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ABSTRACT 

The presence of metallic particles can lead to the degradation of transformer oil due to the intensification 

of the electric fields near the conductive components. The primary objective of this research was to 

investigate the impact of iron impurities on the electrical properties of Mineral Oil (MO), particularly 
under conditions of continuous flow. Five distinct samples with varying levels of contaminants were 

carefully prepared for analysis. A specialized chamber was designed to replicate the circulation conditions 

of oil within an operating transformer. The focus of the investigation was on the breakdown characteristics 

under DC voltages. The results indicated that higher concentrations of iron impurities were associated 

with a reduction in breakdown voltage although the circulation of oil exhibited a beneficial effect. To 

validate these findings, Finite Element Method (FEM)-based simulations were conducted. The analysis of 
the electric field distribution revealed that iron impurities amplified the electric field intensity, while 

circulation served to mitigate this effect. Furthermore, the simulations tracking the trajectory of iron 

particles demonstrated that circulation hindered the particles from reaching the electrodes, thereby 

diminishing discharge events and lowering the risk of dielectric failure. In conclusion, the circulation of 

MO enhanced its breakdown voltage, although the presence of iron contamination could still pose a risk 
under DC voltage conditions. 

Keywords-dielectric properties; breakdown voltage; electric field distribution; iron particle movement; 

circulating mineral oil  

I. INTRODUCTION  

Oil is a standard liquid insulator employed in power 
transformers, serving both as a coolant and possessing a 
relatively high dielectric strength [1-3]. MO, derived from 

petroleum through distillation, is the most widely used material 
for this purpose [4]. An additional advantage of utilizing MO is 
its low content of compounds that can enhance oxidation 
resistance and gas absorption capabilities [5]. 
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Across the various stages of transformer production, 
installation, operation, and maintenance, the insulating oil may 
become contaminated with iron particles, adversely affecting 
the insulation properties and contributing to approximately 5-
10% of transformer failures [6-10]. Increased flow velocities in 
transformer oil lead to a reduction in the frequency of Partial 
Discharges (PD), subsequently enhancing the breakdown 
voltage of the insulating oil [11]. Authors in [12] studied the 
influence of temperature on the partial discharge and 
breakdown behavior of the moving transformer oil 
contaminated with metallic particles. It was observed that the 
breakdown voltage increases with rising temperatures due to 
the reduction in viscosity of the transformer oil, which alters 
the forces on the particles and subsequently decreases their 
collision frequency with the electrodes. 

Prior studies have investigated the impact of contaminants 
on breakdown voltage and their motion properties, but the 
interplay between the electric field in the circulating oil and the 
contaminant movement remains unexplored. This study aims to 
address this research gap by specifically examining the impacts 
of incorporating iron particles into the circulating MO, as 
evaluated through the measured electric field distribution 
within the test samples.  

II. EXPERIMENTAL SETUPS 

The experiment featured the design of a transformer oil 
circulation system to examine the DC breakdown behavior 
under diverse flow velocities, as depicted in Figure 1. The 
system incorporated an oil pump to circulate the transformer 
oil, while a flow meter was utilized to measure the oil flow 
velocity at the inlet. To generate a consistent electric field, two 
parallel-plate electrodes fabricated from steel [13] were 
situated 10 mm apart within a plexiglass oil channel. Each 
electrode possessed a diameter of 50 mm and a thickness of 10 
mm 

 

 
Fig. 1.  Transformer oil circulation chamber. 

The study used Shell Diala S4 ZX-1 MO. Prior to each test, 
the oil underwent filtration and degassing to meet the 
experimental requirements before being introduced into the 
circulation system [14-16]. Metallic particles in power 
transformers typically range from 5 to 200 μm in diameter, 
with particles exceeding 100 μm posing a greater risk to the 
insulation [17, 18]. To simulate contamination scenarios, 100 

μm iron particles were introduced into the oil at concentrations 
ranging from 0 to 0.3 g/l. Additionally, the oil flow velocity 
was maintained at 0.0 (static) and 0.30 m/s (circulating), as 
speeds exceeding 0.50 m/s in large power transformers can 
lead to flow electrification [19-21]. The variations in the test 
samples are detailed in Table I. 

TABLE I.  TEST SAMPLE VARIATIONS 

Sample 

Oil 

Volume 

(ml) 

Iron 

Particle 

Mass (mg) 

Iron Particle 

Concentration 

(g/l) 

Circulation 

Velocity (m/s) 

MO 

360 

0 0.00 

0.0 (Static) 

0.3 (Circulating) 

MO/Fe
-1

 25 0.07 

MO/Fe
-2

 50 0.15 

MO/Fe
-3

 75 0.22 

MO/Fe
-4

 100 0.30 

 

III. EXPERIMENTAL RESULTS 

The voltage required to initiate electrical conductivity in an 
insulating material, thereby allowing current flow, is known as 
the Breakdown Voltage (BDV). This phenomenon is 
characterized by the formation of a spark or a sudden increase 
in the current between two electrodes. To determine the BDV, 
a DC voltage was progressively increased and applied to the 
electrodes until the dielectric strength of the nanofluid was 
surpassed by the electrical stress induced by the elevated 
voltage. The BDV measurements were validated through 
twenty trials for each sample. 

This study utilizes the Weibull probability approach to 
assess the forecasted breakdown probability in MO samples. 
The Weibull probability method is frequently employed to 
evaluate system reliability and is particularly prominent in the 
analysis of life test data, which indicate the probability of a 
component functioning as intended for a specified time period 
during a given test [22, 23]. Figure 2 depicts the Weibull 
probability plot representing the breakdown voltage for each 
test sample. The Weibull distribution of BDV values for the 
tested samples is characterized by cumulative probabilities of 
1, 10, and 50%. The DC-BDV at an 1% cumulative probability 
denotes the minimum value indicative of the insulating liquid's 
reliability. Some researchers have chosen to utilize the DC-
BDV corresponding to a 10% risk level instead of the 1% 
threshold. Conversely, the 50% DC-BDV represents the 
average value. 

The findings presented in Table II indicate that the 
introduction of the circulating motion led to an increase in the 
dielectric BDV of the MO samples. Specifically, the BDV of 
the pure MO increased by 42%, while the BDVs of the MO 
with iron particle contamination, MO/Fe-1, MO/Fe-2, MO/Fe-
3, and MO/Fe-4, increased by 51, 55, 46, and 66%, 
respectively, under circulating conditions. Conversely, the 
inclusion of iron particles resulted in a decrease in the dielectric 
BDV of the MO. The BDV of the MO/Fe-1 sample decreased 
by 15% under static conditions and 10% under circulating 
conditions. Similarly, the BDVs of the MO/Fe-2, MO/Fe-3, 
and MO/Fe-4 samples decreased by 22 and 14%, 29 and 21%, 
and 35 and 26%, respectively, for static and circulating 
conditions. 
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Fig. 2.  Weibull probability plot of breakdown voltage of test sample. 

The results demonstrate a progressive decline in the BDV 
as the concentration of iron particles increases. This can be 
attributed to the elevated conductivity of the test medium 
resulting from the presence of iron particles (1.04 × 10

7
 S/m), 

which enables a more facile passage of the electric current 
through the medium. 

TABLE II.  DC-BDV RESULTS OF TEST SAMPLES 

Sample 
Weibull 

Probability (%) 

Static DC-BDV 

(kV) 

Circulating 

DC-BDV (kV) 

MO 

1 16.58 28.86 

10 20.79 32.22 

50 24.92 35.19 

MO/Fe
-1

 

1 14.39 26.26 

10 17.84 29.22 

50 21.18 31.83 

MO/Fe
-2

 

1 12.76 23.39 

10 16.13 26.91 

50 19.47 30.12 

MO/Fe
-3

 

1 12.14 23.30 

10 14.93 26.65 

50 17.63 27.71 

MO/Fe-4 

1 10.07 20.23 

10 12.92 23.32 

50 15.97 26.14 
 

The results further suggest that incorporating circulation 
into the system improved the dielectric strength across all 
examined samples. The circulation mechanism reduced the 
time required for metallic particles to traverse the oil channel, 
thereby decreasing the duration of contact and impact between 
the upper and lower electrode plates. This subsequently 
diminished the probability of discharge events caused by a 
charge transfer between the particle and the plate. 

IV. SIMULATION RESULTS 

A. Electric Field Distribution 

The main objective of this study is to provide a more 
thorough examination of the relationship between the 
concentration of iron impurities and the BDV in MO. The 
simulations utilized a FEM-based software, and accurate 
material parameters for MO, electrodes, and iron particles, 
which were essential for determining the electric field 
distribution [24]. The design of the electric field distribution 
simulation is illustrated in Figure 3. 

 
Fig. 3.  Simulation design model. 

The foundational principles of a model design are heavily 
dependent on the governing equations and boundary 
conditions, which specify how physical processes are simulated 
within defined geometric constraints and under particular 
conditions. In this study, the governing equations are 
formulated as: 

�� ∙ � � �     (1) 

In the field of electrostatics, the relationship between the 
electric field (E) and the electric potential (V) is described by 
an equation that assumes stationary charges and the absence of 
time-varying magnetic fields. The electric field is 
mathematically correlated with the gradient of the electric 
potential, where the negative sign indicates that the electric 
field E is directed towards regions of decreasing electric 
potential V. Fundamentally, the flow of the electric field lines 
occurs from areas of higher potential (positive charges) to 
lower potential areas (negative charges or regions where the 
potential decreases along the gradient). The creeping flow 
module is used to simulate the fluid flow at velocities below 1 
m/s, which is particularly appropriate for materials in which 
viscosity is a more significant factor than inertia. 

��	 ∙ 
� � 0     (2) 

This is especially pertinent for substances like MO, which 
are classified as incompressible fluids. In such fluids, the 
density (ρ) remains constant, and the volume of the oil entering 
a chamber at a specific velocity (u) equals the volume of the oil 
exiting the chamber. 

The study utilized the fluctuation in particle count to 
analyze the variations in the concentration of the test sample. 
This was determined through the principles of density and by 
comparing the total contamination volume to the volume of a 
single iron particle. The variance in particle count is portrayed 
in Table IV. The applied voltage was 10 kV, which was based 
on the minimum BDV findings documented in Table II. 

The data presented in Table IV exhibit the electric field 
distribution patterns across all test samples. As the 
concentration of iron particle impurities increased, the observed 
electric field magnitude correspondingly escalated. Conversely, 
the introduction of the circulation motion within the samples 
resulted in a reduced electric field distribution value for each 
tested sample. 
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TABLE III.  PARTICLE COUNT VARIATIONS 

Sample 
Iron Density 

(g/cm
3
) 

Iron Particle 

Mass (mg) 
N-particle 

MO 

7.87 

0 0 

MO/Fe
-1

 25 6000 

MO/Fe-2 50 12000 

MO/Fe-3 75 18000 

MO/Fe-4 100 24000 

 

The presence of conductive iron powder particles in MO is 
associated with an enhanced electric field strength. This is 
facilitated by an ionization process that generates free electrons 
and positive ions through charge induction and polarization 
within the iron powder. Subsequently, the migration of these 
particles within the electric field establishes a conductive 
pathway between the electrodes. Therefore, it can be concluded 
that an increase in both the concentration of iron powder and 
the electric field strength within the MO correlates with an 
increase in the oil's conductivity, while simultaneously 
resulting in a decrease in its dielectric strength. 

TABLE IV.  ELECTRIC FIELD DISTRIBUTION RESULTS OF 
TEST SAMPLES 

Sample 
Electric Field -Static 

Sample (kV/mm) 

Electric Field – Circulating 

Sample (kV/mm) 

MO 1.40 1.00 

MO/Fe
-1

 1.54 1.09 

MO/Fe
-2

 1.55 1.18 

MO/Fe
-3

 1.64 1.19 

MO/Fe
-4

 1.73 1.22 

 

The diminished electric field strength observed in the 
circulating MO sample is attributed to the redistribution of 
accumulated charges throughout the oil's volume. Under static 
conditions, charges generated through ionization tend to 
accumulate, leading to localized increases in the electric field 
intensity and accelerating the failure of the test sample. In 
contrast, the circulation motion facilitates the dispersion of 
charge concentration, thereby reducing the electric field 
intensity within the test material. This dynamic process stands 
in opposition to the static conditions, as the circulation can 
effectively mitigate the failure process in the test sample. 

B. Particle Trajectory 

A particle trajectory simulation was conducted to 
investigate the influence of particle movement on the 
breakdown characteristics of MO, with a particular focus on the 
micro-discharge phenomenon caused by polarity differences. 
The simulation employed the Lagrangian coordinate system to 
track the trajectory of iron particles and analyze their motion 
vectors in accordance with Newton's Second Law of Motion: 



�
�����

���

��
 �  �� � �� � ��  �  ������   (3) 

where: 

�� �  �

 
!����

 �"�
" � 
��#
" � 
�#  (4) 

�� � $%�     (5) 

       �� �  


�
���

�&'�� � �"(   (6) 

where Cd is the resistance coefficient, rp is the radius of the iron 
particles, ρl is the density of the circulating oil, ul is the velocity 
of the circulating oil, up is the velocity of the iron particles, and 
ρp is the density of iron particles. The charge obtained by the 
iron particles is denoted with q, E is the electric field in the test 
medium, and k is the electrostatic coefficient. 

When the charged particles are positioned far from the 
electrode surface, the parameter k receives the value of 1, and 
when they come into contact with the electrode, k is 0.832. 
Furthermore, the horizontal motion of the iron particles is 
represented by the parameter FD, while their vertical motion is 
depicted by the Fe parameter. The gravitational force is denoted 
as Fg, and Fother represents other forces considered to have 
negligible effects, such as inertia, buoyancy, and Saffman 
forces. Additional experimental conditions include a test media 
speed of 0.3 m/s, an iron particle diameter of 100 μm, and a 
voltage of 10 kVDC. 

 

 

Fig. 4.  Static iron particle trajectory. 

 
(b) 

Fig. 5.  Circulating iron particle trajectory. 

Figures 4 and 5 display the behavior of the iron particles 
under the influence of a DC voltage. In Figure 4, the particles 
exhibit a tendency to traverse between the electrodes due to the 
orientation of the constant electric field generated by the DC 
voltage. This results in the particles being continuously 
attracted to the energized electrode while discharging towards 
the grounded electrode. Conversely, Figure 5 presents the 
trajectory of the iron particles in a circulating environment. 
Here, the particles are inclined to gravitate towards the 
grounded electrode due to gravitational forces. Upon contact, 
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the particles acquire a charge. The movement of the particles 
along the y-axis is influenced by the counteracting forces of the 
electric field and gravity. Additionally, the net horizontal force 
generated by the circulation of oil impedes the velocity at 
which the iron particles approach the electrodes. The 
circulating motion also indicates that the oscillatory behavior of 
the particles, driven by both the oil circulation and gravitational 
forces, contributes to a deceleration in the formation of 
bridging or vertical conductive pathways among the iron 
particles. 

 

 

Fig. 6.  Three iron particles trajectories in circulating condition. 

The trajectory outcomes depicted in Figure 6 were 
influenced by the introduction of iron particle contaminants. 
Specifically, the inclusion of iron particles led to an increase in 
the number of contacts within the test medium. This 
phenomenon may have contributed to an elevated electric field 
within the system, thereby increasing the probability of 
electrical breakdown. Figures 7 and 8 illustrate the trajectory of 
the iron particles in relation to the electrode diameter in x-axis, 
and to the electrode gap in y-axis. As shown in Figure 7, under 
static conditions with a test duration of 0.1 seconds, the 
maximum distance travelled by particles within the voltage 
region was 12 mm. The electric field strength in this static 
scenario was 5.68 kV/mm. Conversely, Figure 8 portrays a 
static scenario, where the maximum distance for particle 
movement through the voltage area was 15 mm over a slightly 
longer duration of 0.101 seconds, accompanied by a lower 
electric field strength of 5.5 kV/mm. The implementation of the 
circulation flow is crucial for mitigating the formation of weak 
points within the oil, which could potentially lead to failure. In 
this experimental setup, iron particles act as weak points due to 
their conductive properties, thereby enhancing the conductivity 
of the test sample, as indicated by the increased value of the 
distributed electric field, which may trigger discharge-to-
breakdown phenomena. Nevertheless, the circulation flow 
facilitates the rapid traversal of conductive iron particles 
through regions of intense electric fields, hence complicating 
the discharge process between the iron particles and the 
electrodes. As a result, the movement induced by oil circulation 
contributes to inhibiting the progression of the discharge 
towards failure, leading to an elevation of the breakdown 
voltage of the test sample. 

 

Fig. 7.  Static particle tracetorry position. 

 

Fig. 8.  Circulating particle tracetorry position. 

V. CONCLUSIONS 

This study investigated the impact of iron particle 
contaminants on the DC Breakdown Voltage (DC-BDV) of 
circulating Mineral Oil (MO) through experiments and 
simulations. The results demonstrate a clear correlation 
between the level of iron particle contamination and the electric 
field distribution within the MO. As the concentration of iron 
particles increases, the electric field distribution value 
correspondingly rises. This heightened electric field intensifies 
the discharge activity, primarily due to the increased frequency 
and severity of collisions between the iron particles and the 
electrodes. These collisions disrupt the stability of the electric 
field, leading to a decrease in the observed breakdown voltage 
during the experimental trials. Ultimately, the presence of iron 
particles serves as a catalyst for electrical discharges, 
compromising the insulating properties of the MO. 

In contrast, incorporating a circulation system into the 
experimental setup was found to have a beneficial impact on 
the electric field distribution. The circulation system disrupts 
the collision dynamics between the iron particles and the 
electrodes, creating an oscillatory effect that reduces the 
likelihood of prolonged collisions. Additionally, the circulation 
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system decreases the duration that iron particles remain within 
the high-voltage region, further mitigating the potential for 
electrical breakdown. Consequently, the recorded breakdown 
voltage during the experiments increased, demonstrating that 
the circulation system plays a crucial role in enhancing the 
electrical performance of the mineral oil by minimizing the 
detrimental effects of particle contamination. The DC voltage 
characteristics on the particle path involve iron particles 
consistently colliding with the voltage electrode and the ground 
due to the constant voltage and the electric field of the DC 
voltage. 
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