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ABSTRACT 

Many countries worldwide are showing a growing interest in renewable energy 

sources, with wind energy being a particularly appealing option for generating 

mechanical energy. Researchers have explored different techniques for 

controlling the flow of air, including passive, active, and semi-active methods. 

In wind farms, the wake flow behind a turbine can be impacted by the flow from 

other turbines, and to address this issue, plasma-based corona discharge 

actuators are being considered as one of the most effective methods for reducing 

fluid flow separation on wind turbine blades. This study employs 2D and 3D 

numerical simulations to examine the use of corona discharge-based plasma 

actuators on the leading edge of tandem wind turbines within a wind farm. The 

study investigates how actuator voltage and frequency affect aerodynamic 

parameters such as lift, drag coefficients, and efficiency. The study incorporates 

the use of the Q-criterion to analyze vortex behavior and its interaction with the 

axial wind turbine body. Fluid flow modeling is conducted using the 

OPENFOAM software. The findings demonstrate that an escalation in both 

voltage and frequency of the corona discharge results in a decrease in the Q-

criterion, attributed to the heightened ionic flow that diminishes the separation 

zone. Furthermore, reducing the distance between electrodes also aids in 

diminishing the Q-criterion values. Additionally, the study reveals that 

integrating corona plasma at the leading edge of wind turbine blades amplified 

power generation by more than 3.8%. The corona plasma actuator employed in 

the study had electrodes spaced 3 mm apart, operated at a voltage of 17 KV, and 

ran at a frequency of 13 kHz. 
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1. INTRODUCTION 

 A wind turbine farm comprises multiple wind turbines 

installed in areas where there are high wind speeds for the 

purpose of generating clean and renewable energy. These 

turbines are designed to harness the kinetic energy of the 

wind and convert it into electrical energy. The blades are 

one of the critical parts of a wind turbine as they capture 

the energy of the wind and transform it into rotational 

motion. Maintaining a stable fluid flow over the surface of 

the blade is a crucial aspect of wind turbine design and 

operation. As the wind moves over the surface of the 

blades, it creates regions of high and low pressure. If there 

is a significant difference in pressure between these 

regions, the fluid flow may detach from the blade's 

surface, leading to a loss of energy and reduced efficiency. 

Therefore, it is essential to design wind turbine blades that 

can sustain a stable fluid flow over their surfaces, even in 

fluctuating wind conditions. This necessitates a thorough 

knowledge of fluid dynamics and the capacity to optimize 

the shape and the surface properties of the blades to reduce 

fluid flow separation (Sanderse et al., 2011; Guerra‐
Garcia et al., 2020; Yu et al., 2022; Abed Zahmatkesh 

Pasand et al., 2023; Belabes et al., 2023; Ramesh Kumar 

& Selvaraj, 2023a). 

 Interaction between wake flows is a phenomenon that 

occurs when wind turbines are sited in a farm. The wake 

flow is the disturbance of the wind created by the blades 

of a wind turbine as it moves through the air. This wake 

flow can have a significant impact on the performance of 

wind turbines, especially when they are arranged in a 
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tandem farm. When a wind turbine generates power, it 

creates a wake behind it that contains lower velocity air 

compared to the incoming wind. This wake can extend for 

several rotor diameters downstream and can have a 

significant impact on the performance of downstream 

turbines. The wake flow creates turbulence and reduces 

the incoming wind speed, which can decrease the power 

output of the downstream turbines. In a tandem wind 

turbine farm, where multiple turbines are arranged in a 

line, the wake flow from each turbine can significantly 

affect the performance of the turbines downstream. The 

first turbine in the line will create a wake that will impact 

the performance of the second turbine, and so on. This can 

result in a reduction in power output for the entire farm. 

To counteract the negative effects of wake flow, designers 

use various techniques such as turbine spacing, 

orientation, and blade design. Proper spacing between 

turbines can reduce the wake flow impact on downstream 

turbines, while blade design can help reduce turbulence 

and increase power output. Additionally, proper turbine 

orientation can help to minimize wake flow impact. In 

conclusion, wake flow is a significant factor that affects 

the performance of wind turbines, especially in a tandem 

wind turbine farm. Proper design and placement of 

turbines can help mitigate the negative effects of wake 

flow and improve the overall efficiency of the farm. As the 

demand for renewable energy continues to grow, it is 

essential to optimize wind turbine technology to maximize 

power output and reduce the cost of wind energy 

production (Sanderse et al., 2011; Guerra‐Garcia et al., 

2020; Yu et al., 2022; Abed Zahmatkesh Pasand et al., 

2023; Belabes et al., 2023). 

 In the last two decades, researchers are trying to 

improve engineering systems by using different active 

flow control techniques (Shams Taleghani et al., 2012; 

Sheikholeslam Noori et al., 2020a). The advancement of 

fluid engineering requirements has led to the development 

of active flow control actuators such as plasma actuators 

(Shams Taleghani et al., 2012), modulated pulsed jet 

vortex generators (Abdolahipour et al., 2021, 2022), and 

surface acoustic waves for droplet motion and water 

removal from a solid surface (Sheikholeslam Noori et al., 

2020b, c, 2021; Taeibi et al., 2022). To enhance the 

performance of wind turbines, researchers have explored 

various techniques, such as active flow control over the 

airfoil. Mohammadi et. al. (2014) used the dielectric 

barrier discharge to increase stall angle of a NACA0012 

airfoil. This method has been utilized in various studies, 

including De Giorgi et. al. (2021), Benmoussa and Páscoa 

(2023), Salmasi et al. (2013), Mirzaei et al. (2012), and 

Yang & Zhang (2023). The corona discharge plasma 

actuator is one of the common types of plasma actuators 

that have been used by researchers to flow control 

applications. This method has been utilized in various 

industrial settings, such as surface treatment, chemical 

synthesis, and air purification. In recent times, researchers 

have been exploring the use of corona discharge in wind 

turbine technology to enhance the aerodynamic 

performance of turbine blades.  

 The leading edge of wind turbine blades is susceptible 

to fluid flow separation, which can decrease the blade's 

aerodynamic efficiency and lead to higher maintenance 

costs and reduced power output. To address this, 

researchers have suggested the use of corona discharge to 

alter the surface properties of the leading edge, thereby 

reducing the separation zone and improving the blade's 

performance (Gulski et al., 2021). This approach involves 

using corona discharge to create a plasma layer around the 

leading edge of the blade. The plasma layer changes the 

surface properties of the blade, making it more 

hydrophilic, and promoting the attachment of fluid flow to 

the surface. Consequently, the separation zone is reduced, 

and the blade's aerodynamic efficiency is improved. 

Several studies have demonstrated encouraging outcomes 

when utilizing corona discharge on wind turbine blades' 

leading edge. Although the use of corona discharge in 

wind turbine technology is still in its early stages, it shows 

immense potential to enhance the performance of wind 

turbines (Kaviani & Moshfeghi, 2023). However, certain 

challenges need to be addressed, such as developing 

durable and cost-effective corona discharge systems that 

can withstand the harsh environmental conditions of wind 

turbines. Nevertheless, this technology has the potential to 

significantly contribute to the growth of renewable energy 

and reduce our reliance on fossil fuels (Wang et al., 2018; 

Qu et al., 2019, 2021). 

 Electric discharge actuators are composed of two 

electrodes placed asymmetrically on either side of a 

dielectric material. These electrodes are subjected to high 

voltage, which creates plasma discharge, inducing a 

volumetric force over the leading edge of the blade. This 

force corrects the velocity profile, preventing the 

boundary layer from expanding outward, thereby 

controlling the flow. Roth (2003) conducted a 

fundamental study in the field of plasma actuator for flow 

control, while Enloe et al. (2004) and Thomas et al. (2009) 

analyzed the effects of frequency, voltage, and dielectric 

material on the induced driving force. A comprehensive 

experimental study of the effects of the geometrical and 

electrical parameters of the plasma actuator under 

unsteady excitation conditions on the characteristics of the 

induced unsteady velocity such as instantaneous velocity, 

turbulent intensity, and vortex shedding frequency has 

been carried out by Shams Taleghani et al. (2018). 

 Durscher & Roy (2012) studied the effect of the 

induced velocity profile downstream of the actuator, and 

their studies formed the foundation for introducing plasma 

discharge-based chemical models and algebraic models 

(Benard & Moreau, 2014). The algebraic models proposed 

by Suzen and Huang (2005), which consider the Maxwell 

equations to simulate the electric potential field and charge 

density distribution, attracted significant interest from 

researchers. However, this model requires recalibration 

with changes in operational and geometric conditions, as 

well as determining coefficients by conducting 

experimental tests. Ibrahim and Skote (2011) proposed 

new boundary conditions for the charge density 

distribution and dielectric surface length, and their results 

showed high accuracy in problem-solving approaches. 

The study conducted by Zheng et. al. (2013) focused on 

establishing plasma corona discharge over a surface to 

investigate the significance of plasma on curved surfaces 

like blades. Herein, their findings have been used to 

validate the application of plasma corona discharge. 
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Another study by Abdollahzadeh et. al. (2014a) analyzed 

the distribution of the charge density using a correction 

factor. They studied the impact of the distribution of the 

charge density on the agreement of velocity profile with 

experimental results.  

 Omidi and Mazaheri (2017) also corrected the charge 

density distribution and dielectric surface length. Several 

researchers have investigated the numerical effects of 

plasma actuators on the flow field over or inside various 

geometries, using the model proposed by Suzen and 

Huang (2005) as a basis for their research. Abdollahzadeh 

et. al. (2014b) studied the effect of a plasma actuator on 

the aerodynamic characteristics of a NACA 0021 airfoil 

with a 23-degree angle of attack, and their results showed 

a reduction in the separation region and improved 

aerodynamic characteristics. In another study, they 

investigated the effect of applying a steady or time-

modulated plasma actuator on the separation and 

reattachment regions, pressure coefficient distribution, 

and aerodynamic characteristics of a NACA 0012 airfoil, 

which had similar results to their previous work 

(Abdollahzadeh et al., 2018). They suggested that the 

performance of plasma actuators may be worse in a 

modulated state than in a steady state, depending on the 

excitation mode and that the operating conditions of the 

steady state must be carefully selected and analyzed.  

 Ebrahimi and Hajipour (2018) analyzed the numerical 

effect of two plasma actuators installed at the leading edge 

on the suction side and the trailing edge on the pressure 

side of a NACA 4415 airfoil. They investigated the 

simultaneous and separate effects of each actuator on the 

boundary layer instability and separated flow behavior. 

Ebrahimi et al. (2018) studied the effect of these actuators 

on the pressure distribution around a NACA0015 airfoil 

under complete stall conditions, subjected to a flow 

regime with a Reynolds number of 300,000 and an angle 

of attack of 14 °. Their results showed that the 

simultaneous application of the two actuators had a 

desirable effect on reducing stall.  

 Maas (2023) compared the Large Eddy Simulation 

(LES) turbulence model of offshore wind farms with two 

analytical wake models to identify any discrepancies. The 

results revealed novel phenomena, such as crosswise 

divergence and convergence, in a finite-sized wind farm 

with a multi-gigawatt capacity. The comparison of the 

wake models with the large-eddy simulation showed 

significant deviations of up to 40% in the expected power 

output of the wind farm. Sinner et al. (2023) utilized an 

innovative technique to evaluate the wind field upstream 

of a wind turbine. They examined the controller's 

performance sensitivity to the assumed propagation delay 

by analyzing a range of wind input sequences. Their 

research indicated that the preview-enabled controller 

outperforms the feedback-only scenario over a broad 

range of assumed propagation delays, demonstrating a 

degree of resilience to the time alignment of incoming 

disturbances. 

 The objective of the study is to reduce wake flow 

behind wind turbines. In wind turbine farms, wake flow 

can have a significant impact on the last column of wind 

turbines. This study utilized a type of plasma actuator 

known as a corona discharge actuator to address this issue. 

Considering the voltage on the rough surface of the airfoil, 

an electric field is formed around the airfoil, which causes 

the induction of ionic wind or electric wind in the vicinity 

of the airfoil. This electric wind can influence the 

boundary layer around the airfoil and delay the separation 

of the fluid. The plasma generated in the vicinity of the 

plasma actuator produces a body force that causes the 

surrounding fluid to move, resulting in the formation of a 

fluid jet that improves the boundary layer flow profile and 

delays flow separation. The studies so far have been 

limited to specific frequency, voltage, and angle of attack 

conditions, and a general study on the effect of this 

phenomenon in wind turbine farms with the interaction 

between wind turbines has not been conducted yet. 

Therefore, this article attempts to address this gap in the 

previous work. This research can be a suitable basis for 

cost-saving calculations to approach industrial 

applications. 

2. GOVERNING EQUATION 

 In this study, first the formulation related to the 

creation of electrohydrodynamic wind (ionic wind) by 

electrodes is presented. Then, by applying the equations of 

relative humidity and considering the heat equations, the 

direct relationship between the plasma corona discharge 

phenomenon and two environmental parameters of 

relative humidity and temperature has been taken into 

account. Maxwell's equations have been used to obtain the 

electric field. Due to the absence of magnetic induction 

and magnetic field, the resulting equations for electric 

potential and charge density will be in the form of 

equations 1 and 2 (Suzen & Huang, 2005; Ibrahim & 

Skote, 2011). 

 In these equations, ϕ is the electric potential, λD
2 is the 

square of the Debye length, ρc is the charge density, and εr 

is the electric permittivity. Dimensionless boundary 

conditions are introduced in equations 3 and 4, and 

constant values are applied to the electrodes and the 

spreading surfaces. After calculating the dimensionless 

electric potential and charge density distribution, the 

obtained values are multiplied by the dimensionless 

parameters (Suzen & Huang, 2005; Ibrahim & Skote, 

2011). 

(3) 
𝜙∗ =

𝜙

𝜙𝑚𝑎𝑥𝑓(𝑡)
 

(4) 𝜌𝑐
∗ =

𝜌𝑐

𝜌𝑐
𝑚𝑎𝑥𝑓(𝑡)

 

 In these equations, ϕmax is the maximum electric 

potential and ρc
max is the maximum charge density. f(t) is 

the waveform of the applied alternating voltage to the 

electrodes. By solving the Laplace equation (equation 1) 

for the distribution of electric potential and the Poisson 

equation (equation 2) for the charge density, and 

considering that the electric field is equal to the gradient 

(1) 𝛻. (𝜀𝑟𝛻𝜙) = 0 

(2) 𝛻. (𝜀𝑟𝛻𝜌𝑐) =
𝜌𝑐

𝜆𝐷
2  
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of the electric potential, the volumetric force applied by 

the actuator can be obtained (Suzen & Huang, 2005; 

Ibrahim & Skote, 2011). 

(5) 𝐸 = −𝛻𝜙 

(6) 𝐹𝑏 = 𝜌𝑐𝐸 

 In this equation, E is the electric field and Fb is the 

volumetric force. The equations above contain unknowns, 

and their calculation methods will be presented later. 

Equation 7, which is based on the latest corrections made 

to this parameter, is used to determine the Debye length 

(Suzen & Huang, 2005; Ibrahim & Skote, 2011). 

(7) 
𝜆𝑑 = 0.2 (0.5611𝐴𝑟𝑐𝑡𝑎𝑛(−170.3(𝑓)−5.124) + 1.768) 

× (0.3 × 10−3𝑉𝑎𝑝𝑝 − 7.42 × 10−4) 

 In equation 7, f is the frequency of the sinusoidal wave, 

measured in kilohertz, and Vapp is the peak voltage in 

kilovolts. Additionally, to calculate the plasma spreading 

length, it is necessary to solve the system of algebraic 

equations, equation 8, using the Newton-Raphson method 

(Suzen & Huang, 2005; Ibrahim & Skote, 2011). 

(8a) 𝑎1
2𝑙𝑝

5 + 2𝑎1𝑎2𝑙𝑝
4 + 𝑎2

2𝑙𝑝
3 = 𝑎3

2 

(8b) 𝑎1 = 16000𝑐𝑔0 

(8c) 𝑎2 = 16000𝑐𝑑0𝐼𝑒 

(8d) 𝑎3 = √𝜌𝑓𝑐𝑔0𝑐𝑑0𝐼𝑒(𝑉𝑎𝑝𝑝 − 𝑉𝑏𝑑)2 

 All of the above equations are included in the 

developed solver in the OPENFOAM software. The 

iterative Newton-Raphson method for calculating the 

plasma spreading length is implemented within the basic 

solver in OPENFOAM, and it is sufficient to obtain the 

plasma spreading length by invoking the appropriate 

boundary conditions. In equation 8, ρ is the fluid density, 

Ip is the plasma spreading length, Ie is the hidden electrode 

width, and Vbd is the breakdown voltage. Considering that 

the visible and hidden electrodes are considered as a series 

circuit, the capacitance of each capacitor can be expressed 

using equations 9a and 9b (Suzen & Huang, 2005; Ibrahim 

& Skote, 2011). 

(9a) 
𝑐𝑔0 =

2𝜋𝜀0

𝑙𝑛 (
0.5𝑡𝑒+𝜆𝑑

0.5𝑡𝑒
)
 

(9b) 
𝑐𝑑0 =

2𝜋𝜀𝑑

𝑙𝑛 (
0.5𝑡𝑒+2𝑡𝑑

0.5𝑡𝑒
)
,   𝜀𝑑 = 𝜀𝑟𝑑𝜀0 

 The permittivity of free air is ε0, and the permittivity 

of the dielectric material is εrd. td is the thickness of the 

dielectric, and te is the thickness of the electrodes. 

Equation 10 is used to calculate the maximum charge 

density (Suzen & Huang, 2005; Ibrahim & Skote, 2011). 

(10) 

𝜌𝑐
𝑚𝑎𝑥 =

𝑇ℎ𝑟𝑢𝑠𝑡

𝜆𝑑(𝑉𝑎𝑝𝑝 − 𝑉𝑏𝑑)𝑓𝑐𝑜𝑟𝑟
 

𝑓𝑐𝑜𝑟𝑟 = 0.5√2𝜋
𝑎

𝑙𝑝
𝑐𝑜𝑟𝑟 [(

1

2

𝑏√2

𝑎
)

+ 𝑒𝑟𝑓 (
1

2

√2(𝑙𝑝
𝑐𝑜𝑟𝑟 − 𝑏)

𝑎
)] 

 The coefficients a and b in the correction factor are 

0.32 and 0.17, respectively, multiplied by the plasma 

spreading length, and the induced thrust due to the actuator 

operation is obtained using equation 11 (Suzen & Huang, 

2005; Ibrahim & Skote, 2011). 

(11) 𝑇ℎ𝑟𝑢𝑠𝑡 = [4𝜌(2𝑓𝐶𝑒𝑞(𝑉𝑎𝑝𝑝 − 𝑉𝑏𝑑)2)2]
1

3 

After calculating the volumetric force applied by the 

actuator, it is necessary to solve the continuity and 

momentum equations within the computational domain. 

The incompressible and steady-state form of the Navier-

Stokes equations is expressed in equation 12. (Suzen & 

Huang, 2005; Ibrahim & Skote, 2011; Nazari et al., 2021, 

2023). 

(12a) (𝑉⃗⃗⃗⃗ . 𝛻)�⃗� = −
1

𝜌
𝛻𝑃 + 𝜈𝛻2�⃗� + 𝑓𝑏⃗⃗  ⃗ 

(12b) 𝛻�⃗� = 0 

(12c) 𝑐𝑝

𝜕�⃗� 𝑇

𝜕𝑥𝑗
= −

1

𝜌
𝛻. (𝑘𝛻𝑇) +

1

2
𝜏: (𝛻𝑉𝑗⃗⃗ + 𝛻𝑉𝑇

𝑗
⃗⃗ ⃗⃗ ⃗⃗  ) 

 For all the simulations conducted in this study, the 

researchers used the k-ε turbulent model, which is a 

commonly accepted standard. Previous research has 

demonstrated that this model is dependable when it comes 

to simulating wind flow in wind turbine farms. 

Additionally, it has a relatively low computational cost, as 

per the suggestions of researchers (El Kasmi & Masson, 

2008). 

3.  METHODOLOGY 

For this study, a three-dimensional model of a 2 MW 

wind turbine with 24 tandem turbines was developed. The 

model represents a zone with six standing locations 

divided into four rows. All turbines are assumed to have 

the same dimensions and are represented as blocks with a 

height of 75 (m) (Table 1). A highly refined unstructured 

mesh with near-wall refinement is used, with a maximum 

mesh size of ~20 mm and a minimum cell size of ~1.3 mm. 

To ensure similarity between the computational mesh of 

different turbines, only one mesh is generated near the 

turbine, and all turbines have the same mesh refinement. 

A Multiple Reference Frame (MRF) zone with 6 DOF was 

used to account for the rotation zone of the turbine blades. 

Salome software (version 6) and SnappyHexMesh utility 

were used to generate and discretize the wind turbine. The 

simulation was conducted in 2D to better understand the 

effects of plasma corona discharge on reducing the 

separation zone behind the blades. Boundary conditions 

and dimensionless equations were applied to the 

boundaries and computational domain. The convergence 

criterion for the problem was taken as the residual values 

of flow characteristics 10-7.  

 The geometrical model was complex, and an 

unstructured grid was used, which was adapted to various 

geometric structures. The mesh-independent test results 

were satisfactory, and no additional refinement of the base 

mesh was necessary. The boundary conditions applied to 

the computational domain in Fig. 2 included  

a dimensionless potential of one on the visible electrode  
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Table 1 Dimensions of computational domain for 2D and 3D simulations 

Section Name Dimensions 

Plasma Corona dimensions (2D and 

3D simulation) 

Anode 7 mm 

Cathode 4 mm 

Distance between anode and cathode 3 mm 

Airfoil wind turbine dimensions (2D 

simulation, Fig. 1d). 

Length of a chord 250 mm 

Maximum thickness of airfoil 45 mm 

Location of maximum thickness 
35% of the chord length from the 

leading edge 

Wind turbine farm dimensions (3D 

simulation, Fig. 1a) 

Length of farm domain (L) 240 m 

Width of farm domain (W) 120 m 

Height of farm domain (H) 90 m 

Minimum distance between wind 

turbines 
30 m 

Maximum distance between wind 

turbines 
40 m 

Height of wind turbine 75 m 

 

Table 2 Dependency study of the computational domain size with a total of 5×106 meshes 

Domains Value of dimensions CD CL 

Case 1 
farm domain Length (L) of 220 m 

farm domain Width (W) of 100 m 
0.512 0.181 

Case 2 
farm domain Length (L) of 240 m 

farm domain Width (W) of 120 m 
0.540 0.200 

Case 3 
farm domain Length (L) of 280 m 

farm domain Width (W) of 160 m 
0.539 0.200 

 

 
 

Fig. 1 Illustration of (a) wind turbine farm 

dimensions, (b) high resolution of unstructured 

meshes over the wind turbine, (c) height of wind 

turbine (d) the computation mesh used in the CFD 

simulations and structured mesh in 2D section of 

simulations 

 

 

Fig. 2 Illustration of (a) velocity contour of wind 

turbine farm and uniform and non-uniform Q 

criteria distributions, (b) wind flow direction near the 

blades, (c) cross section view of wind turbine blade 

and leading edge (d) the applied plasma corona 

discharge near the edge 

(a) 

(b) 

(d) 

(c) 

(a) 

(b) 

(c) 

(d) 
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Table 3 Boundary conditions for 2D and 3D sections of present numerical work, Initially, a 2D simulation was 

conducted solely to validate the effects of plasma corona discharge over a single blade. Once the configuration 

was validated, it was then applied to a 3D domain  

Section Name of boundary Boundary condition 

Plasma Corona 

dimensions (2D and 

3D simulation) 

Corona electrode Constant velocity, pressure flux and equations of 

𝜙∗ =
𝜙

𝜙𝑚𝑎𝑥𝑓(𝑡)
 and 𝜌𝑐

∗ =
𝜌𝑐

𝜌𝑐
𝑚𝑎𝑥𝑓(𝑡)

 

Absorbing electrode Constant velocity, pressure flux and equations of 

𝜙∗ =
𝜙

𝜙𝑚𝑎𝑥𝑓(𝑡)
 and 𝜌𝑐

∗ =
𝜌𝑐

𝜌𝑐
𝑚𝑎𝑥𝑓(𝑡)

 

Debye length (𝜆𝑑) 𝜆𝑑 = 0.2(0.5611𝑡𝑎𝑛−1(−170.3(𝑓)−5.124) + 1.768) × (0.3 × 10−3𝑉𝑎𝑝𝑝

− 7.42 × 10−4) 

Permittivity (𝜀𝑟) and 

density (𝜌𝑐) 
𝛻. (𝜀𝑟𝛻𝜌𝑐) =

𝜌𝑐

𝜆𝐷
2  

Airfoil wind turbine 

dimensions (2D 

simulation, figure 1d) 

Inlet Constant velocity, pressure gradient equals zero 

Outlet Atmospheric pressure, zero velocity gradient 

Airfoil wall No slip velocity 

Wind turbine farm 

dimensions (3D 

simulation, figure 1a) 

Inlet of farm Constant velocity of 15 kilometers per hour, pressure gradient 

equals zero 

Outlet of farm Atmospheric pressure, zero velocity gradient 

Wind turbine walls No slip velocity 

MRF The circular domain surrounding the blades has the same 

dimensions as the blade diameters. The blades are capable of six 

degrees of freedom movement, and the pressure gradient is set to 

zero. With these six degrees of freedom movement, the blades are 

free to rotate due to the applied force from the air and their design 

shape, rather than being forced. 

Far-fields free-stream velocity, pressure far-field 

 

surface and zero on the hidden electrode surface. The 

dimensionless charge density was zero at the surrounding 

boundaries, and the electric potential gradient was zero. At 

the common boundary of the dielectric and air, the 

condition of zero dimensionless charge density gradient 

was imposed, and the distribution of charge concentration 

on the plasma expansion surface was assumed to be semi-

Gaussian. Inlet velocity boundary conditions were used at 

the surrounding boundaries of the airfoil in the front, top, 

and bottom, and outlet pressure conditions were used at 

the outlet boundary at the back of the airfoil. A wall 

boundary condition was used on the surface of the airfoil. 

The high-order method was used for the turbulent kinetic 

energy, charge concentration, and electric potential to 

discretize the momentum equation. 

 In the current study, we opted for the dimensions 

specified in Table 1 for the 2D and 3D computational 

domains. To guarantee that the boundaries do not impact 

the numerical solution, we conducted a study on the 

dependency of the computational domain size. Table 2 

presents the results of this study for a 3D wind farm, 

focusing on a wind turbine positioned along the central 

horizontal axis. The findings indicate that the dimensions 

of case 2 (as outlined in Table 1) are appropriate, as 

increasing the computational domain size does not lead to 

significant changes in the results.  

 The effect of a plasma discharge actuator on 

controlling flow separation around a critical section of a 

wind turbine blade at one angle of attack was numerically 

investigated. This section, located at 25% of the blade 

length from the blade tip, experiences the highest 

aerodynamic loads and is important for further studies. 

The numerical simulation was carried out using 

OPENFOAM software, and a comparison was made 

between the results obtained at angle of attack of 20 °. 

After ensuring the accuracy of the simulation, the effect of 

operational conditions such as voltage and frequency of 

the actuator on aerodynamic efficiency, size of the 

separation region, boundary layer separation point, suction 

and pressure coefficients of the airfoil, and flow 

turbulence intensity was studied at angle of attack of 20°. 

The computational domain was created at a distance of 40 

times the chord length of the airfoil from the back and 

extended to 25 and 15 times its length from the sides to 

ensure that the boundaries did not affect the numerical 

solution. Table 3 displays all the boundary conditions used 

in the current numerical study. A two-dimensional 

structured computational grid was created around the 

airfoil, and a structured grid was created for the space 

outside the airfoil surface and around the electrodes. The 

plasma actuator equations were solved independently of 

the fluid flow equations, and after solving and converging 

the results of the plasma actuator equations (charge 

density and electric potential), the solution of the flow 

field equations was started. To create an ionic wind, the 

EHD solver in OPENFOAM was combined with the BPF 

(BoussinesqPimpleFoam) solver. The numerical 

investigation focused on a critical section of the wind 

turbine blade that experiences high aerodynamic loads, 

located at 25% of the blade length from the tip. The effect 

of using a plasma discharge actuator on controlling flow 

separation around this airfoil was studied at one angle of 

attack using OPENFOAM software. After ensuring the 

accuracy of the numerical simulation, the impact of 

operational conditions such as voltage and frequency of 
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the actuator on aerodynamic efficiency, size of the 

separation region, boundary layer separation point, suction 

and pressure coefficients of the airfoil, and flow 

turbulence intensity was studied at angle of attack of 20°. 

The computational domain was created at a distance of 40 

times the chord length of the airfoil from the back, and a 

structured grid was developed for the space outside the 

airfoil surface and around the electrodes. The plasma 

actuator equations were solved independently of the fluid 

flow equations, and the results were converged before 

solving the fluid flow equations. This combination 

allowed for a comprehensive and accurate numerical 

investigation of the effect of plasma discharge actuator on 

controlling flow separation in wind turbine blades. 

3.1 Q Criteria 

The Q criteria is a technique utilized in fluid mechanics to 

detect vortices in fluid flow by determining their strength 

and location. Vortices refer to regions of swirling flow 

characterized by the rotation of fluid particles around an 

axis, and they are prevalent in various fluid flow 

applications, including aerodynamics, oceanography, and 

industrial processes. The Q criteria involves analyzing the 

second invariant of the velocity gradient tensor to identify 

vortices mathematically. This mathematical method 

operates on the premise that vortices have high values of 

the second invariant, whereas non-vortex regions have low 

values of the second invariant. The Q criteria can be 

expressed mathematically as (Zhang et al. 2019):  

Q = λ2 - λ3 (13) 

 The Q criteria is a scalar field that is calculated using 

the second and third eigenvalues of the velocity gradient 

tensor (λ2 and λ3, respectively) and provides a 

quantitative measure of the strength and location of 

vortices in the fluid flow field. This method is useful for 

visualizing and analyzing vortex behavior in fluid flow, 

and it can be used to identify the location and strength of 

vortices over time. This information is valuable for 

understanding fluid flow behavior and designing fluid 

flow systems for specific applications. In this study, the Q 

criteria was applied to calculate the presence of vortices in 

a wind farm. When the Q criteria value is high, it indicates 

that vortices are capturing the uniform flow and reducing 

the performance of the wind turbine. Vortex flow can also 

increase the separated flow over the leading edge and 

increase drag forces. Therefore, understanding the 

behavior of vortices in fluid flow is essential for 

optimizing the performance of wind turbines and other 

fluid flow systems. The present study utilizes Q criteria, 

which incorporates the analysis of turbulence fields and 

detects the higher performance of rows in wind turbine 

farms to provide a better analysis in fluid physical 

concepts. This approach is motivated by the need to use 

novel criteria for calculating the weak points of wind 

turbines and to optimize the application of the corona 

actuator for high performance (Ekonomou et al., 2012; 

Blaabjerg et al., 2006; Liu et al., 2021; Hodgson et al., 

2022; Oehme et al., 2022; Chen et al. 2023).  

3.2 Validation of Results  

 The purpose of this section is to validate the current 

numerical results against the relevant experimental work.  

Table 4 Mesh independent test 

Average Q criteria Number of Mesh 

461.1 9×106 

461.2 5×106 

440.3 1×106 

431.2 0.5×106 

 

Table 5 Validation of results with the experimental 

study by Zheng et al. (2013) on the Ionic Charge 

Density of corona plasma 

Ionic Charge Density 

(C/m3) Length of 

electrodes Zheng et al. 

(2013) work 
Present Work 

0.0012 0.0015 2 cm 

0.0021 0.0022 4 cm 

0.0035 0.0037 6 cm 

0.0020 0.0021 8 cm 

 

Zheng et al. (2013) conducted an experiment to investigate 

the effect of using a plasma actuator on the flow over a flat 

and curved plate, aiming to apply the phenomenon of 

Corona plasma formation and discharge to a wind turbine. 

The study was used to validate the Corona discharge 

phenomenon. The study's specifications include an air 

density of 3 Kg/m3, a peak-to-peak voltage of 20 kV, and 

a frequency of 14 Hz. The maximum error reported, 

calculated using the root mean square error formula, is 6%. 

Results were compared with the experimental study by 

Zheng et al. (2013), showcasing the Ionic Charge Density 

of corona plasma in Table 5. The differences observed in 

the far-field region can be attributed to the numerical 

method used to estimate the length of the plasma jet, its 

expansion length, maximum charge density, and 

numerical discretization methods for the fluid flow 

equations. However, the upgraded electrostatic model 

used to simulate the effect of the plasma actuator is 

accurate enough to continue the calculations. The second 

stage of validation involved comparing the experimental 

results of Fadaei et al. (2020) with the current numerical 

results of the pressure distribution around the airfoil at a 

20° angle. Figure 3 was used to compare the pressure 

coefficient around the suction and pressure surfaces of the 

airfoil. The comparison revealed a maximum error of 2% 

using the root mean square error formula. The mesh-

independent test indicated that 5×106 meshes are sufficient 

to ensure the independence of results from meshing, as 

shown in Table 4. Figures 3 illustrate the stagnation point 

and suction and pressure zones for the 2D airfoil of the 

wind turbine with and without the corona plasma actuator. 

The figures demonstrate that applying the corona plasma 

reduces the separation zone. 

4.  RESULTS  

4.1. The Effect of Corona Discharge Frequency on 

Wind Turbine Farm Performance 

 The effects of adding a plasma actuator to a wind 

turbine blade depend on various parameters such as the  
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Fig. 3 Validation of results with the experimental 

study conducted by Fadaei et al. (2020) for pressure 

coefficient distribution with corona plasma 

 

distance between the electrodes, thickness of dielectric 

layers, voltage level, frequency, and waveform shape. The 

effect of this actuator on aerodynamic parameters of the 

airfoil of the wind turbine blade under study, such as flow 

separation (vortex formation at the blade tip) and lift and 

drag coefficients for the two-dimensional case, was 

investigated. In this part of the study, the effect of the 

applied frequency to the electrodes on the flow 

characteristics around the airfoil at an angle of attack of 

20° was examined. Table 6 shows the lift and drag 

coefficients, aerodynamic efficiency, and separation 

location at the tip of the wind turbine blade with and 

without the plasma discharge actuator at a voltage of 12 

kV and various applied frequencies. It can be seen from 

Table 6 that as the applied frequency to the electrodes 

increases, the lift coefficient increases, and the drag 

coefficient decreases, resulting in an increase in the 

aerodynamic efficiency of the blade. Moreover, the flow 

separation point at the tip of the blade is delayed and 

moves further away from the angle of attack. This is 

because as the frequency increases, the length of the 

plasma jet and the volume force applied to the flow 

increases, which leads to an increase in the injected 

momentum into the near-wall flow, preventing rapid flow 

detachment. However, the width of the separated region 

decreases. The separation zone on a wind turbine blade is 

a distinct area where the air flow separates from the blade's 

surface. This results in a reduction in lift and an increase 

in drag, which could negatively impact the turbine's 

efficiency. Designers can use various strategies, such as 

airfoil shaping and blade twist, to mitigate separation 

zones and improve performance. The extent of the 

separation zone can be measured and monitored using Xsep 

measurements in tables, which provide information about 

the starting points of the separation and enable 

improvements in turbine performance to be tracked. 

Specifically, Xsep is considered to be zero for the primary 

case without plasma corona, and by adding plasma corona, 

this value (Xsep) shifts to the leading edges of the wind 

turbine.  

Table 6 Effects of corona discharge frequency on 

performance criterions in wind turbine farm 

CL CD Xsep 
(kHz) 

Frequency 

0.540 0.200 0.000 m 0 

0.690 0.101 0.045 m 3 

0.840 0.098 0.062 m 8 

0.750 0.120 0.070 m 13 

 

 

Fig. 4 Contours of effects of corona discharge 

frequency on Q criteria in wind turbine farm 

 

4.2 The Effect of Corona Discharge Voltage on Wind 

Turbine Farm Performance 

 Considering that the applied voltage to the plasma field 

causes corona current excitation, this part of the study 

investigates the effect of applied voltage to the electrodes 

on the flow characteristics around the wind turbine blade 

at angle of attack of 20 °. Changes in lift coefficient, drag 

coefficient, and aerodynamic efficiency are presented in 

Table 7. Additionally, Fig. 5 show the Q contour diagram 

for voltages of 17, 12 and 7, respectively. It can be 

observed from the diagram that the positive effect of the 

applied plasma actuator on the mentioned parameters 

increases with increasing voltage. It can be seen that at a 

voltage of 12 kV, the effect of voltage is more pronounced 

in delaying the flow separation. This is due to the 

equations governing the plasma discharge modeling and 

the stronger effect of voltage compared to frequency on 

the length of the plasma jet and the induced trust due to 

the applied volume force. The voltage used in plasma 

corona discharge is a critical factor that affects the 

efficiency of the technology. The voltage must be high 

enough to ionize the air molecules but not so high as to 

cause a breakdown of the air molecules. The voltage 

required for plasma corona discharge to be effective in 

wind turbines varies depending on the specific design of 

the wind turbine and the operating conditions. Several 

studies have investigated the effect of the voltage of 

plasma corona discharge on the reduction of the separation  
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Fig. 5 Contours of effects of corona discharge voltage 

on Q criteria in wind turbine farm  

 

Table 7 Effects of corona discharge Voltage on 

performance criterions in wind turbine farm 

CL CD Xsep 
(KV) 

Voltage 

0.540 0.200 0.000 m 0 

0.650 0.140 0.070 m 7 

0.920 0.140 0.073 m 12 

0.990 0.147 0.080 m 17 

 

zone in wind turbines. These studies have shown that an 

increase in voltage can lead to a decrease in the separation 

zone and an increase in the power output of the wind 

turbine. However, there is a limit to the voltage that can be 

applied before the air molecules break down and the 

efficiency of the technology is reduced.  Furthermore, the 

voltage of plasma corona discharge can affect the ion 

density and distribution of the plasma, which in turn 

affects the reduction of the separation zone. Higher 

voltages can lead to a higher ion density and a more 

uniform distribution of the plasma, resulting in a more 

efficient reduction of the separation zone.  

4.3 The Effect of Distance Between Electrodes in 

Corona Discharge on Wind Turbine Farm 

Performance 

 Present part of research investigates the important 

parameters effect on plasma corona discharge 

performance located in the leading edge of wind turbine 

farms. The performance of corona discharge in wind 

turbines is influenced by several factors, including the 

distance between the electrodes. The distance between the 

electrodes determines the strength of the electric field and 

the intensity of the corona discharge. If the distance 

between the electrodes is too small, the electric field may 

be too strong, leading to a breakdown of the air molecules 

and a loss of efficiency. On the other hand, if the distance  

Table 8 Effects of distance between electrodes of 

corona discharge on performance criteria in wind 

turbine farm  

CL CD Xsep 
Distance between 

electrodes (mm) 

0.540 0.200 0.000 m 0 

0.640 0.123 0.060 m 3 

0.750 0.140 0.055 m 4 

0.810 0.148 0.052 m 5 

 

between the electrodes is too large, the electric field may 

not be strong enough to ionize the air molecules, leading 

to little or no effect on the separation zone. Therefore, 

finding the optimal distance between the electrodes is 

essential for maximizing the performance of corona 

discharge in wind turbines. This distance can vary 

depending on the specific design of the wind turbine and 

the operating conditions, and it may require some 

experimentation to determine the ideal distance. The 

optimal distance must be determined for each specific 

application to achieve the best performance. By 

optimizing the distance between the electrodes, wind 

turbine efficiency can be improved, leading to a more 

sustainable and cost-effective source of energy. In this 

study, three different distances between electrodes (3, 4, 

and 5 mm) were investigated to determine their effect on 

wind turbine performance. The results indicated that an 

increase in electrode distance resulted in a decrease in the 

distribution of the Q criteria. Essentially, this means that a 

larger electrode distance leads to a reduction in wind 

turbine performance. When the Q criteria is high, it 

indicates that the wake flow is dominating the active fluid 

flow type and decreasing the lift force of the wind turbine. 

Table 8 presents the impact of the distance between 

electrodes of corona discharge on performance criteria 

such as drag and lift forces, as well as the separation points 

of flow from the attack point in wind turbine farms. 

 

 
Fig. 6 Contours of effects of distance between 

electrodes of corona discharge on Q criteria in wind 

turbine farm  
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Table 9 Effects of corona discharge on performance 

of wind turbine farm produced power 

Wind turbine 

Power 
Designed wind turbine farm 

2.076 MW 

Distance between electrodes of 3 

mm, Voltage of 17 KV, and 

Frequency of 13 kHz 

2 MW Without corona plasma 

 

4.4. The Effect of Corona Discharge on Wind Turbine 

Farm Produced Power 

 Wind turbine farms are becoming increasingly popular 

as a renewable energy source and their power generation 

is influenced by several factors including wind speed, air 

density, blade length, and coefficient of performance (Cp). 

The formula used to calculate the power output of a wind 

turbine is P = 0.5 Cp ρπR2V3. Cp measures the efficiency 

of the turbine and reflects the proportion of wind energy 

that can be converted into electrical power. Air density 

affects the amount of energy that can be extracted from the 

wind, while blade length and wind speed are critical 

factors in determining power output. Betz's law limits the 

maximum amount of power that can be extracted to 59.3% 

of the wind's kinetic energy, making 59.3% the maximum 

possible turbine efficiency. The plasma corona discharge 

technology has been shown to improve the aerodynamics 

of wind turbine blades and increase power production by 

reducing drag, turbulence, and increasing lift force and 

rotational speed. Additionally, the technology can reduce 

the frequency of blade cleaning and maintenance. One of 

the key advantages of plasma corona discharge technology 

is that it can be installed on existing wind turbines without 

significant modifications. Table 9 compares two case 

studies, one with plasma corona discharge and the other 

without. The wind turbine farm with plasma corona 

discharge on the leading edge of the blades showed a 

significant increase in power production compared to the 

farm without the technology. The difference in power 

output suggests that plasma corona discharge technology 

has a positive impact on the power production of wind 

turbine farms. In summary, the power produced by wind 

turbines depends on several factors, and the plasma corona 

discharge technology has the potential to improve 

efficiency and performance, making it a valuable 

technology for wind turbine farms.  

 In order to enhance the analysis of wind turbine farms, 

we took measurements of spanwise velocity, pressure, 

epsilon, and turbulent kinetic energy. A high spanwise 

velocity has the potential to reduce power output due to 

the opposite direction of the rotating flow. This concept is 

further elaborated in the work of Ramesh Kumar and 

Selvaraj (2023b). High spanwise velocity signifies a 

negative flow direction, which leads to an increase in drag 

force and has a negative effect on power output. The 

pressure distribution on the first row of wind turbines is 

higher than that of other rows, as the first row is exposed 

to uniform flow and the wake flow has a significant effect 

on its performance. Figure 7 shows two essential 

parameters related to the turbulent model, kinematic and 

epsilon contours. The results indicate that epsilon 

dissipation is higher at middle rows of the wind turbine  

 

Fig. 7 Contours of (a) spanwise velocity, (b) pressure, 

(c) epsilon, and (d) turbulent kinetic energy in wind 

turbine farm 

 

farm. Additionally, the first rows are highly influenced by 

kinematic turbulence energy due to high velocity 

distributions. Higher kinematic turbulence and epsilon in 

wind farms refer to an increase in turbulence and the 

dissipation of energy within the rotating flow of the wind 

turbines. Kinematic turbulence represents the energy 

associated with the turbulent motion of the wind flow. A 

higher kinematic turbulence indicates that the wind flow 

has a higher velocity distribution and is more turbulent, 

which can affect the performance of the wind turbine 

blades. Epsilon, on the other hand, measures the rate at 

which kinetic energy is converted into heat due to 

turbulent motion. A higher epsilon indicates more energy 

dissipation within the rotating flow of the wind turbines, 

which can impact the performance of the turbine blades by 

influencing the lift and drag forces acting on them. Thus, 

higher kinematic turbulence and epsilon can have a 

negative impact on the power output of a wind farm by 

increasing drag force and decreasing lift force on the 

turbine blades. 

5.  CONCLUSION  

 The aim of this research was to use the OPENFOAM 

software to conduct numerical simulations and compare 

the results obtained with and without the plasma actuator 

at an angle of attack of 20 °. The study found that while 

the plasma actuator induced momentum and accelerated 

flow towards the suction side, the flow resisted against the 

pressure gradient unfavorably. However, the flow 

eventually recovered to an appropriate pressure, and this 

pressure recovery improved with an increase in the plasma 

actuator voltage. An increase in frequency also led to 

improved pressure recovery, and the research 

demonstrated delayed flow separation with increasing 

frequency and voltage. The results showed that using a 
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corona discharge-based plasma actuator can increase the 

efficiency of wind turbine farms and enhance the 

aerodynamic coefficients. The study also found that 

increasing the voltage and frequency of the corona 

discharge, as well as decreasing the distance between 

electrodes, can reduce the Q criteria. Additionally, the 

study examined the effects of pressure, turbulent kinetic 

energy, spanwise velocity, and epsilon on power 

generation in a wind turbine farm. The results are 

summarized below. 

- Introducing corona plasma at the leading edge of wind 

turbine blades increased power production by more than 

3.8%. 

- The corona plasma actuator utilized electrodes spaced 3 

mm apart, with a voltage of 17 KV and a frequency of 13 

kHz. 

- The study recommends future experimental validation 

of the findings and consideration of real-world factors 

such as relative humidity and wind flow direction. 

- Strong support is expressed in the study for the 

implementation of corona plasma actuators on wind 

turbines to enhance power production. 
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