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This study investigates the effect of surface pollution on a single-unit 11 kV
glass suspension insulator using two-dimensional (2D) axisymmetric
simulations in COMSOL Multiphysics. The developed model incorporates
the electrical properties of glass, cement, steel electrodes, surrounding air,
and a uniform pollution layer, with an applied AC voltage of 11 kV under
quasi-static conditions. Simulation results demonstrate pronounced electric
field intensification in the polluted configuration, particularly at the air—
glass—cap triple junction region, where localized electrical stress is
significantly higher compared to the clean condition. While the clean
insulator operates within IEC 60383 recommended limits, the polluted
model exhibits elevated peak electric field magnitudes, indicating increased
flashover vulnerability. The findings highlight the strong influence of
surface contamination, material permittivity, and geometric configuration on
electric field distribution along the creepage path. This study establishes a
reliable and computationally efficient predictive framework for optimizing

insulator design, improving maintenance strategies, and enhancing the long-
term reliability of high-voltage transmission systems, especially in pollution-
prone environments.
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1. INTRODUCTION

High-voltage glass insulators, an earlier development of ceramic insulators, continue to be widely
used in transmission line systems due to their robust mechanical strength, strong resistance to electrical
stress, and durability under adverse environmental conditions [1], [2]. These insulators provide essential
protection by preventing unwanted current flow through equipment and ensuring operational safety for
personnel [3]. In addition, high-voltage glass insulators demonstrate excellent resistance to material
degradation caused by electrical stress and discharge activities [4]—[6]. Constructed from toughened glass and
galvanized steel components, they are commonly referred to as cap-and-pin insulators [7]. These insulators
are typically arranged in suspension or tension strings on transmission towers, where the number of units per
string varies according to system voltage levels, such as 3—4 units for 33 kV, 5 units for 66 kV, and
6—12 units for 132 kV applications [8]-[11].

Despite their advantages, high-voltage glass insulators remain susceptible to environmental
influences, particularly surface pollution, which can degrade their electrical performance. The deposition of
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pollutants on the insulator surface may initiate material deterioration and arc discharge activity, leading to
increased electric field stress and a higher probability of flashover. Previous studies have reported that
environmental conditions significantly influence insulator properties, where the combined presence of
pollutants and moisture contributes to increased surface conductivity and potential flashover events
[12]-[18]. Research on pollution distribution under various contaminant types has demonstrated that
flashover may occur when deposited pollutants become wet, forming a conductive layer along the insulator
surface [19]. This conductive layer facilitates leakage current flow, thereby reducing surface resistivity and
increasing electrical stress. Generally, the greater the pollution severity on the insulator surface, the higher
the surface conductivity and the greater the likelihood of flashover [20], [21]. Shea [22] also highlighted
pollution flashover problems under unfavorable environmental conditions, while other researchers have
utilized humidity and temperature indicators to evaluate flashover behavior in transmission insulators [23].

Leakage current analysis has been widely adopted as a method to predict flashover occurrences [24],
[25]. The leakage distance of insulation is influenced by the type of pollution and the insulation material
properties. Higher electric field magnitudes are strongly correlated with increased flashover risk due to
accelerated charge movement and reduction of surface resistivity. As resistivity decreases, leakage current
increases along the creepage path. Yang et al. [26] similarly emphasized that leakage performance depends
on both contamination severity and insulation characteristics. However, although numerous studies have
focused on polluted insulators, several challenges remain. Experimental investigations are often constrained
by safety risks, equipment limitations, and difficulties in directly measuring electric field magnitudes under
high-voltage conditions. Furthermore, non-uniform heating and localized voltage drops complicate the
accurate interpretation of electric field characteristics, limiting comprehensive understanding of stress
distribution along the insulator surface. To address these limitations, simulation techniques, particularly the
finite element method (FEM), provide an effective alternative for evaluating electric field stress in high-
voltage insulation systems. FEM is a powerful computational approach capable of predicting electric
potential and field distribution with high accuracy, enabling detailed investigation of stress concentration and
flashover mechanisms [27]-[35]. Through numerical modeling, the electric field distribution along the
creepage distance of cap-and-pin glass insulators can be analyzed under different pollution conditions,
including variations in pollution layer thickness.

Therefore, this study aims to further investigate the effect of surface pollution on electric field
distribution along the creepage distance of a single-unit 11 kV glass suspension insulator using a two-
dimensional (2D) axisymmetric simulation model. The analysis considers independent and dependent
variables including electric field distribution, potential distribution, temperature influence, and leakage
current, with key parameters such as relative permittivity (er) and conductivity (o). The findings of this work
are expected to contribute to improved insulator design, optimized maintenance strategies, and enhanced
reliability of transmission systems, particularly in supporting the expansion of renewable energy
infrastructure.

2. METHOD

A two-dimensional (2D) model of the insulator was developed using AutoCAD software, chosen for
its efficiency and precision in creating detailed engineering designs. While both 2D and three-dimensional
(3D) modeling options are available, 2D modeling is often preferred for its simplicity and reduced
computational requirements, making it more accessible for initial design stages.

2.1. Geometry development of glass insulator

A 2D axisymmetric model of a single-unit 11 kV glass suspension insulator was developed in
AutoCAD and subsequently imported into COMSOL Multiphysics (version 5.0) for numerical simulation.
The sample of a single-unit 11 kV glass insulator is shown in Figure 1. The 2D axisymmetric model was
designed using AutoCAD. This approach is commonly used in high-voltage insulator analysis due to its
efficiency in handling rotationally symmetric geometries and significantly reduces computational time while
maintaining high accuracy in representing the electric field distribution along the insulator profile. The 2D
insulator model comprises five distinct regions which Ul: Pin (steel), U2: Cement between cap and glass,
U3: Glass dielectric body, U4: Cement between glass and cap, U5: Cap (steel). These regions were carefully
defined as separate domains to enable accurate assignment of material properties as depicted in Figure 2. The
2D model design was extruded into a 3D insulator model, as illustrated in Figure 3. Figure 3(a) 3D extruded
model in combined layers. Figure 3(b) generated 3D glass insulator model shows the finalized geometry that
was verified the continuity and absence of overlapping or disconnected boundaries before simulation. The
geometrical dimensions were adopted according to IEC 60383 standards. The parameters of the insulator are
summarized in Table 1. The dimensions of a single-unit 11 kV glass insulator with possesses a diameter (D)
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of 255 mm, a height (H) of 127 mm, and a nominal creepage distance (L) of 320 mm. These dimensions
serve as the foundational parameters for the initial model design [36]. Modifications to accommodate specific
simulation requirements were implemented to improve measurement accuracy and performance in the
analysis. The surrounding air domain was extended to at least three times the insulator diameter to minimize
boundary effects and ensure accurate electric field computation.

Glass dielectric

Figure 1. Glass insulator in actual view

U5=Cap
U4=cement

U3=glass dielectric

U2=cement

— Ul=Pin

Figure 2. 2D insulator model in layer domain

(@ (b)

Figure 3. 3D extruded model in (a) combined layers and (b) generated 3D glass insulator model
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Table 1. Dimensions of a single-unit 11kV glass insulator
Material Diameter  Height = Nominal creepage distance
(D, mm)  (H, mm) (L, mm)
Glass 255 127 320

2.2. Simulation setup in COMSOL

The imported geometry was solved using the electrostatics interface under the AC/DC module in
COMSOL Multiphysics. Two surface conditions were analyzed for ii) clean surface (CS) and ii) surface
polluted (SP). The measurement of the creepage distance along the insulator surface, spanning from point x
to point y as shown in Figure 4. For the polluted model, a uniform contamination layer with a thickness of
1.5 mm and length of 43 mm was applied along the insulator surface. The governing relationship for the
electric field distribution is expressed as in (1):

E=-V.V (1)

where E represents the electric field intensity (V/m), V is the rate of change and V is the voltage potential

V).

|
|
I
>
Figure 4. Creepage distance (x to y with dotted line)

2.2.1. Boundary conditions

The high-voltage line of the AC voltage was applied to the pin, and the cap was connected to the
ground electrode terminal to protect the flow of current to the ground through the tower structure. The
simulation was performed under quasi-static, steady-state conditions at a power frequency of 50 Hz, where
displacement current dominates and magnetic effects are negligible. The outer boundary of the air domain
was assigned electric insulation boundary conditions to emulate an open-space environment without external
field interference. The peak voltage value was selected to evaluate the maximum electric stress experienced
by the insulator surface, as electric field intensity is directly proportional to the applied potential. This
approach ensures conservative assessment under worst-case operating conditions.

2.2.2. Meshing strategy

In COMSOL Multiphysics, mesh generation involves subdividing the simulation domain into
smaller elements, typically triangular in two-dimensional models, to facilitate numerical analysis. A physics-
controlled fine mesh was implemented, with local mesh refinement applied at triple junction regions,
creepage surface and pollution layer interface. Mesh independence analysis was conducted to confirm that
variations in mesh density did not significantly affect the maximum electric field values.

2.2.3. Electric field evaluation
The electric field distribution along the insulator surface was evaluated for both CS and SP
conditions as represented in Figure 5. The normalized electric field magnitude was extracted to analyze stress
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concentration regions. Figure 5(a) shows the CS model, and Figure 5(b) shows the SP model with the
pollution layer. The blue line indicates the creepage distance along the insulator surface, which is critical for
analyzing the electric field distribution. The electromagnetic properties assigned to each domain, as shown in
Figure 2, are listed in Table 2. The relative permittivity, er of the glass dielectric (U3) is assigned a value of
4.2. The steel (U1 and U5) is set up as 1.0, and the cement (U2 and U4) is taken as 2.09. The air around the
insulators has a specified permittivity of 1.0. The relative permittivity of 81 indicates that the model is
uniformly distributed, with a pollution layer on the surface. The air region borders characteristic physical
system in a solitary, open space with electromagnetic sources and an anticipated zero external current.

(a) (b)

Figure 5. Simulation models in (a) clean surface (CS) and (b) polluted surface (SP)

Table 2. Electromagnetic properties of materials

Material Relative permittivity (£r)
Steel (U1, U5) 1.0 (modeled as PEC)
Glass (U3) 42
Cement (U2, U4) 2.09
Air 1.0
Pollution layer 81

3.  RESULTS AND DISCUSSION

The modeling stages, simulations conducted on both clean and polluted insulators, and subsequent
data analysis are critical phase in this study. The simulated maximum electric field values for both CS and SP
models were compared with the IEC 60383 recommended values. The CS model stayed within safe limits,
confirming that the insulator design meets international standards. The SP model showed localized
enhancement of the electric field due to pollution, suggesting that insulator cleaning or design adjustments
may be necessary in high-pollution environments.

3.1. Meshing discretization

Figure 6(a) and 6(b) presents the meshing discretization for both CS and SP conditions. This process
is crucial, especially in regions where material properties exhibit significant variability, as it ensures accurate
representation of the geometry and boundary conditions. The generated mesh defines the computational
framework for the model, delineating boundaries and influencing the precision of the simulation results. A
finer mesh, characterized by smaller elements, can capture detailed variations in the electric field more
accurately but requires increased computational resources and time. Conversely, a coarser mesh reduces
computational load but may compromise result accuracy. Therefore, selecting an appropriate mesh size
involves balancing the need for precision with computational efficiency. The number of mesh elements is
inherently dependent on the actual size and complexity of the model geometry.

3.2. Comparison of the electric field distribution between clean and polluted surfaces

The simulation results of the electric field distribution for both clean and polluted insulator surfaces
are shown in Figure 7. In Figure 7(a), the equipotential contour lines for the clean surface condition are
depicted, with blue representing the lowest potential values and red indicating the highest. This analysis
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validates the accuracy of the insulator model and serves as a reference for further studies. This analysis also
helps to enhance the validity of the insulator model for further analysis. For the CS model, the maximum
electric field intensity was observed near the triple junction region between the pin, glass, and air, consistent
with high-stress regions reported in previous studies. The peak value did not exceed the IEC 60383
recommended withstand limit for a single-unit 11 kV insulator, confirming the design adequacy under
normal operating conditions. The electric field distribution for the surface polluted (SP) condition as
illustrates in Figure 7(b) shows that the presence of a pollution layer (thickness=1.5 mm, length=43 mm)
significantly altered the electric field distribution. The electric field magnitude increased at the surface of the
pollution layer, with peak values concentrated at the interface between the pollution layer and the glass
surface, specifically at points A, B, and C. This indicates that contamination enhances local electric stress,
which could potentially trigger surface flashover under extreme conditions. Notably, elevated electric field
intensities are observed at internal regions of the electrodes. These localized enhancements suggest that
pollution significantly influences the electric field distribution, potentially increasing the risk of surface
flashover.

(a) (b)

Figure 6. Meshing discretization in (a) CS insulator and (b) SP insulator
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Figure 7. Contour electric field distribution in (a) a clean insulator and (b) a polluted insulator
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The simulation results of the electric field distribution for both clean surface (CS) and surface
polluted (SP) conditions are discussed in Figure 8. In the chart, the CS condition is represented by a blue line,
while the SP condition is depicted by a red line. From Figure 8, it can be seen that in Region I, both models
exhibit a peak electric field intensity near the cap, approximately 1 kV/mm. In Region II, the electric field
demonstrates a decelerating trend with noticeable undulations between the ground end (0 V) and the high-
voltage end (11 kV), particularly between 20 mm and 40 mm along the creepage distance. Region III exhibits
distinct differences between the CS and SP conditions. The tangential electric field analysis reveals that for
the CS model, the electric field is relatively uniform along the creepage path, with minor concentration near
triple junctions. However, the SP model shows that the electric field spikes at the pollution layer boundaries,
indicating high local stress zones. These findings highlight the critical role of surface contamination in the
performance of glass insulators. The results align with previous studies, such as Salhi et al. [37] indicating
that pollution can reduce the insulator’s withstand voltage and increase the risk of flashover. The presence of
a pollution layer on the insulator surface alters the electric field distribution, especially at the triple junction
of air, cap, and glass interfaces. This alteration facilitates the movement of positive and negative charges
between the pollution layer, insulation material, and conductor interface, leading to increased electric field
magnitudes and can promote localized surface heating, primarily near the end-fitting regions, and may
precipitate flashover events. If the electric field intensity exceeds 4.5 kV/mm, the likelihood of insulator
flashover significantly increases. These observations corroborate the theoretical discussions presented in
section 1.
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Figure 8. Normalized electric field along the creepage path for CS and SP surfaces

3.3. Effect of geometrical and material properties

The simulation demonstrates that the geometry of the insulator (diameter, creepage distance, triple
junction regions) significantly affects the electric field distribution. The material properties of glass (er=4.2),
cement (er=2.09), and steel (1.0) determine the distributed field across the insulator surface and internal
regions. It can be suggested that increasing the creepage distance reduces the peak surface electric field. The
high relative permittivity of the pollution layer (er=81) concentrates the field at the layer edges, consistent
with theoretical predictions from electrostatics.

4. CONCLUSION

This study presents a 2D axisymmetric simulation of a single-unit 11 kV glass suspension insulator
under both clean and polluted surface conditions using COMSOL Multiphysics. The study emphasizes that
surface contamination significantly affects electric field distribution and insulator performance. Proper
insulator geometry and material selection are crucial for minimizing electric stress. In conclusion, simulation
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using COMSOL 2D axisymmetric models provides a reliable tool to predict field distribution prior to
experimental validation. A well-constructed model facilitates efficient and accurate simulations. Inaccurate
parameter data can prolong simulation times and complicate the analysis of results. Parameters such as
dimensions, pollution layer thickness, and material permittivity significantly influence the correlation
between electric field distribution and flashover occurrences. Therefore, adjustments of insulator dimensions
are crucial to enhance design efficacy. The analysis of the two cases in clean and polluted insulators relates to
electric field intensity and hotspot formation along the creepage distances along the insulator surface. These
results provide practical guidance for maintenance and geometry on insulator performance of high-voltage
transmission lines, particularly in regions with high pollution levels. Implementing appropriate design
enhancements and selecting suitable material properties can mitigate the adverse effects of pollution, thereby
enhancing the reliability and longevity of power transmission systems.
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