielectric properties

3.3. Effect of the Water Content

In Figures 25 and 26, we found some facts: 1- the relation between Tan & and
temperature is directly proportional, 2- the relation between Tan & and water content (ppm)
is inversely proportional, 3- the relation between water content (ppm) and Breakdown
Voltage is inversely proportional and 4- the relation between Tan & and Breakdown
Voltage (kV) is directly proportional. Therefore, if the temperature of the fresh oil is
increased (direct heat for 2 hours) therefore the water content is decreased (ppm value will
be lower), the Breakdown Voltage is increased (the spark occurs at higher breakdown
voltage) and Tan ¢ is increased also.
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4. Conclusions

In this paper, three oil samples (Fresh, Aged and used) are used to know the transformer oil properties
and to study the effect of accelerating thermal aging as well as red copper particles on the insulating oil
behavior. The accelerated thermal aging process (heated for 2 hours ) and the particles added
(200,400,600and 800mg of red copper powder) to the oil samples give different effects on the Breakdown
Voltage, Tan 6 and Water content of oil samples. And It was found from the experiments that:

1-

Red copper Particle contamination as an aging product decreases the dielectric
strength and may lead to the transformer oil failure.

The aged oil is not influenced by many of stresses like sparks, the decomposition
of the insulating paper and contaminants particle that produce in the oil.

The breakdown voltage of the aged oil is greater than that of the fresh oil because
the heat process reduces the humidity and bubbles that increase the conductivity
between the two electrodes of breakdown voltage tester.

An increasing of temperature increases the breakdown voltage too mention that the
normal oil temperature not exceeds 90°c for the transformer under working and if
its temperature increased to 130° the oil may make transformer failure [10].

Size of red copper particles (0.6, 0.3 and 0.15 mm) played an important role on the
electrical characteristics of transformer oil.

Also the weight of red copper particles (200, 400,600 and 800 mm) played an
important factor in the breakdown voltage of transformer oil.

Tan & of aged Oil experiences a significant increase along the aging process.

The Tan 6 of the aged oil is greater than that for the fresh oil at both cases with and
without red copper particles.
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9- The relation between Tan 6 and Breakdown Voltage (kV) is directly proportional.

10-Existence of the contamination particles will lead to higher value of tan .

11-Water content is an effective parameter in studying the electrical properties of
transformer oil. It is inversely proportional to the dielectric strength (BDV) and
dielectric dissipation factor (Tan 6).

12-When the humidity and bubbles decrease so the water content also decreases.

This research is consistent with what said about that most of the properties degraded with
respect to service aging [9] and stressed that the particle size can lead to the collapse of the
transformer oil properties of mineral oil, also in [2] and [5] talking about the characteristics of
natural, synthetic esters and mineral oil under the aging process and their conclusions was very
close to our results in this research. Extensive investigations still need to be performed on natural
and synthetic esters oil to analyze the effect of particles and temperature on their properties and to
determine whether natural, synthetic esters or mineral is the suitable transformer oil.
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Appendix: Numerical comparison between different measured results.

1- Breakdown Voltage Measurement Results.

Table 2.

Measurement results for the fresh oil without and with change of red copper particles weight and size at

Table 1.

Three oil samples (fresh, aged and used oil) measurement results.

Oil with 200 mg, 0.6mm red
copper particles

Oil without red copper particles.

BD,:{OTSSt Fresh Oil | Aged Oil Uosﬁd Fresh oil Agﬁd Used oil
1 37 45 30 31 38 20
2 41 47 23 29 40 15
3 39 50 18 33 39 14
4 40 51 18 32 41 16
5 40 55 15 34 42 14
6 39 54 16 33 41 13

ambient temperature.

Particle Size 0.15 mm Particle Size 0.3 mm Particle Size 0.6 mm

Bte'é;/ 0 | 200 | 400 | 600 | 800 | 200 | 400 | 600 | 800 | 200 | 400 | 600 | 800
No. |Mg| mg | mg [ mg | mg | mg | mg | mg | mg | mg | mg | mg | mg

1 |37 | 25 | 26 | 23 | 17 29 % | 22 | 18 31 20 | 25 | 23

2 | 41| 25 | 25 | 19 | 18 28 24 | 23 | 19 29 27 | 23 | 20

3 | 30| 20 | 27 | 22 | 14 2% 27 | 20 | 19 33 28 | 23 | 18

4 |40 | 26 | 23 | 18 | 14 29 23 | 21 | 17 32 2% | 24 | 19

5 |40 | 28 | 23 | 16 | 13 30 25 | 18 | 19 34 28 | 22 | 16

6 | 39| 25 | 22 | 16 | 12 27 24 | 20 | 15 33 25 | 21 | 16
Table. 3.

Measurement results for the aged oil without and with change of red copper particles weight and size heated
for 2 hours at 80c’.

Particle size 0.15 mm Particle size 0.3 mm Particle size 0.6 mm

Eie'é:/ 0 | 200 | 400 | 600 | 800 | 200 | 400 | 600 | 800 | 200 | 400 | 600 | 800

No. |Mg| mg | mg | mg | mg | mg | mg [ mg |mg | mg | mg [ mg | mg
1 | 45| 28 | 35 | 33 | 18 | 38 | 39 | 38 | 22 | 38 | 39 | 37 | 34
2 | 47| 31 | 36 | 34 | 17 | 40 | 37 | 36 | 21 | 40 | 42 | 37 | 33
3 | 50| 30 | 35 | 3 | 19 | 37 | 41 | 34 | 24 | 39 | 38 | 36 | 37
4 | 51| 33 | 36 | 36 | 16 | 41 | 39 | 38 | 21 | 41 | 40 | 20 | a1
5 | 55| 35 | 35 | 34 | 14 | 42 | 40 | 37 | 20 | 42 | 39 | 38 | 37
6 | 54| 34 | 37 | 31 | 13 | 41 | 40 | 37 | 19 | 41 | 39 | 37 | 35
Table. 4.

Measurement results for the fresh oil without and with adding 200mg, 6mm of red copper particles at
ambient and 80c’.

BDV test BDV at amb.temp. BDV at 80 ¢’ BDV at amb.temp. BDV at 80 ¢*
No. Without particles without particles With particles with particles

1 37 43 31 41

2 41 45 29 44

3 39 49 33 43

4 40 48 32 43

5 40 51 34 47

6 39 52 33 49
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Table. 5.
Measurement results for the fresh oil without and with adding 200mg, 6mm of red
copper particles at ambient and 80c”.

BDV test No. BDV at amb.temp BDV at 80 without BDV at amb.temp BDV at 80c
Without particles particles With particles with particles

1 45 49 38 23

2 47 51 40 25

3 50 54 39 28

4 51 55 41 27

5 55 58 42 25

6 54 57 a1 22

2- Dielectric Dissipation Factor tan d Measurement Results.

Table. 6.

Measurement results of dielectric dissipation factor (tan 8) of fresh oil under the change of oil temperature and
200mg, 0.6mm particles effect.

Measurements without adding particles Measurements with adding particles
KV at amp.Temp at40 C’ at60 C* at80C* at amp.temp at40C’ at60C° | at80C”
2KV 0.00018 0.00045 0.00091 0.0027 0.00022 0.00079 0.00162 | 0.00301
4 KV 0.00017 0.00043 0.00092 0.00273 0.00025 0.00083 0.00164 | 0.00303
6 KV 0.00017 0.00044 0.00094 0.00275 0.00021 0.00103 0.00168 | 0.00303
8 KV 0.00016 0.00045 0.001 0.00278 0.00026 0.00147 0.00172 | 0.00305
Table. 7.

Measurement results of dielectric dissipation factor (tan 8) of fresh oil under the change of oil temperature and
200mg, 0.6mm particles effect.

Measurements without adding particles Measurements with adding particles
KV | atamp.temp at40 C’ at60 C* at80 C* at amp.temp at40C’ at 60 C* at80 C*
2 kv 0.00056 0.00231 0.00421 0.00493 0.00382 0.00441 0.00619 0.00672
4 kv 0.00066 0.00235 0.00432 0.00504 0.00389 0.00528 0.0064 0.00684
6 kv 0.00075 0.00233 0.00433 0.00522 0.00395 0.00571 0.00658 0.00688
8 kv 0.00091 0.00236 0.00461 0.00528 0.00406 0.00596 0.00669 0.00697

3- Water Content (moisture) Measurement Results.

Table. 8.

Measurement results of Water Content (moisture)
of fresh oil under the change of oil temperature.

Temperature Moisture content
20 12 ppm
60 10 ppm
80 8 ppm
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