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Abstract

One of the problems encountersinimplementing vegetable oils (natural esters) as a transformer
insulating oil is their viscosity which is high. To addressthis problem, monoester derived from vegetable oil
was introduced. This paper deals with partial discharge (PD) behaviors of dry and moist samples of a
monoester type insulating oil, palm fatty acid ester (PFAE), under AC high voltage utilizing a needle plane
electrode configuration. Variations of average PD charge and PD number against the variation of voltage
application, as well as their polarity discrimination under both dry and moist sample conditions are
analyzed. PD pulses phase distributions of both dry and moist sample oils are elaborated. Finally, a
mechanism ofthe water molecules effecton PD behavior is proposed based on experimental results and
shown schematically.
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1. Introduction

It is well known that the presence of moisture in transformer decreases both mechanical
and electrical strengths of transformer insulation, thus degrades the owerall performance of the
transformer [1]. Water is one of a degradation product of oxidized oil as well as that of paper
insulation [2]. Moisture ingression could also happen when insufficient dry air entering the
transformer’s tank, or when there was a leakage on the gasket [3]. In addition, natural ester was
reported to attract more water than mineral oil from cellulose in oil/paper insulating system
under thermal aged condition [4-5]. Therefore, the moisture content of transformer oil in senice
increases over the time.

The effect of moisture content on PD activities in insulating oil has been studied by
seweral researchers. Apparent charge was reported to decrease slightly with the increase in
moisture content of mineral oil due to the shorter duration of PD pulses in moist oil, whereas PD
number increases significantly [6]. Partial discharge inception wltage (PDIV) decreased as the
moisture content increased. The remarkable reduction in PDIV was obsened in the sample with
the presence of water droplet [7]. Howewer, the different results were reported in [3]. The PDIV
of synthetic ester and mineral oil of Diala S4 ZX-I type increased with moisture content, whereas
that of mineral oil of Gemini X type is equal under dry and moist conditions. The PD number of
both mineral oils increased with moisture content, but that of synthetic ester decreased slightly.
The PD magnitude of all tested oils decreased as the moisture content rose at lower applied
wltage, but that of synthetic ester and Gemini X increased with moisture content at 38 kV
applied woltage or higher [3]. It is indicative from the mentioned literature that moisture content
alters the PD behavior of insulating oil, although its effect, whether the increase in moisture
content intensifies PD activities, or vice versa, has not been concluded.

In our previous work [8], we stated that PD activities in PFAE oils under relative
moisture content varying from 10 to 17 % exhibit similar behavior to that of breakdown event.
Namely, it was shown that PDIV, PD charge, and PD number do not have significant difference
in those oil samples. It is well known that breakdown woltage of insulating oils does not change
significantly when the relative moisture content increases up to about 10% and 30 % of unclean
and clean oils, respectively, and reduces remarkably when the moisture content is further
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raised [9]. The investigation of PD behaviors of insulating oil, particularly PFAE, at higher
moisture content is then important to be conducted.

This paper presents investigation results on PD behaviors of PFAE sample oils under of
two different moisture content conditions; dry and moist samples. PD properties like PD number
and awerage PD charge at different applied woltage lewels are investigated and analyzed. The
polarity of applied woltage at which the PD pulses occurred is discriminated and explored. The
mechanism of the water molecules effect on PD behavior is proposed and shown schematically.

2. Experiment
2.1. Sample

It has been recognized from our previous work [8,10] that moisture content up to 188
ppm, or about 17% relative moisture content does not cause a significant difference in PD
properties of PFAE such as PDIV, PD number, and average PD charge, as well as generated
combustible gases. That 17 % level of relative moisture content is possessed by the oil without
pretreatment before being used as an experimental specimen. The same sample was used in
this experiment to represent a sample of dry type.

Another sample representing moist condition was prepared by adding about 0.5 ml of
water into the PFAE oil having volume of 1000 ml. The sample was stirred at 500 rpm at 40 °C
for about 12 hours using magnetic stirrer.

2.2. Experimental Arrangement and Procedure

Oil sample was placed in a cylindrically shaped chamber made of an acrylic in which
electrode pairs of a needle-plane configuration was immersed. The photograph of the chamber
is depicted in Figure 1. The needle having tip radius of 10 um was used in conjunction with a
plane electrode having diameter and thickness of 68 mm and 5 mm, respectively. With an
acrylic of 5 mm thick on the plane electrode surface, the gap between the needle and acrylic
was 5 mm. The schematic view of electrode configuration is shown in Figure 2.
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Figure 2. Needle-plane electrode configuration. An
acrylic with the thickness of 5 mm was placed on the
Figure 1. Oil chamber used for PD surface of plane electrode, remaining a 5 mm gap

measurement between the needle electrode and the acrylic

PD was generated in each oil sample by applying AC high wltage on electrode pairs of
a needle-plane configuration. Partial discharge measurement was performed using a combined
Resistor (R), Detecting Impedance (DI) and CD6 detection system to compare PD magnitude
and PD phase distribution of PFAE at both positive and negative polarities of AC wltage
application. The schematic diagram of the PD measurement is shown in Figure 3. R detector
was used to discriminate the polarity of PD pulses, whereas combined DI and CD6 detectors
were used to measure the integrated apparent charge of PD pulses.

To investigate wltage dependence of PD charge and PD number, the experiment was
conducted by varying applied woltage. The application of wltage was started at 7 kV, and it was
increased with the increment of 1 kV up to 21 kV. At each wltage level, the applied wltage was
kept for about 2 minutes for conducting measurement. The 2 minutes measuring time was
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chosen to allow a relatively stable measurement while protecting the measuring device from a
possible damage caused by a long exposure to the discharge.

To study phase distribution of PD pulses, R detector was remowved, and PD pulses were
detected by combined DI and CD6 detector. The 60 Hz AC wltage waveform taken from the
tertier winding of transformer was used as reference. A wltage probe having a woltage ratio of
10:1 was used to step down the amplitude of AC wltage before being connected to the
oscilloscope.
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Figure 3. Experimental setup

3. Results and Analysis
3.1. PD Pulses Shape

Figure 4a shows an example of negative PD pulse burst containing 4 discreet pulses
(detected by R detector) and the corresponding integrated charge (detected by DI), obtained in
a dry PFAE sample at 15 kV. This kind of negative PD pulse burst was also obtained in [11].
Figure 4b shows an example of positive PD pulse and the corresponding integrated charge,
also obtained in the dry PFAE sample at the same condition as that of the negative one. The
difference in PD pulses shapes between the negative and the positive PD is due to the
difference in the formation mechanism. Under negative polarity of applied wltage electrons
required to trigger PD are injected from the field enhancement site at the tip of the needle
electrode, resulting in PD pulse burst containing one to sewveral discreet PD pulses [11]. When
the needle is positive, the initial electron comes from the oil side through a field ionization
mechanism [12], resulting in a more irregular and erratic PD pulses, having a duration between
0.5 to 6 ps [11]. It can also be seen from the Figure 4a and 4b that magnitude of positive PD is
much larger than the negative one. This behavior applies to both dry and moist samples, as will
be further elaborated in the next section.
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Figure 4. Examples of PD Pulses Shape and integrated PD charge; (a) Negative PD, and
(b) Positive PD. The time difference between PD pulses and the peak of integrated pulses is
due to the time delay of the amplifier of DI [13]
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3.2. Voltage Dependence

Figures 5a and 5b show the dependency of PD number on applied wltage in dry and
moist oils samples, respectively. Under dry condition as shown in Figure 5a, the PD numbers of
both polarities increase with applied wltage, and the increase of positive PD number (circle) is
much larger than the negative one (diamond). The situation is different in moist sample as
shown in Figure 5b. PD number of negative polarity increases drastically with the increase of
applied wltage, whereas that of positive polarity remains constant. The effect of the increase of
moisture content can be seen by comparing Figures 5a and 5b, especially at higher applied
wltage. It significantly reduces positive PD number and drastically increases the negative one.
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Figure 5. Variation of the PD number of oil samples with the increase of applied woltage

Figures 6a and 6b show the dependency of average PD charge (from now on called PD
charge) on applied wiltage in dry and moist samples, respectively. PD charge of both polarities
increase with applied wltage, and again, the increase of positive PD charge (circle) is much
larger than the negative one (diamond). No polarity reversal tendency of PD charge was
obtained when the moisture content of the sample increased. The change only affects PD
charge in the way that the increase in positive PD charge is slightly less in moist sample than
that in dry sample, while negative PD charge in both dry and moist samples increase to a
comparable lewvel. The results of PD charge are in line with the observation on mineral oil
reported in [5]. There, it is stated that the increase in moisture content leads to a slight reduction
in PD charge of mineral oil.
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Figure 6. Variation of the PD charge of oil samples with the increase of applied woltage
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3.3. Phase Distributions

Figures 7a and 7b show phase distribution of PD pulses for 120 cycles of applied
wltage, taken at 20 kVrms, in dry and moist PFAE samples, respectiwely. It is clear from the
Figure 7a that for dry sample, most PD pulses with large PD charge take place at positive
polarity of applied wltage. Very few pulses with small charge take place at negative polarity. On
the other side, under moist sample (Figure 7b), PD pulses dominantly occur at negative polarity
of applied wltage with significantly low in magnitude. Though PD pulses still occur at positive
polarity of applied wltage, the magnitude is significantly lower than in dry sample and much less
in number.
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Figure 7. Phase distribution of PD pulses in two different moisture contents of PFAE sample for
120 cycles of applied wiltage, taken at 20 kVrms

3.4. Analysis

Far below saturation level, under dry condition, water molecules present in the form of
being bonded to carbonyl group and etheric oxygen atoms of ester molecules, or are trapped
between two ester molecules [14]. At this lewvel, the presence of water does not give a significant
effect on dielectric behavior of ester oils [9]. Moisture content up to 188 ppm or about 17%
relative moisture content does not cause a significant difference in PD properties of PFAE [10].
When the concentration of water is high, water molecules are distributed randomly in ail or join
together forming water cluster. Under this condition, PD activities are enhanced, which is
indicated by the drastic increase in number of PD. These intense PD activities mostly occur at
the negative polarity of applied woltage.

These behaviors may be attributed to the electronic affinity property of water molecule
(water molecule contains oxygen atom which has high electron affinity). The reason for this
comes from the conclusions in [15] that the PD observed in dielectric fluids are associated with
the appearance of streamers and represent discharges occurring within these streamers, and
in [16] that PDIV and streamer inception wltage (SIV) are interrelated. Then, the argument for
propagation of streamer could also be used to explain the PD behavior.

The existence of fluorine atom having high electron affinity in Galden D-40 fluid was
suspected to be the main reason for the different behavior of Galden D-40 from Ugilec C 101
and Baylectrol 4900 liquids. Unlike two other fluids, PDIV and SIV of Galden D-40 are lower and
took place at negative polarity of applied wltage [15]. In cyclohexane, addition of electron-
attaching additives was proven to increase the negative streamer \elocity [17]. In mineral oil,
addition of electron scawenger additives accelerates negative streamer. Polyaromatic
components of the mineral oil increase velocities of both positive and negative streamers. The
effect on negative streamer is due to their electron scavenger property, whereas the effect on
positive streamer is due to the low ionization potential characteristic of aromatic
compounds [12]. The existence of oxygen atom which is highly electronegative is suspected to
be the reason of the faster and the further propagation of negative streamer in esters than in
mineral oil at the same level of applied wltage [18]. Finally, it is highlighted in [19] that
molecular structure has a significant effect on the streamer propagation. The main parameter
affecting streamer propagation is the electronic affinity of the liquid molecules.
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3.5. Mechanism

Based on our experimental results and literature review, then a mechanism of the effect
of water molecules on PD behaviors of PFAE oil is proposed, as shown schematically in Figure
8. Under dry condition, free water and water cluster do not exist in oil. The mowe of electrons is
merely influenced by forces due to the electric field, and restriction by oil molecules.

Under moist condition, neglecting the restriction force by oil molecules, the mowe of
electron is controlled by two types of forces, namely, the force resulted from electric field (F¢),
and the force resulted from the attraction of water molecules due to their electronegativity nature
(Fen).- When the needle is negative, electrons are injected from the needle through field emission
process. The electrons are accelerated into the oil side due to the superposition of F¢ and Fep
as shown in Figure 8a. This acceleration enhances PD activities of moist oil under negative
polarity. When the needle is positive, electrons are extracted from the oil side through field
ionization process. The electrons are decelerated toward needle electrode since accelerating
force (Fer) was diminished by water molecules attractions (Fen) as shown in Figure 8b. This
deceleration reduces PD activities of moist oil under positive polarity.

Moreover, since the relative permittivity of water (80) is much larger than that of oil
(2.9), water molecules under high wltage tend to mowe into the high electric field area between
the needle and plane electrodes. This will enhance the effect mentioned in the previous
paragraph.
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Figure 8. Schematic demonstration of mechanism of the effect of
water molecules on PD behavior of PFAE oils
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3.6. Practical Implication

It has been shown that the increase in moisture content intensifies PD activities in
PFAE sample which is indicated by the drastic increase in PD number. The PD pulses in moist
sample mostly took place at negative polarity of applied wltage. The average charge of these
negative PDs is remarkably lower than that of positive ones. The positive PD pulses still
occurred, but with the significant reduction in the PD charge and with the drastic reduction in PD
numbers. It can be said that the increase in moisture content, under our experimental condition,
is not hazardous to the PFAE oil. The drastic increase in PD number at negative polarity in
moist oil is compensated by the remarkably lower PD charge compared to that at positive
polarity under dry condition.

4. Conclusion

PD behaviors of PFAE sample oils under dry and moist conditions have been
investigated. The effect of moisture content can be summarized as follows:
a. Under positive polarity, PD charge reduces significantly, whereas PD number reduces
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drastically. Under negative polarity, PD charge remains constant, but PD number increases
drastically. The reason is due to the electronic affinity property of water molecules which in
negative polarity accelerate electrons triggering PD, whereas in positive polarity decelerate
them.

b. The drastic increase in PD number under negative polarity is compensated by the small
average PD charge. As a consequence, the change in moisture content is not hazardous to
PFAE oil.

Acknowledgement

Abdul Rajab would like to thank Faculty of Engineering, Andalas University for
supporting this publication under publication grant scheme with the contract No.
011/UN.16.09D/PL/2017.

References

[1] Y Du, V Mamisheyv, BC Lesieutre, M Zahn, SH Kang. Moisture Solubility for Differently Conditioned
Transformer Oils. IEEE Transactions on Dielectrics and Electrical Insulation. 2001; 8(5): 805-811.

[2] C Perrier, ML Coulibaly, M Marugan. Efficiency of ageing markers for different transformer insulation
systems. IEEE International Conference on Dielectric. Montpellier. 2016: 824-827.

[3] Z Liu, Q Liu, ZD Wang, P Jarman, C Krause, PWR Smith, A Gyore. Partial Discharge Behavior of
Transformer Liquids and Influence of Moisture Content. IEEE International Conference on Liquid
Dielectrics. Bled. 2014: 1-4.

[4] CP McShane, KJ Rapp, JL Corkran, GA Gauger, J Luksich. Aging of Kraft Paper in Natural ester
Dielectric Fluid. IEEE International Conference on Dielectric Liquids . Graz. 2002: 173-177.

[5] RKJ McShane, Luksich. Interaction Mechanism of Natural Ester Dielectric Fluid and Krft paper. IEEE
Conference on Dielectric Liquids. Coimbra. 2005: 393-396.

[6] H Borsi, U Schroder. Initiation and Formation of Partial Dischargea in Mineral-based Insulating Qil.
IEEE Transc. on Dielectrics and Electrical Insulation. 1994; 1(3): 419-425.

[71 A Cavallini, GC Montanari, F Ciani. Analysis of Partial Discharge Phenomena in Paper-Qil Insulation
System as a Basis for Risk Assessment Evaluation. IEEE International Conference on Dielectric
Liquids. Coimbra. 2005: 241-244.

[8] A Rajab, M Tsuchie, M Kozako, M Hikita, T Suzuki. Study on PD Properties of Palm Fatty Acid Esters
(PFAE) Qils. International Symposium on EcoTopia Technology. Nagoya. 2015.

[9] CW A2.35. Experience in Service with new Insulating Liquids. CIGRE. 2010.

[10] A Rajab, M Tsuchie, M Kozako, M Hikita, T Suzuki. PD Properties and Gases Generated by Palm
Fatty Acid Esters (PFAE) Qils. IEEE International Conference on Dielectric. 2016: 816-819.

[11] M Pompili, C Mazzetti, R Bartnikas. Partial Discharge Pulse Sequence Patterns and Cavity
Development Times in Transformer Oils under ac Conditions . IEEE Transactions on Dielectrics and
Electrical Insulation. 2005; 12(2): 395-403.

[12] JC Devins, SJ Rzad, RJ Schwabe. Breakdown and Prebreakdown Phenomenain Liquids. Journal of
Applied Physics. 1981; 52(7): 4531-4545.

[13] M Pompili,C Mazzetti, R Bartnikas.Simultaneous Ultrawide and Narrowband Detection of PD Pulses
in Dielectric Liquids. IEEE Transactions on Dielectrics and Electrical Insulation. 1988; 5(3): 402-407.

[14] Y Kasahara, M Kato, S Watanabe, M Ilwahashi, R Wakamatsu, T Suzuki, A Kanetani, T Kano.
Consideration on the Relationship Between Dielectric Breakdown. Journal of the American QOil
Chemists. 2012; 89(7): 1223-1229.

[15] EO Forster. Partial Discharges and Streamers in Liquid Dielectrics. IEEE Transactions on Electrical
Insulation. 1993; 28(6): 941-946.

[16] C Mazzetti, M Pompili, H Yamashita, EO Forster. A Comparison of Streamer and Partial Discharge
Inception Voltage in Liquid Dielectrics. Sixth International Conference on Dielectric Materials,
Measurements and Applications. Mancester. 1992: 93-95.

[17] S Ingebrigsten, HS Smale, PO Astrand, LE Lundgaard. Effect of Electron-Attaching and Electron-
Releasing additives on Streamers in Liquid Cyclohexane. |IEEE Transactions on Dielectrics and
Electrical Insulation. 2009; 16(6): 1524-1535.

[18] Q Liu,ZD Wang. Streamer Characteristic and Breakdown in Syntheticand Natural Ester Transformer
Liquids under Standard Lightning Impulse Voltage. |IEEE Transactions on Dielectric and Electrical
Insulation. 2011; 18(1): 285-294.

[19] A Beroual, M Zahn, A Badent, K Kist, AJ Schwabe, H Yamashita, K Yamazawa, M Danikas, WG
Chadband, Y Torshin. Propagation and Structure of Streamers in Liquid Dielectrics . IEEE Electrical
Insulation Magazine. 1998; 14(2): 6-17.

PD Behaviors of Monoester Insulating Oil under Different Moisture Contents (Abdul Rajab)



