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Abstract

Rubber particles shed from aging seals in converter transformers can distort local electric
fields and degrade insulation. As a critical but understudied impurity in converter trans-
formers, the migration and accumulation mechanisms of rubber particles remain unclear.
This study investigates the movement and accumulation behaviors of nitrile butadiene
rubber (NBR) particles under a DC electric field. High-speed camera observations were
conducted under DC voltages up to 6 kV to capture the migration of 100–200 µm NBR
particles under parallel-plate and sphere-plate electrodes. A multiphysics model was
developed to simulate field gradients and particle trajectories. Results show that parti-
cles form dynamic bridges via reciprocating migration in uniform fields, whereas they
exhibit staged movement under non-uniform fields. A dielectrophoretic (DEP) potential
well model reveals that high-gradient regions (e.g., electrode edges) form steep wells that
trap particles when their kinetic energy falls below the well depth. Quantitative analysis
indicates that particles with a radius below the critical value (e.g., 150 µm) are prone to
local accumulation under applied voltages above 3.5 kV. Above this critical value, accumu-
lation is suppressed, depending on the voltage and oil velocity conditions. These findings
clarify the critical criteria for rubber particle accumulation, supporting insulation design in
converter transformers.

Keywords: converter transformer; rubber particles; movement characteristics; accumula-
tion mechanism; potential energy

1. Introduction
As the core hub equipment of the ultra-high voltage direct current (UHVDC) transmis-

sion system, the operational reliability of the converter transformer is directly related to the
safety and stability of the power grid [1,2]. In actual operation, the valve-side winding of
the converter transformer is subjected to severe AC/DC composite electric fields for a long
period, which imposes extremely high requirements on the oil-paper composite insulation
structure on the valve side [3,4]. Insulating oil, as the key medium for internal insulation
and heat dissipation, not only serves the functions of electric field homogenization and
heat transfer but also acts as the main carrier for solid impurities. During manufacturing,
transportation, and long-term operation, transformer oil is highly susceptible to solid
particle contamination [5,6]. Since the dielectric constant of solid impurity particles is
generally higher than that of transformer oil, they undergo polarization under the electric
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field and directionally migrate toward regions with high electric field intensity [7]. These
microparticles not only cause severe local electric field distortion but also easily induce
partial discharge or even electrical breakdown, significantly degrading the insulation per-
formance of the transformer oil [8–10]. Especially under a DC electric field, due to the
significant space charge effect and the continuous unidirectional electric field force driving
the microparticles, their charged migration and local accumulation behaviors are more se-
vere than those in AC systems [11–14]. Insulation failures caused by particle contamination
account for a significant proportion of the total failures, which has become a prominent
bottleneck restricting the safe operation of converter transformers [15,16].

In recent years, domestic and foreign scholars have carried out extensive research
on solid particles in transformer oil. S. Birlasekaran [17,18] observed the collision and
electrophoretic motion of metal particles under AC electric fields using high-speed pho-
tography and established a particle charge dynamics model. L. Dascalescu et al. [19]
systematically studied the dielectrophoresis phenomenon in non-uniform electric fields
and quantified the influence of dielectrophoretic forces on particle trajectories. Tang Ju
et al. [20] conducted a multi-physics coupling analysis on charged metal particles with an
average diameter of 150 µm in an AC electric field to achieve an accurate simulation of
motion trajectories, specifically investigating the impact of variables such as oil flow rate,
oil gap field strength, particle size, initial conditions, and rotational effects. Li et al. [21]
systematically investigated the regulation mechanism of electric field type, field strength,
and particle concentration on the trajectories of solid particles ranging from 1 to 100 µm
in oil flow. Li et al. [22] restored the entire motion trajectory of cellulose impurities under
DC voltage by establishing a simulation model and pointed out that a single motion cycle
of a particle is divided into three stages: “lifting”, “ascending”, and “descending”. Meng
et al. [23] pointed out that the interaction forces between particles significantly affect their
accumulation behavior, and the development process of particle chains is accompanied
by dynamic changes of extension and rupture. Dong et al. [24] established a TR-PIV sys-
tem to observe and analyze the micro-dynamic processes of cellulose particle migration,
aggregation, and bridging.

Existing studies on impurity-induced bridging in electrode gaps mainly focus on
conventional particles like metals and cellulose [17–24]. However, under long-term thermal-
oxidative aging and mechanical stress, internal seals in converter transformers prone to
degrade and shed micrometer-sized nitrile butadiene rubber (NBR) particles [25–27]. Un-
like highly conductive metals, NBR is a non-conductive dielectric with a much smaller
relative permittivity contrast against transformer oil. It also exhibits a higher volume resis-
tivity than hydrophilic cellulose fibers. These distinct polarization and charge relaxation
properties mean the motion and accumulation laws of NBR particles remain unclear. Under
DC electric fields, polarized NBR particles tend to accumulate in high-gradient regions
driven by dielectrophoretic forces [7], distorting local electric fields and threatening insu-
lation safety [9]. Therefore, elucidating the transport dynamics and stable accumulation
thresholds of rubber particles is crucial for accurately assessing the insulation risks in
converter transformers.

To address the above issues, this paper takes NBR particles in mineral oil as the
research object to investigate their movement characteristics and local accumulation mech-
anisms. First, a DC observation platform was established, and high-speed photography
was utilized to acquire the dynamic migration characteristics of particles under uniform
and non-uniform electric fields. Second, a multi-physics coupling model was established
to reveal the mechanical causes of lateral particle deflection and local accumulation, pro-
viding supplementary explanations for the experiments. Finally, based on the concept of
potential wells, a dielectrophoretic (DEP) potential energy model was constructed, and
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the accumulation criterion was established by comparatively analyzing the particle kinetic
energy and the potential well depth. This paper aims to elucidate the local accumula-
tion mechanism of rubber particles from the perspective of micro-mechanics and energy
competition, providing theoretical support for suppressing particle contamination inside
converter transformers and enhancing equipment reliability.

2. Materials and Methods
2.1. Experimental Platform

The DC experimental platform is shown in Figure 1a. A ZGF series DC high-voltage
generator is selected, capable of outputting a maximum DC voltage of 120 kV. The control
panel allows for direct reading of the current output high voltage and the leakage current
flowing through the tested sample. A transparent cubic test oil cup with a side length of 75
mm is used, equipped with an adjustable knob internally to facilitate the replacement of
different electrode configurations according to test requirements. The connection between
the electrodes and the oil cup is sealed with polytetrafluoroethylene (PTFE) material
to ensure good insulation and sealing performance of the apparatus. Considering the
extremely low magnitude of leakage current in mineral oil, which is difficult for the DC
high-voltage generator to measure accurately, a Keithley 6517B electrometer manufactured
by Tektronix is selected to monitor the variation of the leakage current. The current
measurement resolution of this instrument reaches 10 aA (10 × 10−18 A), with an overall
measurement range from 10 aA to 20 mA. The electrodes utilized in the test oil cup include
parallel-plate and sphere-plate configurations. The plate electrode has a diameter of 25
mm, and the sphere electrode has a diameter of 13 mm. Both are made of brass, with an
inter-electrode gap of 5 mm.

 

Figure 1. Experimental platform and numerical simulation model: (a) schematic of the experimental
setup; (b) mesh generation of the simulation model.

2.2. Experimental Method

Kunlun KI25X transformer mineral oil (PetroChina Company Limited, Beijing, China)
is used in the experiment. A ZY series high-efficiency vacuum oil purifier (Chongqing
Zhongneng Oil Purifier Manufacturing Co., Ltd., Chongqing, China) is employed to filter
the mineral oil. The heating temperature during filtration is set to 60 ◦C, and each filtration
session lasts for 7 h. The average breakdown voltage of the filtered mineral oil is tested
to be 64.2 kV, which meets the requirements of the IEC 60296: 2020 standard [28]. Nitrile
butadiene rubber (NBR) is selected as the main source material for rubber impurity particles.
Since the size of impurity particles in transformer oil is typically at the micrometer level,
a file is used to generate friction on an NBR pad to obtain NBR particles, and a standard
laboratory test sieve (Xinxiang Dahan Vibration Machinery Co., Ltd., Xinxiang, China) is
employed to control the particle radius range between 100 and 200 µm [29].
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Initially, 290 mL of mineral oil is added into the test oil cup (parallel-plate electrodes)
as the base oil sample. Subsequently, 0.029 g of NBR particles is added to reach a concen-
tration level of 0.1 g/L (corresponding to Class 12 of the ISO 4406: 2021 [30] particulate
contamination classification). During the experiment, a stirrer is used to thoroughly mix the
particle-containing oil sample. After stirring, the oil sample is left to stand until the bubbles
completely dissipate. A stepped DC voltage is then applied, starting from 0.5 kV and
increasing to 6.0 kV in increments of 0.5 kV every 20 s, followed by a constant hold phase at
6.0 kV after 240 s. At the maximum applied voltage of 6 kV, the peak electric field intensities
for the parallel-plate and sphere-plate configurations reach approximately 17 kV/cm and
55 kV/cm in the finite element simulation, respectively. Each voltage level is maintained
for 20 s before proceeding to the next level. Throughout the step-up voltage application
process, a high-speed camera (FASTCAM Nova S6, Photron Limited, Tokyo, Japan) is used
to continuously record the inter-electrode gap region with a resolution of 1024 × 1024 and
a frame rate of 50 fps (20 ms temporal resolution, given the maximum particle velocity of
~2 mm/s, the maximum frame-to-frame displacement is only ~40 µm (2–3 pixels), which is
optimal for tracking), capturing the motion trajectories of rubber particles under the DC
electric field in real-time. The entire pressurization process involves measuring the leakage
current in the insulating oil using the 6517B electrometer (Keithley Instruments, Solon,
OH, USA). The electrodes are then replaced with sphere-plate electrodes, and the above
experiments are repeated.

While this study is limited to a single concentration of 0.1 g/L, its primary focus is to
reveal the fundamental transport mechanisms of individual impurity particles under the
competition between fluid kinetic energy and dielectrophoretic potential barriers. Future
work will systematically investigate how particle concentration influences the transition
from such individual trajectories to collective network bridging.

2.3. Simulation

Particle dynamics simulations in oil under different electrode configurations are con-
ducted in COMSOL Multiphysics (Version 6.2). The model utilizes electrode geometries
that strictly match the actual experimental setup defined in Section 2.1: copper plate elec-
trodes with a diameter of 25 mm, and a sphere electrode with a diameter of 13 mm, both
with an inter-electrode gap of 5 mm, as shown in Figure 1b. Specific material parameters
are as shown in Table 1.

Table 1. Material parameters used in the simulation.

Symbol Physical Significance Unit Value

εm Relative permittivity of mineral oil / 2.2
εp Relative permittivity of rubber particles / 4
ε0 Permittivity of vacuum F/m 8.854 × 10−12

µoil Dynamic viscosity of mineral oil Pa·s 0.00853
σm Electrical conductivity of mineral oil S/m 10−13

σp Electrical conductivity of rubber particles S/m 10−14

ρ0 Density of mineral oil kg/m3 885
ρp Density of rubber particles kg/m3 1150
rp Particle radius µm 100~200

The simulation couples three physics interfaces in COMSOL Multiphysics: Electric
Currents, Turbulent Flow, and Particle Tracing for Fluid Flow. First, the Electric Currents
interface computes the electric potential and field distributions using charge conservation,
Ohm’s law, and Gauss’s law, where the high-voltage electrode is set to a potential boundary
under constant direct current or sinusoidal alternating current, the counterpart electrode
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is grounded, and outer boundaries are electrically insulated. Second, the Turbulent Flow
interface determines the oil velocity field governed by the incompressible continuity and
Navier–Stokes equations, treating the electrodes and cup walls as no-slip boundaries with
the fluid initially at rest. Finally, the Particle Tracing interface tracks individual rubber
particles using Newton’s second law under a Lagrangian framework, integrating Coulomb,
dielectrophoretic, drag, and buoyancy-gravity forces. Particles are released with zero initial
velocity, and the electrode surfaces are designated as freeze boundaries to simulate particle
attachment.

3. Results and Discussion
The internal insulation structure of a converter transformer is highly complex. Non-

uniform electric field regions easily form at locations such as electrode edges and winding
ends, whereas areas like the inter-plate gap approximate uniform electric field regions. The
uniformity of the electric field directly determines the stress state and motion trajectory
of rubber particles, acting as the core factor influencing particle migration, deflection,
and local accumulation. To accurately reveal the motion laws of rubber particles under
a DC electric field, comparative experiments using parallel-plate electrodes (simulating
a uniform electric field) and sphere-plate electrodes (simulating a non-uniform electric
field) were conducted respectively in this study to systematically analyze the differences in
particle motion characteristics under the two typical electric field environments.

3.1. Motion Characteristics of Rubber Particles in Oil
3.1.1. Motion Characteristics Analysis of Rubber Particles Under a Uniform Electric Field

As shown in Figure 2a, the observation area for the parallel-plate electrodes is divided
into three regions: 1⃝, 2⃝, and 3⃝. In stage b, the particles in region 1⃝ settle slowly
0.08 ± 0.01 mm/s, as indicated by the black arrows. Meanwhile, the particles in region 2⃝,
near the top of the electrode, are attracted towards the electrode end, exhibiting a faster
velocity (0.128 ± 0.04 mm/s) compared to region 1⃝, as shown by the yellow arrows. The
particles in region 3⃝ migrate towards both plate electrodes (0.263 ± 0.04 mm/s). In stage
c, the particles in the top region of the electrode acquire the same polarity charge as the
electrode and are ejected from it, beginning to migrate towards region 1⃝ on the left side of
the electrode (0.096 ± 0.02 mm/s), as indicated by the yellow-blue arrows in the figure.

As the voltage continues to increase, in stage d, the particles in region 2⃝ continuously
migrate to region 1⃝, ultimately resulting in the collective movement of particles in region
1⃝ towards region 2⃝. In stage e, as the particles continuously migrate towards the electrode

ends, they collide with charged ions and other particles in the oil, leading to charge
redistribution. When the particles re-enter the vicinity of the left electrode top, they are
attracted back to the electrode surface, where the electrode charges the particles. The
particles then enter the electrode gap and are trapped, forming a rubber particle bridge
within the gap, eventually appearing as shown in stage f.

Within the parallel-plate electrode gap, the rubber impurity particles initially exhibit
reciprocating migration between the two poles, which is consistent with existing research
findings on non-metallic impurity particles. As the voltage rises, a large number of particles
enter the electrode gap and gradually form chain-like connections, ultimately developing
into a rubber impurity particle bridge. Unlike the relatively stable bridge structures formed
by other impurity particles, the rubber impurity particle bridge exhibits strong dynamic
variation characteristics in a uniform electric field, and the bridge structure stability is poor,
thereby potentially inducing discharges at different locations. In the experiment, it was
measured that the leakage current of the mineral oil containing rubber particles spiked and
then decayed to a stable value.
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Figure 2. Experimental trajectories and migration stages, and the corresponding leakage current
evolution of NBR particles under plate-plate electrodes. Tested for five replicate trials (n = 5). Stages
(a–e) occur during the step-up voltage phase, whereas stage (f) (144.6 s–291.27 s) spans the transition
into the constant 6.0 kV hold phase that begins at 240 s.

To quantitatively evaluate the macroscopic electrical response during this process,
the leakage current of both the particle-laden oil (0.1 g/L) and a particle-free mineral
oil control sample were continuously recorded using a Keithley 6517B electrometer. As
directly correlated in the leakage current plot of Figure 2 (under the uniform plate-plate
field), the pure oil stabilizes at approximately 1.15 × 10−9 A. In contrast, the particle-
laden oil exhibits distinct transient spikes (corresponding to the dynamic formation and
rupture of particle bridges) and settles at a significantly elevated steady-state value between
1.70 × 10−9 A and 2.00 × 10−9 A. This confirms that particles continuously migrate back
and forth without being permanently trapped, generating a sustained convection current
component. The analysis suggests that the particles continuously migrate back and forth
driven by the electric field force, forming charge transport and generating a convection
current component, which maintains the leakage current at a stable value.
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3.1.2. Motion Characteristics Analysis of Rubber Particles Under a Non-Uniform
Electric Field

As shown in Figure 3a, the observation area for the sphere-plate electrodes is divided
into regions 1⃝, 2⃝, 3⃝, and 4⃝. In stage b, noticeable particle motion begins at 3.11 s. By
18.04 s, the particles within the sphere-plate gap collectively exhibit an upward migration.
At the end of this stage, the upward-moving particles enter the upper region and divert:
particles closer to the sphere electrode migrate towards the top of the sphere electrode,
while those closer to the plate electrode deflect towards the upper end of the plate electrode.
Simultaneously, particles in the right region of the plate electrode also move towards
its end, indicating that the upper end of the plate electrode has become an important
local convergence zone for particles. After an initial spike to 2.80 × 10−9 A induced by
intense particle migration, the leakage current rapidly decreases over time, dropping to
approximately 1.30 × 10−9 A at 240 s (approaching the pure oil baseline). This macroscopic
current decay is the direct electrical manifestation of dielectrophoretic (DEP) trapping:
as freely suspended particles are increasingly captured and permanently trapped in the
high-gradient regions near the sphere/plate electrodes, the number of active charge carriers
plummets, causing the convection current to deplete.

 

Figure 3. Experimental trajectories and migration stages, and the corresponding leakage current
evolution of NBR particles under sphere-plate electrodes. Tested for five replicate trials (n = 5). Stages
(a–e) occur during the step-up voltage phase, whereas stage (f) (148.4 s–290.36 s) spans the transition
into the constant 6.0 kV hold phase that begins at 240 s.
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3.1.3. Particle Motion Simulation Results

To reveal the underlying mechanism of rubber particle trajectories under a DC electric
field, particle dynamics simulations under different electrode configurations were con-
ducted using the finite element simulation software COMSOL Multiphysics (version 6.2).
The computational domain was set to precisely match the 75 mm cubic test oil cup used
in the experiment. The simulation coupled three physics interfaces: Electric Currents,
Turbulent Flow, and Particle Tracing for Fluid Flow.

First, the Electric Currents interface computed the electric potential and field distri-
butions. The high-voltage electrode was set to a constant DC potential, the counterpart
electrode was grounded, and the outer boundaries of the 75 mm oil domain (side walls,
top, and bottom) were set as electrically insulated. Second, the Turbulent Flow interface
determined the oil velocity field, treating the electrodes and the cup walls as no-slip bound-
aries with the fluid initially at rest. Finally, the Particle Tracing interface tracked individual
rubber particles using Newton’s second law, integrating Coulomb, dielectrophoretic, drag,
and buoyancy-gravity forces. Particles were released with zero initial velocity, and the
electrode surfaces were designated as freeze boundaries to simulate particle attachment.

To ensure calculation accuracy and reproducibility, a mesh convergence study was
performed. The mesh elements were progressively refined, particularly within the high-
gradient regions near the electrode edges, until the relative changes in the maximum electric
field intensity and fluid velocity were both less than 1%. The simulation strictly replicates
the electrode geometric parameters, material properties, and boundary conditions of the
experimental platform, providing verification and supplementary explanation for the
experimental phenomena at a mechanistic level. It should be noted as a caveat that the
comparison between the simulated trajectories and experimental observations is primarily
qualitative and mechanistic. Experimental velocity estimations were extracted manually
frame-by-frame from high-speed camera recordings. While effective for isolated particles,
this manual tracking becomes highly challenging and prone to errors in regions with high
particle density (such as near the electrodes) due to severe particle overlap.

As shown in Figure 4a,b, the particle motion trajectories are overlaid with the electric
field intensity and gradient for the parallel-plate electrodes, respectively. The electric field
distribution in the central region of the electrodes is relatively uniform with a small gradient.
Due to contact charging with the plates, particles primarily migrate directionally along
the electric field direction driven by the electric field force, presenting straight trajectories,
which is consistent with the characteristics of reciprocating migration within the gap
observed in the experiment [31]. Conversely, in the electrode end regions, the edge effect
leads to severe electric field distortion, resulting in significantly elevated field intensity
and gradients. Influenced by the large gradient, uncharged particles at the ends of the
plates undergo noticeable deflection driven by the dielectrophoretic force and converge
towards the edges; particles far from the plates undergo sedimentation mainly influenced
by their own gravity. The results show that regions with large electric field gradients
precisely correspond to locations where trajectories significantly deflect, indicating that
the dielectrophoretic force generated by the non-uniform electric field is the primary force
driving neutral particles to move laterally and converge locally.

Figure 5a,b present the overlaid results of particle motion trajectories with electric
field intensity distribution and field intensity gradient under the sphere-plate electrode
configuration, respectively. For the sphere-plate structure, due to the curvature effect of
the sphere electrode, the electric field lines significantly converge on its surface, resulting
in a more intense and broader concentration band of electric field gradients in the region
facing the sphere and plate. In highly non-uniform electric fields, particles in the initial
stage are not only prone to upward migration influenced by electrohydrodynamic (EHD)
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oil flow, but also, under the strong coupling action of dielectrophoretic force and electric
field force, they are more susceptible to deflection and accelerate towards local high field
intensity regions (such as the surface of the plate electrode). The aforementioned simulation
results explain from a mechanical perspective the underlying causes for the differences in
particle motion trajectories across various regions under different degrees of electric field
uniformity.

Figure 4. Simulated trajectories and field distributions of NBR particles under plate-plate electrodes:
(a) Distribution of electric field strength (right color scale) and fluid velocity (left color scale) with
simulated particle trajectories; (b) Distribution of electrokinetic force parameter (right color scale)
and fluid velocity (left color scale) with particle motion (indicated by red arrows).

Figure 5. Simulated trajectories and field distributions of NBR particles under sphere-plate electrodes:
(a) Distribution of electric field strength (right color scale) and fluid velocity (left color scale) with
simulated particle trajectories; (b) Distribution of electrokinetic force parameter (right color scale)
and fluid velocity (left color scale) with particle motion (indicated by red arrows).

3.2. Local Accumulation Characteristics of Rubber Particles in Oil

During experimental observations, it was found that rubber particles exhibit a distinct
acceleration region as they approach the plate electrode. As shown in Figure 6, rubber
particles exhibit a distinct acceleration region as they approach the plate electrode. To
quantitatively determine this boundary, we applied a kinematic thresholding criterion
based on the particle trajectories extracted from the high-speed videos. The boundary
of this “acceleration region” is defined as the spatial location where the particle’s lateral
acceleration towards the electrode suddenly exceeds a threshold of 0.02 m/s2. Based on this
quantitative criterion, the effective physical action boundary is demarcated at an average
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distance of d0 = 3.62 mm from the plate end (indicated by the white curve). Within this
specific range, the particles begin to experience significant lateral acceleration and are
swiftly trapped by the plate. This acceleration region precisely corresponds to the local
high field intensity distortion zone at the edge of the plate electrode.

Figure 6. Demarcation of the significant particle acceleration region near the plate electrode.

3.2.1. Force Analysis of Rubber Particles in Oil

The motion of rubber particles in the transformer oil gap is the result of multiple forces
acting collectively. In stationary or slowly flowing oil, the main forces influencing particle
motion include the electric field force, dielectrophoretic force, viscous drag force, as well as
gravity and buoyancy [32].

When a rubber particle moves in mineral oil and contacts the electrode surface, or
collides and exchanges charge with other charged particles, its surface may acquire a
certain net charge [31]. At this time, the particle will be subjected to the Coulomb force
in an external electric field, which is macroscopically manifested as the electric field force.
The electric field force exerted on a rubber impurity particle with radius r is:

Fe = qE (1)

q =
2
3

π3εmε0r2E (2)

where Equation (2) represents the theoretical saturation charge based on classical contact
charging models [19,32]. Although NBR has a very low bulk conductivity, when it physi-
cally contacts the highly conductive electrode under a strong DC field, rapid charge transfer
occurs via surface states and local emission. On the appropriate charging timescale, the
surface of the NBR particle acts as an effective charge carrier. Therefore, treating NBR as
an effectively conductive particle at the interface provides a conservative, upper-bound
estimate for the maximum charge it can acquire, which fundamentally underlies the electric
field force driving the reciprocating migration.

Rubber particles suspended in insulating oil are constantly subjected to gravity and
buoyancy. Gravity originates from the particle’s own mass, pointing vertically downwards;
buoyancy originates from the resultant hydrostatic pressure of the insulating oil displaced
by the particle’s volume, pointing vertically upwards. The resultant force of gravity and
buoyancy on a rubber particle is:

Fg − Fb = m0g
ρ1 − ρ2

ρ1
(3)
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When rubber particles are placed in mineral oil, due to the differences in dielectric and
conductive properties between the particles and the surrounding oil medium, the external
electric field induces electric dipole moments inside the particles and at their interfaces.
If the electric field is spatially non-uniform, the polarization effect on both sides of the
particle is no longer symmetrical, thus forming a macroscopic net force known as the
dielectrophoretic (DEP) force. The DEP force exerted on the particle is:

FDEP = 2πr3ε0εmKCM∇|E|2 (4)

where KCM is the Clausius–Mossotti (CM) polarization factor, and its expression is:

KCM =
εp − εm

εp + 2εm
(5)

It is essential to clarify the timescale regime for the application of this permittivity-
based CM factor under a nominal DC field. For an infinitely steady DC field, the DEP force is
typically governed by the Maxwell-Wagner interfacial polarization based on conductivities.
However, the interfacial charge relaxation time τMW for the NBR-oil system is estimated

as: τMW =
ε0(εp+2εm)

σp+2σm
= 354 s. In our experimental protocol, the voltage is applied in

transient steps, and the critical dynamic behaviors—such as the rapid lateral acceleration
and trapping of particles near the electrode edges—occur on a time scale (milliseconds to
seconds) that is orders of magnitude shorter than the relaxation time (t << τMW). Within this
short transient timescale, the resistive interfacial polarization cannot fully establish, and the
polarization response is heavily dominated by the permittivities. Therefore, calculating the
CM factor based on relative permittivities is physically justified for the dynamic trapping
process. Because insulating oil possesses a certain viscosity, when a particle moves relative
to the oil, its surface experiences drag caused by viscous shear action, known as the liquid
viscous drag. The viscous drag exerted on the particle is:

FD = 1
τp

m0(u − v)

τp =
ρpd2

p
18µ

(6)

where E is the electric field intensity; εm, ε0 and εp are the relative dielectric constant of
the oil medium, vacuum dielectric constant, and particle dielectric constant, respectively;
ρ1, ρ2 and ρp are the density of the insulating oil, density of the particle, and particle
concentration, respectively; µ is the viscosity of the oil medium; dp is the diameter of the
rubber particle; g is the gravitational acceleration; u is the flow velocity of the insulating oil;
v is the motion velocity of the particle.

3.2.2. Accumulation Conditions of Rubber Particles

In a non-uniform electric field, the difference in dielectric constant between neutral
rubber particles and transformer insulating oil triggers a polarization effect, and their
motion is primarily driven by the resulting dielectrophoretic force. Its corresponding equiv-
alent dielectrophoretic potential energy can be obtained by integrating the dielectrophoretic
force along the spatial path:

UDEP = −
∫

FDEP · dl = −2πr3ε0εmKCM|E|2 (7)

To further reveal the physical essence of this phenomenon, the electric field distribu-
tions and dielectrophoretic potential energy surfaces of different electrode structures were
calculated. As shown in Figure 7a–c and Table 2, since the relative dielectric constant of
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rubber particles is greater than that of transformer oil, the particles exhibit positive dielec-
trophoresis characteristics and are always subjected to a traction force pointing towards the
direction of the maximum electric field intensity gradient. In high field intensity regions
such as the right-angle ends of the plate electrode, the dielectrophoretic potential energy
drops exponentially, forming extremely steep local potential energy minimum regions,
namely “dielectrophoretic potential wells”. By comparison, it can be seen that due to edge
effects and electric field singularities, steep needle-like deep potential wells form at the
edges of the parallel plates; deep and narrow potential wells similarly form on one side
of the sphere-plate configuration; whereas the potential well depth is relatively shallow
for the sphere-sphere electrodes due to the smooth change in surface curvature. This
indicates that the fundamental reason particles are easily trapped in high field intensity
regions lies in the physical binding effect of the potential well [33]. To provide a phys-
ically motivated definition for the “effective” potential well boundary, we correlate the
theoretical potential energy landscape directly with the experimental observations. As
identified in Figure 6, particles begin to experience significant lateral trapping when they
cross the acceleration-region boundary at d0 = 3.62 mm. Beyond this spatial limit, the
dielectrophoretic force decays to a level where it is overtaken by fluid kinetic fluctuations,
rendering the potential well ineffective. Computationally, this specific physical boundary
corresponds to the equipotential contour where the absolute value of the potential energy
decays to approximately 5% of the maximum depth at the bottom of the well. Therefore, we
define this experimentally calibrated 5% decay point as the escape boundary. The effective
dielectrophoretic potential energy depth can thus be expressed as:

∆UDEP = |UDEPmax − 0.05 · UDEPmax | = 0.95 · UDEPmax (8)

 

 

 

Figure 7. Electric field distributions and DEP potential energy surfaces under different electrode
configurations. (a) Plate-plate electrode, (b) sphere-sphere electrode, (c) sphere-plate electrode.
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Table 2. Maximum DEP potential well depths under different electrode configurations.

Electrode Configurations ∆UDEP

Plate-Plate 2.68 × 10−10

Sphere-Sphere 4.86 × 10−11

Sphere-Plate 5.94 × 10−11

Introducing the concept of potential wells, as shown in Figure 8, the complex dy-
namic force process of particles under multi-physical fields is transformed into a spatial
static energy competition problem. When a particle passes through a high field intensity
distortion zone, if its initial kinetic energy Ek is insufficient to overcome the effective
dielectrophoretic potential well depth ∆Ueff in that local region, the particle’s weak kinetic
energy will be engulfed by the potential energy, and ultimately, it will be unable to escape
the potential barrier constraint and thus accumulate. Hence, the critical criterion for local
particle accumulation is proposed as follows:

Ek < ∆Ueff (9)

 

Figure 8. Schematic diagram of the particle trapping mechanism in a potential well.

3.2.3. Effect of Oil Velocity on Local Accumulation

In an actually operating forced oil circulation transformer, the oil flow enters from
the bottom and exits from the top, serving the purposes of circulating heat dissipation
and insulation. As shown in Figure 9, the oil flow velocity is mainly concentrated in the
longitudinal oil ducts on both sides of the high and low-voltage windings. However, in
most areas in the middle of the windings, the insulating oil in the horizontal oil ducts
hardly flows due to the small difference in oil flow pressure on both sides.

Since the relaxation time of rubber microparticles in transformer oil is extremely short
and the Stokes number is much less than 1 (Stk ≈ 4.07 × 10−4 << 1), the particles possess
extremely strong fluid followability [34]. In this overdamped regime, a particle does not
overcome potential barriers via ballistic kinetic energy conservation. Instead, its passage is
driven by the continuous viscous drag work supplied by the local fluid. Therefore, while
the velocity of a particle as it approaches a potential well can be approximated by the local
oil flow scouring velocity (vf), in this macroscopic model, the term Ek is utilized not as the
ballistic inertia of the particle itself, but as an equivalent energetic proxy representing the
cumulative drag work (Wdrag) continuously supplied by the surrounding fluid, namely:

https://doi.org/10.3390/inventions11040079

https://doi.org/10.3390/inventions11040079


Inventions 2026, 11, 79 14 of 18

Ek =
1
2

mv2
f (10)

Figure 9. Simplified model of longitudinal oil ducts in HV and LV windings.

Consequently, the escape criterion fundamentally reflects a competition between the
fluid drag-work and the dielectrophoretic trapping barrier. To suppress stable particle
accumulation and enable escape, the equivalent fluid driving energy (cumulative drag
work) of the particle must be greater than or equal to the effective dielectrophoretic potential
well depth in that region. Therefore, the required critical escape oil flow velocity condition
is:

v f ≥
√

2∆Ueff/m (11)

The results show, as illustrated in Figure 10, that the flow velocity in the main oil
duct of the transformer (typically 1.0~2.0 m/s, which are representative illustrative values
rather than directly measured from our experimental setup) far exceeds this critical flow
velocity threshold, allowing particles to pass safely without being trapped. However, in
flow field dead zones such as the edges of plate electrodes, the representative oil velocity
often plummets to below 100 mm/s. When the applied voltage exceeds a certain threshold
(e.g., 3.5 kV), the potential well deepens sharply, causing the critical flow velocity required
for particle escape to rapidly breach the upper limit of the dead zone flow velocity. At
this point, the dielectrophoretic potential well dominates absolutely, and passing particles
are forcibly stripped from the oil flow and trapped in the potential well, triggering local
accumulation. The actual oil velocity within the insulation dead zone being lower than
the critical escape velocity necessary to suppress particle accumulation is the fundamental
cause for the induction of persistent local accumulation inside the transformer.
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Figure 10. Critical accumulation flow velocity of rubber particles under different voltages.
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3.2.4. Effect of Particle Size on Local Accumulation

In the actual insulation system of a transformer, the end of the plate electrode acts
as a typical solid wall. Its flow field, subjected to viscous friction, satisfies the no-slip
boundary condition. The velocity of the oil flow immediately adjacent to the wall is zero
and increases approximately linearly along the normal distance from the wall, forming a
distinct velocity boundary layer. When particles of different sizes remain near the wall,
their effective action mass center height is exactly equal to their radius r [35]. Therefore, the
local effective scouring flow velocity intercepted by a particle within the boundary layer is
linearly proportional to its radius, namely:

v f = S · r (12)

where S is the near-wall velocity shear rate.
Substituting this effective flow velocity into the scouring kinetic energy equation

yields:

Ek =
1
2

(
4
3

πr3ρ

)
(S · r)2 =

2
3

πρS2r5 (13)

The fluid kinetic energy of the particle is proportional to the fifth power of the radius
(r5); whereas the dielectrophoretic potential well depth is only proportional to the third
power of the radius (r3) [36]. This nonlinear difference in power scale leads to a situation
where, within the boundary layer, the growth rate of the particle’s fluid kinetic energy with
increasing particle size is significantly faster than that of the potential well depth.

To quantitatively evaluate this competition, the maximum potential well depth base-
line under the 6 kV applied voltage condition was extracted. By setting a typical near-wall
velocity shear rate of S = 1200 s−1, the energy evolution data for a particle size range of
10~290 µm was calculated [37]. Calculations demonstrate, as shown in Figure 11, that when
the particle size is relatively small (e.g., 10~50 µm), because they are completely submerged
in the bottom stagnation zone with extremely low flow velocity, the fluid kinetic energy
they acquire is minuscule and far from sufficient to overcome the dielectrophoretic potential
barrier. Therefore, they are highly prone to sinking deeply into the dead zone to form per-
sistent deposition. As the particle size increases (e.g., breaking through the 150 µm critical
point), larger particles intercept the higher flow velocities of the upper oil layers. Their
kinetic energy overtakes the potential energy with an overwhelming advantage, allowing
them to escape with the flow. Interestingly, the derived theoretical critical radius of 150
µm falls perfectly within the size range of the rubber particles (100–200 µm) employed in
our experiments. For smaller particles with <150 µm, the dielectrophoretic trapping force
dominates over the fluid hydrodynamic drag, physically binding them within the steep
local potential wells to act as seeds that initiate the initial bridging behavior captured in
the high-speed videos. Conversely, larger particles >150 µm easily overcome the trapping
threshold due to the more pronounced size-scaling effect of the fluid drag. This elegantly
explains the size-dependent selective accumulation and why the aggregate structure does
not grow indefinitely under the flowing oil. Ultimately, this evolutionary pattern reveals
that micrometer-scale impurity particles of small sizes inherently pose a higher risk of
local accumulation compared to large-sized particles, providing a basis for formulating
standards for online oil purification in transformers.
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Figure 11. Evolution curves of particle kinetic energy and potential well depth with particle size (The
analytical curves are calculated by extracting the maximum potential well depth baseline under the
6 kV condition and setting a typical near-wall shear rate of S = 1200 s−1 for a particle size range of
10 to 290 µm).

4. Conclusions
Through a combination of experimental observation and simulation modeling, this

paper thoroughly investigates the motion characteristics and accumulation behaviors of
rubber particles in transformer oil under DC electric fields. The main conclusions are as
follows:

(1) The dominant mechanism of DC electric field non-uniformity on particle accumulation
evolution was elucidated. Under a uniform electric field, the particles mainly undergo
migration driven by the Coulomb force, manifesting as reciprocating migration be-
tween the poles and gradually evolving into dynamic, unstable particle bridges. In a
non-uniform electric field, the electric field distribution varies across different spatial
regions, and particles in different regions exhibit staged motion characteristics. The
enhanced electric field gradients and dielectrophoretic effects are the critical conditions
that compel particles to directionally converge towards high field intensity regions
and ultimately evolve into local accumulations.

(2) The local accumulation mechanism of rubber particles in oil was clarified. Local
potential wells are easily formed in high field intensity gradient regions such as
electrode edges in non-uniform electric fields, exerting a significant binding effect on
particles. This promotes the gradual transition of particles from free migration to local
accumulation. Based on the potential well concept, an energy criterion for the stable
local accumulation of particles was proposed: when the kinetic energy of the particle
is insufficient to overcome the effective potential well depth in that region, the particle
undergoes stable accumulation.

(3) The influences of oil flow velocity and particle size on the accumulation risk were
analyzed. The oil flow direction, oil velocity, and particle size all impact the particle
accumulation characteristics. Controlling the oil flow direction and increasing the
oil velocity can effectively suppress the local accumulation of particles. Small-sized
particles are more prone to local accumulation. The main reason is that the particle
kinetic energy increases with the fifth power of the radius, while the potential energy
increases with the third power of the radius. The difference in their growth rates
makes it difficult for particles of minute sizes to acquire sufficient kinetic energy to
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break free from the potential barrier, resulting in a higher risk of local accumulation
than large-sized particles.
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