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Abstract

Surface contamination of overhead power line insulators poses a significant risk to the
reliability and operational continuity of electrical networks. This study develops and vali-
dates a three-dimensional Computational Fluid Dynamics (CFD) model to investigate dry
aerosol deposition on a chain of U120B glass insulators, with a focus on the underlying
aerodynamic mechanisms. The model employs an Eulerian-Lagrangian approach to resolve
the coupled dynamics of turbulent airflow and particle transport, incorporating molecular
and turbulent diffusion, inertial and gravitational effects, and a detailed representation
of the insulator geometry. Validation against established experimental datasets confirms
the model’s ability to accurately predict deposition velocities across a broad spectrum
of particle sizes and flow regimes. Application of the framework reveals that local flow
structures, such as recirculation zones, boundary layer separation, and adverse pressure
gradients, influence the pollutants deposition spatial distribution, with different deposition
velocities on the top and bottom surfaces of the insulators. The analysis demonstrates that
wind speed and particle size critically influence deposition efficiency, with non-monotonic
behaviours emerging under specific conditions. These findings provide a predictive, phys-
ics-based foundation for optimizing insulator design and maintenance strategies, support-
ing enhanced resilience of power systems to environmental contamination.
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1 Introduction

The contamination of electrical insulators on overhead power lines, resulting from the depo-
sition of atmospheric particulate matter (PM), represents a significant threat to the reliability
and resilience of power systems [1, 2]. Contamination accumulation can lead to altered
surface properties [3]; while polluted insulators maintain their dielectric properties in dry
conditions, the presence of atmospheric moisture from sources such as dew, fog, or rain can
dissolve accumulated hygroscopic particles on their surfaces [4]. This process leads to the
formation of a conductive layer that significantly increases surface conductivity, potentially
causing surface discharges, flashover events, and consequent service interruptions with sub-
stantial economic repercussions [2, 5].

The accumulation of pollutants on an insulator is a complex process governed by the
interplay of multiple physical phenomena and influencing factors. The mechanisms driving
dry deposition include sedimentation, inertial impaction, turbulent impaction, interception
[6], with drag force, gravity, and Saffman’s lift playing a relevant role [3, 7, 8]. The effi-
ciency of these mechanisms is intrinsically linked to the physical properties of the particles,
such as their size, density, and aerodynamic characteristics, as well as the local flow field
characteristics [9, 10]. Consequently, the surface contamination of an insulator is strongly
dependent on wind velocity and particle size distribution of the aerosol, given the structural
design [10, 11]. Moreover, particle deposition may be affected by the insulator surface prop-
erties [12].

From a fluid dynamics perspective, the complex geometry of insulators, characterized by
sheds, ribs, and caps, induces a highly intricate flow field [10, 13]. This field features regions
of flow acceleration, separation, and the formation of vortices, which fundamentally dictate
particle trajectories and deposition patterns [3]. It is well-documented that contamination is
distributed non-uniformly across the insulator surface [3, 10, 14]. A recurrent observation is
the higher accumulation of pollutants on the leeward side, which is attributed to the forma-
tion of low-velocity recirculation zones where particles have a longer residence time and
can settle out of the flow [3, 10]. This phenomenon is driven by the combined action of a
reverse pressure gradient and flow stagnation effects on the insulator’s leeward surface [3].
However, the deposition pattern is highly dependent on the insulator’s profile; for instance,
some studies on rod-type cantilever insulators have reported a greater degree of contamina-
tion on the windward side [14]. The distribution between the top and bottom surfaces is also
profile-dependent, with disc-shaped insulators typically showing higher contamination on
the bottom surface, whereas shed-shaped insulators exhibit the opposite trend [10]. A criti-
cal feature of the airflow is the boundary layer separation phenomenon [3].

Wind velocity and particle properties are paramount in determining the rate and dis-
tribution of contamination. An increase in wind speed generally intensifies the deposition
process and enhances the non-uniformity of the contaminant layer [3, 10]. The deposition
efficiency is a function of both particle diameter and wind velocity and may exhibit non-
monotonic behaviors, as in [3, 11]. The influence of particle size is particularly pronounced
for coarse particles (d>10 um) [15]. Conversely, for sub-micron particles, the collision
coefficient is typically low and shows little variation with wind speed [11]. A comprehensive
model for PM deposition flux identifies it as a function of several parameters, including the
Reynolds number (Re), the particle diameter, and the particle density [13].
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To investigate these phenomena, natural contamination tests, controlled laboratory
experiments in wind tunnels, and advanced numerical simulations have been used [3]. Wind
tunnel tests, in particular, provide a controlled environment to systematically study the influ-
ence of variables such as wind speed and particle size on contamination patterns [10]. In par-
allel, Computational Fluid Dynamics (CFD) has become an indispensable tool for analyzing
the complex airflow and particle transport around insulators [11, 13]. Wind-tunnel-validated
CFD indicates that shed geometry governs retention patterns, with configuration effects
strengthening as wind speed increases [16]. Under HVDC, coupling flow/charging with
CFD reproduces along-string non-uniform deposition and field-intensity-dependent accu-
mulation [17]. Methodologies such as Eulerian multiphase models [4, 10] and Lagrangian
particle tracking [13] are commonly employed to simulate the deposition process. A 2-D
COMSOL setup is used as a CFD prototype to explore wind-driven adhesion patterns [18].
RANS approaches with 2-equation turbulence models are often chosen for their capacity
to combine relatively low computational effort and ability to accurately handle flows with
high strain rates and significant streamline curvature, which are characteristic of the flow
around insulators [4, 6, 11, 13]. The strong agreement observed between CFD predictions
and experimental results has solidified the role of numerical simulation as a valid and effi-
cient approach for evaluating the surface contamination of different insulator designs and
understanding the underlying physical mechanisms [3, 10].

This research aims to develop an advanced CFD-based modeling framework to system-
atically analyze the aerodynamic mechanisms governing surface contamination on outdoor
insulators. By focusing on fluid dynamics, this study seeks to isolate the flow and particles
properties effects on particle deposition, providing new insights that can inform the design
of insulators optimized for reduced contamination buildup in diverse environmental condi-
tions. Through a combination of numerical simulations and experimental validation, this
work will contribute to the development of more accurate predictive models, ultimately
supporting improved maintenance strategies and enhanced reliability of electrical power
systems. The experimental validation has been conducted against a well-established atmo-
spheric aerosol deposition dataset, while publicly available experimental data of particle
deposition on insulators are not currently available, to the best of the authors’ knowledge.

The remainder of this work is organized as follows. In Sect. 2 the implemented CFD
model for the insulator surface contamination is described and validated against particle
deposition experimental data. Investigated conditions are presented, including the modelled
geometry and flow conditions imposed, coherent with aerosol and meteorological experi-
mental data obtained from dedicated measurement campaigns. The results of the CFD
model application to the investigated conditions are presented and discussed in Sect. 3.
Lastly, Sect. 4 is dedicated to conclusions and future perspectives of this work.

2 Materials and methods
2.1 Numerical model of the insulators surface contamination
Electrical insulators surface contamination is a complex process, resulting from the combi-

nation of several interacting phenomena, such as the turbulent airflow around the insulators,
the particles transport and deposition, wall-flow interaction. In order to properly account for
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this complexity, a 3D Computational Fluid Dynamics model has been developed in ANSYS
Fluent [19] and applied to simulate pollutant deposition on the surface of a full-scale IEC-
standard U120B type electrical glass insulator [20].

The particles transport in atmospheric air can be framed as a multiphase flow, with air and
pollutants in gas and solid phase, respectively. In this context, the multiphase flow is consid-
ered to be a dispersed flow in dilute conditions [21], with air being the continuous phase and
pollutant particles being the dispersed phase. Mass transfer between the two phases is not
modelled in this study, surface contamination is assumed to be due to dry deposition exclu-
sively, and air is considered to be in dry conditions. An Eulerian-Lagrangian approach has
been implemented [22], with dedicated interacting models for each of the two phases. Air-
flow is modelled within an Eulerian framework for turbulent flows, whereas solid particles
are modelled with a Lagrangian method. The choice of an Eulerian-Lagrangian framework
over Eulerian-Eulerian or empirical models is dictated by the requirement for high-fidelity
resolution of deposition patterns on complex geometries. While Eulerian-Eulerian models
treat the particulate phase as a continuum, the Eulerian-Lagrange approach allows for the
direct integration of individual forces on discrete trajectories. This avoids the inherent dif-
ficulties of Eulerian-Eulerian models in defining accurate near-wall boundary conditions
for particle concentration, which often necessitate complex closures or kinetic theory treat-
ments [23]. By tracking discrete trajectories, the Eulerian-Lagrangian framework provides
a more direct representation of the discrete nature of the deposition process. Furthermore,
while empirical correlations, e.g., Lai & Nazaroff [24], are computationally efficient, they
are typically derived from canonical flows and lack the versatility to account for the multi-
element geometric features of electrical insulators. Ambient air is modelled at constant den-
sity and viscosity, as the incompressible flow hypothesis is supported by the low air velocity
[3]; a uniform temperature field is modelled. The airflow has turbulent behaviour and RANS
approach is applied for turbulence modelling, with Shear-Stress Transport k- model used
for turbulence closure, proven to be particularly capable to successfully blend correct wall
treatment with proper modelling of the bulk flow [25]. The governing equations of the flow
around the insulator are the continuity equation, momentum equation and turbulence closure
equations, all used in their standard formulation in Fluent [26]. Energy transfer, chemical
reactions and electrical effects are assumed to be negligible within the scope of this study,
which focuses on the fluid dynamics contribution on the dry deposition process. Pollutant
particles are modelled as disperse phase with a Lagrangian approach, assumed to be inert
spherical particles characterized by their constant density and uniform diameter. Applying
the dilute flow hypothesis, the particle-particle interactions and the influence of the disperse
phase on the fluid phase are assumed to be negligible [23]. The particle trajectory is obtained
integrating the force balance on the particle written in a Lagrangian reference frame, Eq. 1:

du u-—u g (pp—p)
pdTP:mp Tr”+mp Zp +F 6y

with m,,, u, and p, being respectively mass, velocity vector and density of the particle p;
u and p air velocity and density; g representing gravity vector, while F encloses additional
forces acting on the particle. Saffman lift is included in this term [23], in analogy with simi-
lar studies [3]. The equation is expressed in a Lagrangian coordinate system referred to the
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particle and its integration yields the particle velocity. The first term at RHS of Eq. 1 models
drag and depends on the particle’s relaxation time 7,., Eq. 2:

_ppdy 24

_ 2
= 18w CyRe @

where d), is the particle diameter, p air viscosity, Re is the relative Reynolds number defined
using the particle slip velocity, and C, the drag coefficient [27]. Turbulence effects on par-
ticles due to airflow velocity fluctuations are modelled with a stochastic approach account-
ing for local turbulent flow characteristics: fluctuating velocity components are randomly
defined, and their value is kept constant over an interval of time given by the local charac-
teristic lifetime of the eddies [26]. This approach models the particles turbulent dispersion
adding a fluctuating term to the average flow velocity.

2.2 Model validation

To assess the capability of the developed CFD model, a validation test is performed in a
fully developed vertical flow, representing a typical configuration investigated by experi-
ments and theoretical treatments on particle deposition. Liu & Agarwal’s [28] data are used
as validation benchmark as they are acknowledged as a high-fidelity canonical case for
turbulent particle deposition [23]. While a circular pipe does not replicate the complex flow
separation and recirculation zones typical of insulator sheds, it provides a rigorous test for
the model’s ability to capture turbulent transport and near-wall phenomena. Validating the
solver against this well-characterized flow ensures that the underlying transport mechanisms
are correctly implemented before introducing the geometric complexities of insulators. This
approach is further necessitated by the current scarcity of high-resolution, open-source
experimental data specifically documenting particle dry deposition on electrical insulators
[13, 29]. Moreover, physical properties of particles employed in the experimental campaign
well overlap with the investigated conditions, Sect. 2.3.2. In addition, a sufficiently wide
set of inflow conditions is explored, covering the range of inflow conditions relevant to
this work. More in detail, Liu & Agarwal measured deposition rate of aerosol particles in
turbulent flows with Re = 10’000 and Re = 50’000 in a glass pipe with internal diameter
d;y =1.27cm and length /=102cm. Aerosol particles used in the experiments are uniform,
spherical oil droplets with diameters from 1.4 to 21 wm. Deposition results are reported
for a 50.8cm deposition section of the deposition pipe. This setup, Fig. 1 (left), has been
reconstructed in ANSY'S SpaceClaim and the CFD model has been implemented in ANSY'S
Fluent with the same settings of the model described in Sect. 2.1. Specific measures have
been applied in order to provide a fully developed inflow at the inlet, to properly reproduce
the experiment conditions. An 800°000-cells computational grid has been constructed to
reproduce the inner portion of the modelled deposition pipe, Fig. 1 (right), with a 10-cells
prism layer applied at the wall and a combination of hexahedra and polyhedral used for the
volume mesh.

The results of the deposition experiments, Fig. 2, are presented in terms of dimensionless
particle deposition velocity u;p as a function of dimensionless particle relaxation time 77,

Egs. 3 and 4:
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Fig. 1 Left: sketch section of the modelled setup. Right: detail of the computational grid section, with the
outlet section at the bottom. The flow direction is top-down
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with u,,, being the particle deposition velocity, v the air kinematic viscosity, u. the flow
friction velocity given by Eq. 5 as a function of the wall shear stress 1, and 7 the particle
relaxation time expressed by Eq. 6:

e = |22 6)
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Modelled and experimental data are in good agreement, with a Root Mean Square Error
RMSE <0.05. 1t is then possible to conclude that the CFD model predicts reasonably well
the particle deposition velocities across the whole particle diameter range for both measured
flow conditions, thus it is considered capable of properly reconstructing the particles deposi-
tion process on the insulators surface, as it correctly models relevant phenomena to particles

deposition, such as molecular and turbulent diffusion, inertial and gravitational effects.

2.3 Investigated conditions
2.3.1 Geometric model, computational grid and boundary condition settings

A full-scale 3-plates chain of U120B insulators, Fig. 3, has been explicitly reconstructed and
enclosed in a 4500 mm long, 2300 mm wide, 2500 mm high domain. The U120B plate has
a diameter of 255 mm, the insulators chain vertical spacing is 146 mm. A 3-unit chain con-
figuration was selected following established methodological approaches in the literature
[4, 10, 11, 13]. The central insulator was chosen as the reference unit for deposition analysis,
thus excluding the end effects typical of the first and last chain elements. In cross-flow con-
ditions, this 3-unit setup is sufficient to capture the representative flow-particle interactions
and the quasi-periodic behaviour of longer strings. Under the hypothesis of longitudinal
symmetry, half domain has been simulated to optimize computational resources. The result-
ing computational domain has been discretized with an unstructured grid of 9 million cells,
Fig. 4, composed of a hexahedral core portion and a polyhedral region closer to the domain
boundaries. A prismatic multi-cell boundary layer has been applied at the walls, consisting
of 10 prism layers to accurately treat the near-wall gradients. The resulting area-weighted
average y* is consistent with the SST k- model’s automatic wall treatment, which ensures
numerical accuracy across the viscous sublayer and the buffer region by blending the appro-
priate wall profiles [26, 30].

SN
SUALAAVERRTY

VTN AN

o 0.1 (m)
— )

Fig. 3 Modelled 3-plates chain of U120B insulators. Left: 3D view; Right: cross-section
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Fig. 4 Details of the computational grid
cross-section, highlighting the hexahedral
cells for the bulk flow, the prism cells for
the wall layer and the polyhedral structures
connecting the two regions

Table 1 Walll shear Stressfap—h Refinement N. of cells 1,, relative error (%)
prox1m§te relative error for the Coarse 2 7E+6 4.12
three grids :

Medium 9.0E+6 3.38

Fine 30.4E+6 —

The grid sensitivity analysis has been performed with a coarser and finer mesh [31],
applying a grid refinement factor r,~/.5. Wall shear stress z,, has been used as reference
quantity to assess the non-dependence of the results from the grid refinement, with approxi-
mate relative errors below 5%, Table 1. The computed Grid Convergence Index is GCI-
fine=4%. 1-D profiles of relevant quantities have been evaluated in different domain regions,
highlighting a good agreement between the fine and medium grids. Due to these observa-
tions, together with the results of the grid sensitivity analysis, the medium grid has been
used throughout the study here presented.

At the domain inlet section, a uniform normal velocity is imposed for the airflow. Par-
ticles are injected from random points on the section, with a velocity consistent with the
transporting airflow. Turbulence intensity (/=5%) and viscosity ratio are imposed for the
turbulence closure equations. At the outlet section, the operating pressure is imposed at
standard atmospheric conditions. The insulators surfaces are treated as rough walls with
no-slip conditions; particles deposited on these surfaces are assumed to be retained and
no resuspension nor bouncing effects are modelled, in order to simulate the most severe
contamination conditions. The remaining external boundaries of the domain (top, bottom,
and side) are treated as symmetry planes. This setup avoids the non-physical development
of boundary layers at the domain limits and models an unconfined flow, ensuring that the
boundaries do not influence the flow field around the insulators chain. The Fluent pressure-
based solver is used, with the coupled scheme for pressure-velocity coupling. Second order
spatial discretization schemes are applied. Equations residuals and evolution of relevant
quantities are monitored to ensure convergence.
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2.3.2 Flow conditions

In line with the scope of this work, the parameters space explored by the CFD model has
been carefully defined to represent realistic atmospheric conditions and pollutant character-
istics in Italy, aiming at meaningful insights on aerosol deposition. Wind speed, ws (m s-1),
particle concentration, C (kg m-3) and particle diameter, dp (m), have been chosen as inde-
pendent variable. Particle density pp (kg m-3) has been evaluated using a regression curve
correlating particle diameter [32]. The values of the independent variables, Table 2, have
been defined according to open meteorological and air quality data. More in detail, wind
speed data have been retrieved from 30 measurement stations across Italy during the period
of 2017-2023. These data were obtained from the Integrated Surface Database (ISD) of
NOAA (National Oceanic and Atmospheric Administration) using the “worldmet” R pack-
age [33]. The analysis highlighted that ws mostly ranging between 0 and 10 m s-1, with
a median around 3 m s-1. The most common wind speed is in the range 0—4 m s-1, with
occasional peaks up to 40 m s-1. Aerosol concentration typically varies in the range (0.1;
100) pg m™ over the Italian territory, as reported in previous studies and official air quality
assessments [34]. Particle diameter values have been identified by previous measurement
campaigns and published studies that characterize aerosol size distributions across various
natural and anthropogenic sources [32], selecting the range (0.1-20) pum.

3 Results and discussion

Aerosol deposition is analysed at the top and bottom faces of the central insulator of the
3-units chain simulated, thus excluding peculiar effects of the first and last chain elements.

The flow field around the insulator plays a pivotal role in determining the surface con-
tamination, transporting aerosol particles towards the insulator’s surfaces. Significant spa-
tial gradients of the velocity field are observed near the insulator (Fig. 5), flow acceleration
is observed close to the upper cap windward side, while low-velocity zones are established
at the cap leeward side, under the glass plate, and in the wake region. Intense recirculation
and low-velocity regions dominate the bottom surface proximity, as confirmed by the axial
velocity contour of Fig. 6. These flow peculiarities are produced by the complex geometry
of the plate’s bottom surface. At the plate’s upper surface, boundary layer separation is
observed at the lateral portion, as in [3], see the axial velocity 2D section of Fig. 6 (left). The
observed boundary layer separation is caused by an adverse pressure gradient originated in
this surface region, as it can be seen in Fig. 6 (center) and Fig. 7 (left), and confirmed by the
plot of axial pressure gradient along the axial position, Fig. 7 (right), evaluated at the two
distinct transverse locations parallel to the flow direction over the insulator plate, shown as
dashed lines in Fig. 7 (left). Adverse pressure gradient and subsequent boundary layer sepa-
ration is also observed at the leeward region of the insulator’s surface.

Table 2 Selected ranges for the Variable Min Max

model independent variables. Wind speed, ws (m 5 /) 0.25 20
Particle concentration, C (ugm >) 0.10 100
Particle diameter, d,, (um) 0.10 20
Particle density, p, (kg m ) 270 2880
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Fig.5 2D sections of velocity field magnitude (details). Left: geometric symmetry plane; Right: transver-
sal plane. Inlet velocity: 5.1 m s™'. Flow direction: left to right

Fig. 6 Details of the axial velocity field 2D section (left) and 2D section of the pressure field relative to
the operating pressure (center) on “A-A” cross section (right). Inlet velocity: 5.1 m s™.. Flow direction:
left to right

Particle deposition of the insulator’s surface exhibits complex behaviours, Fig. 8, with
distinct characteristics between the top and bottom surfaces and a pronounced dependence
on wind speed and particle diameter. Deposition velocity, u,, (m s~ 1), has been chosen as
target variable, in line with common approaches in literature [23], and achieving model
independence from particle concentration, being obtained by dividing the particle deposi-
tion flux by the uniform particle concentration at the domain inlet section, C (kg m™ %), Eq. 7:

Qdep (kgm72371>

. ™
Ckgm ™)

Udep (ms_ 1 )

Particle settling velocity is plotted in Fig. 8 for evaluating the contribution of gravitational
sedimentation in the deposition mechanism. The settling velocity of spherical particles in
air has been calculated verifying Stokes conditions and coherently with the CFD model
formulation, following [35]; particle drag coefficients were applied following the correla-
tions of Morsi and Alexander [36], assuring consistency with the CFD model. At very low
wind speed (u < 1 m s~ '), the deposition velocities approach the particles settling veloci-
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Fig. 7 Left: Relative pressure field at the top and bottom surfaces of the central element of the simulated
chain. Inlet velocity: 5.1 m s'. Flow direction: left to right. Right: Plots of axial pressure gradient (dp/
dy) versus axial position y, evaluated at the two distinct transverse locations parallel to the flow direction
shown as dashed line onto the pressure field contour. The axis origin is coincident with the plate’s geo-
metric center. Pressure is evaluated in reference to operating conditions
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Fig. 8 Deposition velocity uy,, (m s™) onto the top and bottom surfaces of the middle plate for all the
investigated conditions. Particles’ settling velocity is plotted for comparison
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ties, underlining the role of gravitational settling as a relevant deposition mechanism [37].
For higher wind speed, deposition velocities are considerably higher than settling velocities
and other deposition mechanisms are relevant. On the upper surface, defined by a smooth,
downward-curving profile approximately aligned with the incoming flow, the deposition
velocity ugep, generally decreases with increasing particle diameter. This trend may be
attributed to the combination of streamlines aligned to the deposition surface and elevated
inertia of larger particles, resulting in the latter to be less likely to deviate toward and impact
the surface. In contrast, finer particles, being more susceptible to turbulent diffusion, are
more effectively entrained toward the wall and deposited. The complex geometry at the
lower surface promotes the formation of recirculation zones and articulated streamlines
configurations. These features facilitate the deposition of larger particles, which are capable
of penetrating low-velocity regions and settling onto the surface. Conversely, finer particles
are more likely to remain suspended within the recirculating flow, resulting in lower uq¢p
values. These conclusions are clearly supported by ugqe), trend illustrated in Fig. 8. At the
same time more intricate phenomena are observed. A non-monotonic behaviour in ugey, is
evident for large particles (d > 10 um ca.) at high wind speed (x> 15 m s~ /) on both sur-
faces and may be attributed to the substantial momentum of particles under these conditions,
which enables them to traverse recirculation zones without significant deviation from their
original trajectories, thereby reducing their likelihood of deposition on the lower surface. At
the same time, the increase in upper-surface deposition of high-momentum particles may
be attributable to their inertial impaction onto the insulator windward section. The pres-
ence of adjacent upper and lower plates significantly alters the flow field around the central
plate, thereby influencing the deposition dynamics on both the top and bottom surfaces. This
inter-plate interaction is consistent with literature findings that emphasize the importance
of insulator geometry and mutual aerodynamic interference in shaping local contamination
patterns [10, 11, 13].

Particle deposition is confirmed to be a complex phenomenon, given by a combination
of several mechanisms. As a representative example, Fig. 9 shows particle impaction loca-
tions superimposed onto the pressure distribution for the top surface: impact locations may
show the relevance of different mechanisms, such as inertial impaction, turbulent diffusion
towards the wall, recirculation zone entrainments.

Our findings provide a more detailed insight into deposition compared to existing lit-
erature. While previous studies have often reported contamination in aggregated forms or
focused on the macro-distinction between windward and leeward sides [8, 11], the present
high-resolution CFD analysis reveals a distinct non-uniform distribution across the insula-
tor’s complex profile. Notably, our results identify significant variations between top and
bottom surfaces that were not explicitly captured in earlier models [10]. A further element
of novelty is the non-monotonic behavior of the deposition velocity (u,,,) in relation to
particle diameter and wind speed. While several studies suggest more linear or monotonic
trends within comparable parameter ranges [4, 8, 10, 11, 13], our model highlights a more
complex dependence on particle size and flow conditions. Such insights offer a more pre-
cise framework for assessing contaminant accumulation, moving beyond the limitations of
aggregated or monotonic deposition models.
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!0

Fig. 9 Particle impaction locations (red marks) superimposed onto the relative pressure distribution on
the plate top surface. Inlet velocity: 5.1 m s, particle diameter d,=6.7 pm. Flow direction: left to right.
Pressure is evaluated in reference to operating conditions

4 Conclusions

This study presents a validated CFD-based approach for reconstructing dry particulate
deposition on a three-unit chain of U120B glass insulators, with a specific focus on fluid
dynamics phenomena. The CFD model captures the essential interplay between turbulent
flow, particle transport, and deposition mechanisms, accounting for molecular and turbulent
diffusion, as well as inertial and gravitational effects across a wide range of particle sizes
and wind conditions. Model application shows how insulator shape and local flow pat-
terns influence the spatial distribution of contaminants, highlighting the different deposition
behaviours on top and bottom surfaces, the critical roles of wind speed and particle size, and
the impact of inter-plate aerodynamic interactions.

These findings move outdoor insulator design and maintenance beyond empirical obser-
vations, providing a predictive, physics-based framework, to mitigate contamination. The
identified effects of particle size and wind intensity on dry deposition have practical impli-
cations for maintenance planning and asset management, supporting strategies to increase
power grid resilience to environmental-induced risks. This study addresses dry deposition
and does not model electrical and electrostatic effects, with particles modelled as spherical
and inert. These choices isolate aerodynamics effects, while excluding processes that may
also influence overall contamination.

Future developments may include dedicated experimental investigations to further
advance the CFD model development, extension to additional insulator geometries and
inclined chain configurations, and expanded representation of surface physics to include
particle accumulation and resuspension.

By delivering insights on how geometry-driven flow features interact with particle size
and wind intensity on different insulator surfaces, this work provides a solid basis for pre-
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dictive atmospheric aerosol contamination control and design optimization in overhead
power systems.
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