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ABSTRACT 
Contaminated transformer oil has been tested under non uniform electric fields and the effect of 

different electrode systems presented in this paper. Three different electric fields were examined 

i.e. DC, AC and DC biased AC. These experiments revealed that with all the different electrodes 

arrangements, contaminated particles always formed bridges between electrodes under DC 

electric field. The bridges were thicker and more particles were attracted with more uniform 

electric field (spherical electrode) than with a divergent electric field (needle-plane). 

   Index Terms - HVDC transformer, failure, contamination, Dielectrophoresis, drag 

force, bridging. 

 

1   INTRODUCTION 

   POWER transformers are one of the most important 

components in high voltage transmission and distribution 

systems. Reliable operation of this equipment is utmost 

priority to energy generation sectors and end users. 

Replacement rates of these transformers have started to 

accelerate as more of them are reaching or beyond their 

designed lifetime.  It has been previously reported [1] that 

almost one third of total transformer failures are caused by 

insulation failures. To prevent failures it is therefore important 

to understand failure mechanisms [2]. 

Liquid dielectric oil is used in many high voltage applications 

including almost all high voltage power transformers. 

Transformer oil serves two very important purposes, not only it 

works as an electrical insulation but also as a heat transfer 

medium. Like many other liquid dielectrics, it also has some 

disadvantages; one potential problem is contamination [3, 4], 

which deteriorates its electrical performance. Dielectric liquid 

inside a transformer is usually in contact with metal, iron core and 

pressboard insulation. Metal filings or cellulosic pressboard 

residual can be formed in transformer oil, especially for aged 

transformers with old pressboard insulation. In addition, due to its 

complicated structure, a strong non-uniform field is present 

within various areas of a transformer. During operating condition 

the contaminant particles may get charged and tend to move 

towards high electric field gradient regions due to the 

dielectrophoretic (DEP) force [5]. These contaminant particles 

can form a bridge over a period of time. The bridge may lead to 

partial discharges or total insulation failure.  

Demand for HVDC transformers has increased as 

renewable energy sources like off-shore wind farm and more 

long distance DC transmission lines are to be built to meet 

energy requirements for 21st century [6, 7]. Some parts of 

these HVDC converter transformers experience the 

combined effect of AC and DC electric fields [8]. Previously 

conduction current, partial discharges, resistivity [9-13] of 

bridging in transformer oil with DC and AC electric fields 

have been studied. Effects of particle size and mathematical 

modelling of bridging have been previously reported [14, 

15]. Considering the presence of non-uniform electric field 

inside a power transformer, our current work focuses on the 

effect of strong non-uniformity of electric field on bridging. 

Shape of the electrodes also play a vital role on breakdown 

voltage [16]. Some of our results from electrode shape and 

paper barrier was reported in [17, 18]. The combined DC and 

AC voltage has been applied to investigate the dynamics of 

contaminating particles. The results have been discussed in 

comparison with phenomena observed with spherical 

electrodes. The paper starts with experimental analysis of 

DC conditions, and then extends the tests to sinusoidal AC 

voltage. Finally, the combined effects of DC biased AC 

electric field are presented to simulate the behaviour of real 

HVDC transformer. Three different experiments have been 

performed to investigate the particle accumulation between 

two electrodes with different potentials under DC, AC and DC 

biased AC voltages. The effects of different level of 

contaminations ranging from 0.001 to 0.024% by weight were 

also accomplished along with three voltage levels for each 
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voltage category. Optical microscopic images of pressboard 

particle accumulation and conduction current were recorded 

during experiments for DC and AC electric field. 

2  EXPERIMENTS 

2.1 SAMPLE TANK AND ELECTRODES 
A purpose built glass sample tank was used for all the 

experiments and the total volume of this tank was 550 ml. 

Two different electrode systems, i.e. sphere-sphere electrodes 

and needle-plane electrode system were used. 

The spherical electrodes were made of brass with a diameter 

of 13 mm. The needle electrode is made of tungsten and it was 

produced in our laboratory from a tungsten wire. Chemical 

etching technique was used to make the needle shape. The 

body of the needle is 1 mm of diameter and the slope of the tip 

started from about 5 mm above. The tip of the needle is 

approximately 100 µm of diameter. The material of plane 

electrode is brass and it has a diameter of 50 mm with a 

thickness of 5 mm. The edge of the plane electrode was 

rounded to avoid electric field enhancement. 

For both electrode systems mentioned above, the electrodes 

were attached to either side of the test cell wall from which 

they extended towards the middle of the cell. One of the 

electrodes was positioned to the wall and another electrode 

could be moved using a screw drive. The distance between the 

electrodes from both electrode systems were kept constant at 

10 mm for all the experiments reported here. 

2.2 SAMPLE PREPARATION 

Cellulose fibre dust was produced by rubbing a piece of 

new pressboard typically used in high voltage transformer by 

metal files with different cut sizes. Different sizes of sieves 

were used afterwards to separate the fibres. As a result, the 

particles were separated by the fibre width rather than length. 

The particles were categorized into four different sizes i.e. 

250-500 µm, 150-250 µm, 63-150 µm and less than 63 µm. 

All the four sizes of particles were tested under DC electric 

field. All these 4 cases show a consistent behaviour and only 

the results from 150-250 µm and 250-500 µm tests are 

discussed in this paper (the smaller the particle the quicker the 

bridging). Only 63-150 µm size particles were investigated for 

AC and DC biased AC experiments, with smaller size chosen 

to enhance the bridging. The contamination levels for each 

size of particles were 0.001, 0.002, 0.003, 0.004, 0.006, 0.008, 

0.016 and 0.024% by weight. A digital measurement scale 

capable of measuring microgram was used to achieve the 

better accuracy. For DC experiments only 0.001% to 0.004% 

contamination levels were investigated whereas for AC all the 

above contamination levels were used. In the case of DC 

biased AC, only 0.024% which was the highest contamination 

level was tested along with a pure 3 kV DC voltage. 

The sample tank was cleaned with a soap solution in hot 

water then it was dried in hot air flow before starting a new 

test with a new size of particle. When repeating a test with 

same particle size, the sample tank was first rinsed with clean 

oil then the test cell was rinsed thoroughly with cyclohexene. 

A new experiment was always started with adding 300 ml of 

transformer mineral oil into the test cell which was enough to 

submerge the electrodes completely under oil. The lowest 

contamination level of pressboard fibres was then added to the 

oil. The test cell was covered with cling film to protect from 

dust and moisture. The sample tank was covered during whole 

experimental period apart from adding the next level of 

contaminants. The sample tank was stirred prior to every test on 

a magnetic stirrer for 2 minutes to disperse the particles evenly. 

2.3 EXPERIMENTAL SETUP 

The sample tank was positioned under a stereo microscope 

that had a digital camera mounted on the top to record optical 

images of the particles accumulation. For experiments with 

DC electric field, the microscope along with the test cell was 

placed inside an aluminium box which acts as a Faraday cage 

to reduce a possible noise in measurements of the conduction 

current. As for AC and DC biased AC test the aluminium box 

was not used. One of the spherical electrodes was attached to 

the high voltage source. The other electrode was connected to 

the ground via a Keithley picoammeter 6485 (DC) and 

Keithley multimeter 2001 (AC) to measure the conduction 

current through the gap. The conduction current was not 

measured for DC biased AC test so the electrode was directly 

attached to ground. A desktop computer was used to control 

the digital camera, to collect data from the camera, and also 

for the conduction current measurement. 

 
Figure 1. Experimental setup for DC test with needle-plane electrode system. 

A block diagram of complete experimental setup for DC 

tests with needle-plane electrodes is shown in Figure 1. A 

detail description of DC experiments can be found in [14]. 

This experimental setup for DC biased AC test consisted of a 

signal generator, high voltage amplifier, sample tank/test cell, 

microscope, digital camera and computer. A signal generator 

was used to produce the sinusoidal voltage of 50 Hz with a 

DC offset. This signal was amplified with the high voltage 

amplifier from TREK, Inc. The ratio of the amplification was 

2000:1. The amplified signal was send to one electrode. The 

high voltage amplifier was also connected to an oscilloscope 

and the output voltage was monitored. The other electrode was 

connected to the ground.  

Three different voltage levels were investigated for each 

category of voltages, such as DC (2, 7.5 and 15 kV), AC (10, 

15 and 20 kV peak-to-peak with a constant frequency of 50 

Hz) and DC biased AC (1, 3 and 6 kV DC offset with 10, 15 
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and 20 kV AC peak-to-peak with a constant frequency of 50 

Hz). Each experiment was carried out until a complete bridge 

was created between the electrodes or maximum of 25 minutes 

where there was no bridge. A stereo microscope from GX 

Optical, model XTL3, equipped with GXCAM-1.3 digital 

camera to record images and videos was used. Images were 

taken in a regular interval during the entire test to record the 

bridging process along with some videos. All tests were 

conducted at ambient room temperature. All the tests were 

conducted three times for each voltage level to observe the 

repeatability of the obtained results. 

3 RESULTS AND DISCUSSION 

3.1 DC TEST 
The images obtained from the experiments using two different 

electrode systems are shown in Figure 2 and Figure 4. Applied 

voltages for the experiments with spherical electrodes were 2, 7.5 

and 15 kV with a concentration level of 0.003%. For needle-plane 

electrodes systems, the applied voltages were 1, 3 and 6 kV and 

cellulose particle contamination level was 0.016%. The particles’ 

sizes for both of these experiments were 150 – 250 µm. It has 

been observed that pressboard particles started moving between 

the electrodes upon the voltage application. The reason behind the 

movement of particles could be explained in the following way. 

As soon as the power is applied to the system, under DC electric 

field the particles start to become polarized. The fibres then align 

themselves parallel to electric field lines. Due to non-uniform 

electric field, the particles experience DEP force [5] and the fibres 

move towards the electrodes. Once the particles touch the 

electrode surface they acquire charges from the electrode. When 

the charge transferred to a fibre reaches a certain level and the 

repelling Coulomb force acting on the fibre is greater than the 

attractive DEP force, the particle gets off the electrode surface 

and travel towards opposite electrode under a combined action of 

the Coulomb force, DEP force and the drag force from viscous 

oil. At this stage the motion is mainly controlled by a balance 

between Coulomb and drag forces since DEP is relatively weak. 

The particle finally reaches to the opposite electrode, where it 

discharges and acquires charge of different polarity. The 

dielectric particles travel back and forth from one electrode to the 

other in this fashion. Under such motion the particles generate 

more or less steady current with the current value depend on 

applied voltage. The DEP force pushes particles towards high 

field regions near electrodes and they start to accumulate between 

the spherical electrodes. A detailed explanation of the mechanism 

of bridging under DC electric field can be found in our previous 

report [19]. 

After applying 2 kV there was a noticeable shallow bridge 

created after 600 s for spherical electrodes as shown in Figure 2. 

A few different branches were attached from one electrode to the 

other. Note that a complete thin bridge was created within 180s in 

this case. 

For 7.5 kV applied to spherical electrodes, a thin bridge formed 

after 10 s. The bridge was continued to thicken until 300 s (Figure 

2). No changes of bridge formation were observed after that. 

After applying 15 kV, similar qualitative observations were 

made. A thin complete bridge was made within 5 s, and the 

bridge was thickened up to 60 s.  

 
Figure 2. Optical microscopic images of bridging in contaminated 

transformer oil with 150-250 µm pressboard fibre using sphere-sphere 

electrodes, concentration level 0.003%. 

To explain the observed behavior, the DEP force has been 

simulated using COMSOL software [20]. The simulation used 

axisymmetric 2D geometry and electrostatics module to 

calculate the electric field. DEP force calculated from the 

equation, 

             (1) 

where,  is particle radius,  is permittivity of vacuum, is 

complex permittivity of the oil  , is 

complex permittivity of particle ,  is Clausius 

- Mossetti factor . In this study the only 

variable parameter is applied voltage and associated electric 

field E. As seen from equation (1) different experiment would 

represent effects of grad(E2) which have been studied for 

different electrodes’ arrangements.  

 

 
Figure 3. Simulation of electric field for spherical electrode system. The color 

surface represents the intensity of the gradient the electric field squared. The 

red arrows point towards the direction of the force. 

The simulation result from spherical electrode system is 

shown in Figure 3. The DEF is significant near the large 

surface area of the electrodes and the fibres would be attracted 
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to these points on the surface.  The arrow indicates the 

direction of the force acting on the particles. Under DEF force 

the particles should accumulate from either side of the 

electrodes, but their motion is not directed straight towards the 

electrodes. Many particles move first towards the central line 

between the spherical electrodes and near this line they turn 

toward the electrodes. Such behavior explains the bridging 

dynamics on Figure 2. 

To summarize the observations in the case of needle – plane 

system, it can be noted that the physical process taking place 

are similar to the case of spherical electrodes. But the fields 

are different and it reflects in the results. The particles were 

first polarized due to the DC electric field. Because of the 

gradient of the electric filed the particles were experienced 

dielectrophoretic force and they started to draw close towards 

high electric field gradient region at the needle tip. Then the 

particles were charged from the one electrode and discharging 

on the other side. The charging time is almost instantaneous 

on the needle tip and the particles travel very fast when they 

were travelling from needle towards the plane.  But it takes 

much longer time for the particles to gather charge from plane 

electrode and they also travel much slower from plane towards 

needle. Once the particles get close to the needle electrode 

about quarter of the gap distance, the particles move faster to 

the needle. The spherical and fibre particles were attaching 

themselves to both electrodes, although both DEP and 

Coulomb forces are much higher near to the needle tip. The 

initial bridging process always started from the long fibre 

particles. The fibres attached to the both electrodes and align 

themselves parallel to the electric field lines. Then the 

spherical/small particles attached to the long fibres and some 

more fibre attached to the end of the initial fibres. This process 

continues until they form a full bridge between the electrodes.  

 
Figure 4. Optical microscopic images of bridging in contaminated 

transformer oil with 150-250 µm pressboard fibre using needle-plane 

electrodes, concentration level 0.016%. 

There were some pressboard particles attached to the needle 

electrode after 60 s of the 1 kV power supply turned on. There 

was thin bridge formed within 300 s. There was no noticeable 

change to the bridge observed after 900 s for the needle-plane 

electrode system as shown in Figure 4. 

The particles movements were increased with the applied 

voltage of 3 kV. Particles were accumulated towards the 

electrodes and started to attach themselves within 35 seconds 

of the power supply started. There were a few branches of the 

bridge formed within 60 s. The bridge was continued to grow 

until 600 s. The bridge for 3 kV supply was shallow.  

The bridging process increased dramatically with applied 

voltage of 6 kV. Within few seconds of starting the test, the 

particles were attaching themselves to form the bridge. One or 

two branches of the bridge formed as soon as 22 s. The bridge 

was forming until 300 s thereafter there was no change 

occurred. The bridge was more compact than 3 kV. The 

bonding between the branches was stronger than the previous 

one because of the stronger electric field. 

 
Figure 5. Simulation of electric field gradient for needle-plane system. The 

color surface represents the intensity of the gradient of electric field squared. 

The red arrows point towards the direction of the force. The green arrows 

indicate qualitatively the convective oil flow introduced by charge injection in 

strong electric field according to [21]. 

 
Figure 6. The zoom in view of the needle electrode. The notations are similar 

to Figure 5. 

The electric field distribution for needle plane electrode 

system is shown in Figure 5. Again, the particle will tend to 

move towards the electrode, but they are still attracted to the 

central line between the needle and the plane. So the bride 
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grows slowly from the needle. At low voltage there is no 

particles’ accumulation at the plane electrode, but as voltage 

increases the particles can be seen at the plane surface as well. 

It can be attributed to electro convective flow. There is a 

charge injection to the particles from the needle which force 

them to move under combined action of Column, DEP and the 

drag force. The drag force is large in the vicinity of the needle 

but weak near the plane electrode.  

The close view of the needle electrode in Figure 6 indicates 

that the DEP force is really small in the oil volume except the 

region next to the needle tip. It means that even if the particles 

are attracted to the needle they can be easily swept away by 

electro-convective flow at high voltages. On the other hand 

the convective flow is not strong in the vicinity of the plane 

electrode and it explains an accumulation of the particles at 

the plane electrodes for high voltages, Figure 4. 

 

 
Figure 7. Conduction current at different voltages using sphere-sphere 

electrodes with clean and 0.003% contaminated transformer oil.  

The conduction current for spherical electrode system under 

the influence of three different voltage levels are shown in 

Figure 7. There was a high polarization current observed in 

most of the experiments almost instantly after the voltage was 

applied. After that the slow growing current was established.  

The existing of the current can be explained by charging of the 

particles at the electrodes and transfer the charge across even 

if the bridge is not formed yet. Then the currents were 

gradually increased until a complete thick bridge formed. It is 

clear based on current results that charge transportation is 

taking place by the pressboard particles under DC electric 

field. Conduction current under low electric field (E<0.44 

kV/mm) is directly proportional to the electric field E is 

proportional to electric field [22]. But under high electric field 

(E> 1.33 kV/mm) the conductive current is proportional to V2 

that can be explained by space charge limited electron current 

through oil [22, 23].  In the experiments with spherical 

electrodes the low field exist for 2 kV applied voltage, 

whereas 7.5 and 15 kV cases correspond to high field case. 

And in Figure 7 the current is initially proportional to voltage 

but it starts to rise as V2 at higher voltages. The conduction 

current for contaminated oil was always higher than the clean 

oil. It was about two times and four times higher than clean oil 

under 7.5 and 15 kV respectively.  

Similarly there was a high polarization current observed as 

soon as the power supply turned on for needle-plane 

electrodes (Figure 8) for most of the experiments. Then the 

current was dropped slightly and a slow increase of current 

was observed for 1 and 3 kV clean oil. There was a sudden 

high current observed for clean oil under 6 kV due to partial 

discharge. Conduction currents for all voltage levels had slow 

increment and they settled when they reached saturation point 

after a while. It is worth to note that for the case of spherical 

electrodes the “steady” current is approximately proportional 

to voltage squared at high voltage, but for needle-plane case 

the dependence is more complex. In latter case the strong field 

exist in the vicinity of the needle even for low voltages. But 

the large volume of oil is still under the low field. That why 

the current is approximately linear for the needle-plane 

system. The presence of the near needle region gives some 

non-linear rise in the current as can be seen for 6 kV case in 

Figure 8. The conduction current for contaminated oil was 

always higher than the clean oil for needle plan electrodes as 

well. The value of the currents were three times and five times 

higher than clean oil under 3 and 6 kV respectively. 

 
Figure 8. Conduction current at different voltages using needle-plane 

electrodes with clean and 0.016% contaminated transformer oil.  

3.2 AC TEST 
Several contamination levels i.e. 0.001, 0.002, 0.003, 0.006, 

0.008, 0.016 and 0.024% were tested under influence of 10, 15 

and 20 kV AC applied voltage on spherical electrodes. The 

pressboard particles started moving slowly when the 10 kV 

AC supply was applied. As time elapsed, particles were 

attached to both electrodes evenly, as shown in Figure 9. The 

particles accumulation on the electrodes surface amplifies with 

increment of both voltage and contamination levels. A 

complete bridge between the two electrodes was never created 

opposite to the DC experiments because of the alternating 

polarity of the applied voltage. The particles cannot leave the 

surface of the electrodes because of alternating Coulomb force 

(DEP force always pushes particles towards electrodes). These 

results are similar to previously reported [13] except previous 

report [10] where the bridging was observed between 

spherical electrodes. From our experiments we have found out 

that the texts are really sensitive to experimental condition and 

sample preparation. If the contaminated oil sample are tested 

under the influence of DC electric field then the sample tested 

under AC electric field, there will be bridge formation under 

this specific condition. It is possible that in [10] the high 

voltage AC source might have introduced a DC offset and it 

let to the bridge formation. Although the experiments [10] 

used lower voltage, 6 kV, they were done in moistened 
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transformer oil which may affect DEP force. Moisture will 
affect the conductivity of the pressboard so the DEP force will 
also change as the conductivity ratio between the oil and 
pressboard will change. Moreover the particles will need less 
time to charge as well as the amount of charge they will get 
from the electrode is also depends on the conductivity of the 
cellulose particles. All these factors may result in significant 
increase of DEP force and even small DC offset may lead to 
the bridge formation. 

The electric current under AC test was measured to be 
about 6 mA for 15 kV AC voltage. The current did not change 
significantly for any contamination levels from 0.001 up to 
0.024%. This is what was expected, since the observed current 
is dominated by the displacement current which is 6 orders of 
magnitude higher than conduction current in DC case, Figure 
7. Since complete bridge between the electrodes under AC 
electric field has never formed, the current stays at constant 
level. In fact the conduction current due to charge transport in 
this case would be even smaller compared to DC case. To 
transfer charge from the electrode to the particles, certain 
amount of time is required to accumulate sufficient amount 
charge so the repelling force can lift particles off the 
electrodes. It is expected that in AC case the charge passed 
during a short half-cycle is small and only a fraction of a 
charged fibres can be detached from the electrodes by 
Coulomb force. But even these fibres are attracted back to the 
electrodes at the next half-cycle. 

 
Figure 9. Optical microscopic image for bridging under influence of AC 
electric field with 0.024% concentration of 63-150 µm cellulose particles. 

For the needle-plane system the AC voltage was slowly 
increased to desired level of 5 kV. Images from the needle-
plane electrode system under AC electric field are shown in 
Figure 10. The particles were started to move slowly towards 
the high electric field gradient region because of the DEP 
force. They started to gather mainly on the needle tip but some 
of them were going towards the plane electrode. After 1 
minute there were some particles observed on the tip of the 
needle and not many particles attached to the plane electrode. 
As time progressed more particles accumulated on the needle 
tip until 25 min thereafter there was no apparent change taken 

place. There were a small number of particles attached to the 
plane for the 5 kV testing voltage. 

The particle accumulation dynamics were changed for 
higher electric field of 10 kV AC. The particles were started to 
move from the needle towards the plane electrode. They were 
shooting to the plane electrode then after hitting the plane 
electrode, some of them attached to the plane and others were 
moving away from the plane electrode. The motion of the 
particles was consistent with electro-convective flow due to 
charge injection into a dielectric liquid [24]. In this case the 
high electric field creates two turbulence waves propagating 
from the needle to the plane and returning back at the sides 
[25]. In dielectric liquids, space charges (ions) are mainly 
created by two mechanisms: one is the dissociation and 
recombination phenomenon [26], the other one is the charge 
injection [27]. It has been demonstrated that in blade plane 
geometry the dissociation/recombination phenomenon induces 
a flow from plane to blade [28-30] while liquid flows in the 
opposite direction when an injection occurs [21, 31]. In our 
experiment there were very few particles accumulated at the 
very beginning of the test but later on all the particles were 
attached to the plane which is completely opposite of what 
was observed for 5 kV. It suggests that there were charge 
injected to the oil at the needle and the oil moves towards the 
plane dragging the fibre particle. To explain completely 
different regions for the observed fibre accumulation at 5 and 
10 kV we have to assume that the charge injection is only 
noticeable at voltages above 10 kV. The particles accumulated 
on the surface of plane electrode experience a combination of 
DEP force and the drag force due the oil flow. These forces 
are low at the surface of the plane electrode and the particles 
were stuck on the surface. Similar phenomenon was observed 
for 15 kV.  

 
Figure 10. Optical microscopic image for bridging under influence of AC 
electric field with 0.024% concentration of 63-150 µm cellulose particles. 

Taking into account observation described in the previous 
section, AC produces unexpected results for needle-plane 
system. DEP force is proportional to voltage squared whereas 
electro convective force (velocity) linearly depends on voltage 
for blade electrodes [21]. So accumulation of fibres is 
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expected at the needle tip as the voltage increases. The 
opposite behaviour is observed. It may be explained by 
exponential increase in charge injected into the oil with 
increase of the voltage for our experiment. 

3.3 DC BIASED AC TEST 

Three different DC offset levels were investigated i.e. 1, 3 
and 6 kV for both electrodes systems. The AC voltage of 10 
and 15 kV for the spherical electrodes and 5, 7 and 10 kV for 
needle-plane electrodes were imposed over the DC bias.  

All of these three levels of DC voltage showed that as the 
AC voltage increased, the thickness of the bridge also 
increases for spherical electrodes. Figure 11 shows a 
comparison of 3 kV DC electric field over imposed on 
different AC loads. It visualizes the difference in bridging 
dynamics as a function of the AC load. There are many 
branches of the bridge which were formed within 30 s after the 
3 kV DC supply was switched on. The thick bridge was 
formed over a period of 15 min but it was a shallow bridge 
with lots of different branches. When the 3 kV DC was 
combined with 10 kV AC, a very thin bridge was created after 
20 minutes and with many pressboard particles are attached to 
both electrodes. For 15 kV AC, a complete bridge formed 
between the electrodes after 10 minutes and 5 minutes 
respectively. So the particle accumulation and bridging 
process is much slower in comparison to pure DC electric 
field although the bridge density is much higher.  

 
Figure 11. Increment of pixels in microscopic images under influence of DC 
biased AC electric field with 0.024% concentration. 

To form the bridge the particles have to travel towards the 
central line between the electrodes. But DEP pushes the 
fibre’s to the electrodes surfaces. So first particles travels to 
the electrodes, get a charge, are detached from the surface, 
move towards the opposite electrode by Coulomb force and be 
pushed towards the central line by DEP. It is the DC voltage 
which dictates the average value of Coulomb force, whereas 
RMS of DC+AC combination affects DEP force. It means the 
addition of AC component forces the fibre’s to stick to the 
electrodes stronger and only a fraction of fibre’s can travel 
between electrodes. So it takes longer for the same number of 
“active”, highly charged fibre’s to move between the 

electrodes. As the result the bridging dynamics is much 
slower. But the DEP force is much stronger with AC addition; 
it pushes fibres to the central line stronger and makes the 
bridge much denser. The particles chains which are on either 
side of the electrodes operate as conductive extensions of the 
electrodes with new fibre’s are attracted to ends of these 
chains. It creates the bridge in the centre although many 
incomplete branches can grow on the electrodes surfaces. 

 
Figure 12. Optical microscopic image for bridging under influence of DC 
biased AC electric field with 0.024% concentration of cellulose particles. 

There were three different levels of AC voltages i.e. 5, 7 and 
10 kV were used with a DC offset of 3 kV for needle-plate 
system and the images from these tests are shown in Figure 12. 
The particles were started to detach and move from the needle 
to the plane electrode after the 3 kV DC biased 5 kV AC was 
applied. They accumulated on the both electrodes initially. As 
time progressed there were more particles attached to the plane 
than the needle tip. At the end of 25 min all the particles left the 
needle tip as it was observed on AC test. Taking into account 
observation described in previous sections, AC+DC 
combination produces results similar to AC case for needle-
plane system. Strong electro convective force does not allow 
particles to stay at the needle tip, they are pushed towards the 
plane electrode. But this time more particles were attached to 
the plane electrode than pure AC test. So the effect of DC was 
to accumulate more particles to the plane electrode. 

4 CONCLUSION 
To our knowledge, the effect of the combined DC and AC 

electric field on bridging in contaminated transformer oil has been 
studied first time. Such a study is timely considering the renewed 
interested in HVDC power transmission. From the above results 
and discussion, the following conclusions can be drawn. 

There are differences in bridging shape and the amount of 
force acting on the particles due to difference in shape of 
electrodes. The bridge is thick and strongly bonded for 
gradually changing electric field between spherical electrodes 
under DC load. On the other hand a shallow bridge is formed 
for needle-plane electrodes system under similar DC load. In the 
first case DEP force is high enough over a large volume of oil, 
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which is strong enough to push the particles into the region 

between the spherical electrodes. But for the needle-plane 

system the force is very strong near the needle tip, but become 

very weak as the particles move towards plane electrode. So the 

particles travel along the field lines without being concentrated 

near the central line connecting two electrodes. 

For AC load, surface of spherical electrodes always 

exposed to a very strong DEP force acting on the particles, 

which brings more the particles to the electrode surfaces and 

not allows fibre’s to move away. But for needle-plane 

electrode system, the DEP force at lower voltage attracts the 

particles only towards the needle electrode and not towards the 

plane electrode according to the direction of the electric field 

gradient. When the voltage increases, the needle electrode 

inject electric charge into the oil which induced an electro 

convective force in the liquid towards the plane electrode. The 

flow of the oil drags cellulose particles to the plane electrode 

and fixes them on it. 

High electric field for DC biased AC load produces large 

charge injection into the oil. As a result very few particles 

were attached to the needle due to DEP force. Majority of the 

particles were swept by the fluid flow and pushed back 

towards the plane electrode. 

ACKNOWLEDGMENT 

The authors acknowledge the project financial support 

received from IET Power Network Research Academy and the 

National Grid. 

REFERENCES 
[1] V. V. Sokolov, “Experience with the refurbishment and life extension of 

large power transformers”, Minutes of the 61st Annual Conf. Doble 

Clients, Sec. 6-4, 1994. 

[2] V. I. Kogan, J.A. Fleeman, J.H. Provanzana and C.H. Shih, “Failure 

analysis of EHV transformers”, IEEE Trans. Power Delivery, Vol. 3, 

No. 2, pp. 672-683, 1988. 

[3] T. O. Rouse, “Mineral insulating oil in transformers”, IEEE Electr. 

Insul. Mag., Vol. 14, No. 3, pp. 6-16, 1998. 

[4] M. G. Danikas, “Breakdown of transformer oil”, IEEE Electr. Insul. 

Mag., Vol. 6, No. 5, pp. 27-34, 1990. 

[5] H. A. Pohl, “The motion and precipitation of suspensoids in divergent 

electric fields”, J. Appl. Phys., Vol. 22, No. 7, pp. 869-871, 1951. 

[6] Y. Wang, W. Zhang, J. Wang, D. Xia, P. Zhang, and J. Li, “Stray Loss 

Calculation of HVDC Converter Transformer”. IEEE Trans. Applied 

Superconductivity, Vol. 22, No. 3, p. 5500704, 2012. 

[7] B. R. Andersen, “HVDC transmission-opportunities and challenges in 

AC and DC Power Transmission”, 8th IEE Int’l. Conf. AC and DC 

Power Transmission, pp. 24-29, 2006. 

[8] S. Lu, Y. Liu and J. D. La Ree, “Harmonics Generated From A DC 

Biased Transformer”, IEEE Trans. Power Delivery, Vol. 8, No. 2, 

pp.725-731, 1993. 

[9] G. Chen and M. H. Zuber, “Pre-breakdown characteristics of 

contaminated power transformer oil”, IEEE Conf. Electr. Insul. Dielectr. 

Phenomena, pp. 659-662, 2007. 

[10] K. W. H. Moranda and H. M. Grzesiak, “Dynamics of bridge creating in 

contaminated oil at AC voltage and analysis of accompanying partial 

discharges”. XIII Int’l. Sympos. High Voltage Eng., Netherlands, p. 370, 

2003. 

[11] J. G. M. Ossowski, K. W. H. Moronda and H. M. Grzesiak, “Oil 

resistance at different phases of bridge mechanism development at direct 

voltage”. XIII Int’l. Sympos. High Voltage Eng., Netherlands, p. 451, 

2003. 

[12] S. Mahmud, G. Chen, I. O. Golosnoy, G. Wilson, and P. Jarman, 

“Bridging in contaminated transformer oil under DC and AC electric 

field”, J. Phys. Conf. Series, 472(1), 12007, 2013. 

[13] S. Mahmud, G. Chen, I. O. Golosnoy, G. Wilson, and P. Jarman, 

“Bridging in Contaminated Transformer Oil under AC, DC and DC 

Biased AC Electric Field”, IEEE Conf. Electr. Insul. Dielectr. 

Phenomena, Shenzhen, China, pp. 943-946, 2013. 

[14] S. Mahmud, G. Chen, I. O. Golosnoy, G. Wilson, and P. Jarman, 

“Bridging phenomenon in contaminated transformer oil”, IEEE Int’l. 

Conf. Condition Monitoring and Diagnosis, Piscataway, USA, pp. 180-

183, 2012. 

[15] S. Mahmud, I. O. Golosnoy, G. Chen, G. Wilson, and P. Jarman, 

“Numerical simulations of bridging phenomena in contaminated 

transformer oil”, IEEE Conf. Electr. Insul. Dielectr. Phenomena, 

Montreal, Canada, pp. 383-386, 2012. 

[16] M. Baur, and M. Pompili, “Pre-energizing effect on breakdown voltage 

test for insulating liquids”, IEEE Int’l. Conf. Dielectric Liquids, Bled, 

Slovenia, pp. 1-5, 2014. 

[17] S. Mahmud, G. Chen, I. O. Golosnoy, G. Wilson, and P. Jarman, “Effect 

of different shapes of electrodes on bridging in contaminated 

transformer oil”, IEEE Conf. Electr. Insul. Dielectr. Phenomena, Des 

Moines, USA, pp. 114-117, 2014. 

[18] S. Mahmud, G. Chen, I. O. Golosnoy, G. Wilson, and P. Jarman, “Effect 

of Kraft Paper barriers on bridging in contaminated transformer oil”, 

IEEE Conf. Electr. Insul. Dielectr. Phenomena, Des Moines, USA, pp. 

110-113, 2014. 

[19] S. Mahmud, G. Chen, I. O. Golosnoy, G. Wilson, and P. Jarman, 

“Experimental studies of influence of DC and AC electric fields on 

bridging in contaminated transformer oil”, IEEE Trans. Dielectr.  Electr. 

Insul., Vol. 22, No. 1, pp. 152-160, 2015. 

[20] COMSOL, “COMSOL Multiphysics®”, Stockholm, 2014. 

[21] Ph. Traoré, M. Daaboul, and C. Louste, “Numerical simulation and PIV 

experimental analysis of electrohydrodynamic plumes induced by a 

blade electrode”, J. Phys. D: Appl. Phys., Vol. 43, No. 22, p. 225502, 

2010. 

[22] Y. Sha, Y. Zhou, D. Nie, Z. Wu, and J. Deng, “A study on electric 

conduction of transformer oil”, IEEE Trans. Dielectr. Electr. Insul.”, 

Vol. 21, No 3, pp. 1061-1069, 2014. 

[23] K. Asano, and A.W. Bright, “Space-charge-influenced current in a 

dielectric liquid”, J. Phys. D: Appl. Phys., Vol. 4, No 9, pp. 1306-1314, 

1971. 

[24] A. Castellanos, “Electrohydrodynamics”, Springer, 1998. 

[25] Z. Yan, Ch. Louste, Ph. Traoré, and H. Romat, “Characteristics of an 

EHD impinging dielectric. Liquid jet in blade-plane geometry”, 

Electrostatics Joint Conf., pp. 12-14, 2012. 

[26] Y. Feng, and J. Seyed-Yagoobi, “Understanding of electrohydrodynamic 

conduction pumping phenomenon”, Physics of Fluids, Vol. 16, No. 7, 

pp. 2432-2441, 2004. 

[27] P. Atten, “Electrohydrodynamic instability and motion induced by 

injected space charge in insulating liquids”, IEEE Trans. Dielectr. Electr. 

Insul., Vol. 3, No. 1, pp. 1-17, 1996. 

[28] P. Atten, and J. Seyed-Yagoobi, Electrohydrodynamically induced 

dielectric liquid flow through pure conduction in point/plane geometry. 

IEEE Trans. Dielectr. Electr. Insul., Vol. 10, No. 1, pp. 27-36, 2003. 

[29] S. Jeong, and J. Seyed-Yagoobi, “Experimental study of 

electrohydrodynamic pumping through conduction phenomenon”, J. 

Electrostatics, Vol. 56, No 2, pp. 123-133, 2002. 

[30] R. Hanaoka, S. Takata, M. Murakumo, and H. Anzai, “Properties of 

liquid jet induced by electrohydrodynamic pumping in dielectric 

liquids”, Electrical Eng. Japan, Vol. 138, No 4, pp. 1-9, 2002. 

[31] P. Atten, B. Malraison, and M. Zahn, “Electrohydrodynamic plumes in 

point-plane geometry”, IEEE Trans. Dielectr. Electr. Insul., Vol. 4, No. 

6, pp. 710-718, 1997. 

 

 

Shekhar Mahmud (M’07) was born in Naogaon, 

Bangladesh in 1978. He received the B.Eng. (Hons) 

degree with 1st Class in electrical and electronics 

engineering from the University of West of England, 

Bristol, UK in 2007. He worked as an electrical 

engineer at Avon Barrier Company Ltd after his 

bachelor degree. In 2008, he joined the Institute of 

Sound and Vibration Research as a Knowledge 

Transfer Partnership associate where he worked over 

2 years on DSP system design for condition 

monitoring system using acoustic signal. Currently he is pursuing the Ph.D. 

degree at the University of Southampton UK. 



IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 22, No. 5; October 2015   2441 

George Chen (SM’11) was born in China in 1961. He 

received the B.Eng. (1983) and M.Sc. (1986) degrees 

in electrical engineering from Xi’an Jiaotong 

University, China. After he obtained the Ph.D. degree 

(1990) from the University of Strathclyde, UK, on the 

work of permanent changes in electrical properties of 

irradiated low-density polyethylene, he joined the 

University of Southampton as postdoctoral research 

fellow and became a senior research fellow 

subsequently. In 1997 he was appointed as a research 

lecturer and promoted to a Reader in 2002. He is now the professor of high 

voltage engineering at the University of Southampton and a visiting professor 

of Xi’an Jiaotong University. Over the years, he has developed a wide range 

of interests in high voltage engineering and electrical properties of materials 

and published over 300 papers. He is active in the HVDC systems and 

involved with technical working groups in both IEEE and CIGRE. 

 

 

Igor O. Golosnoy (SM’13) received his M.Sc. degree 

in applied mathematics and physics from Moscow 

Institute of Physics and Technology, Russia in 1992 

and the Ph.D. degree in mathematics and physics 

from the Institute for Mathematical Modelling, 

Moscow, Russia in 1995. Now he is a Senior Lecturer 

at the Electronics and Electrical Engineering 

Research Group, Faculty of Physical Sciences & 

Engineering, University of Southampton. His research 

interests include numerical modelling of various 

coupled electrical, thermal and mechanical phenomena in gas discharges and 

optical emission spectroscopy of plasmas. 

Gordon Wilson (M’08) completed his chemistry 

degree at the University of Surrey in 1995, which was 

followed by a National Grid-sponsored Ph.D. degree 

in characterizing mineral transformer oil, also at the 

University of Surrey.  He joined the National Grid in 

1999 as an oil chemist providing support to a team of 

transformer specialists. Since 2007 he has worked on 

transformer thermal ratings whilst retaining 

responsibility for transformer oil issues.  Wilson is a 

member of the BSi National Committee for 

electrotechnical fluids, he is the UK regular member for CIGRE Study 

Committee on materials and he is a member of the IEEE Dielectrics and 

Electrical Insulation Society. 

 

 

Paul Jarman was graduated from Cambridge 

University in 1984 with an Honours Degree in 

electrical science. He joined the Central Electricity 

Generating Board, Research Division, working on, 

amongst other projects, FRA testing of transformers. 

In 1990, he joined the National Grid as a transformer 

engineer, becoming head of transformers in 1998. 

Since 2001, Jarman has been National Grid’s 

technical specialist for transformers now within the 

Asset Management group. Jarman is chairman of IEC 

TC14, the international committee for power transformer standards and is the 

UK regular member of CIGRE study committee A2 for transformers. He is a 

chartered electrical engineer and member of the IET and IEEE. 
 

 


