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Abstract: Dust accumulation on Photovoltaic (PV) panels represents a major challenge for
the operation of panels. There are several passive dust mitigation techniques, such as using
a dust shield whose performance has been enhanced by integrating it with an air nozzle.
The air exiting the nozzle acts as an air barrier that obstructs the approach of dust particles
to the panel’s surface. The objective of this study is to minimize dust accumulation over
PV panels by adding slits within the dust shield. The function of the slit is to induce air
drafts that can sweep dust away from the surface of the PV panel. Numerical simulations
are performed to determine the influence of the slit size and position on dust mitigation.
It has been found that there is a critical slit size, such that the deposition of particles for
slits of sizes smaller or larger than that size decreases. Increasing the slit size increases
dust deposition until a certain limit, i.e., the critical size, and that is due to the Coanda
effect that keeps the flow intact with the shield until it reaches the panels’ surface, which
increases the dust accumulation rate. On the other hand, increasing the slit size above the
critical size decreases the dust deposition due to the change from a non-inertial flow to an
inertial flow, which diverts the incoming particles from reaching the panels’ surface. Also,
it has been found that keeping the slit location away from the panel’s surface decreases
the accumulation of dust over the panels’ surface. Therefore, based on the performed
simulations, the slit size should always be either greater or smaller than the critical size and
as far as possible from the panel’s surface to minimize dust accumulation over PV panels.

Keywords: photovoltaic; dust mitigation; dust shield; air gap; shield length

1. Introduction
Nowadays, fossil fuels dominate global energy consumption, supplying the ma-

jority of energy used for electricity generation, transportation, heating, and industrial
processes [1–4]. However, fossil fuels are non-renewable resources, which pose long-term
challenges for environmental sustainability, energy security, climate change, and economic
stability. Therefore, there is a global push towards utilizing renewable energy [5,6], espe-
cially solar energy, which is seen as a promising solution to the energy crisis [7,8]. Solar
energy is renewable, free, and abundant since it is derived from the sun, which is an inex-
haustible resource. One of the main applications of using solar energy is Photovoltaic (PV)
panels. PV panels convert sunlight directly into electricity. The usage of PV panels for the
generation of electricity has increased rapidly over the years [8] due to improved efficiency,
reduced costs, and expanded applications, which make them a fundamental component in
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the global transition towards sustainable energy sources. One of the major challenges for
the operation of PV panels in the Middle East North Africa (MENA) region is the high rate
of dust accumulation on the panel’s surface [9,10]. The soiling of PV panels [11] results in
reducing the amount of sunlight reaching the PV cells; consequently, the panel’s output
and efficiency decrease.

1.1. Soiling of PV Panels in the MENA Region

The MENA region is well known for its huge amount of solar irradiance; however,
the dust loading [9] in this region is large, which hinders the application of PV panels.
Tanka and Chiba [12] investigated the contributions of potential dust source regions, and it
was concluded that dust originating from the Sahara Desert in the Northern part of Africa
accounts for about 58% of the total dust emissions and about 62% of the total dust load in
the atmosphere, which significantly influences the performance of PV panels, especially
in the MENA region. Several research studies [13–15] have been performed to infer the
effect of dust on the performance of PV panels in the MENA region. Adinoyi and Said [16]
studied the effect of dust accumulation on the power output of PV panels in the Eastern
province of Saudi Arabia, and it was found that the power output from the PV panels
decreased by 50% after six months without cleaning. Said et al. [17] examined the influence
of dust on PV panels in Dhahran City, Saudi Arabia, which is situated about 10 km from
the Arabian Gulf, and it has been confirmed that dust accumulation can lead to a drastic
reduction in the output power, ranging between a 10 and 17% reduction after six weeks of
exposure without cleaning. Asl-Soleimani et al. [18] developed an experimental setup in
the city of Tehran in Iran in order to determine the influence of dust on the performance
of PV panels, and it was found that the soiling rate in Tehran is so large that the drop in
efficiency can reach up to 60% in 10 days. Menoufi et al. [19] examined the impact of dust
on the electrical performance of PV panels installed in Beni-Suef in Egypt. The PV panels
were exposed to the outdoor environment for three months, and it was measured that the
drop in efficiency reached 65%. Elminir et al. [20] examined the influence of desert dust on
the degradation of the output of unattended PV modules in Egypt, and it was found that
the decrease in the output power is about 17.4% per month at a tilt angle of 45◦ with the
panels facing South.

1.2. Dust Mitigation Techniques

To address the problem of dust accumulation on PV panels, various dust mitigation
techniques have been developed. These techniques are categorized into passive, active,
and active–passive methods [9]. Passive Techniques include natural cleaning with wind
and rain, superhydrophobic coatings that repel water, causing dust particles to be carried
away by water droplets, and superhydrophilic surfaces that attract water, forming a thin
film that helps wash away dust. Active techniques include water cleaning that uses water
jets or sprays [21], mechanical cleaning that employs brushes or wipers to remove dust,
electrodynamic screens that utilize electric fields to repel dust particles [22], and mechanical
vibrators that use vibrations to shake off dust particles from the panels [23]. Active–
passive techniques include antistatic coatings with mechanical vibrations [24], where
antistatic coatings reduce dust attraction, while mechanical vibrations help to dislodge any
accumulated dust. In 2021, Chiteka et al. [25] proposed a new passive cleaning method
where they computationally investigated the soiling mitigation on a ground-mounted
Photovoltaic (PV) panel using a wind barrier installed in front of the panel. It was found
that increasing the barrier height reduces soiling, but it also causes partial shading on
the PV panels. Increasing the distance between the barrier and the panels increased the
accumulation rate of the particles on the panels due to turbulent eddies forming behind
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the barrier. They concluded that the use of barriers is an effective way of mitigating
dust deposition, where up to 25% of the total dust particles were blocked by the barrier
positioned at 3 m from the solar panels. Using the barrier resulted in a 2.81% increase in
energy compared to an installation without a barrier.

Raillani et al. [26] computationally investigated the influence of barrier height on dust
mitigation. It has been found that the addition of a barrier in front of the PV panel reduced
the dust deposition rate, and the best barrier height was found to be 1.4 m. The study
was then extended [27] to include seven tilt angles of the PV panel, and it was concluded
that the dust deposition rate is maximum on the PV for a tilt angle of 40◦, followed by
30◦. Raillani et al. [28] also investigated the use of a porous barrier for the mitigation of
dust on a PV panel, in which the effect of the barrier porosity and distance from the panel
on the particle behavior and deposition rate was investigated. The results showed that
controlling the porosity and location of the barrier can reduce dust deposition by a rate of
86% for large particles and 33% for small particles. It was noticed that a low-porosity barrier
creates higher turbulence levels upstream of the panel in the form of vortices, allowing
particles to be suspended in the air, and it was found that the optimal barrier porosity
is 50%. The wind barriers proposed by Refs. [25–28] were effective for ground-mounted
solar panels, but they cannot be used for dust mitigation on solar panels that operate
street light posts because of the height. The only published articles on the use of wind
barriers or windshields in dust mitigation on such panels are those by Eisa et al. [29] and
Shenouda et al. [30]. Eisa et al. [29] proposed a technique to mitigate dust on PV panels
that operate light posts, including fixing a windshield on the panel, which obstructs the
dust carried by the wind from reaching and settling on the PV panel. They experimentally
implemented two designs of the shields. The first is a 1D shield that obstructs the wind
from the North, while the other is a 2D shield that obstructs the winds from the North
and from the East direction. It has been found that the 1D shield performed better than
the 2D shield. In fact, the 2D shield assisted in accumulating more dust on the PV surface
compared to the no-shield panel. Shenouda et al. [30] used a dust shield with the same
width as the panel and tilted it at an angle of 120◦ with the panel for dust mitigation. CFD
simulations were performed to evaluate the effect of the dust shield on dust accumulation
on the panel. It was found that using a dust shield decreases the dust deposition rate by
more than 44%. In addition, it is concluded that the deposition rate could be decreased
by extending the panel’s surface at the lower edge using a flat plate. Moreover, adding
an air gap between the shield and the extension plate induces air drafts over the panel’s
surface. The air drafts act as a barrier that prevents the deposition of dust particles on
the panel surface. The effect of the air drafts increases with the increase in the air gap.
Finally, it was found that using a dust shield with an extension plate and a large air gap is
an effective method for dust mitigation that can decrease the dust deposition rate by more
than 88%. Shenouda et al. [30] demonstrated the effectiveness of dust shields in reducing
dust accumulation on PV panels operating street light posts. However, dust shields limit
the airflow on the panel’s surface. The lack of airflow can limit the overall dust removal,
as stagnant air allows dust to settle and accumulate. This limitation has led to the need
for the development of advanced configurations in dust shields to improve airflow and
dust mitigation.

1.3. A New Design of Dust Shields

In this research, a new design of dust shields is introduced that integrates an air slit
into the dust shield, which acts as an air nozzle that can enhance the air dynamics across
the surface of PV panels, consequently, prevents dust accumulation more effectively than
conventional shields. Moreover, the design ensures that dust particles swept away from the
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panel surface do not settle back again after being swept away. This approach can maintain
cleanliness over extended periods. The idea of inserting a slit in the dust barrier can be
easily implemented by simply cutting a rectangle in the barrier according to the required
dimensions and position. The investigation involves all of the aspects of the new design,
including the optimal size, position, and configuration of the air slit. Through numerical
simulations, the airflow patterns and dust removal efficiency associated with different
slit designs are analyzed. This approach will identify the most effective parameters that
maximize dust mitigation and minimize maintenance requirements for PV systems. The
research seeks to provide insights that can enhance the cleaning process of PV panels,
thereby promoting the usage of solar energy as a sustainable power source.

2. Numerical Methodology
2.1. Numerical Scheme

The airflow around the PV panel is simulated using the CFD package ANSYS FLUENT
18.1, and the numerical simulation is taken further as the input boundary condition for
modeling dust deposition on the panel’s surface. The Eulerian–Lagrangian approach is
adopted to trace the trajectories of the dust particles because of its accuracy in predicting the
transport behavior of dust particles within the airflow [31]. In this research, it is assumed
that the airflow is incompressible, and the Eulerian–Lagrangian approach is applied for a
steady state 2D airflow around the panel.

2.2. Airflow Around the PV Panel

In this research, the Reynolds Averaged Navier–Stokes (RANS) equations were applied.
The RANS equations are mainly based on the fundamental laws of mass and momentum
conservation, in addition to serving as the guiding principles for turbulent airflow. The
time-averaged mass and momentum equations, encapsulated in Equations (1) and (2),
describe the behavior of turbulent airflow fields surrounding the PV panel. These equations
model the mean velocity and pressure fields within the domain of incompressible turbulent
flow [32].

∂ui

∂xi
= 0, i = 1, 2 (1)
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where ρ and ν represent the fluid density and kinematic viscosity, while p and ui represent
time-averaged pressure and velocity, respectively. The last term on the right-hand side
of Equation (2) represents the force due to turbulence per unit volume where ρu′

iu
′
j is the

Reynolds stress tensor and u′
i represents the fluctuation velocity of the fluid. The Reynolds

stresses make the number of unknowns higher than the number of RANS equations.
Consequently, a turbulence model should be adopted as a closure to the equations in
order to predict the turbulent airflow around the solar PV panel [33]. The numerical
results for airflow around a panel performed by several studies [20,34] proved that the
shear stress transport (SST) k-ω turbulence model has the best prediction results among
different turbulence models. The transport governing equations of the (SST) k-ω turbulence
model are addressed by Equations (3) and (4) [32]. Hence, to effectively predict turbulent
airflow around the solar PV panel, a turbulence model serves as a crucial component for
closing the equations [32]. Various studies have demonstrated the effectiveness of the shear
stress transport (SST) k-ω turbulence model compared to other turbulence models [20,34].
Notably, numerical simulations were carried out in studies highlighted in Refs. [20,34]
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underline the superior predictive capabilities of the SST k-ω turbulence model, solidifying
its position as the model of choice for accurate airflow predictions in this research.

∂

∂t
(ρκ) +

∂

∂xi
(ρκui) =

∂

∂xj
(Γκ

∂κ

∂xj
) + Gκ − Yκ + Sκ, (3)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj
(Γω

∂ω

∂xj
) + Gω − Yω + Dω + Sω. (4)

where Gk (m2/s2) and Gω (s−1) are the generation of turbulent kinetic energy κ and the
specific dissipation rate ω, respectively. The effective diffusivities of κ and ω are given by
Γk and Γω, respectively. Yk and Yω are the dissipation rates of κ and ω, respectively. Dω

stands for the cross-diffusion term. Sk and Sω are user-defined source terms, respectively,
and both are taken as zero.

2.3. Boundary Conditions

This paper establishes specific parameters and conditions for the computational do-
main where the initial wind inlet velocity was taken as 4 m/s, representing the average
wind speed in Egypt [35]. The initial pressure is equivalent to the standard atmospheric
pressure across the computational domain. A turbulent boundary layer is achieved when
the Reynolds number (Re) exceeds 100,000, calculated as Re = ρvL/µ = 328,601, where
air density (ρ) = 1.225 kg/m3, air velocity (v) = 4 m/s, representative length (L) = 1.2 m,
and dynamic viscosity of air (µ) = 1.79 × 10−5 kg/m.s. The boundary conditions were set
as follows: a no-slip boundary condition was applied to all walls. The roughness model
used for wall roughness was the standard model. The outflow boundary condition was
implemented at the outlet, and finally, the symmetry boundary condition was applied to
the upper boundary of the computational domain [32,33].

2.4. Dust Deposition Behavior

The behavior of dust particles was modeled as a discrete phase using the Discrete
Phase Model (DPM). This approach involves tracking the trajectory of individual dust
particles by solving the particle dynamics equation through the effective DPM model.
The effective DPM model is particularly well-suited for scenarios where there is a single
continuous, discrete phase with a minimal volume fraction, typically less than 12% [36].
Since the dust-laden airflow was dilute in this case, the impact of dust motion on the fluid
flow field and particle–particle interactions was considered negligible. The governing
equation of the dust motion is described by Newton’s Law of Motion as follows [36],

mp
d
→
up

dt
=

1
2

CDApρ
∣∣∣→u −→

up

∣∣∣(→u −→
up

)
+ mp

→
g − ρVp

→
g +

→
F , (5)

where mp

(
d
→
up/dt

)
is the force acting on the dust particle of mass mp and velocity

→
up,

which is equal to the summation of the terms on the right-hand side of Equation (5).
The terms on the right-hand side of Equation (5) are defined as follows. The first term
corresponds to the drag force, where the drag coefficient is denoted by CD, the particle cross-
sectional area is represented by Ap and

→
up signifies the velocity of the dust particle. The

second term, mp
→
g , illustrates the weight of the particle, where

→
g denotes the acceleration

due to gravity. The third term, ρVp
→
g , signifies the buoyancy force and Vp represents

the volume of the dust particle. In Equation (5), the last term on the right-hand side,
→
F ,

represents Saffman’s lift force, which is essentially the lift generated due to shear effects in
the fluid flow field. Additionally, the study neglected the impact of the pressure gradient,
virtual mass, and Basset forces on particle dynamics. This exclusion was justified by the
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relatively small ratio of air density to particle density, which was 0.00043. Consequently,
external forces were considered more significant, compared to these neglected forces, in
influencing the motion and behavior of the particles within the airflow [36]. The Discrete
Random Walk (DRW) model is employed as a stochastic approach in order to model the
turbulent dispersion of dust particles influenced by airflow velocity fluctuations. The DRW
model provides a more realistic representation of how dust particles scatter in turbulent
airflow scenarios [36]. Equations (1)–(5) are utilized to resolve the two-phase flow field of
air and dust within the computational domain. In this scenario, spherical dust particles,
distributed uniformly in space, are introduced into the domain at the inlet following the
convergence of the airflow simulations. The main objective is to calculate the accumulated
dust particles on the surface of a panel. It is assumed that any particles impacting the
surface of the PV panel will be deposited without re-suspension, and this is employed
in Fluent by activating the “trap function” only at the panel’s surface. This condition is
not very correct since particles can only stick if the impact speed of the particles is below
the critical sticking velocity [37], and introducing such a condition in Fluent is beyond the
scope of this research. Meanwhile, the “escape function” is activated for other boundaries
in order to allow the free movement of the particles.

2.5. Solution Strategy

The Finite Volume Method (FVM) was employed to address the conservation laws
of mass and momentum equations governing turbulent airflow fields. A coupled scheme
was utilized to separate the pressure and velocity fields. Pressure was discretized using a
second-order scheme, while momentum, turbulent kinetic energy, and specific dissipation
rate were discretized using a second-order upwind approach. To solve the equations related
to dust particle motion, the Runge–Kutta method was applied. The convergence criteria
were set such that the solution converged when the Residual Mean Square Error (RMSE)
value reached 10−6.

2.6. Model Geometry and Case Description

The airflow around a PV panel, which is fixed to a light post, is simulated, and a
schematic of the PV panel with respect to the computation is presented in Figure 1. The PV
panel is tilted at an angle of 30◦ from the horizontal plane. Additionally, a dust shield is
attached to the PV panel, which has the same dimensions as the panel. Notably, the angle
between the PV panel and the dust shield is 120◦, as depicted in Figure 1. The choice of
a 120◦ angle is based on a study conducted by Eisa et al. [29]. This angle was selected to
prevent shading caused by the dust shield; shading can occur if the angle is less than 120◦.
Conversely, angles greater than 120◦ result in the reduced impact of the dust shield on
dust deposition, as the obstructed wind length by the shield is decreased. Hence, the 120◦

angle represents a balance between minimizing shading effects and maximizing the shield’s
impact on dust accumulation. However, further research will be conducted to determine
the minimum angle between the dust shield and the PV panel without shading the panel,
and based on that angle, the presented research will be repeated but with a new angle. The
computational domain structure was modeled following the wind tunnel configuration
outlined by Tominaga et al. [33]. The length of the domain, Lx, is set to Lx = 22.4Hp, and the
height of the domain, Ly, is taken as Ly = 9Hp, where Hp is the height of the panel from the
ground, as defined in Figure 1, and it is set to 3 m. Therefore, Lx and Ly are equal to 67.2 m
and 27 m. Also, the length of the PV panel, L, is set to 2.5 m. The distance between the air
inlet boundary and the PV panel was set to 5HP, while the distance from the PV panel to
the air outlet boundary was set at 15HP to allow for wake flow redevelopment. Once the
airflow fields reached convergence with a residual of 10−6, spherical dust particles with
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a uniform size distribution were introduced at the domain’s inlet. The Discrete Particle
Model (DPM) was utilized to model the behavior of the injected particles with respect to
the PV panel’s surface. In this study, the dust type was assumed to be calcium carbonate,
with a density of 2800 kg/m3 and a diameter of 60 µm. A total of 10,000 dust particles were
introduced into the domain; each injection was tracked 10 times.

Figure 1. A schematic diagram of the PV panel and the dust shield with respect to the computational
domain. The Length, L, of the PV panel is equal to the length of the dust shield and is set to 2.5 m.

2.7. Grid Independence Study and Numerical Validation

The computational domain was discretized using a non-uniform mesh strategy to
achieve an optimal balance between computational efficiency and accuracy. This approach
acknowledges the varying levels of detail required in different regions of the domain. A
finer mesh was employed in the area near the PV panel, which is the area of primary interest
in this study. A cell size of 0.05 m was chosen for this critical area to ensure the capture
of the flow features. In contrast, the exterior regions of the domain, where the flow is less
influenced by the presence of the panel, were discretized with a coarser mesh. A cell size of
0.15 m was deemed appropriate for these areas, providing a balance between capturing the
general flow characteristics and maintaining computational efficiency. To verify the mesh
independence of the numerical solutions, a grid independence study was conducted. This
involved simulating the airflow with progressively coarse and finer meshes and analyzing
the changes in the key parameters of interest, i.e., the velocity profile. By establishing
that the solutions obtained with the chosen mesh configuration exhibit minimal variation
compared to those obtained with a finer mesh, the velocity profile of the fine mesh coincides
with the finer grid velocity profile. However, the velocity profile of the coarse mesh is
somehow different from those of the other meshes. Accordingly, the fine grid was adopted
in the present study.

In order to validate the developed numerical model, the mean pressure coefficient, Cp,
is calculated by the model at the upper and lower surfaces of the PV panel [34], and the
results are compared to the experimental measurements performed by Abiola-Ogedengbe
et al. [38]. The CP is determined numerically with respect to the normalized position, x,
which is the distance measured along the solar panel width from the leading edge and
normalized by the total panel width, i.e., WPV. Therefore, x = 0 is the leading edge of the
panel, while x = 1 is the trailing edge of the panel. The pressure coefficients measured by
Abiola-Ogedengbe et al. [38] are specifically related to the airflow over solar panels. The
referenced experiment utilized an open return wind tunnel with dimensions of 33 m length,
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2.4 m width, and a height varying from 1.5 m at the entrance to 2.15 m at the test area.
The tested PV panel is mounted at an angle of 30◦ relative to the horizontal plane, and the
dimensions of the panel are 0.72 m × 0.24 m × 0.17 m, i.e., length × width × thickness.
The flow conditions within the wind tunnel were characterized by an air velocity of 15 m/s
and a Reynolds number of 369,553. The pressure coefficient, as measured experimentally
by Ref. [38] and determined numerically based on the developed numerical model, is
presented in Figure 2. It was found that the maximum deviation of the mean CP between
the numerical simulations and the experimental measurements is about 1.04%. Therefore,
it is possible to predict accurately the airflow field and the behavior of the dust particles
with respect to the panel using the developed numerical model.

 

Figure 2. The pressure coefficient, Cp, at the upper and lower surfaces of the PV panel, as calculated based
on the developed numerical model and as measured experimentally by Abiola-Ogedengbe et al. [38].

3. Results
The dust shield attached to the PV panel, as developed by Shenouda et al. [30], is

shown in Figure 3, and it is taken as the baseline for comparison. In the design of
Shenouda et al. [30], an extension is added to the PV panel, which leads to the devel-
opment of an air nozzle at the leading edge of the panel, as can be seen in Figure 3. The
airflow simulation around the dust shield and the panel is presented in Figure 4. It is noted
from the velocity contours presented in Figure 4a that the airflow coming out of the air
nozzle sweeps the panel surface and then reverses its direction as it approaches the end
of the panel. This reverse in motion is due to the high pressure at the upper edge of the
panel, which forces the airflow to reverse its direction of motion. The velocity vectors
shown in Figure 4b confirm the conclusion drawn from the velocity contours regarding
the flow direction and the reverse in motion at the end of the PV panel. Consequently, this
reverse in the airflow direction increases the dust deposition over the PV panel. Particle
tracking simulations were performed to quantify dust deposition on the PV panel’s upper
surface, and it was found that the number of particles deposited on the panel’s surface was
around 355 particles out of the 10,000 injected particles. Therefore, creating an air slit in the
dust shield, which allows a jet of air to come out of the slit and prevent the airflow from
returning back to the panel, can decrease the dust deposition over the panel. Therefore, the
objective of this research is to study the numerical influence of the air-slit size and position
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on the dust deposition over the panel surface in terms of the number of deposited particles,
as follows.

 

Figure 3. Dimensions of the dust shield, PV panel, extension plate and the air nozzle have been
developed by Shenouda et al. [30].

 
(a) 

 
(b) 

Figure 4. Velocity (a) contours and (b) vectors around the PV panel and the dust shield. The main
stream velocity is 4 m/s.
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3.1. Influence of Slit Size on Dust Deposition over the PV Panel

The dust shield has been divided into five sections, as shown in Figure 5, and a slit
was tested in each of the second, third, and fourth sections. The slit size varied from a
minimum of 6 cm to a maximum of 12 cm, 24 cm, 36 cm, or 48 cm in order to determine the
optimum size of the slit, which minimizes dust accumulation over the PV panel. The effect
of varying the slit size at the fourth section of the dust shield is presented in this section
of the paper. The influence of the slit size on the airflow over the PV panel is shown in
Figure 6. The main stream velocity is 4 m/s.

Figure 5. The five sections of the dust shield in which a slit has been implemented.

The main stream airflow is diverted by the dust shield, as can be seen in Figure 6,
and it moves away from the PV panel. This diverted flow is assisted by the air escaping
from the slit in case the slit size is 48 cm and 36 cm, such that the two streams merge and
move away from the PV panel. The airflow coming out of the slit results in preventing the
airflow coming out of the nozzle from returning back to the panel, consequently reducing
the accumulation of dust over the panel. This inertial flow coming out of the slit tends to
move upwards in the direction of the diverted airflow due to the difference in pressures.
The number of dust particles that have deposited over the panel’s surface is 215 particles
for the slit size of 48 cm, which is smaller lower than that for the standard case, i.e., a dust
shield without a slit. This indicates the positive influence of the slit size on the deposition
of dust on the panel’s surface. However, decreasing the slit size to 36 cm increased the
number of particles deposited on the panel’s surface to 450 particles. Decreasing the slit
size increases the slit air velocity but decreases its pressure, consequently decreasing the
pressure difference between the slit airflow and the diverted airflow, which leads to less
airflow upwards, i.e., towards the diverted flow.

Decreasing the slit size too much leads to a restricted flow, such that the pressure of the
air at the exit from the slit decreases, and the flow moves downwards and becomes intact
to the dust shield surface. Consequently, increases the dust deposition over the surface
of the PV panel. Reducing the slit size from 36 cm to 24 cm changed the slit airflow from
upwards to downwards, as illustrated in Figure 6c, which resulted in increasing the number
of deposited particles on the panel’s surface from 450 particles to 1045 dust particles. The
transition of the slit airflow from upwards to downwards is due to the large pressure drop
across the slit, which changes the flow from a jet flow to a restricted flow intact to the dust
shield. The transition of the slit airflow from upwards to downwards has a huge impact on
the accumulation of dust on the panel’s surface. It can be concluded that there is a critical
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slit size at which the slit flow changes from a jet flow to a restricted flow intact to the wall of
the slit, which is attributed to the Coanda effect, which is defined as the tendency of a fluid
to attach to and flow around solid surfaces [39]. A further decrease in the slit size decreased
the number of deposited dust particles on the panel’s surface, as indicated in Figure 6d,e,
and that is due to the decrease in the slit airflow rate, which reduces the number of particles
that can reach the panel.

  

 .  

(a) 48 cm slit—215 particles deposited 

  
(b) 36 cm slit—450 particles deposited 

Slit airflow 

Nozzle airflow 

Diverted 
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Slit airflow (upwards) 
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Figure 6. Cont.
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(c) 24 cm slit—800 particles deposited 

   

(d) 12 cm slit—450 particles deposited 

  
(e) 6 cm slit—198 particles deposited 
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 -9.6 Pa 

Slit airflow 
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12 cm 

Slit airflow 
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6 cm 

Figure 6. Influence of slit size on the airflow (left) and the pressure distribution (right) over the PV
Panel. The slit is at the 4th section of the dust shield and it varied from (a) 48 cm, (b) 36 cm, (c) 24 cm,
(d) 12 cm, and (e) 6 cm. The main stream velocity is 4 m/s.

The influence of the slit size on the deposition of particles over the PV panel is depicted
in Figure 7. The slit is installed in the fourth section of the dust shield, as illustrated in
Figure 5. It is clear from Figure 7 that there is a critical slit size, such that above or below
that size, the number of deposited particles decreases. This critical slit size is due to the
transition from a restricted flow to a jet flow. A small slit size results in a restricted flow
because of the Coanda effect, and increasing the slit size in this flow regime increases
the airflow rate and the number of particles reaching the panel’s surface. Consequently,
the number of deposited particles increases. However, the transition to a jet flow diverts
the dust particles away from the panel, consequently reducing the number of deposited
particles over the panel. Therefore, increasing the jet air flow rate by increasing the slit size
above the critical size decreases the deposited particles.
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Figure 7. Influence of the slit size on the number of deposited particles over the PV panel. The slit is
installed at the 4th section of the dust shield as indicated in Figure 5.

3.2. Influence of the Slit Position on Dust Deposition over the PV Panel

The influence of the slit position on dust accumulation over the panel’s surface is
presented in Figure 8. The slit size was kept constant at 36 cm, and its position varied
between the second, the third, and the fourth section. The number of deposited particles on
the PV panel in the case that the slit was at the second position was 1144 particles. Shifting
the slit to the third section and the fourth section decreased the deposition to 736 particles
and 450 particles, as indicated in Figure 8. It can be concluded that moving the slit closer to
the PV panel leads to a higher dust accumulation. This is likely due to the closer proximity
of the dust-laden airflow to the panel’s surface, which increases the dust deposition on the
panel’s surface. Positioning the slit too close to the PV panel allows more dust-laden air
to reach the panel’s surface, leading to increased deposition. Conversely, placing the slit
far away, as in the fourth region, significantly reduces dust accumulation. Thus, careful
consideration of slit placement is essential for enhancing the dust shield’s effectiveness.
The influence of the slit size and position on the dust accumulation over the panel’s surface
is presented in Figure 9. It can be concluded from Figure 9 that there is a critical slit size,
such that above or below that size, the accumulation of dust decreases, and that critical
size depends on the distance between the slit and the panel surface. The critical slit size
is 24 cm in case the slit is installed in the third or the fourth region, and it is ~36 cm if the
slit is installed in the second region. This analysis highlights the critical impact of slit size
and position on dust mitigation, indicating that optimized configurations can significantly
enhance PV panel performance. It can be concluded, based on Figure 9, that the slit should
be as far as possible from the panel’s surface, and its size should be far away from the
critical size. The number of dust particles that deposited on the panel’s surface in the case
of no slit is about 355 particles. Therefore, the acceptable slit size is the size which decreases
the deposited particles below 355 particles, i.e., the no slit condition, which is the slit size
that corresponds to the shaded area under the horizontal dashed line in Figure 9.
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(a) Slit at the 2nd section 

  

(b) Slit at the 3rd section (c) Slit at the 4th section 

1144 particles 
deposited 

736 particles 
deposited 

450 particles 
deposited 

Figure 8. Influence of slit position on the airflow over the PV panel. The slit size is 36 cm and it is
installed at (a) 2nd section, (b) 3rd section, and (c) 4th section.

Figure 9. Influence of the slit size and position on the dust accumulation over the panel’s surface.
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3.3. Influence of the Main Stream Velocity on Dust Deposition over the PV Panel’s Surface

The influence of the main stream velocity on the deposition of particles over the
panel’s surface as a function of the slit size is presented in Figure 10. The slit is installed in
the fourth region of the dust shield. It can be seen that the critical slit size, i.e., the size at
which below or above it the dust deposition decreases, is independent of the flow speed. In
addition, it can be concluded from Figure 10 that as the main stream air speed increases, the
dust deposition increases. The pressure drop across the slit in the dust shield is proportional
to the air speed; consequently, increasing the air speed decreases the pressure after the slit,
which results in increasing the pressure acting on the dust particles and results in more
settling of particles on the panel’s surface. The pressure after the dust shield as a function
of the main stream velocity is presented in Figure 11, and that is in the case of a slit of size
smaller and larger than the critical size. It can be concluded that the pressure difference,
i.e., the difference between the pressure of the air before the slit and the pressure of the air
leaving the slit, increases with the increasing main stream velocity, which results in more
dust deposition.

Figure 10. Influence of the main stream velocity on the deposition of particles over the PV panel
surface as a function of the slit size. The slit is installed in the 4th region.
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Figure 11. The pressure distribution as a function of the gas speed in case of a slit installed in the 4th
region of size 12 cm (left) and 48 cm (right).
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4. Conclusions
Installing a dust shield in front of the PV panel decreases the accumulation of dust

over the panel, and the performance is improved by employing an air nozzle between the
dust shield and the panel. The airflow coming out of the air nozzle sweeps the panel’s
surface and then reverses its direction as it approaches the end of the panel. Consequently,
this reversal in the direction of the nozzle airflow increases the dust deposition over the PV
panel. Therefore, cutting an air slit in the dust shield, which allows a jet of air to come out
of the slit and prevent the airflow from returning back to the panel, can decrease the dust
deposition over the panel. The objective of this research was to determine the numerical
influence of the air-slit size and position on the dust deposition over the PV panel’s surface.
It has been found that

1. There is a critical slit size, such that below or above that critical size, the number of
deposited particles decreases compared to that at the critical size.

2. The critical slit size is due to the transition of the airflow from a restricted flow that
is intact to the panel’s surface due to the Coanda effect to a free jet flow, which is
diverted away from the panel’s surface.

3. Positioning the slit too close to the PV panel allows more dust-laden air to reach the
panel’s surface, leading to increased dust deposition; conversely, placing the slit far
away from the panel reduces dust accumulation.
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