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Abstract: The converter transformer is a key equipment in high voltage direct current (HVDC)
transmission system. Its oil-paper insulation system in the valve winding and outlet bushing
experiences AC, DC, AC/DC, and transient impulse voltages simultaneously. The oil contamination
problem is more serious under DC electric field. Therefore, it is significant to investigate the
characteristic of particles motion and accumulation under DC electric field. In this paper, first,
the movement and accumulation behavior of fiber particles and copper particles in mineral oil and
natural ester were recorded and simulated. Then, the influence of fiber and copper particles on the oil
conductivity was analyzed. Finally, the DC breakdown strength of mineral oil and natural ester with
different particles concentration was compared. Results show that the movement speed of copper
particles was larger than that of fiber particles. Fiber impurities were easy to form bridges in mineral
oil, while there was no impurity bridge in natural ester. The current density of mineral oil containing
particles is larger than that of the natural ester at the same testing time. The DC 50% probability
breakdown voltages of oil samples containing fiber and copper particles decreased linearly with the
increase of particle concentration, and the decrease rate of DC 50% probability breakdown voltages
of oil containing copper particles were faster than that of oil containing fiber particles. Compared
to pure mineral oil, the DC breakdown voltages corresponding to 50% probability of contaminated
mineral oil showed a decrease from 11.9% to 22.5% when the fiber particle concentration increased
from 0.001% to 0.012%. The DC 50% probability breakdown voltages of contaminated mineral oil
with copper particles decreased from 23.8% to 45.0% when the particle concentration increased from
0.1g/L to 1.5g/L. However, the decline range of the figures for natural ester contaminated by fiber or
copper particles showed a smaller drop.

Keywords: DC voltage; natural ester; breakdown characteristics; particles; accumulation behavior

1. Introduction

The main component of transformer internal insulation is oil-paper composite insulation system.
At present in abroad and domestic, mineral oil and natural ester are two main kinds of insulating oil
used in large power transformers. Mineral oil has good dielectric properties, excellent heat dissipation
performance, low freezing point, and low viscosity. However, mineral oil has some disadvantages
such as poor degradability, low flash point, and non-renewability. These are not satisfied with the
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requirements of green and environmentally friendly insulating oil [1–5]. Since 1990s, researchers have
carried out a series researches on the application of natural ester to replace mineral oil. There are more
than one million natural ester transformers in operation in the world, with voltage levels ranging from
10 kV to 420 k, and their capacities ranging from 6.25 MVA to 300 MVA [6]. Among all the transformers
in operation, there are 25,000 large and medium-sized natural ester transformers [6,7].

The performance and property of insulating oil have a significant impact on the operation safety
of the transformer. Almost one-third of the transformers’ damage is caused by insulation problems,
among which particles pollution of insulating oil is a significant factor [8]. The existence of impurities
in transformer oil is inevitable. The sources of particles mainly include three parts [9–12]: The first
part is from impurities left over during the production, assembly, and transportation of transformers,
the second part is from impurities mixed in the air, the third part is from impurities generated from the
aging of the oil-paper insulation because of long-term operation, partial discharges. Impurities in the
oil mainly include metal particles and non-metallic particles. Metal particles mainly include copper and
iron particles, while non-metallic particles are mainly carbon particles and fiber particles [13,14]. Fiber
impurities account for more than 90% of the non-metallic impurities [14–16]. During the operation
of the transformer, some particles would move to the joint position of different components with
the oil flow. Some particles are likely to gather in the area with a slow oil flow rate, thus forming a
path between the connecting conductors, which brings a severe challenge for the stable operation of
the transformer.

CIGRE Working Group 12.17 has analyzed the causes of failure on 22 faulty transformers and
40 faulty bushings (765 kV), it pointed out that for transformers 400 kV and above, the source of
particles and their hazards must be cared [14]. In recent years, a lot of research has been carried
out on the motion characteristics of impurities in oil and their impact on insulation performance.
Mahmud S. et al. studied the bridging phenomena of fiber particles in mineral oil based on spherical
electrodes and needle-plate electrodes under different DC and AC voltages. It was found that DC
voltage was the main factor in bridge formation [17–19]. Li Yuan et al. analyzed the generation and
development process of fiber bridges in mineral oil under DC voltage [20,21]. In [22,23], the millimeter
metal particle’s movement behavior was studied using a theoretical model. In [24,25], the motion
trajectory of a metal particle in flowing oil under AC voltage was studied. In [26,27], it was stated
that the voltage form and particle concentration have important impacts on the motion characteristics
of metal particles [26,27]. By studying the movement behavior of millimeter level copper particles
in natural ester and mineral oil under AC voltage, Wang Zhongdong et al. found that the speed of
copper particles in natural ester is slower than that of mineral oil. It is beneficial to reduce the effect of
copper particles on the AC breakdown voltage of natural ester [28,29].

Within the converter transformers in high voltage direct current (HVDC) transmission system,
the oil-paper insulation in the valve winding and outlet bushing experiences AC, DC, AC/DC and
transient impulse voltages simultaneously. The oil contamination problem is more serious under
DC electric field. To promote the natural ester application in DC condition, many new researches
are needed. Compared with the research results related to mineral oil, the impact of impurities on
the insulation performance of natural ester is still lacking. Also, there are few researches focusing
on the differences in the bridging characteristics of metal and non-metal particles in natural ester,
as well as the influence of impurities accumulation on the breakdown of natural ester. Studying the
influence of impurities on the insulation performance of natural ester can provide strong technical
support for better application of natural ester, thus guaranteeing the safe operation of natural ester
transformers [30,31].

This paper investigated the particle motion characteristic in both mineral oil and natural ester,
and compared the effect of particles on the conductivity and breakdown of oil under DC electric field.
First, the movement and accumulation behavior of fiber particles and copper particles in mineral oil
and natural ester were recorded and simulated. Then, the influence of fiber and copper particles on the
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oil conductivity was analyzed. Finally, the DC breakdown strength of mineral oil and natural ester
with different particles concentration were compared.

2. Experiments

25# Mineral oil used in this experiment was purchased from Sichuan Chuanrun CO., Ltd.
(Chongqing, China). The soybean-based natural ester was purchased from Henan Enpai CO., Ltd.
(Zhengzhou, China). The oil samples were dried for 48 h in a vacuum box at 90 ◦C and 133 Pa.
The main parameters of the insulating oil are shown in Table 1. There are two types of clean and dry
particles: fiber particles and copper particles. Fiber particles were produced by rubbing a piece of new
insulation pressboard (NARI Borui transformer factory, Chongqing, China) through metal files. Then
different sizes of sieves were used to separate the particles. The fiber particles used for this experiment
is 150–250 µm in average length. The spherical copper particles with an average diameter of 15 µm
were purchased from Beijing Hongyu CO., Ltd. (Beijing, China).

Table 1. Parameters of insulation oil.

Parameters Mineral Oil Natural Ester

Density/g/cm3 (20 °C) 0.89 0.91
Viscosity/mm2/s (20 °C) 25.70 78.50

Relative permittivity (20 °C, 50 Hz) 2.2 3.1
Volume resistivity/Ω·m (20 °C) 4.68 × 1013 3.327 × 1010

Moisture content/ppm 9 41
Acidity/mgKOH/g 0.0056 0.01245

Tan δ (90 °C, %) 0.0536 0.5085
AC Breakdown voltage/kV (2.5 mm) 65 78

The images of the fiber and copper particles were characterized by an optical microscope, as shown
in Figure 1. The two types of particles and insulating oil were configured into experimental samples
with different contamination levels as shown in Table 2. The particle concentration for fiber is expressed
in mass percentage to the oil. The concentration of copper particles is expressed by the mass of particles
contained in each liter of oil. The samples were fully immersed in a vacuum drying box for 48 h to
make sure the particles are fully soaked in oil and the air bubbles are removed.

Figure 1. The optical microscope images of the copper particles (a) and fiber particles (b).

Table 2. Particles concentration of experimental samples.

Particle Type Particles Concentration

Fiber particles 0.001% 0.003% 0.006% 0.009% 0.012%
Copper particles 0.1 g/L 0.3 g/L 0.6 g/L 1 g/L 1.5 g/L
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The experimental setup is shown in Figure 2. A ceramic oil cup including a pair of plate-plate
electrodes was used for the test. The electrode plate is 25 mm in diameter and 4 mm in thickness.
A high-definition camera (Canon 500D) was placed above the test oil cup to record the particle motion
images during the DC voltage applied process. The HCDJC-100kV/5kVA (Beijing Huace Testing
Instruments CO., Ltd., Beijing, China) was utilized to provide high DC voltage.

Figure 2. The experimental setup for particles accumulation and DC breakdown test

The electric field in oil gap in the convert transformers is usually in the range of 2–8kV/mm. Some
researchers chose the DC electric field of 0.2–20 kV/mm to study the characteristics of the particle
accumulation [32,33]. In the conduction current density experiment, three independent samples of
each kind of oil with different contamination levels were made and tested to ensure repeatability.
The distance between the electrodes was kept at 7.5 mm, and the applied DC voltage was set at
11.25 kV. Previous experiment trials showed that a stable stage would emerge after the voltage was
applied for 15 min [30,31]. So the voltage applied time was set 1500 s. The DC breakdown test was
conducted according to standard IEC 60156. Eight independent samples of each kind of oil with
different contamination levels were made, and the breakdown event was registered only once for every
independent sample. During the test, the increasing rate of DC voltage was 1 kV/s. To ensure uniform
particle distribution, oil samples were stirred thoroughly for 2 min by a glass stirrer before every test.
All the tests were performed at room temperature.

3. Experimental Results and Analysis

3.1. Movement and Accumulation Characteristics of Particles in Mineral oil and Natural Ester

The accumulation behavior of fiber and copper particles in mineral oil and natural ester under DC
voltage is shown in Figure 3. The left side of the figure is the negative electrode, and the right side is the
positive electrode. Here, the fiber particles concentration is 0.009%, the copper particles concentration
is 1 g/L. Figure 3a shows that fiber particles that tended to form fiber bridges in mineral oil, however,
there is no fiber bridges in natural ester. In mineral oil, the fiber particles began to form bridges as
soon as the DC voltage was applied. At the early stage (50 s), some of the bridges were silk-like and
seemed weak. With increasing time, the number and thickness of fiber particle bridges continued to
augment. This was followed by a stable stage at about 600 s, after that the fiber bridges did not change
significantly, as shown in the pictures at 900 s and 1500 s. On the other hand, the situation varied a lot
for the fiber particles in natural ester. With the voltage applied, the time increased, and the “beard”
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phenomenon appeared on the edge of both the electrodes. This adsorption phenomenon was much
more obvious at the cathode rather than the anode from beginning to the end. This process would also
end up with a stable stage.

Figure 3. Dynamic motion of (a) fiber particles and (b) copper particles in insulating oil under DC.

Figure 3b presents the motion characteristics for copper particles in mineral oil and natural ester,
respectively. When the DC electric field was applied, there was one un-complete and weak silk-like
bridge that started from the anode in mineral oil. The position of this bridge was changing during the
voltage-on period, indicating that the bridge formed by copper particles was not stable. In natural
ester, the trace of the copper particles was hardly found even if the DC electric field was applied for
25 min. Most of the particles sank to the bottom while the minority was adsorbed onto the electrode.

To better illustrate the motion characteristics of the particles in oil, the observed trajectories of the
particles were drawn in Figure 4. The movements of these particles depended on the resultant force of
dielectrophoretic force (FDEP), Coulomb force (Fe), viscous drag force (Fd), particle–particle interaction
force (Fpi), gravity (G), and buoyancy force (Fb) according to the model in [34]. A neutral body placed
in an electric field becomes polarized and is equivalent to an electric dipole with an excess of positive
charge on one end and negative charge on the other. The forces acting on the two ends do not balance
for non-uniform electric field resulting in the movement of the particles. This phenomenon is called
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dielectrophoresis first introduced by Pohl [35]. According to Newton’s law of motion, Equation (1)
could be established as follows:

mp
dv
dt

= FDEP + Fd + Fe + Fb + G + Fpi (1)

where mp is the particle mass and v is the motion velocity of the particle. In the following qualitative
analysis, we ignored G and Fb in the y-axis since the y-axis is perpendicular to the electric flux lines.

Figure 4. Motion trajectory diagram of particles in insulating oil under DC uniform electrical field.

For the fiber particles, they start to become polarized as soon as the DC electric field is applied.
The fibers then align themselves parallel to the field lines and are subject to dielectrophoresis force
(DEP force). Given the condition that the fibers are considered to be prolate spheroids with the minor
axis equal to the fiber sectional diameter D, and the major axis equal to the fiber length L. The DEP
force on the fiber is shown as follows [36]:

FDEP =
πεoilε0

12
D2L

[
α

α− 1
− f (β)

]−1
∇E2 (2)

where E is the electric field strength, ε0, εp, εoil are the permittivity of vacuum, particle, and the oil
respectively, α = εp/εoil and β is the aspect ratio (L/D). The function f (β) is given by

f (β) = ξ
[(

1− ξ2
)
coth−1ξ+ ξ

]
(3)

ξ = β(β2
− 1)

−1/2
(4)

It could be seen that dielectrophoresis force depends on the electric field, the volume of the
particles, the complex permittivity of the particles, and the insulating oil. This force exerted on the
fiber will draw the particle closer to the electrode. Particles are also subjected to the drag force from
the viscosity of the oil during the motion. The drag force on a prolate spheroid is given by

Fd = 3πηDυg(β) (5)

g(β) =
8
3

 −2β
β2 − 1

+
2β2
− 1

(β2 − 1)3/2
× ln

β+ (β2
− 1)1/2

β− (β2 − 1)1/2


−1

(6)

where η is the viscosity of the oil and v is the motion velocity of the particles.
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In the initial stage, fibers move toward the electrodes and the particle motion velocity v is
calculated by balancing DEP force with the drag force Fd. It can be assumed β⇒∞ , thus f (β)⇒ 1 ,
and the velocity is given by

v =limβ⇒∞
εoilε0

24η
D2(α− 1)(ln 2β− 0.5)∇E2 (7)

Equation (7) is appropriate for β > 5. Once the fibers touch the electrode surface they acquire
charges from the electrode. According to the theory described in [37], if a conducting particle is
suspended in an insulating liquid and it is in direct contact with an electrode surface, the particle will
become charged to the same polarity as the electrode. The attraction force of a particle to an electrode
of opposite polarity and repulsion force from the same polarity electrode will cause the particle to
move to the distant electrode. The amount of charge q will be acquired by a small metal ball of radius r
touching the electrodes given by [38],

q =
2
3
π3εoilε0r2E (8)

This theory could also be applied to the dielectric fiber particles. However, the acquired charge
amount during the contact process will be reduced by several factors such as electrode material and
particle shape. So the charge amount will be different for each fiber particle, and this could determine
the motion characteristic of the fiber particles. Usually, a reduction factor is introduced which could be
determined by measuring the velocity of the particle. When the particle is charged, the Coulomb force
given by Equation (9) plays a part in the particle motion.

Fe = qE (9)

When the charge amount reaches a certain level and its repelling Coulomb force is greater than
the DEP force and the drag force, the particle gets off the electrode surface and travels toward the
distant electrode. When the particle reaches the opposite electrode, discharge and charge happen in
turn followed by a similar cycle again. This could explain that some of the fibers travel back and forth
between the electrodes in mineral oil as shown in Figure 4a. On the other hand, some other particles
will be directly adhered to the electrodes and will not bounce if their acquired charge amounts are not
big enough to make the Coulomb force greater than the sum of DEP force and drag force. The adhered
particles become tips on the electrode surface and attract more particles with the opposite charge to
adsorb. Also, inter-particle interaction forces like Van der Waals force play a part in leading pressboard
particles to form chains between two electrodes when the particles are within short distances. These
chains also align themselves parallel to the electric field lines as shown in Figure 3. Initially, the electric
field strength is maximum at the electrode surface. Nevertheless, with more and more particles
adsorbing to the electrode, the maximum field locates at the ends of these particle chains. Under
this circumstance, the DEP force directly drives the particles to the chain ends to extend the chain
length. Eventually, the fiber chains from both electrodes join up in the middle. Things become a little
bit different in natural ester, since the drag force of the insulating oil on the particle is much greater
because of the higher viscosity η of the natural ester. As a result, the movement speed of the particle
becomes much lower. In addition, the Coulomb force is needed to make the particle bounce increase,
ending up with almost all the particles being adsorbed onto the electrodes. Therefore, the fiber bridges
are difficult to form in natural ester.

As for the copper particles, the motion trajectories are shown in Figure 4b. The copper particles
suspended in the area between the electrodes will quickly move toward the electrode and bounce
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between two electrodes after a collision with the electrode. This could also be explained by the force
analysis. The DEP force exerted on a metal ball with radius r is given by [38]

FDEP = 2πεoilr3 σp − σoil

σp + σoil
∇E2 (10)

where σp, σoil are the conductivities of the metal particle and the insulating oil, respectively. The drag
force is given by

Fd = 6πηrvcd (11)

where cd is the correction factor related to Reynolds number. Here the Reynolds number is assumed to
be low enough to ensure the motion of the particle is in the Stokes-regime. In this case, the value of
cd is 1. When the DC voltage is applied, the copper particles move to the electrodes in the velocity v
yielded by equating Equation (10) and (11) under the drive of DEP force.

v =
r2εoil

(
σp − σoil

)
3η

(
σp + 2σoil

) ∇E2 (12)

When the metal particles arrive at the electrode, the electrode gives the homo-charge to metal
particles during the collision. The charge amount is given by Equation (8). In the experiments, it is
observed that the copper particles are not likely to adsorb to the electrode but travel back and forth
between electrodes compared to the fiber particle. This could be attributed to two reasons. One is that
the drag force on the metal particle is small since the radius of the metal particle is much smaller than
rod-like fibers and g(β) is about 1.85 when β is assumed to be 5. The other is that the acquired charge
during the contact with electrodes for the dielectric particle will be less than conductive particles under
the same radius regarding the reduction factor. At the same time, gravity in the y-axis is always playing
its role in making the particle sink down. Therefore, it can be seen in Figure 4 that the motion trajectory
of metal particles includes bouncing and sinking. It can also be seen in Figure 3 that only very few
metal particles adsorb to the electrodes suggesting that the probability of forming complete metal
bridges is very low. In the case of natural ester, the velocity in the x-axis is nearly invisible because of
the large drag force resulting from much larger viscosity, and the velocity in the y-axis due to gravity is
predominant. So almost all the particles sink down to the bottom of the tank.

3.2. Motion Trajectory Simulation of Particles in Mineral oil and Natural Ester

Assuming that insulating oil cannot be compressed, suspended fiber and copper particles in oil
withstand gravity and buoyancy in the vertical direction. In this paper, according to the simulation
method in [31,39,40], the motion trajectories of the fiber and copper particle between the electrodes
under DC stress were simulated through AC/DC and particle tracking modules in COMSOL software.
The pressboard samples used in the experiments had many different shapes and sizes. Some of them
are rod-like, while some are not very rounded spherical shape with rough edges. For simplicity,
spherical particle shape is chosen for this simulation since the particle trajectory module of COMSOL
can only model spherical particles. This model has some limitations but it could provide a good
understanding of the experimental observations. Both cellulose and copper particles were treated
as spheres of the same diameter in this simulation. The purpose of doing this was to investigate
the difference in movement velocity and motion tendency resulting from the change in oil property
(e.g., viscosity, permittivity, and density) and particle property (e.g., permittivity and density). In this
case, the diameter of both kinds of particle was set at 50 µm, and the reduction factor of charge
transfer to the dielectric particles was chosen by trial and error method and it was selected to be 0.83.
The parameters of the oil were set the same as Table 1. The dimensions of the electrode were set as
25 mm. The distance between electrodes was 7.5 mm, the applied DC voltage was 11.25 kV. The fiber
particle concentration was 0.009% and the copper particle concentration was 1 g/L. The permittivity
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and volume resistivity of fiber are 4.4 and 2 × 106 Ω·m. The permittivity and volume resistivity of
copper are 105 and 2 × 10−8 Ω·m. The simulated trajectories of both particles in mineral oil and natural
ester are shown in Figures 5 and 6.

Figure 5. Motion simulation of cellulose and copper particles in mineral oil under DC electric field.
(a) Cellulose particles, (b) Copper particles.

Figure 6. Motion simulation of cellulose and copper particles in natural ester under DC electric field.
(a) Cellulose particles, (b) Copper particles.

The simulation results showed that the velocity of the copper particle was larger than that of the
fiber particle. The copper particle tended to bounce between electrodes and sank at the same time.
The fiber particle just moved in the horizontal direction with a few numbers of collisions with the
electrodes compared with the copper particles in the same simulation period. On the other hand,
the dynamic process in natural ester varied a lot from that in mineral oil. The viscosity of natural ester is
much larger than that of mineral oil, which means that the viscous drag force is much larger in natural
ester. The natural ester can significantly reduce the movement speed of the impurity particles, and the
number of collisions between the impurity particles and the electrode in a unit time. The simulation
result is consistent with the observed phenomenon shown in Figures 3 and 4.

3.3. The Influence of Particles on the Current Density of Mineral Oil and Natural Ester

The influence of impurities on the current density of insulating oil was investigated. The results
of contaminated oil with 0.009% cellulose particle, contaminated oil with 1g/L copper particle, and
pure oil were chosen to put together for comparison. The current density curves depicted in Figure 7
were the average values of three independent tests. In the initial stage, the mean values of the current
densities of the samples were given without error bars, which was to avoid clutter curves. In the
stable stage, error bars were given. The saturation values with error bars for each sample were
extracted for comparison as shown in Figure 8. Results showed that the saturation current density
value in contaminated oil was larger than that in pure oil, indicating that impurity particles had a
great influence on the conductivity property of the oil. The saturated current density in mineral oil
containing fibre particles and copper particles were almost four times and nine times of that pure
mineral oil, respectively. In addition, the saturated current density in natural ester containing fibre
particles and copper particles were just 1.1 times and 2 times of that pure natural ester. Besides,
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the current density of the mineral oil with fibre particles or copper particles was larger than that of the
natural ester with the same particle concentration. Figure 7 showed that the current density of natural
ester was not sensitive to impurity contamination compared to mineral oil.

Figure 7. Current density of oil containing particles under DC electric field (11.25 kV, 7.5 mm).
(a) Mineral oil, (b) Natural ester.

Figure 8. Comparison of saturated current in insulation oil containing fiber and copper particles.

3.4. Influence of Particles on the DC Breakdown Voltage of Mineral Oil and Natural Ester

Weibull distribution is usually used for breakdown characteristic analysis. The two parameters
Weibull cumulative distribution function for the population fraction below t is given by formula (13):

F(t;α, β) = 1− exp[−(
t
α
)
β
] (13)

where α is the scale parameter and β is the shape parameter, t represents the breakdown voltage, and
F(t) is the probability of failure at voltage t. The scale parameter α represents the voltage for which the
corresponding breakdown probability is 63.2%. The shape parameter β is the measure of the spread of
the failure voltages. The larger β is, the smaller is the range of breakdown voltages.

As for the estimation of distribution parameters, the empirical distribution function Fn(ti) proposed
by Blom as shown in formula (14) was applied to all the test data, where Fn(ti) is the probability of
failure, i represents the order of test samples, and n is the total number of test samples. Formula (6)
could be converted into formula (15) by taking the logarithm, then the values of α and β could be
estimated using the least square method.

Fn(ti) =
i− 0.375
n + 0.25

× 100% (14)

ln[− ln(1− F(t)] = β ln t− β lnα (15)
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Figures 9 and 10 show the Weibull probability distribution plot of different oil samples containing
different particles concentration under DC voltage. With an increase in the concentration of particles,
the Weibull curve moves to the left side. The breakdown probability of samples reduced as the
concentration of the particles increased. This phenomenon could be explained by Figure 3. More
particles brought about more bridges and more accumulated particles between the electrodes, thus
leading to more conducting paths. Conducting paths are detrimental to the breakdown strength of the
oil insulation.

Figure 9. Weibull distribution of breakdown voltage for contaminated mineral oil.

Figure 10. Weibull distribution of breakdown voltage for contaminated natural ester.

The scale parameters α, shape parameters β of all the samples were extracted and are shown in
Tables 3 and 4. The scale parameters α could be used to evaluate the breakdown characteristic and it
is named “characteristic DC breakdown voltage.” Moreover, the breakdown voltages corresponding
to 50% and 5% probability failure of all the samples were read out from the Weibull plots and also
presented in Tables 3 and 4. Figures for 50% probability failure are analogous to the mean of the normal
distribution and data for 5% probability failure is considered as one of the lowest breakdown probability.
These quantities could help present more detailed information about Weibull distribution and provide
better comparison. Results showed that the characteristic DC breakdown voltages of natural ester
were always higher than that of the mineral oil under the same condition. This was in accordance
with the changing of the current density of mineral oil and natural ester under particle contamination.
From this perspective, the insulating performance of the natural ester is better in consideration of the
particle contamination. Moreover, the noticeable difference between oil samples containing different
particles should also be paid attention to. For both mineral oil and natural ester, the DC breakdown
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characteristic voltages of oil containing copper particles were always lower than that containing fiber
particles. The same trends could also be observed in the figures for 50% and 5% probability failure.
For one thing, the breakdown voltages for oil contaminated by cellulose particles were always higher
than the figures for oil contaminated by metal particles. For another thing, the breakdown voltages for
the natural ester were higher than the figures for mineral oil provided the same kind of contamination
particles and the same contamination level. Specifically speaking, the characteristic DC breakdown
voltage of contaminated mineral oil showed a decrease from 4.6% to 22.5% when the fiber particle
concentration increased from 0.001% to 0.012% compared to pure mineral oil. The characteristic DC
breakdown voltage of contaminated mineral oil with copper particles decreases from 22.7% to 44.6%
when the copper particle concentration increased from 0.1g/L to 1.5g/L. However, the decline range of
the characteristic DC breakdown voltages for natural ester contaminated by cellulose particles and
copper particles showed smaller drops. It was 6%–20.2% and 11.8%–41.1%, respectively. Conclusion
could be drawn from the above comparison that metal particles were more harmful to the insulating
oil than cellulose particles and that natural ester was superior to mineral oil in resistance to impurity
particle pollution to some degree. It could be inferred that the higher viscosity of the natural ester is
beneficial to the endurance for impurity contamination.

Table 3. Weibull parameter of characteristic DC breakdown for contaminated mineral oil.

Fiber Particle
Concentration (%) Pure Oil 0.001 0.003 0.006 0.009 0.012

α (kV) 76.6 67.6 65.6 63.0 61.7 59.4
β 26.5 25.0 35.9 39.1 35.3 30.7

50% probability failure (kV) 75.6 66.6 64.9 62.5 61.1 58.6
5% probability failure (kV) 68.4 60.0 60.4 58.4 56.7 53.8

Copper Particle
Concentration (g/L) Pure Oil 0.1 0.3 0.6 1 1.5

α (kV) 76.6 59.2 56.9 53.4 51.9 42.4
β 26.5 13.5 16.5 27.2 21.6 19.9

50% probability failure (kV) 75.6 57.6 55.6 52.7 51.0 41.6
5% probability failure (kV) 68.4 47.5 47.5 47.9 45.2 36.5

Table 4. Weibull parameter of characteristic DC breakdown for contaminated natural ester.

Fiber Particle
Concentration (%) Pure Oil 0.001 0.003 0.006 0.009 0.012

α (kV) 78.6 71.5 70.1 68.8 64.8 62.7
β 31.1 45.4 19.7 18.0 37.5 23.8

50% probability failure (kV) 77.7 70.9 68.8 67.4 64.2 61.8
5% probability failure (kV) 73.1 68.0 62.5 60.7 61.0 55.3

Copper Particle
Concentration (g/L) Pure Oil 0.1 0.3 0.6 1 1.5

α (kV) 78.6 66.8 64.4 61.0 58.8 46.3
β 31.1 28.2 27.9 39.4 25.7 19.5

50% probability failure (kV) 77.7 65.9 63.6 60.4 57.9 45.4
5% probability failure (kV) 71.5 60.1 57.9 56.5 52.3 39.7

To investigate the influence of different types of particles on the DC breakdown strength of the
insulating oil, the relation between the DC breakdown voltages values for 50% probability and the
particle concentration was established. The figures corresponding to 50% probability from the Weibull
distribution function could be treated as analogous to the mean value of normal distribution because
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they are both medians. That is why we use 50% probability breakdown voltages to analyze. The figures
are extracted from Tables 3 and 4, and the fitting equation is shown as follows

y = Ax + B (16)

where x is the particle concentration (percentiles for fiber particles and 102 g/L for copper particles), y is
the DC breakdown voltage for 50% probability, A represents the decreasing rate of breakdown voltage
with the increasing of particle concentration, and B is the fitting constant. The curves are depicted in
Figure 11, and R2 is the goodness of fitting.

Figure 11. Relation between DC 50% probability breakdown voltages of oil and contamination level.

The results showed that particles were detrimental to the breakdown strength of the insulating
oil. For both insulating oils, the DC breakdown voltages corresponding to 50% probability showed
a linear decrease with the increase of particles concentration. The DC breakdown voltages for 50%
probability of oil containing copper particles were lower than the figures for the oil containing fiber
particles. It was indicated that the hazard of metal particles to the insulating oil was more serious.
Besides, the DC breakdown voltages for 50% probability of natural ester were always higher than
those of the mineral oil under the same particle contamination, so the advantage of natural ester on
contamination resistance was highlighted.

4. Conclusions

In this paper, experiments and simulations were carried out to compare the motion and
accumulation characteristics of fiber and copper particles in mineral oil and natural ester under DC
electric field. The DC breakdown voltages for both insulating oils with different particle concentrations
were measured. The conclusions are as follows.

The motion and accumulation characteristics of fiber particles vary a lot from copper particles.
Compared to mineral oil, the motion speed of particles was significantly lower in natural ester because
of its higher viscosity. In mineral oil, copper particles had difficulty in forming stable bridges, while
fiber particle bridges were dense and thick. In natural ester, the fiber and copper particles were
mainly adsorbed by the electrode and would not form the bridge of impurity particles. The current
density of natural ester contaminated with particles was lower than that of mineral oil with the same
contamination particle type and contamination level.

The DC breakdown voltages for 50% probability showed a linear decrease with the increase of
particle concentration. The DC 50% probability breakdown voltages of oil containing copper particles
were lower than those of the oil containing fiber particles. However, the decline range of the DC 50%
probability breakdown voltages for natural ester contaminated by fiber or copper particles showed a
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smaller drop compared to the mineral oil with the same contamination level. Natural ester is superior
to mineral oil in resistance to impurity particle pollution.
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