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Nomenclature 

J𝑖 Flux of particles of type 𝑖 (𝑖 = 𝑒, 𝑝 and 𝑛). 

Ni Number density of particles of type 𝑖 (𝑖 = 𝑒, 𝑝 and 𝑛), N number density of neutral 

particles. 

𝑗 The current density, 𝑗0 defined at the corona electrode and 𝑗𝑇 defined at the ground. 

∆𝑆 The surface perpendicular to the electric field line, Δ𝑆0 defined at the corona 

electrode and Δ𝑆𝑇 defined at the ground.  

𝐄 The electric field, 𝐸0 defined at the corona electrode (Peek formula). 

𝐅 The EHD force acting on air. 

𝜙 The electric potential, 𝜙0 defined at the corona electrode and 𝜙𝑐𝑎𝑙𝑐 Estimated at the 

corona electrode. 

𝜙𝑜𝑛𝑠𝑒𝑡 The onset voltage. 

𝜙𝑐 The critical applied voltage 

I The electric current. 

𝑣 The gas velocity, 𝑣𝑚𝑎𝑥  the maximum gas velocity. 

𝜌𝑐 Space charge density. 

𝑞𝑝 The positive space charge density. 

𝜂𝑒𝑓𝑓 Energy efficiency. 

𝑟0 Corona wire radius.  

𝑅𝑐 Cylinder radius. 

𝑓 The separation distance between the two wires. 

d Inter-electrode separation. 

𝑤 wire length. 

𝑑𝑙𝑎 displacement along the electric field line. 

𝐿𝑎 The total length of the electric field line. 



Nomenclature  

10 

 

𝑙𝑎 The arc length along the electric field line 

𝐿 The distance between the two grounded plates (Opening width). 

𝑙 The width of the grounded plates. 

ℓ The length of the upper and lower plates 

ℎ The distance separation between the upper and lower plates 

𝜃 Angle of the average direction of the EHD force 

𝜃𝑝 The angle of deviation of the grounded rectangular plate electrode 

α The ionization coefficient. 

η The attachment coefficient. 

𝜁 The convergence criterion 

𝜀0 The air permittivity. 

𝑒0 The elementary charge. 

𝜇𝑖 The electrical mobility of particle of type 𝑖 (𝑖 = 𝑒, 𝑝 and 𝑛). 

ρ The fluid density (The air density). 

𝑝 The gas pressure, 𝑝0 atmospheric pressure. 

T The gas temperature, 𝑇𝑒 the electron temperature, 𝑇𝑖 the ion temperature and T0 the 

room temperature. 

𝜆 The dynamic viscosity. 

𝜇𝑡 The turbulent viscosity 

𝑘 The turbulent kinetic energy 

I The identity tensor 

𝜀 The dissipation rate. 

𝛕𝑅 The Reynolds stress tensor. 

𝑃𝑚𝑒𝑐 The mechanical energy. 
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𝑃𝑒𝑙𝑒 Electrical energy. 

𝐴𝑔 Gas flow cross-section. 

𝑣𝑔 Air flow velocity passing through the cross-sectional area Ag. 

𝑚𝑒 Mass of the electron 

𝑓𝑝𝑒 Plasma frequency 

𝜆𝐷 Debye length 

𝑘𝐵 Boltzmann constant 

𝐹𝐷𝐵𝐷 The average force of DBD 

𝐟 Represents body forces (such as gravitational or electromagnetic forces), 
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Introduction 

he study of corona discharge and its electrohydrodynamic (EHD) effects has garnered 

significant attention due to its wide-ranging applications in fields such as medicine, 

biology, electronics, and the environment [1-4]. It has also been exploited in industrial 

applications, including ozone generation [5], electrostatic precipitators [6], surface treatment 

[7], heat transfer enhancement [8], and electrostatic separation [9]. Corona discharge, a self-

sustained electrical breakdown in gases, is a complex process involving interactions among 

charged particles, electric fields, and fluid motion, making it a significant topic in fundamental 

physics and engineering. The precise interaction between plasma physics, fluid mechanics, and 

electrical engineering offers opportunities to develop efficient and innovative solutions to 

various industrial challenges.   

In general, corona discharge occurs when electrodes are subjected to a high voltage, 

particularly those with sharp curvatures, such as pointed tips, thin strips, or fine wires. During 

this process, charge carriers (electrons and ions) move across the interelectrode gap, repeatedly 

colliding with the neutral gas molecules. These collisions transfer part of the kinetic energy of 

the charge carriers to the neutral molecules, resulting in a bulk gas motion. This bulk flow, 

known as "electric wind" or "ionic wind," is a typical example of electrohydrodynamic (EHD) 

flow [10, 11]. The existence of ionic wind flow has been known for a long time [12]; however, 

it remains a subject of study and investigation due to its inherent complexity and significant 

industrial relevance. 

This work addresses the modeling, validation, and applications of corona discharge in 

EHD systems, presenting a comprehensive approach that integrates numerical simulation, 

experimental validation, and innovative design optimization. By combining advanced modeling 

techniques with practical applications, this study contributes to ongoing research efforts to 

harness EHD phenomena for developing diverse technological solutions.   

The first chapter provides a general introduction to plasma and electric discharges, with 

a specific focus on corona discharges, which are the primary objective of this research. After 

presenting the physical phenomena governing corona discharge, the chapter reviews the state 

of the art on ionic wind and discusses the various techniques for generating and applying ionic 

wind.   

T 
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The second chapter focuses on developing a novel methodology to determine the spatial 

distribution of space charges and the density of the EHD force. This approach avoids traditional 

challenges related to numerical convergence in coupled equations and demonstrates significant 

flexibility by accommodating various electrode configurations for both positive and negative 

DC corona discharges.   

In the third chapter, the numerical model is validated through precise comparisons with 

experimental data. This validation confirms the model's accuracy in predicting electrical 

characteristics, such as voltage-current relationships, and its effectiveness in simulating ionic 

wind and gas flow dynamics. Additionally, the research proposes an optimized electrode 

configuration for EHD air pumps, improving airflow distribution, energy efficiency, and 

simplicity of construction. This innovation addresses critical challenges in cooling systems, 

particularly for miniature electronic components.   

The fourth chapter examines the shielding effect between neighboring corona discharge 

electrodes in wire-to-plate electrostatic precipitators. The study focuses on the impact of mutual 

electrostatic interactions on the structure of the EHD flow, a subject that has received limited 

attention in previous literature.   

Finally, a novel application of ionic wind generated by corona discharge is studied for 

cleaning photovoltaic (PV) panels to address efficiency losses caused by dust accumulation. By 

combining numerical modeling with experimental validation, the study illustrates how 

geometric and operational parameters influence the efficiency and performance of EHD 

cleaning systems. The results provide a foundation for designing cost-effective and energy-

efficient solutions for renewable energy applications. 
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 : The Generation of Electric Wind by 

Corona Discharge and Its Applications 

Ionic wind, an induced phenomenon during corona discharge, possessing the features 

of silent operation and no moving parts, has a wide range of applications. Ionic wind generation 

is accompanied by complex physical processes, involving gas ionization, ion recombination, 

flow, and various chemical reactions, as well as mutual couplings between some of them. 

Therefore, understanding the corona discharge process and ionic wind generation is crucial for 

researchers and engineers to better utilize this phenomenon in practical applications. In this 

chapter, the principles of corona discharge and its induced ionic wind are presented. 

Subsequently, the challenges of transitioning the ionic wind technology from laboratory studies 

to practical applications are discussed. These challenges include the excessively high onset 

voltage of the corona, ozone emission, and influence of environmental conditions. Finally, some 

future research prospects and the conclusions are presented. 
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I.1 Introduction 

Ionic wind is a physical phenomenon produced by corona discharge in a gas at atmospheric 

pressure and belongs to a type of low-temperature plasma in plasma science. The physical nature 

of ionic wind is the conversion of electrical energy into mechanical energy of fluid flow. Its 

microscopic principle is the momentum transfer from ions produced in the discharge to neutral 

molecules or atoms through collisions between them, thus resulting in a type of airflow. The main 

characteristics of this electrohydrodynamic (EHD) effect are silent operation [1-4], no moving 

parts, fast response [5, 6], low-cost maintenance [7], low-energy consumption [8], and compact 

structure [9]. Its generation principle and characteristics indicate that it has a wide range of 

applications in many fields, such as heat transfer enhancement[10-12], electrostatic precipitation 

[13, 14], food drying [15, 16], water collection [17, 18], aerodynamic flow control [19, 20], and 

electric propulsion [21, 22]. 

I.1.1 History of ionic wind 

The earliest report concerning this EHD effect dates back to 1629 when Niccolo Cabeo, an 

Italian and contemporary of Galileo, noticed that sawdust could be attracted to an electrified body, 

touch it, and then be repelled [23]. However, Cabeo did not truly understand its mechanism, and 

the circulatory wind hypothesis Cabeo made was disapproved by the Irish natural philosopher 

Robert Boyle several decades later [24]. Actually, this is a phenomenon related to electrostatic 

forces, and it can occur in vacuum conditions as well as in air. Corona discharge can occur under 

variable air pressures [25, 26], either below the standard atmospheric pressure [27], However, 

ionic wind cannot be generated in a purely vacuum condition, because there are no charge carriers 

for collisions without air. The pressure can affect the discharge mode [28], ionization [29], and 

onset and average currents [30], which are closely related to the ionic wind flow. Indeed, the 

observation of ionic wind could not have occurred earlier than the invention of a high-voltage 

generating machine. It was not until 1672 that Otto von Guericke, who is famous for the 

Magdeburg hemispheres, fabricated a fractional sphere mounted on a crankshaft and observed that 

the rubbed sphere glowed in the dark [31]. This is the earliest recorded observation of corona 

discharge, but ionic wind was not mentioned by Guericke. The first discovery of the EHD 

phenomenon acknowledged by the public is attributed to Francis Hauksbee, curator of instruments 

for the Royal Society of London, who perceived a weak airflow blowing to his face when he held 
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a charged tube toward himself in 1709 [32]. Several years later, Isaac Newton repeated Hauksbee’s 

experiment and named this phenomenon electric wind [33]. In 1750, Benjamin Wilson, secretary 

to the Royal Society, succeeded in producing the rapid rotary motion of a pinwheel by directing 

the electric wind from a point discharge against it. Afterward, Hamilton, professor of philosophy 

at the University of Dublin, modified Wilson’s apparatus to a single-stage device, which consisted 

of an S-shaped wire suspended horizontally at its center on an electrically conducting shaft. The 

two ends of the S-shaped wire were sharpened to points, from which the discharge occurred when 

high voltage was applied to the shaft, causing the S-shaped wire to spin around its axis. Although 

there were experimental observations on ionic wind at that time, scientists did not study or explain 

this EHD effect due to the lack of physical knowledge and technology. 

The first explanation of the EHD phenomenon was provided by Tiberius Cavallo, an 

Anglo-Italian natural philosopher. He pointed out that the air opposite to the points of wires 

acquired strong electricity and repelled the points of the wires when describing the repulsion in 

the motion of a fly in 1777 [34]. Michael Faraday published his observations on electric wind in 

1838 and explained that it is a momentum-transfer process by friction or collision between charged 

and uncharged gas particles [35]. Faraday’s publication is a milestone in understanding the 

mechanisms of ionic wind. Afterward, August Töpler, inventor of schlieren optics, used his new 

technique to study the flow patterns of the electric wind. In 1873, James Clerk Maxwell 

qualitatively analyzed the mechanism of electric wind [36]. He pointed out that when the electric 

intensity in the neighborhood of the discharge point reaches a certain limit, the air insulation is 

broken. Subsequently, the electricity accumulates in the air around this point, and the charged 

particles of air tend to move away from the electrified body because they are charged with the 

same type of electricity. Maxwell’s study provided the most complete theory on the EHD 

phenomenon contemporaneously, much of which remains valid today, despite the fact that no 

rudimentary mathematical treatment was applied to this theory.  

The aforementioned studies only conducted a qualitative analysis on the generation and 

mechanism of ionic wind and lacked relevant quantitative studies. This situation continued until 

the end of the 19th century when Chattock conducted the first quantitative experimental study on 

the relationship between pressure and electric current for the electric wind induced by a 

configuration of parallel plane electrodes [37]. In 1954, Löb extended the pressure–current 

equation of Chattock’s study to other geometries [38]. Soon after, Harney examined the electrical 

parameters of a corona discharge and found that the effect of electric wind on these parameters is 
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small unless the air is substituted by a dielectric liquid [39]. Subsequently, Robinson conducted an 

in-depth experimental study of the generation and influencing factors of ionic wind in 1961 [40]. 

One year later, Otmar Stuetzer summarized and expanded the studies of Löb and Harney, offering 

the most complete explanation of the EHD phenomenon [41]. The EHD effect has various names, 

such as electric wind (named by Newton), corona wind (named for its generation by a corona 

discharge), and ionic wind (more common nowadays), since it was first observed and recorded by 

Hauksbee. In the three centuries from its first discovery, many scientists and engineers conducted 

various studies on ionic wind, including many scientific giants (such as Newton, Faraday, and 

Maxwell). Robinson reviewed the history of the EHD phenomenon study in detail [24]. These 

significant contributions have made the mechanism of ionic wind generation clearer and more 

recognized by the scientific community. These research results have also laid a solid foundation 

for the subsequent application of ionic wind technology in various fields.  

I.1.2 Different Techniques for Generating Ionic Wind  

 

Figure I.1 Schematic of ionic wind generation: (a) corona discharge; (b) dielectric barrier discharge (DBD). 
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From a qualitative perspective, ionic winds can be visualized as shown in Figure I.1 for 

both a corona discharge (Figure I.1(a)) and DBD (Figure I.1(b)). Regardless of the discharge 

mode, the basic mechanism of ionic wind formation is the same – momentum transfer from 

ions produced in the discharge to neutral gas molecules. However, as corona discharges are 

primarily DC and DBD are inherently AC, there are some interesting fundamental differences 

between the two. 

I.1.2.1 Generation of Ionic Wind by Corona Discharge 

A corona discharge is a highly localized discharge that is generated by applying high 

voltage between a sharp emitter electrode and a blunt counter electrode (Fig. I.1(a)). Common 

geometries include a point to plane (pin or needle electrode to flat plate electrode), wire to plane, 

and wire-to-wire (where the symmetry plane serves as a virtual blunt electrode). The sharp-to-

blunt electrode configuration produces a highly nonuniform electric field that serves to localize 

much of the ionization and plasma generation to a very small region around the sharp electrode. 

Since the electric field is only sufficient to breakdown the gas near the sharp point  (~3×106 V/m 

for air [42]) the discharge is effectively localized and thus can be generated without  an external 

ballast resistor in the circuit. The localized plasma region also serves to inhibit sparking, which is 

typically what occurs when high voltage is applied at atmospheric pressure. At atmospheric 

pressure, corona discharges are inherently filamentary [43, 44], consisting of short, transient 

streamers that are self-limiting. However, at steady state, corona discharges appear completely 

stationary, with the visible portion of the discharge confined to the localized plasma region near 

the emitter electrode. The exact nature of the filamentary behavior depends strongly on the polarity 

of the discharge; in positive polarity (positive emitter electrode) the filaments consist of streamers 

at a frequency of ~104-106 Hz, whereas in negative polarity (negative emitter electrode) the 

discharge consists of regular Trichel pulses [19, 45]. In the context of EHD pumps, the steady state 

behavior of the corona discharge is most relevant, and the discharge is considered stable from an 

onset voltage up to a peak allowable voltage where the field in the entire gap exceeds breakdown 

and sparks ultimately occur. The average current is essentially steady and increases monotonically 

with voltage. (Note that at sufficient time resolution, it consists of a number of short pulses 

corresponding to the filamentary behavior of the discharge [43].) Unlike the common DC glow 

discharge, there is no voltage drop after the onset voltage is reached, and the discharge voltage can 

continue to be increased until sparkover. Typically, ranges of operation are on the order of kV to 
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tens of kV producing currents ranging from µA to mA, and the ionization fraction is extremely 

small with charge densities ~1013 cm3 within the ionization region that quickly fall off to ~109 cm3 

across the space between the electrodes [46]. 

I.1.2.2 Generation of Ionic Wind by Dielectric Barrier Discharge (DBD) 

A dielectric barrier discharge (DBD) is different than a corona discharge, both in geometry 

and operation. The basic configuration consists of two metal electrodes where one or both the 

electrodes is covered by a dielectric solid. Although many geometries are possible [47], for flow 

generation the preferred geometry is a surface DBD consisting of two electrodes, one exposed and 

one buried within a dielectric layer (Fig. I.1(b)), with Teflon, Kapton, and similar polymer 

materials being common dielectric materials of choice. The DBD is actuated with an AC voltage, 

and as the voltage rises a surface discharge is struck in the small volume between the exposed 

electrode and the dielectric on which it sits. As the charge carriers in the discharge accumulate on 

the dielectric, they produce a surface voltage that compensates the applied voltage, effectively 

extinguishing the discharge. As the applied voltage switches polarity in the second half of the AC 

cycle, the charges on the dielectric are removed, allowing for the discharge to again ignite until 

charge carriers of the opposite polarity accumulate on the dielectric and again extinguish the 

discharge. The presence of the dielectric allows for this sequence of ignition compensation 

extinction to occur on its surface. The dielectric is essential to inhibit sparking, especially at 

atmospheric pressure, but also requires the voltage to constantly switch polarity to maintain a 

pseudo constant discharge. Thus, in contrast to a corona discharge, which uses spatial 

inhomogeneity to stabilize the discharge and inhibit sparking, a DBD is stabilized temporally. In 

comparison to a corona discharge, the voltages are also on the order of kV to tens of kV but produce 

greater currents densities, in the range of 100-1000 A/cm2 [48, 49] near the electrode dielectric 

interface, but the ionization fraction is still relatively small. From a flow generation perspective, 

the same process of ions colliding with neutral molecules occurs in a DBD, and the same air ions 

found in corona discharges are for the most part also found in a DBD. The nature of the geometry 

in the discharge volume between the exposed electrode and dielectric surface plays an important 

role in defining the flow direction, and unlike a corona discharge driven ionic wind, the flow in a 

DBD is generated along the surface, akin to a wall jet, rather than in a large bulk volume. While 

one might presume that the flow would oscillate given the AC nature of the discharge, it has been 

shown that in air the flow is always in the direction away from the exposed electrode, and this can 
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be attributed to the negative ions in the discharge [50, 51]. Thus, like a corona discharge, the flow 

is always generated in the same direction and the net effect is a constant wall jet along the dielectric 

surface. 

I.1.2.3 Importance of Corona Discharge in Generating Electric Wind 

The importance of corona discharge in generating ionic winds lies in its higher efficiency, 

simpler design, and ability to produce effective airflow without the need for complex structures. 

Corona discharge operates at high voltage with low current, making it more efficient in converting 

electrical energy into airflow compared to DBD, which requires more intricate designs and suffers 

from higher energy losses. Additionally, corona discharge can generate focused and strong ionic 

winds using simple electrodes such as wires or sharp tips, whereas DBD relies on more complex 

structures like insulated electrodes. These features make corona discharge more suitable for 

practical applications that demand high efficiency and straightforward design. 

The advantage of corona discharge is its ability to operate with all types of electrical power 

supplies. The main challenge associated with this type of discharge is the transition to an electric 

arc [52]. This transition is accompanied by a significant increase in the current flowing through 

the discharge and a rise in gas temperature, resulting in the generated plasma being close to 

thermodynamic equilibrium. Consequently, the power injected into the gas is predominantly 

dissipated through Joule heating. 

In most applications utilizing corona discharges, efforts are made to avoid the transition to 

an arc to prevent electrode deterioration and to optimize the generation of active species based on 

the injected energy. 

I.2 Fundamentals of Corona Discharge 

I.2.1 Definition 

In corona discharge, ionic wind is generated through momentum exchange between 

particles in a gas corona discharge, and thus its flow characteristics are closely related to the corona 

discharge process. Corona is a weakly luminous discharge, which occurs in a highly non-uniform 

electric field generated between two electrodes with small radii of curvature (at least one of them 

has a small radius of curvature, e.g., a sharp-to-blunt electrode configuration, two thin wires or 
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edges). The electric field in vicinity of one or both electrodes should be much stronger than in the 

rest of the discharge gap [53]. Coronas are always nonuniform: strong electric field, ionization, 

and luminosity are located in the vicinity of a single electrode. Weak electric fields drag charged 

particles to another electrode to close the circuit. 

Corona discharge is a type of self-sustained discharge, but it is different from the situation 

in a uniformly distributed electric field: once a self-sustained discharge occurs in the interstitial 

gas between the two electrodes, it can immediately cause breakdown of the entire air gap. In the 

process of corona discharge, the uneven distribution of electric field confines the ionization and 

plasma generation to the vicinity of the tip of the emitting electrode in which the electric field 

strength is extremely high, and a self-sustained discharge occurs. However, most of the other areas 

in the interstitial gas between the two electrodes are not ionized and maintain considerable 

insulation, causing the self-sustained discharge process to be stable. 

The current of a corona discharge mainly depends on the electrical conductance of the 

interstitial gap between the anode and the cathode, that is, it depends on the applied voltage, 

electrode geometry, inter-electrode gap (the distance between the emitting electrode and the 

collecting electrode), and the physical properties of the gas, etc. [54, 55]. 

I.2.2 Mechanism of Corona Discharge    

I.2.2.1 Sources of Seed Electrons 

The establishment of an electrical discharge in a gaseous space subjected to a potential 

requires the presence of free charges in the medium: seed electrons. These free electrons present 

in the gaseous medium gain energy under the influence of the external electric field and lose energy 

due to elastic and inelastic collisions with particles present in the gas. These seed electrons can 

originate from several sources, including: 

• Cosmic Radiation or Natural Radioactivity 

Under the effect of irradiation by cosmic rays or natural radioactivity processes, 7 to 20 

electrons per cm³/sec are produced in air at atmospheric pressure [56]. 
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• Detachment of Electrons from Negative Ions 

This is the primary process of electron production from negative ions. These ions may pre-

exist in the inter-electrode space, particularly in the presence of impurities such as 𝑂2 or 𝐻2𝑂. The 

main contributors to seed electrons will be negative ions like 𝑂2
−(𝐻2𝑂)𝑛 or 𝐻2𝑂

−(𝐻2𝑂)𝑛, which 

are associated with impurities [57, 58]. 

• Field Emission  

When the local electric field near the conductor is extremely high (such as near sharp edges 

or points), electrons can be directly emitted from the electrode surface due to quantum tunnel effect 

[59]. 

• Secondary Electron Emission  

Electrons can be ejected from a surface when energetic ions or photons strike it, 

contributing to the supply of seed electrons. The secondary electron yield depends on the material, 

impact energy, and incident particle type [60]. 

I.2.2.2 Development of Discharge in Inter-Electrode Gaps: Streamer Theory 

In Townsend’s theory, cathodic emission processes play a fundamental role in the initiation 

of self-sustained discharge. However, this theory fails to explain the measured discharge 

development times (ranging from 10−9 to 10−7 s) in cases involving large inter-electrode gaps and 

high pressures. These times are significantly shorter than those required for the appearance of 

secondary effects at the cathode, which condition the transition from non-self-sustained to self-

sustained discharges (typically 10−5 to 10−4 s). Furthermore, the breakdown voltage for spark 

initiation in large gaps does not depend on the cathode material, contrary to what is predicted by 

Townsend’s theory. 

To explain the mechanism of discharge development in large inter-electrode gaps, L. B. 

Loeb and J. M. Meek [61] proposed a model in which photoionization, resulting from excitation 

and recombination phenomena in the inter-electrode space, and space charge effects are the key 

factors driving discharge development (Figure I.2). According to this model, the discharge 

develops in the form of a highly conductive channel known as a streamer (plasma channel) [62]. 



Chapter I : Generation of Electric Wind by Corona Discharge (bibliography) 

 

25 

 

 

Figure I.2. Diagram of discharge development through photo-ionization. 

• Primary Avalanche and Space Charge Formation 

The initial stage of streamer discharge development corresponds to the formation of a 

primary avalanche, which is triggered by ionizing collisions when the local electric field exceeds 

a critical value at any point within the inter-electrode gap. This avalanche is accompanied by the 

formation of a space charge. In an avalanche, electrons form a negatively charged cloud that 

rapidly drifts toward the anode, whereas the much heavier positive ions remain nearly immobile 

due to their low mobility. This results in a highly non-uniform electric field, with intensified field 

strength near the avalanche poles, particularly around the positive pole, which consists of positive 

ions and acts like a conductive tip. Meanwhile, the electric field decreases along the avalanche 

flanks. 

Once the space charge associated with the primary avalanche reaches a critical size (~108 

electrons), it enhances ionizing collisions at both the leading edge and the tail of the avalanche. 

Within the avalanche, some electrons and ions recombine, emitting radiation that can induce 

photoionization of gas molecules both inside and outside the avalanche. The newly generated 

electrons may then initiate secondary avalanches, provided the local electric field remains 

sufficiently strong. These secondary avalanches, in turn, generate additional positive space charge 

ahead of the primary avalanche, sustaining the discharge process. 

• Avalanche Propagation and Streamer Formation 

The secondary avalanches play a crucial role in both sustaining the self-sustained discharge 

and amplifying the number of free charge carriers. The amplification process primarily occurs 

along the field axis and in the direction of the preceding avalanche. Each avalanche continues its 

own rapid development, forming a cascading effect. Even before the initial avalanche has fully 

developed, a chain reaction of new avalanches emerges. 

As electrons move toward the anode, the avalanche chain appears to propagate toward the 

cathode. However, the progression of the discharge is extremely fast because avalanches are 
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transmitted by radiation rather than by electron or ion migration. This means that ionization occurs 

without direct involvement of the cathode. Consequently, the discharge takes the form of a plasma 

channel aligned with the electrode axis, and its development depends on the local field distribution. 

• Thermal Effects and Streamer Maintenance 

During elastic collisions with gas molecules, free charges transfer part of their kinetic 

energy, leading to an increase in gas temperature. However, as long as this temperature remains 

below the threshold required for thermal ionization, it has no significant impact on the discharge 

process. This stage of the discharge is referred to as the streamer phase. The external field required 

to sustain the streamer is lower than the critical field necessary for ionization by collisions. 

 

Figure I.3. Successive stages of streamer development in a gas with a point-to-plane electrode configuration: (a) 

positive point; (b) negative point [64]. 

For example [63], in air: 

➢ The average field required for a streamer propagating from the anode is approximately 5 

kV/cm.  
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➢ The field for a streamer originating from the cathode is about 15 kV/cm. 

➢ The critical ionization field is around 30 kV/cm under standard pressure and temperature 

conditions. 

Figure I.3 illustrates the various stages of streamer discharge development. The plasma channel 

model for gas discharges is of considerable qualitative significance, as it provides a convincing 

framework for understanding the probability and mechanisms of discharge formation for large 

values of the product (pressure × gap distance) [61, 62]. 

I.2.3 Types of Corona Discharges 

Corona discharges can be classified into two types: positive corona discharges and negative 

corona discharges, depending on whether the stressed electrode acts as the anode or the cathode. 

The operating mechanisms of each discharge type are described below. 

I.2.3.1 Positive Corona Discharge 

Positive corona discharge exhibits characteristics distinct from negative corona, 

particularly in terms of current waveforms and spatial development, as previously reported [65, 

66]. Unlike the highly repetitive Trichel pulses observed in negative corona, the current waveforms 

in positive corona appear as a series of irregular, narrow pulses. The average current increases 

rapidly with increasing applied voltage until a spark occurs. In contrast to the diffuse nature of 

negative corona, positive corona propagates primarily along the central axis, forming a straight 

discharge channel that first appears ahead of the needle tip, as illustrated in Figure I.4(a) [67]. 

Compared to the discharge excited by negative polarity, positive corona exhibits stronger intensity 

in the central region but a much narrower discharge channel. A positive corona discharge occurs 

when the sharp electrode is brought to a positive potential while the plate is grounded. Naturally 

occurring free electrons in the inter-electrode space accelerate toward the sharp electrode, and in 

the ionization region—where the reduced electric field (E/N) exceeds 120 Td, as shown in Figure 

I.4(b)—ionization generates positive ions. These ions are repelled by the anode due to Coulomb 

forces, moving away from the sharp electrode within a distance of less than one millimeter. Beyond 

this region, the electric field becomes too weak (<E/N = 120 Td in air at atmospheric pressure) to 

sustain further ion generation, and the positive ions migrate toward the cathode. This unipolar 

zone, containing only positive ions, is referred to as the "drift region" Figure I.4(b). Unlike in 

negative corona, the corona region in positive discharge coincides with the ionization region. For  
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Figure I.4. Description of Positive Corona Discharge. 

this type of discharge, streamers propagate as an extension of the anode. According to modeling 

studies referenced in [68], the discharge consists of two phases: the streamer propagation phase, 

which lasts approximately 50 ns at a velocity of 2×105 m/s, and the restoration phase, during 

which ions drift. Together, these phases form a cycle with a frequency of 10 kHz, leading to a 

transient discharge current rather than a continuous one. As indicated in [69], a positive current 
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of 50 μA can be divided into a continuous unipolar current of 20 μA, uniformly distributed over 

the cathode surface, and alternating current streamers contributing 30 μA, impacting the 

cathode at a frequency of 10 kHz. 

I.2.3.2 Negative Corona Discharge 

 

Figure I.5. Description of negative corona discharge. 
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During negative corona discharge, the development of the discharge generally 

progresses through three stages (Figure I.5(a)) [67]. In the Townsend stage (Stage 1), the 

discharge is weak but stable, sustaining a sub-microampere current through gradual electron 

multiplication via ionization collisions. However, secondary processes such as cathode 

emissions remain insufficient to accelerate ionization growth significantly. As the applied 

voltage increases, the discharge enters the Trichel pulse stage (Stage 2), where self-sustained 

and highly repeatable current pulses appear due to the formation and dissipation of space charge 

regions near the cathode [4]. Electron avalanches momentarily reduce the local electric field, 

suppressing further ionization until the space charge dissipates, allowing the cycle to repeat 

(Figure I.5(b)). With further voltage increase, the discharge transitions into the stable glow stage 

(Stage 3), where a continuous, uniform glow discharge develops, characterized by three distinct 

regions: the negative glow near the cathode, the Faraday dark space with lower electron density, 

and the positive column extending toward the anode [67]. The current in this stage becomes 

steady and continuous, marking the establishment of a fully self-sustained discharge. If the 

applied voltage continues to rise beyond a critical threshold, the local electric field becomes 

strong enough to induce intense ionization avalanches, leading to a complete spark breakdown 

that bridges the gas gap, thereby marking the transition from corona to a high-current discharge 

mode. 

I.3 Factors Influencing Electric Wind Production   

The electric wind pattern can be influenced by many factors, including the electrodes 

geometry, the EHD force and the current-voltage characteristics. These factors can be categorized 

into three main types: 

I.3.1  Influence of Voltage Waveforms on Ionic Wind Dynamics 

The dynamics of ionic wind are strongly influenced by the characteristics of the applied 

voltage waveform, including its amplitude, frequency, and shape. The electric field generated by 

the voltage waveform governs the ionization process, ion mobility, and charge distribution, all of 

which affect the strength and direction of the induced airflow [70]. When a DC voltage is applied, 

the ionic wind remains steady, as the electric field continuously accelerates charged particles in a 

unidirectional manner. The airflow strength depends on the magnitude of the voltage, with higher 
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voltages leading to increased ionization and stronger wind. However, excessive voltage can trigger 

spark breakdown, disrupting stable ionic wind generation [71]. 

In contrast, AC voltage waveforms introduce periodic variations in the electric field, 

causing oscillatory ion motion and intermittent wind patterns. At low frequencies, the ions have 

sufficient time to travel toward the oppositely charged electrode before the polarity reverses, 

resulting in a quasi-steady airflow with reduced efficiency compared to DC-driven wind. At higher 

frequencies, ion drift is limited, leading to weaker wind production.[72]. Overall, the selection of 

the voltage waveform plays a critical role in controlling ionic wind characteristics. 

I.3.2 Effects of Environmental Conditions 

I.3.2.1 Effect of Temperature 

The variation of ambient temperature influences the electric wind generated by an electric 

discharge by affecting ionization processes, gas density, charge mobility, and airflow dynamics. 

These changes impact the strength, velocity, and stability of the electric wind [73] ,[74], [40], [75]. 

The key effects are as follows:   

• Ionization and Charge Mobility  

As ambient temperature increases, gas molecules gain more thermal energy, leading to 

more frequent collisions between charged particles and neutral molecules. This can enhance 

ionization in some cases by increasing electron impact ionization rates. However, at very high 

temperatures, recombination processes may also accelerate, leading to a reduction in free charge 

carriers. Additionally, charge mobility increases with temperature because the reduced gas density 

lowers the resistance to ion motion. As a result, higher temperatures can improve the movement 

of charge carriers, potentially enhancing the electric wind strength.  

• Gas Density and Breakdown Voltage   

According to the ideal gas law, air density decreases with increasing temperature when 

pressure is constant. Since electric wind is driven by ion-neutral collisions, lower air density results 

in fewer available neutral molecules for momentum transfer, which can weaken the wind. 

Furthermore, the breakdown voltage of air decreases at higher temperatures because the increased 

mean free path of electrons facilitates ionization. This means that corona discharge can be initiated 

and sustained at lower electric fields, which can alter the behavior of the electric wind.   



Chapter I : Generation of Electric Wind by Corona Discharge (bibliography) 

 

32 

 

• Momentum Transfer and Electric Wind Velocity   

The electric wind is generated through the transfer of momentum from moving ions to 

neutral gas molecules. At higher temperatures, neutral molecules move faster due to increased 

thermal energy, which can enhance the diffusion of ions. However, the reduced gas density leads 

to a lower total mass of neutral molecules per unit volume, potentially reducing the efficiency of 

momentum transfer. This trade-off between increased charge mobility and decreased mass of 

neutral molecules affects the overall velocity and intensity of the electric wind.   

• Buoyancy Effects and Convective Currents  

Temperature variations introduce buoyancy forces, which create natural convective 

currents that can interact with the ion-induced electric wind. In warmer conditions, hot air rises 

due to lower density, which can distort or enhance the airflow pattern generated by the discharge. 

In applications such as electrohydrodynamic cooling, combining electric wind with natural 

convection can improve heat dissipation. However, in other cases, these temperature-induced 

buoyancy effects may disrupt the directional flow of the electric wind, leading to turbulence and 

instability.   

I.3.2.2 Effect of Humidity 

Humidity plays a crucial role in modifying the characteristics of electric wind produced by 

an electric discharge. The presence of water vapor in the air influences ionization, charge mobility, 

and momentum transfer, thereby affecting the strength and velocity of the electric wind [76], [77], 

[78], [79]. The following factors describe the impact of humidity:   

• Ionization and Charge Mobility   

The presence of water vapor in humid air leads to the formation of molecular clusters 

around ions, increasing their effective mass and reducing their mobility. Additionally, water 

molecules readily capture free electrons, forming negative ions such as 𝐻2𝑂
− and 𝑂𝐻−, which 

reduces the number of free electrons available for ionization. This electron attachment process 

suppresses secondary ionization, thereby weakening the intensity of the electric wind. Since charge 

carriers become less mobile, the rate of ion drift decreases, leading to a reduction in ion-induced 

airflow.   
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• Breakdown Voltage and Discharge Characteristics  

Humidity increases the breakdown voltage of air, making it more difficult for a corona 

discharge to initiate and sustain. Water vapor influences the mean free path of electrons, increasing 

the energy required for ionization. As a result, at a given applied voltage, the discharge strength is 

reduced, which in turn diminishes the production of ions and weakens the electric wind. The 

suppression of corona discharge under high humidity conditions has been observed in several 

experimental studies, where higher humidity levels require stronger electric fields to maintain 

discharge activity.   

• Momentum Transfer and Airflow  

Electric wind is generated by ion-neutral collisions, where charged ions accelerate neutral 

air molecules, inducing bulk air movement. Under humid conditions, the clustering of ions with 

water molecules increases their effective mass, reducing their acceleration and weakening their 

ability to transfer momentum to neutral molecules. Consequently, the airflow velocity of the 

electric wind decreases. Studies indicate that in high-humidity environments, the reduction in 

electric wind velocity can be significant, sometimes dropping by more than 30% compared to dry 

air conditions.   

• Surface Effects and Corona Discharge Stability   

Humidity can also influence the electrode surface conditions, particularly in corona 

discharge setups. Water vapor adsorption on metal electrodes can alter the local electric field 

distribution, sometimes leading to a more stable corona discharge. However, in extreme cases, 

condensation or surface ionization effects can result in local charge redistribution, which may 

destabilize the discharge process. These changes in corona discharge behavior directly impact the 

generation and strength of the electric wind.   

I.3.2.3 Effect of Pressure 

Pressure significantly impacts the characteristics of electric wind produced by an electric 

discharge. Variations in pressure influence ionization processes, charge carrier mobility, gas 

density, electron mean free path, and ion-neutral interactions, all of which determine the intensity 

and efficiency of the electric wind [80], [81], [82], [83]. The primary effects are outlined below. 
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• Ionization and Charge Mobility   

At higher pressures, gas molecules are packed more densely, leading to more frequent 

electron-neutral collisions. This results in enhanced ionization but also increases electron energy 

loss, making it harder for electrons to reach the ionization threshold. At lower pressures, the mean 

free path of electrons increases, meaning they can gain higher energy before colliding with gas 

molecules, leading to more efficient ionization in weak electric fields.  However, charge mobility 

decreases at high pressure because the increased gas density leads to more frequent collisions that 

slow down ion movement.   

• Gas Density and Mean Free Path   

As pressure increases, gas density also increases, meaning there are more neutral molecules 

per unit volume available for momentum exchange with ions. This can enhance the strength of the 

electric wind if charge mobility remains sufficient. - However, a higher density also shortens the 

mean free path of electrons, increasing the likelihood of energy loss in collisions before ionization 

occurs. At low pressure, the mean free path increases, allowing for more energetic electron 

collisions and easier ionization, but fewer neutral molecules per unit volume lead to weaker 

momentum transfer, reducing the effectiveness of the electric wind.   

• Momentum Transfer and Electric Wind Strength   

The electric wind is generated by the transfer of momentum from moving ions to neutral 

gas molecules.  At high pressure, increased gas density leads to more frequent ion-neutral 

collisions, enhancing momentum transfer. However, lower ion mobility due to frequent collisions 

may counteract this effect. At low pressure, ions move more freely and gain higher drift velocities, 

but with fewer neutral molecules available, the overall strength of the electric wind may be 

reduced.   

• Breakdown Voltage and Discharge Stability   

Higher pressure increases the breakdown voltage of air because electrons lose energy more 

rapidly in frequent collisions, making it harder to sustain a discharge at a given electric field.  At 

lower pressure, the breakdown voltage decreases because electrons can travel longer distances 

without colliding, allowing for easier ionization.  Discharges in low-pressure environments, such 

as in plasma applications, often produce stronger electric wind due to the high mobility of charged 

particles.   
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I.3.3 Impact of Geometric Configurations of Electrodes 

The geometric configuration of electrodes significantly impacts the performance of ionic 

wind by influencing ion generation, electric field distribution, and airflow characteristics. Key 

factors include: 

I.3.3.1 Electrode Shape and Size: 

Sharp electrodes (e.g., needle, wire) create intense localized electric fields, enhancing 

ionization and increasing wind velocity. However, larger or blunt electrodes (e.g., plates, 

cylinders) distribute the field over a wider area, reducing ion concentration and wind strength. 

I.3.3.2 Electrode Spacing: 

 

Figure I.6. Current-voltage characteristics as a function of inter-electrode distance. [84]  

Smaller gaps lead to stronger electric fields and higher ion generation, but may also 

increase power consumption and the risk of electrical breakdown. In contrast, larger gaps 

reduce ionization efficiency but allow for a more uniform wind distribution. An example is 
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shown in Figure I.6 [84], where the characteristic current-voltage curve is plotted for different 

inter-electrode spacings (0.5 cm, 1 cm, and 2 cm) in a Blade-to-Plane electrode configuration. 

I.4 Applications of Electric Wind from Corona Discharge   

I.4.1 Cooling and Thermal Management 

Ionic wind, generated through electrohydrodynamic (EHD) forces, has various 

applications in cooling and thermal management, particularly in electronics, heat sinks, and LED 

cooling. 

• Electronics Cooling:  

In electronic cooling, the airflow generated by an electric discharge dissipate heat from 

components such as microprocessors, power electronics, and circuit boards by enhancing 

convective heat transfer. 

      One of the main advantages of using electric wind for electronic cooling is the absence 

of moving parts. Unlike traditional fans, which rely on mechanical rotation, the system operates 

silently and has no components that wear out over time. This significantly reduces maintenance 

requirements and increases the reliability of the cooling system. Additionally, the compact design 

of electric wind cooling makes it ideal for miniaturized electronic devices, where space constraints 

prevent the use of conventional cooling methods.   

Another key benefit is its high efficiency. Electric wind can achieve effective heat 

dissipation with lower energy consumption compared to traditional fans. This makes it particularly 

useful for battery-powered and energy-sensitive applications. Furthermore, it allows for precise 

and localized cooling, making it possible to target specific hot spots on a circuit board without 

affecting other areas. Unlike fan-based cooling, which creates turbulence that attracts dust, electric 

wind cooling minimizes dust accumulation, maintaining long-term performance and reducing the 

risk of overheating.  

A good example of electronic cooling using electric wind is LEDs cooling. Indeed, Light-

emitting diodes (LEDs) are widely used for lighting and display applications due to their high 

energy efficiency and long lifespan. However, LEDs generate heat during operation, and if this 

heat is not efficiently dissipated, it can lead to reduced performance, color shift, and even 

premature failure. Traditional cooling methods, such as passive heat sinks and active fans, have 
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limitations in size, efficiency, and noise. Electric wind cooling offers a promising alternative by 

enhancing heat dissipation using ion-induced airflow without mechanical moving parts.  As shown 

in Figure I.7, the cooling process follows these steps:   

- A high-voltage electric field ionizes air molecules near a small emitter electrode.   

- The generated ions move toward a larger collector electrode, transferring momentum to 

neutral air molecules.   

- The induced airflow enhances convective heat transfer, increasing the cooling rate of the 

LED.   

Bulk flow augmentation refers to the enhancement of an existing airflow by adding 

momentum to it. In the context of ionic wind cooling, this occurs when the ionized air particles 

generated by an electric discharge interact with a pre-existing airflow, leading to an increase in 

velocity and improved heat transfer efficiency. 

 

Figure I.7. Ionic wind pump used for cooling laminating LED chip.[5] 

• Mechanisms of Enhancement  
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 The boundary layer is the thin layer of air that forms near the surface of an object (such as 

a heated electronic component). Within this layer, airflow slows down due to viscosity, reducing 

heat transfer efficiency. Ionic wind injects additional momentum into this layer by accelerating 

neutral air molecules through ion-neutral collisions. This added momentum increases the velocity 

of airflow near the surface, reducing the thermal resistance and improving convective cooling.   

Delaying Flow Separation:   

  Flow separation occurs when the airflow detaches from the surface of an object due to 

adverse pressure gradients, creating areas of low-velocity, recirculating air. This separation 

reduces effective cooling because stagnant air traps heat instead of carrying it away. Ionic wind 

can counteract this effect by energizing the near-surface flow, keeping it attached for a longer 

distance. The result is improved convective heat transfer and a more efficient removal of heat from 

electronic components.   

Increasing Heat Advection:   

 Heat advection refers to the process of transporting thermal energy through bulk movement 

of air. By increasing the velocity of the cooling airflow, ionic wind enhances the ability of air to 

carry heat away from the surface. This effect is especially useful in applications where natural 

convection is insufficient, such as in compact electronic devices with limited airflow. 

I.4.2 Particle Manipulation 

Ionic wind, generated through electrohydrodynamic (EHD) forces, has significant 

applications in particle manipulation due to its ability to induce controlled airflow and charge-

based interactions. Key applications include: 

• Aerosol Control and Filtration: 

The electric wind can be effectively used for aerosol control and filtration. The principle 

relies on ionizing air particles and generating airflow to manipulate and remove airborne 

contaminants such as dust, smoke, and pathogens. This technology has applications in air purifiers, 

cleanrooms, and industrial filtration systems.  The mechanism of electric wind for aerosol control 

involves two key processes (See Figure I.8):   
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Figure I.8. (a) Representation of the electrostatic precipitation process and (b) the main dimensions and elements of 

a wire-plate electrostatic precipitator. [85] 

a) Particle Charging: A high-voltage electrode ionizes air molecules, creating a region 

of charged particles (ions). These ions attach to airborne aerosol particles, charging them.   

b) Electrostatic Precipitation and Airflow Enhancement: Once the aerosol particles are 

charged, they can be collected on oppositely charged surfaces (collector plates), effectively 

removing them from the air. Simultaneously, the electric wind induces a bulk airflow, 

improving the transport and dispersion of aerosols, which enhances filtration efficiency.   

This dual-action approach enables efficient removal of fine particles, even at a 

microscopic scale, without the need for traditional mechanical fans or filters. 

• Microfluidic and Biomedical Applications: 

The electric wind can be efficiently used in microfluidic and biomedical applications [86-

88]. It provides a non-mechanical method for fluid manipulation, particle transport, and enhanced 

cooling in lab-on-a-chip devices and medical instruments.  The application of electric wind in 

microfluidics and biomedical systems is based on the ability of an electric field to generate airflow 

and influence particle or fluid motion at the microscale. For example, in biomedical applications, 

electric wind can be used to transport, separate, or collect micro/nanoparticles, such as cells, 
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biomolecules, or aerosols.  By adjusting the strength and configuration of the electric field, specific 

particles can be selectively moved or deposited in a controlled manner.   

Electric wind can provide precise and localized cooling for temperature-sensitive 

biomedical devices, such as PCR (Polymerase Chain Reaction) systems and biosensors. It can also 

accelerate drying processes in sample preparation for medical and diagnostic tests.   

The advantages of Electric Wind in Microfluidic and Biomedical Systems are:   

- Precise and Contactless Fluid Control:  Unlike mechanical pumps, electric wind can 

manipulate small volumes of fluid or particles without direct contact, reducing 

contamination risks.   

- Silent and Energy-Efficient Operation: Since there are no moving parts, the system 

operates quietly and consumes less power, making it suitable for portable medical devices.   

- Improved Mixing and Transport in Microfluidics: Enhances the mixing of reagents in 

microfluidic chips, leading to faster and more efficient biochemical reactions.   

- Enhanced Cooling for Biomedical Instruments: Provides effective cooling for lab-on-a-

chip devices, biosensors, and other heat-sensitive medical equipment.   

- Non-Invasive and Safe for Biological Samples: Since electric wind does not require 

mechanical agitation or direct fluid contact, it is suitable for handling fragile biological 

samples like DNA, proteins, and live cells.   

• Powder Coating and Material Deposition: 

 

Figure I.9. (a):A conventional corona gun.[89]. (b):The pattern of powder cloud cone in powder coating processes 

[90]. 

(a) (b) 
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The electric wind phenomenon can be utilized in powder coating and material 

deposition to improve the uniformity and efficiency of coating processes by controlling particle 

movement and deposition (see Figure I.9).  The mechanisms involved are: 

a) Electrostatic Charging and Particle Transport:  A high-voltage electrode ionizes air 

molecules, creating charged ions.  These ions transfer charge to powder particles (such as paint, 

polymers, or metallic coatings). Then, the charged particles are then attracted to the oppositely 

charged surface, ensuring efficient deposition.   

b) Enhanced Powder Deposition Using Electric Wind:  In addition to electrostatic 

attraction, electric wind enhances particle movement, ensuring a more uniform coating. Indeed, 

the ion-induced airflow distributes powder particles evenly, preventing clumping and improving 

adhesion.  This effect is crucial for complex geometries; ensuring coating reaches recessed or 

hidden areas.   

         The advantages of Electric Wind in Powder Coating and Material Deposition are:   

- Improved Coating Uniformity: Electric wind distributes powder particles more evenly, 

reducing defects and improving surface finish quality.   

- Reduced Material Waste (Lower Overspray):  By controlling powder movement, more 

material adheres to the surface, lowering costs and environmental impact.   

- Better Coverage of Complex Shapes:  Electric wind helps powder particles reach recessed 

or intricate surfaces, ensuring complete and uniform coverage.   

- Enhanced Adhesion and Efficiency:  The combination of electrostatic attraction and 

electric wind-induced movement improves the bonding of coating particles to surfaces.   

- Environmentally Friendly and Energy Efficient: No need for compressed air or excessive 

heat, reducing energy consumption.   

I.4.3 Electrohydrodynamic Propulsion 

Just recently, on 21st of November 2018, a huge breakthrough was made by a team in MIT 

(Massachusetts Institute of Technology), where a team of engineers successfully performed a test 

flight of a drone with no moving parts, powered by ion thrusts (Figure I.10). While not exactly a 

lifter this craft proves that ionocraft have potential to be more than a fun science project. The teams 

final design was a large lightweight gilder, however the aircraft that has a giant long wing, 

underneath, two rows and 4 columns of wing long lifter thrusters, that consist of a wire set to a 
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positive voltage of +20 kV, while behind it at a set distance there is an airfoil made of foam 

surrounded by aluminum foil set to a -20 kV [91]. The energized particles moving between them 

create a sort of wind effect that push the entire aircraft forward, and while it is unable to lift off 

unassisted, the possibility of extended periods of prolonged steady flight are available. The entire 

aircraft is super light weighing only at around 2.3 kg, while having an amazing 5-meter wingspan. 

In the fuselage of the plane are hidden stacks of lithium-polymer batteries. These are specially 

modified to provide the power to the six stage full-wave Cockcroft-Walkton voltage multiplier 

that they build in house to provide the 40 kV required to charge the wires and airfoils to create the 

electrical field required to accelerate the air particle around them.[92] 

Another project that has been on the verge of breakthrough to mass EHD use is flying 

microrobot. Daniel S. Drew and Kristofer S. J. Pister at the University of Berkeley, California, 

have been working on micro scale flying craft for a few years now. Their vision is to use 

Electrohydrodynamic force to propel small drones, that could be used for a variety of 

applications, most important of which is search and rescue applications where swarms of drones 

could be used to look for survivors. Similar projects have been presented by Harvard University 

with their microrobots the Robobees [93], however, these types of devices use electromagnetic 

or piezoelectric mechanisms to flap the wings of the robot. This not only adds moving parts, 

but also increases the complexity of the device. These devices have a high level of degrees of 

freedom that is difficult to control when performing precise directional flight. With EHD 

devices there are no moving parts, they device is significantly easier to build, as well as the 

devices can use a quadcopter flight scheme that is extensively researched and has a variety of 

controller schemes available, instead of the highly unstable and hard to control winged device. 

 

Figure I.10. MIT Ion powered drone plane [9] 
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I.4.4 EHD for Drying Applications  

Drying food has been a predominant preservation technique since ancient times (Figure 

I.11). Most drying methods use heat to enhance mass transfer and drive moisture out of the food 

product; however, achieving high drying temperatures requires large amounts of energy and can 

degrade the quality of the product. Generating sufficient amounts of heat to remove moisture from 

products is such an energy intensive process it is said to be responsible for 10-20 % of the total 

energy used in the manufacturing industry [94, 95]. To reduce energy consumption, there is 

significant amount of interest in novel methods that can be used to dry food. Electric fields have 

been an active area of research for drying applications for decades after it was found that food 

products behave as a dielectric under an applied electric field, undergoing an exothermic 

interaction which can increase the rate of vaporization by up to 50× in the proper conditions [96, 

97]. Additionally, an added EHD flow can enhance drying by modifying the boundary layer around 

the food product to enhance the mass transfer rate between the food and the air [98]. While the 

physical process is still not completely understood [99], EHD drying offers a nonthermal drying 

method that maintains high food quality while reducing energy consumption [100, 101].  

 

Figure I.11. A schematic of the configuration used to study EHD drying on mushroom slices, where a mushroom slice 

were placed under a corona discharge within a bulk air flow.[102] 
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I.4.5 Solar Panels Cleaning 

Solar energy is a crucial component of the global transition to sustainable power 

generation. Photovoltaic (PV) panels convert sunlight into electricity, providing a clean and 

renewable energy source. However, maintaining their efficiency is a persistent challenge, 

particularly in arid and desert regions where dust accumulation significantly reduces their 

performance. Conventional cleaning methods, such as water-based washing or mechanical 

brushing, can be costly, labour-intensive, and environmentally unsustainable. To address this 

issue, Tilmatine's group in cooperation with our laboratory team have explored 

electrohydrodynamic (EHD) principles, specifically ionic wind cleaning, as a non-contact and 

energy-efficient method to remove dust from solar panels. The cleaning device features a high-

voltage electrode composed of parallel sharp needles and a grounded frame electrode, positioned 

a few millimetres above the solar panel surface (Figure I.12). Dust removal is achieved by the 

ionic wind emerging from a 5 mm-wide opening at the bottom of the device (Figure I.13). The 

experiments with Algerian Sahara sand dust demonstrated an ionic wind velocity of 2 m/s and an 

impressive 95% cleaning efficiency, consuming only 20 W of power. This development holds 

significant potential for enhancing solar panel efficiency in dust-prone environments. 

 

Figure I.12. The actuator mounted on the PV panel 1) HV electrode; 2) Ground electrode; 3) Exit of the ionic wind; 

4) Dust; 5) Driven wheel; 6) Guide rail. [103] 

These advancements in ionic wind-based cleaning technologies provide a sustainable, 

water-free alternative to conventional solar panel maintenance, ensuring higher efficiency and 

prolonged operational lifespan, particularly in dust-heavy regions. 
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Figure I.13. Photovoltaic panel cleaning.[104] 

I.5 Challenges and Research Directions 

I.5.1 Energy Efficiency and Optimization 

Significant research has been conducted to enhance the energy efficiency and performance 

of ionic wind generators through electrode configuration optimization and stacking techniques. 

Despite the remarkable advancements, energy efficiency and optimization present significant 

challenges when using electric wind generated by an electric discharge in industrial applications. 

These challenges stem from the complex physics of the discharge process and the need for precise 

control over energy input to maximize efficiency. Here are the key aspects: 

• Energy Losses in the Discharge Process:  

➢ A large portion of the electrical energy supplied to the system is lost as heat due to resistive 

heating, ion recombination, and radiative losses (such as ultraviolet and infrared radiation).[105, 

106] 

➢ The efficiency of converting electrical energy into useful kinetic energy (electric wind) is 

often low, with only a fraction of the energy being used for air movement.[107] 

• Inefficiencies in Ionization and Charge Transport: 

➢ The process of ionizing air molecules to generate a charged flow requires high voltages, 

leading to power consumption that is not always proportional to the generated thrust.[108] 

➢ Non-uniform electric fields can lead to inefficiencies where some regions experience 

excessive ionization, while others do not contribute effectively to wind generation.[109] 

1 2 3 

Actuator 
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• Optimization of Electrode Geometry and Placement: 

➢ The shape, size, and material of electrodes significantly affect the efficiency of electric 

wind generation. Improper electrode design can lead to unnecessary energy losses, uneven 

discharge distribution, and increased power consumption.[110] 

➢ Optimized electrode spacing and alignment can improve the conversion efficiency by 

ensuring a more uniform and controlled ionization process. 

• Power Supply and Control System Challenges: 

➢ High-voltage power supplies required for electric discharge systems must be carefully 

designed to minimize power losses and maintain stable operation. 

➢ Real-time feedback and control systems are needed to adjust voltage levels dynamically, 

ensuring optimal energy use without excessive losses. 

• Heat Dissipation and Thermal Management: 

➢ Inefficient electric wind systems generate excess heat, requiring additional cooling 

mechanisms, which further increase energy consumption.[111] 

I.5.2 Durability of Electrodes and Materials 

• Electrode Erosion  

In electric discharge processes, such as corona discharge or dielectric barrier discharge, 

electrodes are constantly exposed to high electric fields, ion bombardment, and sometimes thermal 

effects. Over time, these factors cause material degradation, leading to erosion and reduced 

electrode efficiency.[112] 

• Oxidation and Corrosion 

Many industrial applications involve humid or reactive gas environments. Electrodes and 

materials exposed to these conditions undergo oxidation or corrosion, which can alter their surface 

properties, reduce conductivity, and ultimately affect the efficiency of the electric wind.[109] 
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• Thermal Stress and Fatigue  

Discharge-induced heating can lead to thermal expansion and contraction cycles. This 

repeated thermal stress may cause material fatigue, cracks, or even structural failure, especially in 

applications that require continuous operation.[113] 

• Material Aging and Surface Modifications  

Continuous exposure to energetic ions, UV radiation, and reactive species in the plasma 

can alter the electrode surface. This may change its electrical properties, leading to variations in 

discharge characteristics and reducing system performance.[109] 

• Contamination and Deposits  

Industrial environments often contain dust, aerosols, or chemical vapors. These 

contaminants can accumulate on electrode surfaces, modifying the discharge behavior and 

reducing the effectiveness of electric wind generation.[109] 

Due to these challenges, selecting durable materials (such as tungsten, stainless steel, or 

specially coated electrodes) and implementing maintenance strategies (such as periodic cleaning 

and replacement) are critical for maintaining the reliability of electric wind-based systems. 

I.5.3 Scaling up for Industrial Applications 

The ionic wind technology is based on corona discharge under atmospheric pressure, the 

inherent properties of which present many challenges for transitioning ionic wind technologies to 

the market. For example, aside from the additional voltage boosters, the extremely high voltage 

also causes safety problems. The ozone produced during corona discharge can pose serious health 

risks to humans. Changes in ambient temperature and humidity alter the flow field of the ionic 

wind, causing it to deviate from the designed conditions. Moreover, when the ionic wind pump 

operates for a long time, there are still problems of durability, dust accumulation, and corrosion on 

the electrode surface. All these issues must be studied thoroughly and considered in the design of 

IWGs (Ionic Gind Generators) for specific applications.  

• Extremely High Voltage 

Conventionally, the formation of ionic wind requires a very high electric field strength to 

trigger the corona discharge in the vicinity of the emitting electrode, which is obtained by applying 
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a high voltage between two metal electrodes. High voltages are prohibitive for some applications, 

such as portable electronics, because of safety, size, and weight constraints. In some applications, 

the upper limit of the applied voltage is also specified. Therefore, reducing the operating voltage 

of IWGs as much as possible is a requirement for their application. A simple and effective way of 

reducing the operating voltage of IWGs is to decrease the gap between the anode and cathode; 

however, this also decreases the range of operating voltage and significantly changes the designed 

performance of the IWG. Therefore, this method is not commonly adopted. 

At present, an approach that can reduce the corona onset voltage without significantly 

changing the performance of the IWG through an ingenious electrode configuration. For example, 

Johnson and Tirumala et al [114, 115] used additional downstream electrodes from the primary 

collector to extend the discharge and form a direct current (DC) ‘assisted discharge’ (Figure I.14).  

 

Figure I.14. DC assisted corona discharge. (a) Schematic of two distinct collecting electrodes (primary and 

secondary). (b) Photograph of discharge operated in negative DC mode. Reproduced from [115] 
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Compared with reducing the operating voltage of the IWG through an ingenious electrode 

configuration, emitting electrode decoration by using nanomaterials has attracted more attention. 

The basic principle of this method is to construct nanoscale ‘emitting electrodes’ by forming a 

large number of nanoscale protrusions on the electrode surface. As nanomaterials have large 

specific surface areas, high electrical conductivities, and very small tip curvatures, a strong electric 

field is produced around them, for example, graphene deposited on the surface of a metal electrode, 

as displayed in Figure I.15. The corona onset voltage is proportional to the irregularity factor (the 

ratio of the local electric field 𝐸𝑙𝑜𝑐 at the surface of a smooth conductor to the maximum 𝐸𝑙𝑜𝑐 of a 

roughened conductor [116]) and radius of curvature of the electrode surface. Therefore, both the 

two parameters of the electrode decorated with nanomaterials decrease (the surface is further 

roughened, and the radius of curvature on the electrode surface decreases from macro and micro 

to nanoscale owing to the presence of nanoparticles). This causes the nanoscale ‘electrodes’ to 

discharge at extremely low voltages, forming nanoscale plasma and ionic wind (Figure I.16).  

 

Figure I.15. Schematics of nanomaterial-enhanced discharges for reducing the corona onset voltage. (a) Simplified 

configuration of vertical graphene (VG)-coated wire discharge. (b) Electric field lines and plasma region for the 

discharge at ‘graphene discharge stage’ and ‘wire discharge stage’. (c) I–V curves of corona discharges employing 

bare stainless steel (SS) wire and VG-coated SS wire for discharge of negative polarity. Different from the bare SS 

wire, the VG-coated SS wire can proceed to the ‘graphene discharge stage’ at low applied voltages. Reproduced from 

[117] 
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Figure I.16. ZnO nanowire-based corona discharge devices. [118] 

The basic principle of using nanomaterials to change the corona discharge characteristics 

and ionic wind velocity is to increase the discharge intensity by adding a large number of local 

micro-discharge sites on the electrode surface. 

• Ozone Generation 

Ozone and nitrogen oxides (NOx) are byproducts of ionic wind generation, with ozone 

being the primary concern due to its environmental and health implications. Ozone formation 

occurs in two main steps: the dissociation of oxygen molecules into atoms through electron impact, 

followed by the recombination of oxygen atoms with oxygen molecules to form ozone. Various 

secondary reactions involving nitrogen species also influence ozone production in dry air [119-

121]. The generated ozone can be decomposed through interactions with free oxygen atoms, 

reducing its overall concentration. Additionally, when NOx levels reach a certain threshold, ozone 

formation is suppressed due to competing chemical reactions [119]. 

Ozone possesses strong oxidative properties, making it valuable for applications such as 

bacterial inactivation [122], food preservation [123], disinfection [124], and wastewater treatment 

[125]. However, excessive ozone exposure can harm the human respiratory system, degrade 

materials, and accelerate the aging of electrical insulation. Regulatory agencies, including the U.S. 

Environmental Protection Agency (EPA) and the World Health Organization, have set limits on 

ground-level ozone concentrations to mitigate health risks [117], [126]. Given these concerns, 

ozone emissions from ionic wind generators (IWGs) must be minimized to meet safety standards 

and prevent adverse effects on both humans and nearby materials. 

The amount of ozone generated is influenced by several factors, including plasma 

chemistry, electron density, energy levels, and plasma volume [116], [117]. Increasing the 

temperature of the corona discharge zone can suppress ozone formation by altering the reaction 

rates, and some studies have shown that heating the corona electrode can reduce ozone emissions 
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by up to 85% [127], [128]. However, this method also increases power consumption, making it 

impractical for many IWG applications. 

From a microscopic perspective, reducing the size of the corona electrode has been shown 

to lower ozone emissions without significantly enhancing ozone production due to increased 

electron kinetic energy [129]. This principle applies to both positive and negative coronas. To 

further control ozone emissions, researchers have explored nanotechnology-based solutions, such 

as decorating electrodes with nanomaterials. For example, Wang et al. [130] demonstrated that 

carbon nanotube (CNT)-decorated electrodes combined with MnO₂ and activated carbon coatings 

reduced ozone concentrations by over 90%, while also improving energy conversion efficiency 

[116] (Figure I.17).  

 

Figure I.17. Comparison of ozone concentrations of a CNT-decorated and bare electrode as a function of (a) corona 

current and (b) power output. Reprinted from [116] 

• Influence of Ambient Humidity and Temperature 

The performance of ionic wind generators (IWGs) is significantly influenced by 

environmental factors such as temperature and humidity, affecting parameters including corona 

onset and breakdown voltages, current–voltage characteristics, output wind velocity, electrode-

material degradation, and ozone emission. These variations must be considered during the design 

phase to ensure optimal operation in different climates and geographic locations, Lee et al. [131].  

Temperature also impacts corona discharge and IWG performance[132]. When increasing 

temperature both onset and breakdown voltages decrease. The underlying mechanism is attributed 

to increased ion mobility due to lower gas density and an extended mean free path for gas 
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molecules [132]. Furthermore, high temperatures can induce additional corona currents through 

gas ionization, free-electron detachment, and thermionic emission from the cathode surface. 

However, these effects are only significant above 773 K, with gas density changes being the 

primary factor influencing corona discharge at lower temperatures. 

Humidity affects corona discharge primarily through the formation of molecular clusters 

with low ion mobility. In positive coronas, water molecules interact with ions, forming hydrated 

positive charge carriers such as 𝐻+(𝐻2𝑂)𝑛 and 𝑁𝑂+(𝐻2𝑂)𝑛 [25]. In negative coronas, similar 

hydration effects occur, leading to the formation of negative hydrated ions such as 𝑂−(𝐻2𝑂)𝑛. 

 

For positive corona, higher humidity decreases pulse amplitude but increases repetition 

frequency. Conversely, in negative coronas, pulse amplitude increases while repetition frequency 

decreases. In both cases, the average discharge current declines with increasing humidity [77]. The 

reduction in positive corona intensity is attributed to ion accumulation, whereas the higher pulse 

amplitude in negative coronas is linked to an increase in the effective ionization integral. Humidity 

also influences voltage–current characteristics as indicated in [76].  

I.6 Conclusion 

The unique features of ionic wind make it promising for extensive applications. In this 

chapter, the detailed principle of ionic wind generation is presented. It can be concluded from these 

existing studies that the ionic wind technology continues to be an active research field that has 

attracted the attention of both scholars and engineers worldwide. Many creative studies have been 

carried out to advance this field, both in fundamental research and application-driven 

investigations. The commercialization of ionic wind still requires a large amount of time and effort. 

In particular, understanding the underlying mechanisms of some physical phenomena that hinder 

its use is still not comprehensive and intensive. Breakthroughs in theoretical research and 

numerical methods, as well as further development of new materials and new techniques for 

electrode surface treatment, are necessary. Only when these obstacles are effectively resolved can 

the widespread application of ionic wind in the industry be truly realized. 
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 : Modelling of the electric wind 

In this chapter, we first present the mathematical model used to simulate the corona 

discharge and the resulting electric wind. Then, we introduce a novel approach for addressing 

complex electrode configurations. This approach requires numerically integrating only the 

Laplacian electric field to determine the electric field lines. Then, using the semi-analytical 

formulations previously developed, which consist in satisfactory approximations of the electric 

field and the space charge density, to determine the EHD force density. Therefore, the proposed 

method is easy to implement and computationally very efficient, as it does not require iterating 

on an unstructured mesh to solve the electrical equations, which is usually required in FEM or 

FVM. Furthermore, it avoids the convergence problems that may arise when solving the Gauss 

equation coupled to the continuity equations of the charged species. By optimizing the modeling 

process, we aim to achieve more accurate and realistic simulations of the corona discharge and 

the electrical wind over a wide variety of electrode configurations
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II.1 Introduction 

The first step in the modeling of the ionic wind is to calculate the electric field, the space 

charge density, and the EHD force density, which usually requires solving a system of coupled 

electrical equations composed of the Gauss equation and the continuity equations of the charged 

particles. Once the EHD force density is obtained, the next step is to solve the Navier–Stokes 

equations, to determine the spatial distribution of the gas velocity generated by the EHD force. 

 The system of electrical equations and the Navier–Stokes equations can be solved 

separately because the electric drift velocity of ions (∼ 102 m. s−1) is, typically, two orders of 

magnitude higher than the electric wind velocity (∼ 1 m. s−1). However, in certain applications 

of corona discharge, such as airflow control around airfoils [1], or corona discharge in air with 

high wind speeds [2], the background velocity of the gas can affect electric drift of ions. In such 

cases, the electrical equations and the Navier–Stokes equations cannot be decoupled.  

The solution of electrical equations that describe the corona discharge phenomena has 

been approached with a wide variety of numerical techniques. For instance, early studies by 

Atten [3] and McDonald et al [4] used the finite difference method to iteratively solve the Gauss 

equation coupled with the continuity equation. Davies and Hoburg [5] proposed an alternative 

technique, employing the finite element method (FEM) combined with the method of 

characteristic (MOCs). However, in these studies, the charge density on the wire is taken as a 

boundary condition and, since it is unknown, different strategies must be followed to determine 

its value. According to the method proposed by Kaptsov [6], the narrow ionization region 

around the coronating electrode can be dealt as an effective boundary condition for the electric 

field. This approach, often referred to as Kaptsov’s assumption, states that electric field on the 

corona wire remains constant at the threshold value for corona onset. This approximation has 

been used by Zhao and Adamiak [7, 8] to evaluate the charge density on the corona electrode 

surface in the simulation of corona discharge in pin-plate and pin-grid configurations. They 

developed a hybrid numerical algorithm based on the boundary element method, the FEM, and 

the MOCs. Other numerical techniques employed by researchers include combining FEM and 

a donor cell method [9], using pseudo transient relaxation and finite volume discretization 

(FVM) [10], or implementing a particle-in-cell method to simulate transient corona [11]. 
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Although all these numerical approaches have certainly helped improve our 

understanding of corona discharge, their implementation can be complex and computationally 

expensive. Furthermore, after solving the electrical equations, the Navier–Stokes equations 

must be integrated, which is normally done using computational fluid dynamics (CFD) 

simulations based on FEM or FVM [7, 8]. Therefore, to speed up the computation time, 

asymptotic and semi-analytical models of the stationary corona discharge have been developed 

in the past. For example, Seimandi et al [12] have proposed an asymptotic model for wire-to-

wire corona discharges that divides the discharge space into two narrow ionization regions 

around the electrodes and one larger region between them. Inside each region, they established 

a simplified quasi-analytical solution for the electric field and the space charge. This solution 

is then used to estimate the velocity of the ionic wind. In previous studies, the authors have also 

obtained semi-analytical solutions of the corona discharge [13-15], which provided simple 

relations for the spatial distributions of electrons, ions, electric field, and the EHD force density. 

Using this information, the ionic wind has been successfully simulated [16-18]. However, these 

semi-analytical solutions are only applicable to simple electrode configurations, such as wire-

to-cylinder, wire-to-plate, and point-to-plate. 

II.2 Modelling electric discharge: Fluid model 

The modeling of corona discharge often relies on the fluid model, which simplifies the 

complexity of electromagnetic and transport phenomena within a plasma environment. This 

type of model is based on the concept of a continuous medium, where particles (electrons, ions, 

and neutrals) are treated as continuous phases rather than discrete entities [19, 20]. The fluid 

model thus enables the description of the plasma's macroscopic properties, such as charge 

density, drift velocity, and partial pressures, which vary as functions of space and time. 

In this framework, the plasma generated by the corona discharge is considered as an 

electrical fluid, where charged particles move under the influence of electric fields. The 

continuous medium approach uses conservation equations and constitutive laws to describe the 

motion of charges. Fluid equations account for momentum and energy transfers, incorporating 

specific terms to represent interactions among electrons, ions, and neutral particles. This 

typically includes Poisson's equation for the distribution of the electric field, the continuity 

equations for charge conservation, and the Navier-Stokes or momentum conservation equation 

to describe flow dynamics. These equations can be summarized as follows: 
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II.2.1 Continuity Equations (for ions and electrons) 

The continuity equations for particles generated within an electric discharge describe 

the conservation of charge and mass in the plasma created during the discharge process. These 

equations are crucial for understanding the dynamics of charged particles, such as electrons and 

ions, in various types of electrical discharges, including corona, glow, and arc discharges. 

The continuity equation for charge density in an electric discharge is expressed 

mathematically as: 

 𝜕𝑁𝑖

𝜕𝑡
+ ∇. 𝐉𝑖 = 𝑅𝑖 (II.1) 

Here, 𝑁𝑖 is the number density of species 𝑖 (electrons or ions), 𝐉𝑖  is the flux of species 

𝑖, and 𝑅𝑖  is the production rate of species 𝑖: it represents the balance between ionization and 

recombination processes which controls the distribution of charged species. 

II.2.2 Momentum transport Equations 

The momentum transport of the species, which in the case of a discharge can be a 

mixture of electrons, ions, and neutral particles. They are typically written as: 

 
𝑚𝑖 (

𝜕𝑣𝑖

𝜕𝑡
+ (𝑣𝑖. ∇)𝑣𝑖) = −∇𝑝𝑖 + 𝐅𝑖 + 𝛁. 𝝉𝒊 (II.2) 

where 𝑚𝑖 is the mass of species 𝑖, 𝑣𝑖 is the velocity, 𝑝𝑖  is the pressure, and 𝐅𝑖  is the 

force on species 𝑖, often due to electric and magnetic fields, with 𝝉𝒊  representing the viscous 

stress tensor. 

II.2.3 Poisson’s Equation (for the electric potential) 

The spatial distribution of the electric field is obtained by solving Poisson’s equation 

with the boundary conditions provided by the electrode geometry and the charge density 

distribution. 

 ∇2𝜙 =
𝜌𝑐

𝜀0
 (II.3) 
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where 𝜙 is the electric potential, 𝜌𝑐is the charge density (sum of ion and electron 

charges), and 𝜀0 is the permittivity of free space. 

The electric field 𝐸 is then obtained from the gradient of the electric potential: 

 𝐸 =  −∇𝜙 (II.4) 

II.2.4 Navier-Stokes equations 

The Navier-Stokes equations are fundamental in fluid dynamics and describe the motion 

of viscous fluid substances, such as those found in electrical discharges. In the context of an 

electric discharge, these equations help model the behavior of charged and neutral particles in 

a plasma state, where both fluid dynamics and electromagnetic forces are in interaction. 

The Navier-Stokes equations can be expressed in their general form as: 

 
𝜌

𝐷𝑣

𝐷𝑡
= −∇𝑝 + 𝜇∇2𝑣 + 𝐟 (II.5) 

where: 

• 𝜌  is the fluid density, 

• 𝑣 is the velocity field of the fluid, 

• 𝑝 is the pressure, 

• 𝜇 is the dynamic viscosity, 

• 𝐟 represents body forces (such as gravitational or electromagnetic forces), 

• 
𝐷

𝐷𝑡
=

𝜕

𝜕𝑡
+ (𝑣. ∇) is the material derivative, which accounts for changes following a fluid 

particle. 

II.2.5  Coupling Between the Equations 

The coupling between these four equations — continuity equations, momentum 

equations, Poisson’s equation, and Navier-Stokes equations — can be summarized as 

follows: 
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II.2.5.1 Electric Field and Charge Density 

➢ Poisson’s equation connects the electric field (𝐸 =  −∇𝜙) to the charge density 𝜌 , which 

is determined by the number densities of electrons and ions. 

➢ The charge density is influenced by the continuity equations, which describe how particle 

densities change over time due to ionization, recombination, and transport processes. 

II.2.5.2 Particle Motion and Fluid Flow 

➢ The momentum equations for the charged particles and the Navier-Stokes equations for the gas 

particle describe the motion of particles under the influence of forces such as the electric force 

(𝑞𝑖𝐸), pressure force and viscous forces. 

➢ The velocities of the particles affect the flux terms in the continuity equations, and the charge 

density distribution influences the electric field, which, in turn, affects the particle velocities. 

➢ Therefore, the motion of the particles (as described by the momentum equations and the 

Navier-Stokes equations) and the change in particle densities (as described by the continuity 

equations) are coupled. 

II.2.5.3 Feedback Loop 

➢ The electric field (calculated from Poisson’s equation) affects the particle motion via the 

forces in the Navier-Stokes equations, which in turn affects the charge densities (via the continuity 

equations). 

➢ As the particles move and undergo ionization/recombination, the charge density changes, 

altering the electric field via Poisson’s equation. 

➢ This creates a dynamic feedback loop between the electric field, the charge densities, and 

the fluid flow. 

II.2.6 Numerical Solution  

Due to the complexity of these coupled equations particularly because they are nonlinear 

and involve multiple scales (e.g., space, time, and velocity) they are typically solved 

numerically. As discussed above the common methods used include:  
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• Finite Difference Method (FDM) 

• Finite Element Method (FEM) 

• Finite Volume Method (FVM)  

These methods allow for the simulation of how the electric field, charge densities, and 

fluid motion evolve over time, which is essential for understanding and predicting the behavior 

of corona discharge and other plasma phenomena. 

II.3 Modelling corona discharge 

In the study of corona discharge, a common approximation is to consider only three 

types of charged particles: electrons, positive ions, and negative ions. This simplification is 

based on the predominant roles these particles play in the ionization processes and charge 

transport within the discharge region. Another reason for these simplifications is the reduction 

of complexity: Including only these three particle types simplifies mathematical models and 

simulations, making it feasible to analyse and predict discharge behaviour without losing 

essential physical insights. In this context, assuming a stationary corona discharge, the 

governing equations can be simplified to: 

 −𝛻. 𝐉𝑒 = (𝛼 − 𝜂)|𝐉𝑒| (II.6) 

 𝛻. 𝐉𝑝 = 𝛼|𝐉𝑒| (II.7) 

 −𝛻. 𝐉𝑛 = 𝜂|𝐉𝑒| (II.8) 

 𝛻. 𝐄 =
𝑒0

𝜀0
(𝑁𝑝 − 𝑁𝑒 − 𝑁𝑛) (II.9) 

where subscripts 𝑒, 𝑝 and 𝑛 correspond to electrons, positive ions and negative ions; 𝐉𝑖 

and 𝑁𝑖 denotes the flux and the number density of particles of type 𝑖 (𝑖 =  𝑒, 𝑝 and 𝑛), 

respectively; 𝐸 is the electric field, 𝛼 and 𝜂 are the ionization and attachment coefficients, 

respectively; and 𝑒0 is the elementary charge(𝑒0 ≈ 1.602 × 10−19C). The flux of each type is 

given as 𝐉𝑖 = 𝜇𝑖𝑁𝑖𝐸, where 𝜇𝑖 is the electrical mobility of particle 𝑖(𝜇𝑝 = 1.8 and 𝜇𝑛 =

2.4 cm2. s−1. V−1) [21].  

The ionization coefficient is expressed by the following expression [22]: 
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𝛼 = 𝐴1exp (−

𝐵1

𝐸
) (II.10) 

where 𝐴1 = 8.97 × 103cm−1 and 𝐵1 = 1.45 × 103V/cm. 

And the attachment coefficient can be interpolated from the data provided by Eliasson 

and Kogelschatz [22] as follows: 

 𝜂 = 𝛼1 + 𝛼2𝐸 + 𝛼3𝐸
2 + 𝛼4𝐸

3,

(1.1 × 104 ≤ 𝐸 ≤ 2.0 × 105 V/cm) 
(II.11) 

where 𝛼1 = 100.7 cm−1, 𝛼2 = −1.27 × 10−3V−1, 𝛼3 = 6.618 × 10−9cm/V2 and 𝛼4 =

−1.416 × 10−14cm2/V3. 

II.3.1 New Approach for modeling DC corona discharge 

To solve Equation (II.6)-(II.11), K. Yanallah et al. [23] introduced a novel approach 

that, for the first time, derived analytical expressions for the electric field, electron density, and 

ion density across wire-to-cylinder, wire-to-plate, and point-to-plate electrode configurations. 

This breakthrough significantly reduced the computational effort required for numerical 

simulations. In the present work, this novel approach was adapted to address complex electrode 

configurations. The method relies only on numerically integrating the Laplacian electric field 

equation to determine the electric field lines. Using semi-analytical formulations previously 

developed by K. Yanallah et al. [15], accurate approximations of the Gaussian electric field and 

space-charge density are achieved, facilitating the determination of the electro-hydrodynamic 

(EHD) force density. The proposed method offers notable advantages in terms of simplicity and 

computational efficiency, as it eliminates the need for iterative computations on unstructured 

meshes, a common requirement in finite element methods (FEM) or finite volume methods 

(FVM). Additionally, this approach circumvents the convergence challenges typically 

associated with solving the Gauss equation in conjunction with the continuity equations for 

charged species. By optimizing the modeling process, we seek to enable more accurate and 

realistic simulations of corona discharge phenomena and the resulting electrical wind across a 

broad range of electrode configurations. 

In the DC corona discharge, both the drift of electrons and ions are parallel to the electric 

field, the system of partial differential equations (II.6)-(II.11) can be transformed into a system 
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of ordinary differential equations using the electric field lines as coordinate lines. Thus, 

applying the divergence theorem to a flux tube of electric field lines (see Figure II.1), the 

governing equations along any field line can be written as  

 
±

1

Δ𝑆

𝑑

𝑑𝑙𝑎
[Δ𝑆𝐽𝑒] = (𝛼 − 𝜂)𝐽𝑒 , (II.12) 

 
∓

1

Δ𝑆

𝑑

𝑑𝑙𝑎
[Δ𝑆𝐽𝑝] = 𝛼𝐽𝑒 , (II.13) 

 
±

1

Δ𝑆

𝑑

𝑑𝑙𝑎
[Δ𝑆𝐽𝑛] = 𝜂𝐽𝑒 , (II.14) 

 1

Δ𝑆

𝑑

𝑑𝑙𝑎
[Δ𝑆𝐸] = ∓

𝑒0

𝜀0
(𝑁𝑝 − 𝑁𝑒 − 𝑁𝑛), (II.15) 

 𝐽𝑒 = 𝜇𝑒𝑁𝑒𝐸, 𝐽𝑝 = 𝜇𝑝𝑁𝑝𝐸 and 𝐽𝑛 = 𝜇𝑛𝑁𝑛𝐸, (II.16) 

 where the upper (lower) sign is for the negative (positive) polarity, 𝐽𝑒, 𝐽𝑝, 𝐽𝑛, and 𝐸 are 

the magnitudes of their corresponding vectors, 𝑑𝑙𝑎 is an infinitesimal displacement along the 

electric field line, and ∆𝑆 is an element of surface perpendicular to the field line, which is a 

function of 𝑙𝑎 (the arc length along the field line). If the physical problem has continuous 

translational symmetry (2D problem), ∆𝑆 reduces to an elementary line segment perpendicular 

to the field line.  

The conservation equation for the corona current density, 𝑗 = 𝑒0(𝐽𝑒 + 𝐽𝑝 + 𝐽𝑛), can be 

obtained by combining (II.12)-(II.14), 

 1

Δ𝑆

𝑑

𝑑𝑙𝑎
[Δ𝑆𝑗] = 0 (II.17) 
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Figure II.1. Schematic illustration of a flux tube of electric field lines connecting the anode and the cathode. 

The set of equations (II.12)-(II.15) is analogous to those derived by Seimandi et al. [12] 

for modeling steady wire-to-wire corona discharges, yielding results that align well with 

experimental observations. 

The integration of (II.12)-(II.14) yields 

 
𝐽𝑒 =

∆𝑆0𝐽𝑒0

∆𝑆
exp [∓∫  

𝑙𝑎

0

(𝛼 − 𝜂)𝑑𝑙𝑎]
 (II.18) 

 
𝐽𝑝 =

Δ𝑆0

Δ𝑆
𝐽𝑝0

∓
1

𝑆
∫ 𝛼𝐽𝑒Δ𝑆𝑑𝑙𝑎

𝑙𝑎

0

=
Δ𝑆0

Δ𝑆
(𝐽𝑝0

∓ 𝐽𝑒0
∫ 𝛼 𝑒𝑥𝑝 (±∫ (𝛼 − 𝜂)𝑑𝑙𝑎

′
𝑙𝑎

0

)𝑑𝑙𝑎

𝑙𝑎

0

) (II.19) 

 

 
𝐽𝑛 = 𝐽

Δ𝑆0

Δ𝑆
𝐽𝑛0

±
1

𝑆
∫ 𝜂𝐽𝑒Δ𝑆𝑑𝑙𝑎

𝑙𝑎

0

=
Δ𝑆0

Δ𝑆
(𝐽𝑛0

± 𝐽𝑒0
∫ 𝜂 𝑒𝑥𝑝 (±∫ (𝛼 − 𝜂)𝑑𝑙𝑎

′
𝑙𝑎

0

)𝑑𝑙𝑎

𝑙𝑎

0

) (II.20) 

where 𝐽𝑒0, 𝐽𝑝0
, 𝐽𝑛0

 and Δ𝑆0 are evaluated at the sharp high voltage electrode.  

Moreover, integrating (II.17) we obtain 

 𝑗Δ𝑆 = 𝑗0Δ𝑆0 = const. (II.21) 

anode cathode 

𝑙𝑎 𝑑𝑙𝑎 

E ∆S 

∆S
0
 

∆S
T
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In the positive corona (negative corona), the space charge is mostly due to the positive 

ions (negative ions). Therefore, as shown in previous works [15], the magnitude of the electric 

field along the field line can be obtained by direct integration of (II.15): 

 

𝐸(𝑙𝑎) =
1

Δ𝑆
√(Δ𝑆0𝐸0)2 + 𝑐𝑝Δ𝑆𝑇 ∫  

𝑙𝑎

0

Δ𝑆𝑑𝑙𝑎 (II.22) 

where subscripts 0 and 𝑇 denote that the corresponding physical quantities are evaluated at the 

corona electrode and at the ground (the cathode), respectively, and 𝑐𝑖 = 2𝑗𝑇/(𝜀0𝜇𝑖) , where 𝑗𝑇is 

the current density at the cathode. 

The value of 𝐸0 can be determined using Kaptzov’s assumption, which states that the electric 

field on the corona electrode remains constant for a wide range of applied voltages. Therefore, 

Peek’s law for the threshold field of corona discharge can be used to obtain 𝐸0. Kaptsov’s 

hypothesis is especially suitable for corona wires centered inside axisymmetric grounded 

electrodes, or corona wires away from grounded electrodes, since these configurations favor 

the charge density and electric field to be constant at any plane section of the corona wire [24]. 

However, refined simulations of corona discharge in hyperbolic point-plane configuration using 

direct ionization criteria show that Kaptsov’s hypothesis, even if it may not be entirely accurate, 

does not introduce significant errors in predicting the total corona current [25]. Of course, some 

deviations can be expected with increasing voltage, as the effect of the space charge becomes 

more important.  Kaptsov’s hypothesis may not be applicable to corona discharge with high gas 

velocities, which can modify the space charge distribution [2]. 

For single curvature corona electrodes, which is the case for wires, the electric field on the 

corona electrode predicted by Peek’s law is given as [26]  

 
𝐸0 = 31 kV cm−1𝛿 (1 +

0.308

√𝛿𝑟0
) (II.23) 

where r0 is the equivalent radius of the wire in cm and 𝛿 = (𝑝/𝑝0)/(𝑇/𝑇0) is an environmental 

factor that depends on the ratios of the actual gas pressure to the atmospheric pressure (𝑝0 =

101325 𝑃𝑎), and the actual gas temperature to the room temperature (𝑇0 =  298 K). For 

electrodes with curvature (e.g., needles, spheres, etc.), Peek’s equation can still be used 

provided that r0 is replaced by an equivalent radius electrode [25, 26]. 
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In complex geometries, the numerical integration of the set of partial differential 

equations (II.6)-(II.8). can often be time consuming. However, using (II.22) and adopting the 

Deutsch assumption of undistorted field lines [27], the solution of the problem can be reduced 

to integrating only the Laplace equation, followed by an iterative root-finding algorithm. This 

strategy which is schematically presented in Figure II.2, consists of the following steps: 

1. Numerically integrating Laplace’s equation for the electric potential, 𝜙, subjected to the 

appropriate boundary conditions: 

 ∇2𝜙 = 0 (II.24) 

 where the electric potential at the anode (the corona electrode) is fixed, 𝜙 = 𝜙0, and at the 

 cathode it is zero, 𝜙 = 0. 

2. Calculating the electric field, 

 𝐸 = −∇𝜙 (II.25) 

3. Computing the electric field lines and the value of 𝑆 along the field lines. 

4. Assigning a trial value to the current density on the cathode, 𝑗𝑇. 

5. Computing the magnitude of the electric field along the field lines using (II.22) and (II.23). 

 

6. Evaluating the path integral of the electric field between the anode and the cathode along 

the field lines, 

 
𝜙𝑐𝑎𝑙𝑐 = ∫ 𝐸 𝑑𝑙𝑎

𝐿𝑎

0

 (II.26) 

 where 𝐿𝑎 is the total length of the electric field line. 

7. Testing whether the difference between 𝜙0 and 𝜙𝑐𝑎𝑙𝑐 meets the desired convergence 

criterion, 𝜁 

 |𝜙𝑐𝑎𝑙𝑐 − 𝜙0| = 𝜁 (II.27) 
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If it does not, the value of 𝑗𝑇 must be decreased if 𝜙𝑐𝑎𝑙𝑐 > 𝜙0, or, conversely, it must be 

increased if𝜙𝑐𝑎𝑙𝑐 < 𝜙0. Steps 5 to 7 are then repeated until the convergence criterion is finally 

satisfied. 

 

Figure II.2. Flow chart of the calculation procedure 
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When the convergence criterion is met, both the electric field magnitude inside the 

physical domain and the electric current density on the cathode are then known. Therefore, the 

current density and the (positive) space charge density at any point in interelectrode space can 

be determined as 

 
𝑗 =

𝑗𝑇Δ𝑆𝑇

Δ𝑆
 (II.28) 

 
𝑞𝑝 = 𝑒0𝑁𝑝 =

𝑗𝑇Δ𝑆𝑇

𝜇𝑝𝐸Δ𝑆
 (II.29) 

Therefore, if a more accurate solution is required, the process can be restarted by 

integrating Poisson’s equation in place of Laplace’s equation, using the computed space charge 

density. 

II.3.2 Analytical approach for the DC corona discharge 

Equations (II.18)-(II.20) can be solved analytically or semi-analytically for certain 

symmetric and simple electrode configurations, such as wire-to-cylinder or wire-to-plate 

arrangements. 

II.3.2.1 Analytical Solution for a Wire-Cylinder Configuration 

The system under study consists of a long wire w inside a coaxial cylinder (see Figure 

II.3), with dry air at atmospheric pressure filling the space between the wire and the coaxial 

cylinder. The wire, with a radius 𝑟0, is subjected to a negative DC voltage 𝜙, while the outer 

electrode, with radius 𝑅𝑐, is grounded. The applied voltage is sufficiently high to stabilize the 

corona discharge in a steady-state condition.  

In the cylindrical coordinates, the surface Δ𝑆 will be replaced in equations (II.12)-(II.15) 

by 2𝜋𝑟. Therefore, the expressions of the electric field and the electrons and the ions density 

will be obtained. 
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Figure II.3. Wire-Cylinder Corona Discharge Configuration 

II.3.2.1.1 Electric field distribution 

After integrating equation (II.15), the electric field distribution can be expressed as: 

 

𝐸 = √
𝑐2

𝑟2
+ 𝐷2 (II.30) 

where 𝑐 ≈ 𝐸0𝑟0 and 𝐷 = √𝐼 (2𝜋𝜀0𝐿𝜇𝑛)⁄  .  

The value of the parameter 𝑐 can be obtained from the integral of the electric field 

between the electrodes. 

 

𝜙 = 𝑐 [ln (
𝑅

𝑟0
) − ln (1 + √1 + (

𝐷𝑅

𝑐
)

2

)+ ln(2) + √1 + (
𝐷R

𝑐
)

2

− 1] (II.31) 

where 𝜙 is the absolute value of the negative high voltage applied to the wire. Soria et al. and 

Feng, among others, have derived similar expression for the electric field and potential [28, 29]. 

II.3.2.1.2 Electron density distribution 

The electron density is only important in the active region of the corona discharge. 

According to the numerical simulation results [13], the electric field in that region can be 

satisfactorily approximated by the Laplacian electric field. Therefore, the ionization and 

attachment coefficient will be expressed as 

𝑟0 

𝑅𝑐 

𝑤 

𝐻𝑇 
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 𝛼 = 𝐴1exp(−𝐵2𝑟) (II.32) 

 𝜂 = 𝛼1 +
𝛼2

𝑟
+

𝛼3

𝑟2
+

𝛼4

𝑟3
 (II.33) 

Where 𝐵2 = 𝐵1/(𝐸0𝑟0), 𝛼1 = 𝛼1, 𝛼2 = 𝛼2𝐸0𝑟0, 𝛼3 = 𝛼3(𝐸0𝑟0)
2 and 𝛼4 = 𝛼4(𝐸0𝑟0)

3. 

Substituting (II.32) and (II.33) in (II.12) and integrating along the radial coordinate, the 

following expression for the electron density is obtained, 

 

𝑁e(𝑟) = 𝑁𝑒(𝑟0)
𝜇𝑒(𝑟0)𝐸0

𝜇𝑒𝐸
(
𝑟0
𝑟
)

𝛼2+1

× exp 

[
 
 
 
 
𝐴1

𝐵2

exp(−𝐵2𝑟0) − exp((−𝐵2𝑟)) − 𝛼1(𝑟 − 𝑟0)

+𝛼3 (
1

𝑟
−

1

𝑟0
) +

𝛼4

2
(

1

𝑟2
−

1

𝑟0
2) ]

 
 
 
 

 (II.34) 

where the ratio of electron velocities, 𝜇𝑒(𝑟0)𝐸0/𝜇𝑒𝐸 can be evaluated using  

 
𝜇𝑒𝐸 = 𝑏1 + 𝑏2𝐸 = 𝑏1 + 𝑏2

𝐸0𝑟0
𝑟

 (II.35) 

with 𝑏1 = 1.42 × 107cm/s and 𝑏2 = 257.3 cm2/(Vs). 

II.3.2.1.3 Positive ion density distribution 

 The electric current is mainly transported by the positive ions in the ionization region. 

Therefore, the current on the wire surface is given by 

 𝐼 = 2𝜋𝑒0𝑟𝐿𝜇𝑝𝑁𝑝(𝑟0)𝐸0, (II.36) 

Integrating (II.13) and using (II.36) as a boundary condition for the positive ion density 

on the wire, the spatial distribution of positive ions is expressed as 

 

𝑁p(𝑟) =
𝐼

2𝜋𝐿𝑒0𝐸0𝑟0𝜇p
[

𝐴1

2𝜋𝐿𝑒0
− 𝐴1𝑟0𝐸0 ∫𝐵2𝑟0

𝑟

𝑟0

exp(−𝐵2𝑟0)d𝑟] (II.37) 

II.3.2.1.4 Negative ion density distribution 

The density of negative ions can also be expressed as 
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𝑁𝑛(𝑟) =

𝐼

2𝜋𝐿𝑒0𝜇n𝑟𝐸
=

1

2𝜋𝐿𝑒0𝜇n𝑟√
𝑐2

𝑟2 +𝐷2

 
(II.38) 

It is worth noting that a similar approach was used for analyzing the positive corona 

discharge, focusing on the electric field, electron density, and positive ion density. Negative 

ions were not considered in the positive polarity due to their low concentration. 

II.3.2.2 Analytical solution for a wire-plate electrodes configuration 

For a wire-to-plate electrodes configuration, the surface Δ𝑆 is expressed using bipolar 

coordinates [30, 31] which are particularly adequate to formulate electrostatic problems in wire-

plate electrode geometry, since the coordinate curves 𝜎 = const. coincides with the Laplacian 

field lines Figure II.4. Therefore, in order to solve semi-analytically (II.6)-(II.9), the same 

strategy as that adopted for wire-to-cylinder electrodes configuration is used. 

 

Figure II.4. Fig-Bipolar coordinates system (𝜎, 𝜏) used to describe the corona discharge in the wire to-plate 

electrode geometry. Coordinate lines are shown as dashed lines. (Not to scale). 

𝑒𝑞𝑢𝑖𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 
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𝑟0 

𝑑 

a 

𝜏 = 0 
𝑥 

𝑦 

𝜎
=

𝜋
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The equations defining the surface Δ𝑆 as function of the bipolar coordinates 𝜎 and 𝜏 and 

the correspondence between Cartesian coordinates are 

 
Δ𝑆 =

a

cosh 𝜏 − cos 𝜎
, 𝑥 =

a sin 𝜎

cosh 𝜏 − cos 𝜎
, 𝑦 =

a sinh 𝜏

cosh 𝜏 − cos 𝜎
, (II.39) 

Where distance a is related to the wire radius, 𝑟0 , and the electrode separation, 𝑑 , as  a =

√(𝑑 + 𝑟0)2 − 𝑟0
2.  

The elementary displacement along the coordinate lines is expressed as: 

 𝑑𝑙𝑎 = Δ𝑆 𝑑Δ𝑆 (II.40) 

II.3.2.2.1 Electric field    

In the drift region, the space charge is mainly constituted by ions with the same polarity 

as that of the corona wire, that is, 𝑁𝑖 = 𝐽𝑖/(𝜇𝑖𝐸) = 𝐽𝑇𝑆𝑇/(𝜇𝑖𝐸𝑆), where 𝑖 =  𝑝 in the positive 

corona, and 𝑖 =  𝑛 and in the negative corona. Therefore, integration of (II.15) using the 

expression of Δ𝑆 gives [15], 

 

𝐸(𝜎, 𝜏) =
1

∆𝑆(𝜎, 𝜏)

[
 
 
 
 (∆𝑆0𝐸0)

2 − 𝑐𝑖

𝑎3 sin2 𝜎⁄

1 − cos𝜎

(
2

tan𝜎
tan−1 [(

1 + cos𝜎

sin𝜎
) tanh (

𝜏

2
)] +

sinh 𝜏

cosh 𝜏 − cos 𝜎
)
𝜏0

𝜏

]
 
 
 
 
1/2

, (II.41) 

where 𝑐𝑖 = 2𝑗𝑇/(𝜀0𝜇𝑖)  and 𝐸0 is the electric field on the wire surface, which can be estimated 

using Peek's law [101]. 

II.3.2.2.2 Electron density distribution 

Since electrons are confined to the plasma region, bipolar coordinates can be 

approximated by polar coordinates, and the flux of electrons can be obtained by direct 

integration of (II.12).  

 
𝐽𝑒 =

∆𝑆0𝐽𝑒0

∆𝑆
exp [∓∫  

𝑙

0

(𝛼 − 𝜂)𝑑𝑙𝑎
′] ≈

𝑆0𝐽𝑒0

𝑆
exp [∓∫  

𝑟

𝑟0

(𝛼 − 𝜂)𝑑𝑟′] = 𝐽𝑒0𝑓(𝑟)
 

(II.42) 
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where 

 

𝑓(𝑟) = (
𝑟0
𝑟
)
1∓𝑎2

exp 

[
 
 
 
 ±

𝐴1

𝐵2

(exp(−𝐵2𝑟) − exp(−𝐵2𝑟0)) ± 𝑎1(𝑟 − 𝑟0)

∓𝑎3 (
1

𝑟
−

1

𝑟0
) ∓

𝑎4

2
(

1

𝑟2
−

1

𝑟0
2) ]

 
 
 
 

 
(II.43) 

and 𝐽𝑒0 is the electron flux on the wire surface. As usual, the upper (lower) sign corresponds to 

positive (negative) corona. 

Then the electron density can be calculated by the relation 𝐽𝑒 = 𝜇𝑒𝑛𝑒E 

II.3.2.2.3 Positive ions density distribution 

Within the plasma region, the flux of positive ions can be obtained from (II.13) as 

follows 

 
𝐽𝑝 =

∆𝑆0

∆𝑆
𝐽𝑝0 ±

1

∆𝑆
∫  

𝑙𝑎

0

∆𝑆𝛼𝐽𝑒𝑑𝑙𝑎
′ ≈

𝑟0
𝑟

𝐽𝑝0 ± ∫  
𝑟

𝑟0

𝐴1𝑟
′exp (−𝐵2𝑟

′)𝐽e0𝑓(𝑟′)𝑑𝑟′ (II.44) 

where 𝐽𝑝0 is the flux of positive ions on the wire. 

In the positive corona, it must be 𝐽𝑝0 = 0, owing to the polarity of the wire. In the 

negative corona, the current on the wire is contributed by positive ions and electrons, but 𝐽𝑝0 ≫

𝐽𝑒0. Therefore 𝐽0  ≈  𝐽𝑝0, and flux of positive ions on the wire can be linked to the current on 

the plate using (II.21),  

 
𝐽𝑝0 ≈

1

𝑒0
𝐽𝑇

∆𝑆𝑇

∆𝑆0
 (II.45) 

Equation (II.44) is particularly useful in the case of a negative corona, since positive 

ions are confined to the plasma region. However, in a positive corona, positive ions accumulate 

in the drift region. In such a case, a more straightforward evaluation of the positive ion flux can 

be obtained using (II.21), 

 
𝐽𝑝 ≈

∆𝑆𝑇𝐽𝑇
∆𝑆

− 𝐽𝑒 (II.46) 
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which further simplifies in the drift region to 𝐽𝑝 ≈ ∆𝑆𝑇𝐽𝑇/∆𝑆, since 𝐽𝑝 ≫ 𝐽𝑒. 

The positive ions density can be calculated by the relation  𝐽𝑝 = 𝜇𝑝𝑛𝑝E. 

II.3.2.2.4 Negative ions density distribution 

In the positive corona, the number density of negative ions is much weaker than that of 

electrons, and they are confined to a short distance from the wire. Therefore, they will not 

contribute significantly to the electric force and will be omitted. In contrast, in the negative 

corona, negative ions are present both in the corona plasma region and in the drift region. In the 

corona plasma region, the flux of negative ions can be deduced from (II.14) as 

 
𝐽𝑛 =

∆𝑆0

∆𝑆
𝐽𝑛0 +

1

∆𝑆
∫  

𝑙𝑎

0

∆𝑆𝜂𝐽𝑒𝑑𝑙𝑎
′ ≈

1

𝑟
∫  

𝑟

𝑟0

𝑟′ (𝛼1 +
𝛼2

𝑟′
+

𝛼3

𝑟′2
+

𝛼4

𝑟′3
) 𝐽e0𝑓(𝑟′)𝑑𝑟′ (II.47) 

where it has been taken into account that 𝐽𝑛0 = 0, due to the polarity of the wire. 

However, once the electron flux and the positive ion flux have been previously 

determined, a more convenient relation can be obtained using (II.21), 

 
𝐽𝑛 =

∆𝑆𝑇𝐽𝑇
∆𝑆

− 𝐽𝑝 − 𝐽𝑒 (II.48) 

which is valid in the whole discharge gap. In the drift region, where 𝐽𝑛 ≫ 𝐽𝑒 and 𝐽𝑛 ≫ 𝐽𝑝, the 

above equation can be approximated as 𝐽𝑛 ≈ ∆𝑆𝑇𝐽𝑇/∆𝑆. 

Finally, the negative ions density can be calculated by the relation 𝐽𝑛 = 𝜇𝑛𝑛𝑛E. 

II.4 The EHD force expression 

In general, the EHD force acting on air is calculated using the Coulomb force [33]: 

 𝑭 = 𝑒0(𝑁𝑝-N𝑛-N𝑒)𝑬 (II.49) 

It can be expressed as a function of the flux of charged species,  

 
𝐅 = 𝑒0 (

𝐉𝑝

𝜇𝑝
−

𝐉𝑛
𝜇𝑛

−
𝐉𝑒
𝜇𝑒

) (II.50) 
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II.4.1 The EHD force for the positive polarity using the new approach 

In positive corona discharge, ionization is confined to a thin layer around the wire 

electrode, within which the electron density dominates over that of the other charged species 

[34, 35]. However, since the thickness of this layer is negligible compared to the inter-electrode 

distance (𝑑), the majority of momentum transfer from the charged particles to the neutral 

molecules occurs in the drift region, where positive ions are predominant. Consequently, the 

force density acting on the fluid can be simplified as: 

 
𝑭 ≈ 𝑒0𝑁𝑝𝑬 = 𝑒0

𝐉𝑝

𝜇𝑝
 (II.51) 

Since the current transport in the drift region is primarily due to positive ions(𝐽 ≈ 𝐽𝑝), 

the electric force density is ultimately expressed as 

 
𝐹 =

1

𝜇𝑝
𝑗𝑇

Δ𝑆𝑇

Δ𝑆
 (II.52) 

II.4.2 The EHD force for the negative polarity using the new approach 

Based on the modelling [17], asymptotic expressions of the EHD force can be obtained 

for the EHD force where the force is predominantly by the negative ions in the drift region. 

Using (II.52), and taking into account that 𝑒0(𝐽𝑒 + 𝐽𝑝 + 𝐽𝑛) Δ𝑆 = const = 𝐽𝑇𝑆𝑇, the EHD force 

can be approximated as 

 
𝐹 =

1

𝜇𝑛
𝑒0𝐽𝑛 ≈

1

𝜇𝑛
𝑗𝑇

Δ𝑆𝑇

Δ𝑆
 (II.53) 

Near the wire, positive ions are predominant   therefore, the EHD force can be expressed as 

 
𝐹 =

1

𝜇𝑝
𝑒0𝐽𝑝 ≈

1

𝜇𝑝
𝑗𝑇

Δ𝑆𝑇

Δ𝑆
 (II.54) 

Between the ionization region and the drift region, the fluxes of positive and negative 

ions are nearly equal in magnitude but flow in opposite directions. Consequently, the 

electrohydrodynamic (EHD) force can be neglected in this narrow region: 𝐹 = 0. 
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II.5 Hydrodynamic Model of the Gas 

During the generation of the electric discharge, an interaction between the plasma and 

the neutral gas takes place. This interaction results in the movement of the gas, which has 

acquired part of the momentum from the charged species, and can be described by the Navier-

Stokes equations, which are partial differential equations. 

Indeed, the Navier-Stokes equations represent the conservation of momentum and mass 

density. Assuming that the flow is Newtonian and that the gas, “air,” is incompressible, the 

EHD-induced flow from the corona discharge will generally be turbulent [7, 36]. In this context, 

the conventional time-averaging approach for the conservation equations of momentum and 

mass density, known as the Reynolds-Averaged Navier-Stokes (RANS) equations, will be used 

in this work. If we neglect gravity and assume a steady-state regime, these equations can be 

written as follows: 

 𝜌(𝑣. ∇)𝑣 = −∇𝑝 + 𝜆∇2𝑣 + ∇. 𝛕𝑅 + 𝐅 (II.55) 

 ∇. 𝑣 = 0 (II.56) 

Where 𝑣 is the average velocity of the gas, 𝜆 is the dynamic viscosity of air, 𝑝 is the gas 

pressure, and 𝛕𝑅 is the Reynolds stress tensor. The system of partial differential equations (the 

Navier-Stokes equations) will be closed using the standard two-equation turbulence model, 𝑘 -

epsilon (𝑘 − 𝜀) [37]. 

𝒌 -epsilon model 

The 𝑘 -epsilon model is one of the most commonly used models for turbulence modeling. It is 

a two-equation transport model proposed by Jones and Launder [38]. The Reynolds stresses are 

calculated using the Boussinesq relation [39]: 

 
𝝉𝑅 = −

2

3
𝜌𝑘𝐈 + 𝜇𝑖 (

∂𝑉𝑖

∂𝑥𝑗
−

∂𝑉𝑗

∂𝑥𝑖
) (II.57) 

where I is the identity tensor, 𝑘 is the turbulent kinetic energy, and 𝜇𝑡 is the turbulent viscosity. 

The transport equations for turbulent kinetic energy 𝑘 and dissipation rate 𝜀 are: 
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𝜌∇ ⋅ (𝑘𝐕) = ∇ ⋅ [(𝜂 +

𝜇𝑖

𝜎𝑘
)∇𝑘] + 𝜇𝑡 (

∂𝑉𝑗

∂𝑥𝑖
+

∂𝑉𝑖

∂𝑥𝑗
)

∂𝑉𝑗

∂𝑥𝑖
− 𝜌𝜀

𝜌∇ ⋅ (𝜀𝐕) = ∇ ⋅ [(𝜂 +
𝜇𝑖

𝜎𝜀
) ∇𝜀] + 𝐶𝜀1𝐶𝜇𝜌𝑘 (

∂𝑉𝑗

∂𝑥𝑖
+

∂𝑉𝑖

∂𝑥𝑗
)

∂𝑉𝑗

∂𝑥𝑖
− 𝐶𝜀2𝜌

𝜀2

𝑘

 (II.58) 

where 𝜀 is the turbulent dissipation rate. 

The turbulent viscosity (𝜇𝑡), turbulent kinetic energy (𝑘), and dissipation rate (𝜀) are 

related by the expression: 

 
𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

𝜀
 (II.59) 

The values of the empirical parameters 𝐶𝜇, 𝐶𝜀1, 𝜎𝑘, 𝜎𝜀et 𝐶𝜀2are given in the following table. 

Table II.1. Les constantes empiriques utilisées dans le modèle k-ε [37]  

𝐶𝜇 𝐶𝜀𝑙 𝜎𝑘 𝜎𝜀 𝐶𝜀2 

0,09 1,44 1,00 1,30 1,92 

We chose to use the OpenFOAM (Open-Source Field Operation and Manipulation) [40] 

to model electric wind, as several authors have done [41-43]. It supports both structured and 

unstructured meshes, offering options for internal mesh generation with tools like “block Mesh” 

and “snappy Hex Mesh”, or importing meshes from external software. The software uses the 

finite volume method (FVM) as its primary numerical approach, with various options for 

discretization schemes (such as upwind and central-difference), linear solvers (e.g., PCG, 

GMRES), and time integration schemes (e.g., Euler, Crank-Nicolson), all aimed at achieving 

accurate and efficient solutions. Boundary conditions in OpenFOAM are highly flexible, 

allowing users to specify types like velocity, pressure, and temperature, as well as advanced 

conditions such as periodic and symmetry boundaries each essential for accurately defining 

physical constraints on the model. 

II.6 Conclusion  

In this chapter, we have shown the possibility of successfully modeling a steady corona 

discharge by taking as the starting point the Laplacian electric field lines and using 
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approximated analytical expressions of the electric field intensity along the field lines. Then, 

applying a simple root-finding algorithm to match the electric field circulation along each field 

line to the actual voltage drop, the space charge and the EHD force density can be determined. 

The proposed approach has the advantage of being able to easily treat arbitrary electrode 

configurations of practical interest, since only the Laplace equation needs to be integrated 

numerically. Furthermore, the model is robust, since it avoids the convergence problems that 

may arise when integrating the Gauss equation coupled to the continuity equation for charge 

species. Finally, we presented previously established analytical expressions for the electric field 

and charged particles in the inter-electrode space have been obtained for both positive and 

negative wire-to-cylinder and wire-to-plate DC corona discharge in air. 
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 : Modeling of Positive Corona 

Discharge and its Associated Electric Wind 

In this chapter, we will evaluate the accuracy and reliability of the numerical modeling 

of corona discharge presented in CHAPTER II. This evaluation involves validating the model 

against experimental measurements reported in the literature. The focus will be on both the 

electrical characteristics and the electrohydrodynamic (EHD) effects of the corona discharge. 

Additionally, we will explore the potential application of the numerical model in the design and 

optimization of EHD pumping such in heat transfer. 
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III.1 Introduction 

The study of corona discharge phenomena has been a topic of significant interest due to 

its wide range of applications, from air purification to electrostatic precipitation and EHD 

pumps. Numerous researchers have contributed to the understanding and modeling of these 

phenomena. For instance, Yamamoto and Velkoff [1] investigated the electrical characteristics 

of wire-duct electrode configurations, providing experimental data crucial for model validation. 

Similarly, Elagin et al. [2] studied the gas velocity distribution generated by corona discharges, 

using particle image velocimetry (PIV) to measure flow velocities. Jewell-Larsen et al. [3] 

focused on the application of EHD air movers for cooling systems, presenting experimental 

setups that serve as benchmarks for numerical simulations. These works collectively provide a 

foundation for the validation and improvement of numerical models aimed at predicting both 

electrical and EHD behaviors of corona discharges. Similarly, to these works, in the present 

study, we will comprehensively evaluate the accuracy and reliability of the numerical modeling 

presented in the previous chapter by comparing its predictions with experimental measurements 

extensively reported in the literature. This evaluation serves a dual purpose. 

First, it focuses on demonstrating the numerical model's ability to accurately predict the 

current-voltage characteristics of the corona discharge. The model's accuracy in replicating the 

spatial distribution of current intensity on the cathode will also be examined. This validation is 

crucial as it ensures that the numerical model can reliably simulate the electrical behavior of 

corona discharges, which are essential in various applications such as air purification, 

electrostatic precipitation, and surface treatment. 

Second, the evaluation aims to verify the model's capability to quantitatively describe 

the ionic wind generated by the corona discharge. The validation process will involve 

comparing the numerical model's predictions of ionic wind characteristics with experimental 

data to ensure its accuracy and practical applicability. 

After establishing the validity of the numerical technique through these rigorous tests, 

we will address the specific problem of EHD pumping between two parallel plates using 

positive corona discharge. This problem involves using the validated numerical model to 

explore and optimize the design and performance of EHD pumps, which are devices that use 

electrically induced flows to move fluids without mechanical components. The focus will be 
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on understanding the underlying mechanisms, optimizing the parameters for efficient pumping, 

and evaluating the potential practical applications of this technology in various domains. 

III.2 Results and discussion 

As mentioned above, the validations of our model are twofold (1) electrical, to 

demonstrate the ability of the numerical modeling to accurately predict the current-voltage 

characteristic of the corona discharge and the spatial distribution of the current intensity on the 

cathode, and (2) EHD, to demonstrate its capability to quantitatively describe the ionic wind 

generated by the corona discharge. 

III.2.1 Electrical validation 

The wire-duct electrode configuration (Figure III.1), is commonly utilized as a case 

study in electrostatic precipitator research. In this setup, the corona wire, with a radius of  

𝑟0, is subjected to a high voltage, while the plates, positioned at a distance d from the wire, are 

grounded. Due to the symmetrical nature of this configuration, the problem can be analyzed in 

two dimensions. As detailed in CHAPTER II, the elementary normal section of the electric field 

flux tube, ∆𝑆, simplifies to the line segment 𝑃1𝑃2. 

 

Figure III.1. Schematic representation of a wire-duct electrostatic precipitator (not to scale). 

III.2.1.1 Current-Voltage Characteristic 

Among other researchers, Yamamoto and Velkoff [1] have both experimentally and 

numerically investigated different variations of this electrode configuration. In their 
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experimental setup, they used a corona discharge wire with a length of 19 cm and a radius of 

𝑟0 =  0.1 mm, with a wire-to-plate spacing of 𝑑 =  2.9 cm. The wire was subjected to a high 

positive electrical potential ranging from 10 kV to 17.5 kV. 

Figure III.2, the experimental measurements of the current intensity reported in [1] for 

different applied voltages are compared with the numerical results obtained in this study for the 

same geometrical parameters. The agreement with the experimental measurements is clearly 

satisfactory. The current-voltage characteristic adheres to the classical law  =  𝑐1 𝜙(𝜙 −

 𝜙𝑜𝑛𝑠𝑒𝑡) where 𝑐1 is a constant and 𝜙𝑜𝑛𝑠𝑒𝑡 is the corona inception voltage [4, 5]. 

 

Figure III.2.Current-voltage characteristic of a positive corona wire-duct electrostatic precipitator, for a wire 

radius 𝑟0 =  0.1 𝑚𝑚 and a wire-plate separation 𝑑 =  2.9 𝑐𝑚. The experimental points (solid circles) correspond 

to the measurements of Yamamoto and Velkoff [1]. 

In the HV laboratory at the Czech Technical University in Prague, a wire-duct 

electrostatic precipitator (ESP) was set up by Ziedan et al to compare the calculated and 

measured corona current-voltage characteristics for various ESP configurations [6]. The 

experimental setup, includes several key components: 

➢ Regulating Transformer: A 220 V input transformer that feeds the HV circuit through a 

contactor switch, allowing the supply to be connected or disconnected. 

➢ High Voltage Transformer: This transformer steps up the voltage from the regulating 

transformer. Its output is rectified by a circuit immersed in transformer oil and smoothed by a 

capacitor bank (two 0.25 µF, 100 kV capacitors in series). The resulting DC voltage, adjustable 
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from 0 to 200 kV, is applied to the ESP through an 80 kΩ resistor to limit current in case of a 

flashover. 

➢ Discharge Wires: Steel conductor with radius of 0.26 mm is suspended vertically between 

two collecting plates. The wire is terminated with smoothing steel spheres to avoid field 

intensification. 

➢ Collecting Plates: Two steel plates, each measuring 125 cm in height and 250 cm in 

length, form the ESP duct. They are suspended vertically with adjustable spacing of 30 cm and 40 

cm. The edges are curved outward to prevent field concentration. 

➢ Micro-Ammeter: A shielded micro-ammeter measures the corona current from the 

discharge wire. The readings are recorded by a digital camera connected to a computer. 

To measure the corona current-voltage characteristics from each discharge wire, a 

shielded micro-ammeter is connected to the discharge wire and the corona current is recorded 

with the increase of the applied voltage. All the measurements are made in HV laboratory of 

pressure =  1001.3 kPa and temperature =  22°C.     

 

Figure III.3. Effect of plate-to-plate spacing on current-voltage characteristics of one-wire ESP 𝑟0 =  0.26 𝑚𝑚 

[6]. 

As shown in Figure III.3, Ziedan's experimental current-voltage measurements are in 

satisfactory agreement with our calculations. 
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III.2.1.2 Current density distribution 

Yamamoto and Velkoff [1] also measured the current density distribution on the cathode 

using an array of brass rods with a diameter of 1.6 mm, spaced 6.4 mm apart. The current 

density at each rod was measured by a micro-ammeter connected to the rod, while the rest were 

grounded. These measurements are compared with the results of the present numerical 

modeling in Figure III.4. The current density is normalized to its maximum value, which occurs 

at x = 0 cm, directly beneath the wire. Once again, the agreement between the numerical 

simulation and the experimental data is quite satisfactory. The current distribution follows a 

𝑐𝑜𝑠𝑚 Warburg-type law, with 𝑚 ≈ 4. 

 

Figure III.4. Normalized current density distribution on the cathode of a wire-duct electrostatic precipitator for 

an applied voltage of +15 𝑘𝑉 (wire radius 𝑟0 =  0.1 𝑚𝑚, wire-plate separation: 𝑑 =  2.9 𝑐𝑚. The experimental 

points (circles) correspond to the measurements of Yamamoto and Velkoff [1]. 

III.2.2 Electrohydrodynamic validation  

To determine the gas velocity distribution generated by the corona discharge, it is 

essential to first evaluate the electrohydrodynamic (EHD) force, which is the driving force 

behind the gas motion. As discussed in CHAPTER II, once the EHD force is determined, the 

Navier-Stokes equations are integrated. For accurate integration, we assume the no-slip 

condition at all solid boundaries, which means that the fluid velocity at the boundary (relative 
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to the boundary) is zero, reflecting the common physical situation where fluid adheres to the 

surface. 

For this computational task, we will use the open-source solver OpenFOAM [7], which 

is a Computational Fluid Dynamics (CFD) software based on the finite-volume method. 

OpenFOAM is particularly well-suited for this purpose as it can model both laminar and 

turbulent flows with high accuracy. When dealing with fluid flows confined within narrow 

channels, we will assume laminar flow conditions. This assumption is based on the fact that in 

such narrow channels, the Reynolds number a dimensionless quantity used to predict flow 

patterns will not exceed the critical value required for the onset of turbulence. Therefore, the 

flow remains smooth and orderly. 

In configurations where the flow is expected to be turbulent, we will employ the 

Reynolds-Averaged Navier-Stokes (RANS) k-epsilon turbulence model. This model is widely 

used in fluid dynamics to simulate the effects of turbulence, providing a good balance between 

computational efficiency and accuracy. 

III.2.2.1 First validation 

The electrohydrodynamic validation of the numerical model will be carried out by 

comparing the results with experimental measurements of gas velocity. These measurements 

have been reported for two different electrode arrangements: parallel wire-plate and wire-duct 

configurations. The first configuration, the parallel wire-plate, has been experimentally 

investigated by Elagin et al. [2]. They measured the gas velocity distribution using particle 

image velocimetry (PIV), a technique that allows for the visualization and measurement of flow 

velocities. In their experiments, Elagin et al. used a corona wire with a radius of 𝑟0 = 50 μm 

and a wire-plate separation of 𝑑 = 15 mm. The electric potential applied to the wire was varied 

within the range of 5 kV to 35 kV to study its effects on the gas velocity. 

III.2.2.1.1 EHD force distribution 

Figure III.5 illustrates the spatial distribution of the magnitude of the EHD force, which 

has been calculated numerically for the same electrode configuration used by Elagin et al., with 

an applied voltage of +13.5 kV. In the case of a positive corona discharge, the ionization region 

is confined to a thin layer around the anode, which is of negligible extent. Therefore, the space 
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charge in the system is predominantly positive throughout. This causes the electric force to be 

directed towards the cathode along the electric field lines, represented by solid lines in the 

figure. The magnitude of this force is particularly significant directly beneath the wire, where 

both the electric field strength and the space charge density reach their maximum values. This 

concentration of force explains the localized effects observed in the experimental measurements 

and underscores the accuracy of the numerical model in replicating real-world phenomena. 

 

Figure III.5. 2D-spatial distribution of the EHD force density magnitude and electric field lines (solid lines) in the 

vicinity of the wire for an applied voltage 𝜙 = +13.5 𝑘𝑉 (wire radius: 𝑟0 = 50 𝜇𝑚, wire-plate separation: 𝑑 =
15 𝑚𝑚). Isolines of the force density (dashed lines) are drawn at 2 × 103, 103, 4 × 102

 and 2 × 102
 𝑁/𝑚3. 

III.2.2.1.2 Gas velocity distribution 

The 2D gas velocity field generated by this force density, simulated with the RANS k-

epsilon turbulence model, is shown in Figure III.6 (a) and can be compared with the 

experimental measurements by Elagin et al., which are presented in Figure III.6 (b). As can be 

readily seen, both spatial distributions of velocity are globally very similar. The fluid is 

accelerated along the symmetry axis and, after impinging on the ground plate, the gas flow is 

deflected in opposite directions. The regions with the highest fluid velocities are located along 

the symmetry axis and along the plate. A quantitative comparison can be made based on the 

maximum values of velocities observed in each case: according to the numerical modeling, the 

maximum velocity is 3.6 m/s, while according to the experimental observation it is about 3.5 

m/s. Therefore, the agreement is quite satisfactory. 
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Figure III.6. 2D-spatial distribution of the velocity magnitude and their corresponding contour lines for an applied 

voltage 𝜙 = +13.5 𝑘𝑉 (wire radius: 𝑟0 = 50 𝜇𝑚, wire-plate separation: 𝑑 = 15 𝑚𝑚). (a) Numerical modeling. 

Isolines of the velocity magnitude are drawn at 2.8, 2.1, 1.5 and 1 𝑚/𝑠. (b) Experimental measurements using PIV 

reported by Elagin et al [2]. 

III.2.2.2 Second validation 

The second electrode arrangement chosen for electrohydrodynamic validation is the one 

utilized by Jewell-Larsen et al. [3] in their studies of EHD air movers based on positive corona 

discharge. This configuration is particularly significant for the development of efficient EHD 

cooling systems for laptop applications [8]. As illustrated in Figure III.7, the setup involves a 

wire-duct arrangement where the duct walls are made from insulating acrylic sheets measuring 

7 cm in length and spaced 6 mm apart. Two gold-plated aluminum strips attached to the walls 

and grounded serve as collector electrodes. A corona wire with a radius of 𝑟0 = 12.5 μm is 

used, and the collector strips, which are 5 mm wide, protrude 0.1 mm from the duct walls. The 

wire is positioned 4 cm from the duct entrance, with a horizontal distance of 6 mm between the 

wire's center and the strips. 
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Figure III.7. Schematic representation of the EHD air mover device used by Jewell-Larsen et al [3] (not to scale). 

III.2.2.2.1 EHD force distribution 

As previously discussed, the first step in obtaining the velocity distribution involves 

determining the force density from the solution of the electrical equations. An example of such 

a computation is shown in Figure III.8, which presents the magnitude of the EHD force density 

along with the corresponding electric field lines for the same electrode arrangement used by 

Jewell-Larsen et al, with an applied voltage of +10 kV on the corona wire. The computational 

domain depicted in this figure is limited to the region between the anode and the cathode, where 

the EHD force is significant. Similar to the wire-plate configuration, the EHD force is 

particularly strong around the corona wire, reaching a magnitude of approximately 

1.3 × 105 N/m3, which is two orders of magnitude higher than at the grounded electrodes. 

 

Figure III.8. 2D-spatial distribution of the EHD force density magnitude and electric field lines (solid lines) inside 

the EHD blower, for an applied voltage 𝜙 = +10 𝑘𝑉 (wire radius: 𝑟0 = 12.5 𝜇𝑚). 
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III.2.2.2.2 Gas velocity distribution 

After evaluating the EHD force density, the Navier-Stokes equations can be solved 

numerically to obtain the gas velocity distribution. For this simulation, the no-slip boundary 

condition is applied at the solid surfaces, and open boundary conditions for pressure are 

imposed at the duct's inlet and outlet. The simulation results, assuming laminar flow, are shown 

in Figure III.9. This figure illustrates the 2D spatial distribution of the gas velocity magnitude 

and the corresponding streamlines. The highest gas velocity is observed along the axis of 

symmetry, specifically at the entrance of the collector plates. 

 

Figure III.9. 2D-spatial distribution of the velocity magnitude and their corresponding streamlines for an applied 

voltage 𝜙 = +10 𝑘𝑉 (wire radius: 𝑟0 = 12.5 𝜇𝑚). 

 

Figure III.10. Average velocity at the outlet of the duct as a function of the electric power per unit of length of 

corona wire according to the numerical simulation and its comparison with experiments. The experimental points 

(black circles) correspond to the measurements of Jewell-Larsen et al [3]. 
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To determine the gas flow rate and the average velocity at the duct outlet, Jewell-Larsen 

et al. connected the EHD air mover to a wind tunnel. They measured the relative pressure drop 

across a calibrated nozzle using a digital pressure gauge. This setup allowed them to evaluate 

the airflow performance of the device as a function of the input electric power per unit length 

of the wire. Figure III.10 presents the measurements of the mean outlet velocity and compares 

them with the results of the current numerical simulation. The comparison indicates that the 

numerical model accurately replicates the EHD gas flow generated by the corona discharge in 

this electrode configuration. 

III.3 Improved electrode configuration for EHD air movers 

As previously discussed, the ongoing trend towards miniaturizing electronic 

components necessitates highly efficient cooling solutions to handle heat dissipation. In this 

context, EHD air pumps offer notable advantages over conventional rotary fans, particularly 

due to their superior heat transfer capabilities in small-scale applications. An optimal design for 

EHD air pump electrodes should be straightforward and durable without sacrificing efficiency, 

ensuring extended operational life before failure. 

The electrode configuration of the EHD air blower depicted in Figure III.11 presents a 

significant drawback: the corona wire must be precisely positioned equidistantly between the 

two insulating plates. This task becomes increasingly difficult and error-prone as the blower's 

dimensions are reduced. Additionally, the corona wire can obstruct airflow and is prone to 

mechanical vibrations caused by electrical forces [9]. 

Therefore, this section introduces a modified electrode configuration inspired by Jewell-

Larsen et al. [3]. As shown in Figure III.11, instead of a single corona wire positioned centrally 

in the channel, the proposed design features two corona electrodes with a radius of 𝑟0 =

12.5 μm, each partially embedded in the dielectric walls that confine the flow. This design 

maintains an effective corona discharge surface area similar to that of a single wire. As in the 

original configuration [3], two 5 mm wide strips protruding 0.1 mm from the walls serve as 

collectors for the corona discharge current, with a maintained separation of 6 mm between the 

wire and the collector strips. 
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Figure III.11. Schematic representation of the improved EHD air mover (not to scale). 

Figure III.12 presents the results of the numerical simulation for the current-voltage 

characteristics of the new configuration (with two corona wires) compared with the previous 

configuration (with one corona wire). The current intensity is slightly lower with two corona 

wires, although both configurations can be satisfactorily modeled with a 𝜙(𝜙 − 𝜙𝑜𝑛𝑠𝑒𝑡) 

dependence, where 𝜙𝑜𝑛𝑠𝑒𝑡   4.5 kV. In the two-wire configuration, the usual shielding effect 

between adjacent discharge electrodes is certainly present. However, this effect is offset by the 

shorter distance between each corona wire and its nearest collector, resulting in higher ion 

density, electric field, and current density values within the fluid compared to the single-wire 

configuration. Thus, the lower current intensity observed in the new electrode configuration can 

be attributed to the different ways in which the current density is distributed over the collector 

strips in the two cases. 

 

Figure III.12. Numerical simulation results for the current-voltage characteristic corresponding to the EHD 

blower with a single central corona wire (black circles) and two corona wires half embedded in the dielectric 

walls (white circles). 



Chapter III : Modeling of Positive Corona Discharge and its Associated Electric Wind 

101 

 

Figure III.13 and Figure III.14 illustrate the 2D spatial distributions of charge density 

and electric force density, respectively, for a voltage of 10 kV applied to the wires. In the new 

configuration, the maximum value of the electric force density is approximately 30 % higher 

than in the single-wire setup. Most of the space charge is concentrated near the dielectric plates, 

where the electric field lines run almost parallel to the plates. Conversely, the force density in 

the central part of the channel is negligible. This is in stark contrast to the single central wire 

configuration (shown in Figure III.8), where the electric force density was negligible near the 

dielectric walls but significant near the axis of symmetry. 

 

Figure III.13. 2D-spatial distribution of the charge density inside the improved EHD blower, for an applied voltage 

𝜙 =  +10 𝑘𝑉 and corona wires of radius 𝑟0 = 12.5 𝜇𝑚. Isolines of the charge density (dashed lines) are drawn 

at 5 × 10−4, 10−3, 1.5 × 10−3, 2 × 10−3
   and 3 × 10−3

 𝐶/𝑚3 

. 

Figure III.14. 2D-spatial distribution of the EHD force density magnitude and electric field lines (solid lines) 

inside the improved EHD blower, for an applied voltage 𝜙 =  +10 𝑘𝑉 and corona wires of radius 𝑟0 = 12.5 𝜇𝑚. 
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However, the current electrode configuration has the inherent advantage of accelerating 

the fluid near the walls, where the retarding force due to shear stress is stronger. This advantage 

is clearly illustrated in Figure III.15, which presents the 2D velocity distribution for an applied 

voltage of 10 kV to the corona wires. This flow pattern is particularly advantageous for cooling 

applications, as high fluid velocity along the walls enhances heat transfer between the walls and 

the fluid. 

Compared to Figure III.9, the maximum velocity values in the current setup are now 

located closer to the walls and further downstream, between the two collector strips. 

Additionally, the recirculating eddies that previously formed near the collector strips (as seen 

in Figure III.9) have been completely eliminated. Although the maximum gas velocity within 

the blower in this configuration is about 10% lower than with a single corona wire, the average 

velocity at the duct's exit is nearly the same, if not slightly higher in the new setup. Naturally, 

as depicted in Figure III.16, the velocity profiles at the outlet differ significantly, reflecting the 

upstream EHD force distribution that drives the gas flow. 

 

Figure III.15. 2D-spatial distribution of the velocity magnitude and their corresponding streamlines inside the 

improved EHD blower for an applied voltage 𝜙 = +10 𝑘𝑉 and corona wires of radius 𝑟0 = 12.5 𝜇𝑚. 

Although the improved EHD blower's electrode arrangement offers advantages such as 

simpler construction and superior heat transfer from the walls to the fluid, it is important to 

determine whether these benefits come at the expense of higher energy consumption. To 

address this question, Figure III.17 presents the averaged outlet velocity as a function of 

electrical power. This figure directly compares the numerical simulation results for the new 

electrode configuration with the experimental measurements conducted by Jewell-Larsen et al. 

[3], which pertain to a single corona wire. 
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Figure III.16.  Spatial distribution of the velocity magnitude at the exit of the EHD blower using an electrode 

configuration with a single central corona wire (dashed line) and two corona wires half embedded in the dielectric 

walls (solid line). for an applied voltage 𝜙 = +10 𝑘𝑉 and corona wires of radius 𝑟0 = 12.5 𝜇𝑚. 

As shown, for the same electrical power, the outlet velocity is slightly higher when using 

the modified EHD blower (with two corona wires), particularly at higher electrical power 

levels. Therefore, the proposed electrode arrangement not only simplifies construction and 

improves heat transfer but also demonstrates better energy efficiency. 

 

Figure III.17.  Average velocity at the outlet of the duct as a function of the electric power per unit of length of 

corona wire according to the numerical simulation and its comparison with experiments. The experimental points 

(black circles) correspond to the measurements of Jewell-Larsen et al [3] using a single corona wire. 
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III.4 Conclusion  

The comprehensive evaluation of the numerical modeling presented in this study has 

confirmed its accuracy and reliability in predicting both electrical and electrohydrodynamic 

(EHD) characteristics of corona discharges. By comparing the numerical model's predictions 

with extensively reported experimental measurements, we have demonstrated that the model 

accurately replicates the current-voltage characteristics and spatial distribution of current 

intensity on the cathode. This electrical validation ensures the model's robustness in simulating 

the behavior of corona discharges, which is critical for applications in air purification, 

electrostatic precipitation, and surface treatment. 

The electrohydrodynamic validation has also shown that the model effectively describes 

the ionic wind generated by the corona discharge. The numerical model's predictions of ionic 

wind characteristics, such as gas velocity distribution, closely match the experimental data, 

affirming its practical applicability in designing cooling systems and EHD pumps. This 

capability is especially relevant for applications requiring efficient cooling, as the EHD air 

pumps offer superior heat transfer performance compared to conventional rotary fans. 

Furthermore, the study introduced an improved electrode configuration for EHD air 

movers, demonstrating significant advantages over the traditional design. The new 

configuration, featuring two corona wires embedded in dielectric walls, simplifies construction 

and enhances heat transfer by accelerating the fluid near the walls. The numerical simulations 

revealed that this design not only improves the velocity distribution and eliminates recirculating 

eddies but also offers better energy efficiency compared to the single corona wire configuration. 

In conclusion, the validated numerical model provides a powerful tool for optimizing 

EHD pump designs and exploring their potential applications in various fields. The improved 

electrode configuration presents a promising approach for enhancing the performance and 

energy efficiency of EHD air movers, making them a viable solution for the cooling challenges 

posed by the miniaturization of electronic components. Future work could further refine these 

designs and investigate their practical implementation in microfluidics, HVAC systems, and 

electronic cooling applications. 
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 : Impact of Electrode Wire 

Interaction on EHD Flow generated in Two-

Wire-to-Plate positive Corona discharge 

The present study conducts a numerical investigation of the shielding effect between 

adjacent corona discharge electrodes in two-wire-to-plate corona devices. The primary focus of 

the study is to analyze the impact of mutual electrostatic interaction or shielding effect between 

two high-voltage wires on the electrohydrodynamic (EHD) force’s direction and magnitude, as 

well as the overall structure of the EHD flow. Moreover, the shielding effect is closely related 

to the wire-plate electrode space and wire radius. The aim of modeling investigation is to 

highlight the importance of considering the shielding effect in designing and optimizing 

electrostatic precipitators and other corona devices that rely on the EHD flow. 
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IV.1 Introduction 

In the context of enhancing devices that use electric corona discharge, researchers 

experiment with multielectrode configurations and use various methods for theoretical research. 

Findings reveal the electric field’s dependence on the electrode system, encompassing studies 

like bacteria chelation in water [1], airflow effects in “multielectrode” corona discharge [2], 

enhanced drying [3], and ozone generation in “multipoint” electrode corona discharge [4] and 

more. 

Each industrial application requires a specific design of corona discharge electrodes. 

However, wire electrodes are the most widely used due to their simplicity and low cost. When 

using a “multiwire” electrode configuration for corona discharge, it is crucial to consider the 

distance between the wires. When the interwire distance is large enough, the mutual 

electrostatic interaction between the wires, referred to as the shielding effect, becomes 

negligible [5, 6]. However, the shielding effect becomes significant when the distance between 

wires is sufficiently small. The electric field of each stressed electrode (wire) is influenced by 

the field of the other nearby electrode (i.e., neighboring stressed wire). The shielding effect, 

which results from the interaction of electric field lines when stressed wires are sufficiently 

close, was reported by Arif et al. [7] in a numerical study of multielectrode electrostatic 

precipitators and by Chibane et al. [8] in an experimental investigation concerning the loading 

of polypropylene films using a multiwire coil electrode configuration. In another numerical 

study, Marciulionis and Zebrauskas [9] reported a reduction in the space charge density as the 

number of wires was increased. 

The characteristics of a multiwire corona discharge have also been the subject of 

geometric [5, 8-10], electrical [5, 10-13], and parametric simulation investigations, some of 

which have been confirmed by experiments [7, 10-14]. Some of these investigations have 

revealed the influence of the shielding on specific physical characteristics [5, 12, 15], its 

reinforcement by increasing the number of stressed wires [9], and/or decreasing the interwire 

spacing [13]. 

To the best of our knowledge, no research has yet focused on the effect of shielding on 

the EHD force and the resulting 2-D distribution of EHD wind velocity. However, 

understanding these two crucial physical parameters is essential for controlling and optimizing 

devices exploiting electric wind. Our research group has recently studied the influence of 
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shielding only on the 2-D distribution of the electric field, the space charge, and the EHD force 

[16]. To further investigate this phenomenon, the objective of the present study is to evaluate 

the physical characteristics of the electric wind generated by a system of two-wire electrodes 

where these two electrodes have a shielding effect on each other. These characteristics are 

assessed by varying the distance between the wires and other geometrical parameters in the case 

of a direct positive current corona discharge in dry air. Specifically, this work focuses on 

determining the 2-D distribution of the EHD wind velocity, force, and space charge density at 

each point in the wire-plate electrode space. 

IV.2 Results and discussion 

In this study, the investigated electrodes’ arrangement includes two identical wires with 

a radius of 𝑟0. These two wires are positioned above the grounded plate and connected to 

positive high voltage. The resulting electric wind generated by the corona discharge is confined 

between the lower ground plate (GP) and the upper insulating plate separated by a distance ℎ. 

Each plate has a length of 𝐿. The wires are located at the center of the channel, equidistant from 

the two plates, and spaced apart by a distance of f. Figure IV.1 depicts a schematic 

representation of the corona reactor. 

 

Figure IV.1. Schematic presentation of the corona reactor. 

The results discussed in this section correspond to the following parameters for the 

corona discharge reactor: the radius of the electrode wire is 𝑟0 = 50, 100, and 150 µm; the 

wire-plate electrode distance for each wire is 𝑑 = 0.5, 1, and 1.5 cm; the length of the upper 

and lower plates is 𝐿 = 10 cm; the distance separation between them is ℎ = 1.02, 2.02, and 

3.02 cm; and the separation distance between the two wires considered is 𝑓 = 0.2, 1, and 2 cm. 
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IV.2.1 Electric Current 

Figure IV.2 shows the characteristic current–voltage for three values of wire-to-wire 

separation (f = 2, 1, and 0.2 cm). For a given value of the applied voltage, this figure reveals a 

decrease in electric current as the separation distance f is reduced. For example, at 11 kV, the 

electric current decreases by about 15% when the distance f changes from 2 to 1 cm and 49% 

when the distance f changes from 1 to 0.2 cm. For any given value of the applied voltage, the 

current is higher in the one-wire configuration than the mean value for the two-wire 

configuration, which confirms the mutual effect between the two wires. As discussed earlier, 

the strength of the mutual interaction or shielding between the two wires is related to the wire-

to-wire distance. Indeed, the space charge tends to diminish more and more on the surface of 

each wire, and the field lines become more compact over the wire surface when the distance f 

decreases further. Experimental measurements have confirmed this attenuation of the electric 

current, which is caused by the interaction of the electric field lines created by adjacent 

discharge wires, i.e., shielding [17, 18]. 

 

Figure IV.2. Effect of wire-to-wire separation on 𝐼 – 𝜙 characteristics for three separation distances between the 

wires ( 𝑓 = 0.2, 1, and 2 𝑐𝑚) and for wires’ radius, 𝑟0 = 100 µ𝑚, and wire-plate electrode distance, 𝑑 = 0.5 𝑐𝑚. 

To validate our calculations, the current density distribution at the grounded plate is 

compared with the experimental measurements [8] shown in Figure IV.3 for one and two wires 

with a radius of 125 µm, a wire-plate electrode spacing of 8 cm, and an applied voltage of 

14 kV. It is clear from this comparison that the results produced by the numerical model were 
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accurate and in good agreement with the experimental measurements. Thus, the presented 

numerical model was used to investigate the effect of various corona discharge parameters on 

the degree of shielding and the induced EHD gas flow. 

 

Figure IV.3. Electric current density distribution at the grounded plate for wires’ radius, 𝑟0 = 125 µ𝑚; wire-plate 

electrode distance, 𝑑 = 3 𝑐𝑚; interwire distance, 𝑓 = 8 𝑐𝑚; and high voltage, 𝜙 = 14 𝑘𝑉 

The mutual interaction between two wires when they are closer to each other results in 

a reduction in the geometric electric field, as illustrated in Figure IV.4, where the geometric 

electric field is plotted along an electric field line for three separation distances between the 

wires (𝑓 = 0.2, 1, and 2 cm). In Figure IV.4, the distance 𝑙𝑎 presents the arc length of the 

electric field line. The three graphs corresponding to the separation distances all start at the 

same point on the wire surface. Indeed, a decrease in the geometric electric field leads to a 

reduction in the space charge density generated by the corona discharge and, consequently, a 

reduction in the electric current. 
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Figure IV.4. Geometric electric field strength along the electric field line defined by the starting point on the 

surface of the wire (𝑥 = (𝑓/2) + 𝑟0, 𝑦 = 𝑑) for three separation distances between the wires (𝑓 = 0.2, 1, and 

2 𝑐𝑚) and for wires’ radius, 𝑟0 = 100 µ𝑚; wire-plate electrode distance, 𝑑 = 0.5 𝑐𝑚; and high voltage, 𝜙 =
9.5 𝑘𝑉 

In  Figure IV.5, the charge density has two separate distributions, one for each wire. It 

is clear that due to the shielding effect, the space charge density declines when the separation 

distance 𝑓 is reduced. For example, the maximum charge density on each wire surface is 

approximately 5.14 × 10−3, 10.1 × 10−3, and 12.1 × 10−3
 C/cm3

 when the separation 

distance 𝑓 takes the values of 0.2, 1, and 2 cm, respectively. Between the two wires, in a narrow 

region around the y-axis, the values of the space charge density are practically negligible. 

Marciulionis and Zebrauskas [9] have also reported this shielding effect when the number of 

wires increases. Indeed, the shielding effect alters the spatial distribution of the charge density. 

For example, in the case of wires separated by distances f = 1 and f = 2 cm [Figure IV.5 (b) and 

(c)], each charge density distribution is nearly symmetrical with respect to a straight line 

connecting the wire and the GP, while in the case of f = 0.2 cm this symmetry vanishes. Finally, 

it is important to note that when the distance between the wires increases, the interaction 

between them weakens, and the charge density distributions become more similar to that of a 

single wire [see Figure IV.5 (d)]. This is because the electric field created by each wire has a 

less impact on the electric field of the other wire as the distance between them increases. As a 

result, the shielding effect becomes less significant, and the charge density distributions become 

more symmetric with respect to the wire and GP axis. 
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Figure IV.5. Two-dimensional spatial distribution of the space charge density for two wires and for: wires’ radius, 

𝑟0 = 100 µ𝑚; wire-plate electrode distance,𝑑 = 0.5 𝑐𝑚; high voltage, 𝜙 = 11 𝑘𝑉; and the distance 𝑓 between 

the two wires is (a) 0.2, (b) 1, (c) 2 cm and (d) corresponds only to one wire. 

IV.2.2 EHD Force 

The EHD force generated by the corona discharge in each point of space is related to 

the distribution of space charge density and the strength and direction of the electric field, as 
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indicated by relation (II.51). As can be seen, the direction of the EHD force is the same as the 

electric field at each point in the discharge space. However, the average direction of the EHD 

force is not collinear with the average direction of the electric field in all the cases. For example, 

in a simple electrode configuration, such as a wire-to-plate arrangement, the average direction 

of the EHD force is collinear with the average direction of the electric field. However, in the 

case of two closely spaced wires, the average direction of the EHD force for each wire is not 

collinear with the corresponding average direction of the electric field. As a result, the direction 

of the EHD flow, which is related to the average direction of the EHD force, will depend on the 

mutual interaction between the wires. Overall, the effect of shielding on the direction of the 

EHD force is twofold. First, it modifies the electric field lines, which alters the direction of the 

EHD force. Second, it modifies the space charge density, which impacts the global direction of 

the EHD force. To the best of our knowledge, this aspect regarding the effect of shielding on 

the direction of the EHD flow has not yet been highlighted. 

In this context, Figure IV.6 shows the spatial distributions of the EHD force, including 

the force lines, corresponding to the separation distances 𝑓 between the two wires: 0.2, 1, and 

2 cm. For these three cases, the average EHD force direction for each wire is represented by an 

oblique line (the left line corresponds to the left wire, while the right line corresponds to the 

right wire). Specifically, the EHD force magnitude lines spread from each wire toward the 

ground plate (GP) and the upper plate along the oblique lines. 

Starting at the wire surface and moving away from each side along the oblique line, the 

EHD force magnitude lines are getting further away. For all three distances 𝑓, the EHD force 

magnitude is maximal at two points on the surface of each wire, with values of approximately  

6.1 × 10−2, 12.1 × 10−2 , and 14.4 × 10−2 N/cm3, when 𝑓 takes the values 0.2, 1, and 2 cm, 

respectively, as shown in Figure IV.6. Then, it starts decreasing along lines 1 and 2; at a distance 

of about 250 µm from each wire, the EHD force is about 1.91 × 10−2, 3.60 × 10−2, and 

4.25 × 10−2
 N/cm3, respectively. Further down, at the surface of the GP, it becomes 

negligible. Regarding the case where two wires are separated by a distance of 𝑓 = 0.2 cm (as 

shown in Figure IV.6 (a)), it is worth noting that the electrostatic interaction between the wires 

is significant. Consequently, this interaction has a noteworthy impact on the magnitude of the 

EHD force. 

In terms of the effective global direction of the EHD force, for a wire-to-wire distance 

of 𝑓 = 1 cm (Figure IV.6 (b)), the oblique lines (lines 1 and 2), which indicate the EHD force 
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direction, are almost vertical, while for 𝑓 = 2 cm, they became completely vertical because, at 

this distance, the shielding effect nearly disappears. It should be noted that as the distance 

between the two wires increases, the values of the EHD force also increase as a consequence 

of shielding disappearance. 

 

 

 

Figure IV.6. Two-dimensional spatial distribution of the EHD force magnitude for two wires for: wires’ radius, 

𝑟0 = 100 µ𝑚; wire-plate electrode distance, 𝑑 = 0.5 𝑐𝑚; high voltage, 𝜙 =  11 𝑘𝑉; and the distance 𝑓 between 

the two wires is (a) 0.2, (b) 1, and (c) 2 𝑐𝑚. 

The reduction in the EHD force with decreasing wire-to wire distance due to shielding 

is also illustrated in Figure IV.7, where the EHD force distribution is plotted below the wire 

along the line 𝑦 = 0.5 cm. It is clear from this figure that the EHD force reaches its maximum 

value at the points directly below the discharge wires and gradually decreases as it moves 

toward the midpoint between the adjacent wires. 
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Figure IV.7. Force magnitude below the wire along the line 𝑦 = 0.5 𝑐𝑚 for wires’ radius, 𝑟0 = 100 µ𝑚; wire-

plate electrode distance, 𝑑 = 0.5 𝑐𝑚; and high voltag 𝜙 =  9.5 𝐾𝑣.  

IV.2.3 Electric Wind 

Figure IV.8 (a) and (b) demonstrates the effect of the EHD force on airflow in the wire-

to-plate electrode configuration, with reasonable agreement found between the results obtained 

from our numerical modeling and our previous model that relied on an analytical approach to 

calculate the EHD force [19, 20]. Indeed, the difference between the currently used model, as 

described in CHAPTER II, and the previous one [19] is as follows: The current model predicts 

the characteristic current-voltage, which facilitates the handling of complex electrode 

geometries, in contrast to the previous [19, 20] model, which dealt with simple electrode 

configurations and used the characteristic current–voltage as an input parameter. Both the 

figures confirm that the air moves from the wire to the GP due to the EHD force and undergoes 

a change in direction upon reaching the GP, resulting in the formation of two symmetrical 

vortices with respect to the axis 𝑥 = 0. Since these vortices are formed due to the EHD force 

and the grounded plate, which plays a role as an obstacle, these vortices can be regarded as 

mixed vortices, which is a combination of free and forced vortices [21]. 

The observed agreement between our numerical model and that calculated by our 

previous analytical model, as demonstrated in Figure IV.8 (a) and (b), provides strong evidence 

for the validity of our calculations regarding the EHD force and its effect on airflow in the wire-

to-plate electrode configuration. Based on these results, we can conclude that our numerical 
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model yields highly satisfactory results and can effectively be used to investigate the shielding 

effect in the corona discharge. 

 

Figure IV.8. Two-dimensional spatial distribution of the magnitude of the gas velocity inside the reactor for a 

single wire of radius 𝑟0 = 100 µ𝑚, wire-plate electrode distance 𝑑 = 0.5 𝑐𝑚, and for an applied voltage 𝜙 =
 9 𝑘𝑉. (a) Calculated and (b) analytical mod models of the EHD force. 

Figure IV.9 illustrates that when the value of f is set to 0.2 cm (Figure IV.9 (a)), the 

shielding effect is so significant that the variation in velocity magnitude primarily occurs along 

line 1 (on the left) at an angle of approximately 42◦ relative to the y-axis and along line 2 (on 

the right), which is slanted at the same angle. At a distance of approximately 0.25 cm from the 

wire on each of the two straight lines, the maximum velocity is approximately 1.58 m/s. Aside 

from the two large vortices that form, two smaller vortices develop between them, located 

below the two wires and near the GP. These small vortices have a maximum velocity of around 

1.58 m/s. 

The shielding effect is less pronounced when the distance 𝑓 between the two wires is 1 

cm (as shown in Figure IV.9 (b)). As a result, the angle at which the velocity flows along lines 

1 and 2 becomes negative, around −20°. This observation is unexpected when compared with 

the results obtained in Figure IV.9 (a). In addition, the highest velocity, which is approximately 

3.45 m/s, is located at the center of the interwire distance. This value is greater than the velocity 

observed in Figure IV.9 (a). Concerning the two neighboring vortices, they still occupy the 

interwire space; however, their deformation is less pronounced, and their size is larger when 
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compared with  Figure IV.9 (a) where 𝑓 = 0.2 𝑐𝑚. This observation may be attributed to a 

possible increase in the intensity of the EHD force acting between the two wires as they move 

apart. Finally, when the interwire distance is 𝑓 = 2 cm (as shown in Figure IV.9 (c)), the 

interaction between the wires is even less pronounced than in Figure IV.9 (b). This is evident 

from the small angle of inclination, which is approximately 10° (for the left wire), and the 

maximum velocity flow of approximately 3 m/s below each wire. Based on the observations 

from the three cases, it can be concluded that an increase in the interwire distance 𝑓 leads to a 

weaker interwire shielding effect. This results in a higher maximum velocity magnitude and a 

lower inclination of the ionic wind flow (lines 1 and 2). As mentioned earlier, the weakening 

of the interwire shielding effect leads to an increase in the magnitude of the EHD force, which 

explains the rise in gas velocity as it approaches the axis of symmetry. 

 

Figure IV.9. Two-dimensional spatial distribution of the magnitude of the gas velocity inside the reactor for two 

wires: the radius of each wire is 𝑟0 = 100 µ𝑚; the wire-plate electrode distance is 𝑑 = 0.5 𝑐𝑚; the applied 

voltage is 𝜙 =  8 𝑘𝑉; and the distance between the two wires is (a) 0.2, (b) 1, and (c) 2 𝑐𝑚. 
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IV.2.4  Parametric Studies 

IV.2.4.1  Effect of the Applied Voltage 

 In the glow regime of the corona, the magnitude of the EHD force is directly 

proportional to the intensity of the electric current, which, in turn, is proportional to the applied 

voltage. Therefore, a higher voltage would result in a larger discharge current, leading to a 

greater EHD force. To investigate the effect of the applied voltage on the EHD force and the 

induced electric wind flow, the voltage was varied while keeping the other parameters constant. 

 

Figure IV.10. Variation in the angle 𝜃 (relative to the y-axis) that indicates the average direction of the EHD force 

as a function of the high voltage for interwire distance 𝑓 =  0.2, 1, and 2 cm; wires’ radius 𝑟0 = 100 µ𝑚; and 

wire-plate electrode distance, 𝑑 = 0.5 𝑐𝑚. 

Figure IV.10 illustrates how the applied voltage affects the global angle of the EHD 

force with respect to the y-axis. This figure demonstrates that as the interwire spacing f 

increases, there is a rapid variation in the angle (𝜃) at relatively low high-voltage levels and 

with relatively large angles. For example, for an applied voltage 𝜙 = 11 kV, the angle 𝜃 takes 

the values 2.64°, 5.59°, and 23.17° when f takes the values 2, 1, and 0.2 cm, respectively. 

However, at higher values of the applied voltage, beyond a certain threshold, the global 

direction of the EHD force does not change significantly when 𝑓 > 1 cm, although the 

magnitude of this EHD force increases as the voltage increases. 
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The effect of the applied voltage on the spatial distribution of EHD force is illustrated 

in Figure IV.11 which indicates that the magnitude of the EHD forces below the wires along 

the line 𝑦 = 0.5 cm axis decreases as the applied voltage diminishes. As an example, the 

maximum EHD force is approximately 0.098 N/cm3
 at an applied voltage of 12.5 kV, while it 

decreases to 0.06 N/cm3
 at 𝜙 = 11.0 kV and further drops to 0.025 N/cm3at 𝜙 = 9.50 kV. 

 

Figure IV.11. EHD force magnitude distribution below the wire along the line 𝑦 = 0.5 𝑐𝑚 for: inter-wire distance 

𝑓 = 0.2 𝑐𝑚; wires radius 𝑟0 = 100 µ𝑚; inter-electrode distance, 𝑑 = 0.5 𝑐𝑚; and high voltage 𝜙 = 9.5, 11 and 

12.50 𝑘𝑉 . 

To explain why the angle of the average direction of the EHD force is high at small 

values of the applied voltage and starts decreasing when the applied voltage increases, the 

density of space charge is plotted along two chosen electric field lines in Figure IV.12. For an 

applied voltage of 8 kV, the distribution of the space charge density is the same for the two 

lines; in fact, these two lines are considered to be symmetric with respect to the axis (𝑥 = 𝑓/2 +

𝑟0): these two lines are defined by the two symmetrical starting points on the surface of the wire 

which are (𝑥 = 𝑓/2, 𝑦 = 𝑑 + 𝑟0) and (𝑥 = 𝑓/2 + 2𝑟0, 𝑦 = 𝑑 + 𝑟0), respectively. However, 

when the voltage is increased further, the charge density on the left (right) of the right wire (left 

wire) becomes more significant than that on the right (left) of the right wire (of the left wire). 

This means that the global direction of the EHD force deviates toward the left (right) for the 

right wire (left wire) since the EHD force is the product of the charge density and the electric 

field. It is important to note that the orientation of the electric field remains constant at each 

point in space (or locally constant) regardless of the applied voltage. Consequently, the 
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direction of the EHD force also remains constant at each point, contrary to the global (or 

average) direction of the EHD force, which undergoes variation due to alterations in the 

distribution of charge density, as explained above. 

 

Figure IV.12. Density of space charge along two electric field lines defined by two symmetrical starting points on 

the surface of the wire which (𝑥 = 𝑓/2, 𝑦 = 𝑑 + 𝑟0) and (𝑥 = 𝑓/2 + 2𝑟0, 𝑦 = 𝑑 + 𝑟0), respectively, for: interwire 

distance 𝑓 = 0.2 𝑐𝑚; wires’ radius 𝑟0 = 100 µ𝑚; wire-plate electrode distance, 𝑑 = 0.5 𝑐𝑚; and high voltage 

𝜙 = 8.0, 9.5, and 11.0 𝑘𝑉. 

Figure IV.13 shows the 2-D spatial distribution of the wind velocity magnitude in the 

case of two wires distant with 𝑓 = 0.2 cm and for three applied voltage values (Figure IV.13 

(a), 𝜙 = 8 kV; Figure IV.13 (b),  𝜙 = 8, 5 kV; and Figure IV.13 (c), 𝜙 = 11 kV). A comparison 

of the three cases confirms that the shielding effect is more significant when the applied voltage 

is higher. 

This effect is primarily manifested in two ways: an increased inclination of the electric 

wind direction and a shift in the position of the maximum velocity 𝑣𝑚𝑎𝑥, which undergoes a 

notable increase in magnitude from 1.58 m/s (at 8 kV) to 5.5 m/s (at 11 kV). In addition, the 

two vortices are expanded toward the left and right boundaries, with a length of approximately 

𝑥 = 1.64 cm. Finally, it is important to note that the structure of the wind velocity (the 2-D 

spatial distribution) undergoes a complete transformation at higher applied voltages (𝜙 =

11 kV). Specifically, at this voltage level, the two nearest vortices between the two wires almost 

disappear entirely. Instead, the other two vortices become adjacent, occupying a large portion 

of the interwire space and expanding slightly toward the channel ends (Figure IV.13 (c)). 
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Figure IV.13. Two-dimensional spatial distribution of gas velocity magnitude corresponding to two stressed wires 

separated by distance 𝑓 = 0.2 𝑐𝑚, for a wire radius 𝑟0 = 100 µ𝑚, a wire-plate electrode distance 𝑑 = 0.5 𝑐𝑚, 

and a high voltage (a) 𝜙 = 8 , (b) 𝜙 = 8.5, and (c) 𝜙 = 11 𝑘𝑉. 

The disappearance of the two small vortices, which were reduced in volume due to the 

reduction in the distance 𝑓 (as shown in Figure IV.13 (b)), can be attributed to a significant 

increase in the size and strength of the two vortices that are located outside the interwire space. 

As a result, the two small vortices are compressed against the plate, minimized, and ultimately 

eliminated when the applied voltage is sufficiently high. On the other hand, when considering 

a small interwire distance of 𝑓 = 0.2 cm and an applied voltage higher than 9 kV, the direction 

of the electric wind underneath the wires does not exhibit a significant change. However, the 

maximum velocity 𝑣𝑚𝑎𝑥  of the electric wind increases considerably closer to the grounded 

plate. 

It can be concluded that when the applied voltage is sufficiently high, and the interwire 

distance is small, the behavior of the two wires is analogous to that of a single wire, as only two 
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vortices are formed, similar to the case of a single wire. It should also be noted that for small 

interwire spacing, the overall wind velocity profile undergoes a complete change when 

transitioning from low to high applied voltage levels. 

IV.2.4.2 Effect of the Wire-Plate Electrode Distance 

 The influence of the wire-plate electrode distance on the EHD force and on the wind 

velocity profile is shown in Figure IV.14 and Figure IV.15 for an interwire distance of f = 0.2 

cm and three different wire-plate electrode distances of d = 0.5, 1.0, and 1.5 cm. 

 

Figure IV.14. Variation in the angle θ that indicates the average direction of the EHD force as a function of the 

high voltage for interwire distance f = 0.2 cm; wires’ radius 𝑟0 = 100 µ𝑚; and wire-plate electrode distance, d 

= 0.5, 1, and 1.5 cm. 

According to the results shown in Figure IV.14, for a fixed applied voltage level, the 

angle representing the average of the EHD force direction decreases as the wire-plate electrode 

distance d is reduced. For instance, at a high voltage of 11 kV, the angle θ assumes values of 

56.98°, 39.06°, and 23.17° for wire-plate electrode distances of 1.5, 1.0, and 0.5 cm, 

respectively. 

Nonetheless, the effect of reducing the angle θ as d decreases becomes less pronounced 

at higher applied voltages, eventually becoming negligible. This suggests that beyond a certain 

threshold of the applied voltage, the direction of the EHD force is only minimally inclined with 
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respect to the x = 0 axis, even as the magnitude of the EHD force continues to increase with the 

applied voltage. 

Figure IV.15 illustrates the spatial distribution of the magnitude of the EHD force below 

the wire along the line y = d. It is evident from the figure that increasing the inter-electrode 

distance from 0.5 to 1.0 cm and subsequently to 1.5 cm significantly reduces the magnitude of 

the EHD force. For an example, for an applied voltage of 11kV and inter-electrode distances of 

0.5, 1, and 1.5cm, the maximum magnitude of the EHD force (𝐹𝑚𝑎𝑥) is 6.19 × 10−2, 

0.71 × 10−2, and 0.15 × 10−2 N/cm3, respectively. Figure IV.15 also shows that the 

magnitude distribution of the EHD force is not symmetric versus each vertical axis passing by 

the center of each wire, due to the shielding effect. Specifically, the magnitude of the EHD 

force is lower in the space between the two wires than in the space outside the discharge wires. 

This effect becomes more apparent as the inter-electrode distance decreases. 

 

Figure IV.15. EHD force magnitude distribution below the wire along the line y = d for: inter-wire distance f = 0.2 
cm; wires radius𝑟0 = 100 µ𝑚; interelectrode distance, d = 0.5, 1 and 1.5 cm; and high voltage ϕ = 11 kV. 
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Figure IV.16. Two-dimensional spatial distribution of gas velocity magnitude corresponding to two stressed wires 

separated by distance f = 0.2 cm; for a wire radius 𝑟0 = 100 µ𝑚; an interelectrode distance (a) d = 1.0 cm and 

(b) d = 1.5 cm; and a high voltage 𝜙 = 15.5 𝑘𝑉. 

The 2-D spatial distribution of the wind velocity for two wires with an interwire distance 

of 𝑓 = 0.2 cm, an applied voltage of ϕ = 15.5 𝑘𝑉, and a wire-plate electrode distance of 𝑑 =

1 cm is presented in Figure IV.16 (a). Despite the applied voltage being significantly increased 

to 15.5 kV, the overall pattern of the electric wind velocity observed for a small distance of 𝑓 =

0.2 cm remains unchanged from the previous case at 11 kV [as shown in Figure IV.13 (c)]. 

Similarly, Figure IV.16 (b) displays the 2-D spatial distribution of wind velocity for the same 

parameters as Figure IV.16 (a), but with an increased wire-plate electrode distance (d) of 

approximately 1.5 cm. The results show that the distance d has a more significant impact on the 

general pattern of the EHD force and therefore the EHD flow compared with the high voltage, 

as evidenced by the decrease in the maximum velocity 𝑣𝑚𝑎𝑥 from 4.67 m/s (at d = 1 cm) to 2.8 

m/s (at d = 1.5 cm) and the widening of the vortices, which extend up to approximately x = 4.7 

cm. Therefore, the increase in distance d up to 1.5 cm further confirms the crucial role played 

by distance d in shaping the EHD flow. 

For both the figures, the increase in vortex size as the wire-plate electrode distance d 

increases is primarily attributed to the larger volume of the reactor, which allows the EHD flow 
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to occupy a greater space. This expansion in volume results in a weaker EHD force, which is 

responsible for the decrease in velocity. 

IV.2.4.3 Effect of the Wire Radius 

 The angle variation formed by the average direction vector of the EHD force with 

respect to the axis perpendicular to the GP (𝑥 = −𝑓/2 − 𝑟0  or 𝑥 = 𝑓/2 + 𝑟0) for three different 

wire radius values is plotted in Figure IV.17. It can be seen that decreasing the radius 𝑟0 causes 

a significant decrease in the angle, especially at low applied voltages. For instance, at an applied 

voltage of 11 kV, the angle θ has values of 33.57°, 23.17°, and 15.22° for wire radii of 150, 100, 

and 50 µm, respectively. 

 

Figure IV.17. Variation in the angle θ that indicates the average direction of the EHD force as a function of the 

high voltage for interwire distance f = 0.2 cm; wires’ radius 𝑟0  = 50, 100, and 150 µ𝑚; and interelectrode 

distance d = 0.5 cm. 
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Figure IV.18. EHD force magnitude distribution below the wire along the line y = 0.5 cm for: inter-wire distance 

f = 0.2 cm; wires radius 𝑟0  = 50, 100 150 µ𝑚; inter-electrode distance, d = 0.5 cm; and high voltage ϕ = 9.5 kV. 

Figure IV.18 illustrates that for any value of the wire radius r0, the distribution of the 

magnitude of the EHD force just below the wire (y = 0.5 cm) is slightly asymmetrical with 

respect to a straight line passing through the center of each wire and parallel to the oy axis. 

Reducing the wire radius increases the EHD force. For instance, the maximum magnitude of 

the EHD force, 𝐹𝑚𝑎𝑥, becomes increasingly larger as the wire radius, 𝑟0, decreases. such as, 

when 𝑟0  takes the values 150, 100, and 50 µm, and a high voltage of 9.5 kV is applied, 𝐹𝑚𝑎𝑥 

takes approximately the values 1.2 × 10−2, 3.25 × 10−2, and 10.5 × 10−2
 N/cm3, 

respectively. 

According to the findings presented in Figure IV.19, reducing the wire radius can lead 

to a more intense EHD flow, as evidenced by the electric wind velocity just below each wire. 

For instance, for wire radii of 50, 100, and 150 µm, the electric wind velocity just beneath the 

wire (either the right or the left wire) in the direction of the gas flow is approximately 4.80, 

3.86, and 3.8 m/s, respectively. The reduction in EHD flow velocity is greater when the radius 

is increased from 50 to 100 µm than when the radius is from 100 to 150 µm. What stands out 

in this figure is that the velocity profile completely changes at a wire radius of 150 µm: two 

extra small vortices are formed underneath the two wires. This is because the EHD force is 

smaller at a higher wire radius, which means that the external vortices cannot eliminate or 

suppress the smaller ones just below the two wires. This behavior was also observed at a low 

applied voltage (Figure IV.13). 
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Figure IV.19. Two-dimensional spatial distribution of the magnitude of the gas velocity inside the reactor for two 

wires: the distance between the two wires is f = 0.2 cm; the interelectrode distance is d = 0.5 cm; the applied 

voltage is 𝜙 = +11 𝑘𝑉; and the radius of each wire is (a)  𝑟0 = 50, (b) 𝑟0 = 100, and (c) 𝑟0 = 150 µ𝑚. 

IV.3  Conclusion 

Our new numerical model is exploited to study the shielding effect that can arise 

between adjacent corona discharge electrodes in two-wire-to-plate electrostatic precipitators. 

As it is known in many applications of electric wind, such as cooling systems, propulsion, and 

aerodynamic flow, the structure of the EHD flow is a critical parameter that can help control 

and optimize devices used in such applications. Thus, the present investigation highlights the 

effect of mutual electrostatic interaction or shielding between two high-voltage wire electrodes 

on changing the direction and magnitude of the EHD force and the overall structure of the EHD 

flow. In essence, the present modeling focuses on the effect of shielding on the EHD flow 

structure, an aspect that has not received much attention in the literature. The main results of 

this study are given below. 
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➢ The attenuation of the electric current, the space charge, and the magnitude of the EHD 

force is more dominant as the distance between the wires gets smaller. This is due to the shielding 

effect between the wires, which reduces the electric field strength and limits the flow of ions and 

electrons. 

➢ The asymmetrical distribution of the space charge and the EHD force is due to the 

interaction between adjacent wires, which results in a deflection of the flow. As the distance 

between the wires decreases, this deflection becomes more pronounced, leading to a larger 

asymmetry in the distribution of the space charge and the EHD force. 

➢ The wire-plate electrode distance and the applied voltage are important factors that 

affect the structure of the EHD flow. In addition, the wire radius also plays a significant role in 

determining the magnitude and direction of the EHD force. The effects of these factors are as 

follows.  

• When the distance between the wires is decreased, it can cause a change in the direction of 

the EHD flow and a decrease in the gas velocity magnitude. This is because the interaction 

between the wires becomes stronger as the distance between them decreases, leading to 

more complex flow structures. 

• At a small distance (𝑓 < 1 cm) and a sufficiently high voltage level, the increase in 

velocity overcomes its decrease due to the short distance 𝑓, causing the two wires to behave 

as a single wire and directing the EHD flow almost along the wire-plate electrode axis 

(𝑥 =  0). 

• Increasing the distance d between the wires and the plate has the opposite effect compared 

with increasing the applied high voltage. Notably, as the distance d increases, the EHD 

flow’s velocity decreases, and the size of the vortices becomes larger. Furthermore, when 

the distance f is sufficiently small, the effect of the distance d on the EHD flow is more 

significant than that of the high voltage. 

• As the wire radius increases, the strength of the EHD force decreases, but at the same time, 

the angle between the overall direction of the EHD force and the x = 0 axis increases. 

Overall, the results of this study provide insight into the effect of the shielding between 

two high-voltage wires on the EHD flow structure and highlight the importance of considering 

this effect in the design and optimization of electrostatic precipitators and other devices that 

rely on the EHD flow. 
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 : Numerical study of a New 

Corona Ionic Wind Blower used for Solar 

Panel cleaning 

The potential of solar energy as a sustainable power source remains hindered by various 

efficiency limitations. One of the major challenges is the accumulation of dust on photovoltaic 

(PV) panels, leading to the decrease of the efficiency and the need for regular cleaning. To 

address this issue, this work aims to explore the use of ionic wind, generated by corona 

discharge, as an innovative method for dust removal from PV panels.  In line with this objective, 

this chapter presents a numerical analysis of electro-hydrodynamic (EHD) air blowers with 

wire-to-rectangle configurations to harness the potential of ionic wind for cleaning PV panels. 

The study utilizes 2D models that have undergone experimental validation. The results 

highlight a parametric analysis, shedding light on how different geometrical parameters 

influence the performance of the ionic wind air blower and its energetic efficiency. The 

geometrical parameters considered in the simulation are the distance between electrodes, the 

width of the grounded plate, the wire radius and the inclusion of the grounded plates. 
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V.1 Introduction 

The current study expands upon our earlier research [1], delving into a numerical 

exploration of electro-hydrodynamic (EHD) air blowers employing wire-to-rectangle electrode 

configurations, specifically designed for cleaning of photovoltaic (PV) panels. Despite the great 

potential of solar energy, it currently makes up only a small fraction of the world’s energy 

supply due to many problems that limits their efficiency [2]. For example, as shown in the 

literature, accumulated dust on photovoltaic (PV) panels can significantly decrease their 

efficiency [3], making it necessary to clean them regularly. There are three main cleaning 

methods for PV panels: mechanical, coating, and electrostatic techniques [4, 5]. Among 

mechanical techniques, air-blowing [6], robotic [7, 8], water-blowing [9], and ultrasonic 

vibration methods [10] are investigated, but they consume substantial power due to their 

moving parts. Water-based cleaning is efficient but has the drawback of using significant 

amounts of water, especially problematic in arid regions [11, 12]. The coating method involves 

nanotechnology to create super hydrophilic and hydrophobic thin films on the solar panel 

surface [13]. While effective, it can be further combined with other techniques for better results 

[14]. 

Apart from these, there are two electrostatic methods: one relies on induction 

electrostatic charge to repel dust particles using parallel electrodes with high voltage [15, 16]. 

The drawback is the need for two power supplies with opposite polarities for charging and 

lifting particles. The other method, known as EDS (Electrodynamic Screen) cleaning, expels 

dust using electric curtain boards with parallel wire electrodes on a dielectric layer deposited 

on the panel glass [17, 18]. However, its effectiveness depends on the electrical characteristics 

of the sand particles [19, 20]. 

The ionic wind, which is an airflow generated by corona discharge, is being explored 

for the first time by our team with collaboration with APLEC laboratory of Sidi bel Abbes 

University [21, 22] as an alternative method for cleaning dust from the surfaces of photovoltaic 

(PV) panels. The ionic wind has several advantages over traditional cleaning methods, such as 

the ability to avoid using water in areas where it is either unavailable or too expensive [21]. 

Additionally, it does not require solid parts movement, that can damage the surface of 

photovoltaic (PV) panels, and increase maintenance costs. 
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In addition to its utilization in enhancing the efficiency of solar panels, the ionic wind 

has others various interesting applications across different fields. Some of the notable 

applications include fluid pumping [23], cooling system [24], evaporation and drying [25, 26], 

electrohydrodynamic thrusters [27, 28], and aerodynamic flow control [29]. 

In this context, to comprehend the mechanisms governing the cleaning of solar panels 

from dust particles through the utilization of electric wind, this chapter presents a 

comprehensive numerical study focusing on electro-hydrodynamic (EHD) air blowers equipped 

with wire-to-rectangle configurations.  In reference [21], we have shown through experiments 

that ionic wind can be successfully used for dust cleaning from solar panels surface. A corona 

system based on needles-rectangular plate configuration has been presented. However, a 

geometrical optimization of the device is necessary in order to improve its efficiency. In this 

work, a numerical study of such ionic wind air blower device is presented. The analysis is based 

on 2D numerical simulation of the electric field, space charge, and the generated EHD 

phenomena. The simulation is validated experimentally using electric current and air velocity 

measurements. The results include a parametric analysis that demonstrates how the geometrical 

parameters affect the performance of the air blowers. The present study constitutes an extension 

of our previous work, specifically the simulation [1], by considering the efficiency of the 

conversion of electric energy to mechanical energy. 

The current simulation employs an innovative approach capable of managing complex 

electrode configurations [30]. It relies exclusively on numerically integrating the Laplacian 

electric field to ascertain the electric field lines. Subsequently, employing previously developed 

semi-analytical formulations [31, 32], the method yields satisfactory approximations of the 

electric field and space-charge density, facilitating the determination of the EHD force density. 

This approach stands out for its ease of implementation and computational efficiency. Unlike 

finite element method (FEM) or finite volume method (FVM) approaches [33, 34], it does not 

necessitate iterative processes on an unstructured mesh to solve electrical equations. Moreover, 

it sidesteps convergence issues typically associated with solving the Gauss equation coupled 

with continuity equations of charged species. 

V.2 Results and discussion 

The electro-hydrodynamic air blower device is composed of a wire electrode that is 

connected to a high DC voltage and a grounded rectangular shape frame electrode. A 2D 
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graphic of the blower device is shown in Figure V.1. The EHD force, generated by the corona 

discharge, causes the electric wind to flow from the wire electrode, toward the frame electrode, 

and then exit through two openings located below the frame. To simulate the EHD flow, we 

assume that the corona discharge is in the stationary regime. To evaluate the EHD force acting 

on air, it is necessary to calculate the electric field and the charge density. 

 

Figure V.1. Schematic illustration of the corona ionic wind blower (rectangular plate). d = 3 cm, l = 1 cm, 𝑟0 =
100 µ𝑚, L = 3 cm. 

The numerical results are shown in Figure V.2 - Figure V.6, which illustrate the 

distributions of the electric field, space charge density, EHD force, and EHD velocity flow, 

respectively. Validation results are presented in Figure V.9, comparing the outlet velocity 

obtained from the simulation against experimental data. The numerical analysis explores the 

impact of design parameters on the EHD air flow, including the inter-electrode distance (d), 

ground plate width (l), wire radius (𝑟0) and inclusion of the grounded plates. 

The numerical results presented in this section were obtained using a corona wire of 

radius 𝑟0 = 100 µm and an inter-electrode separation 𝑑 = 3 cm. The negative voltage applied 

to the corona wire have been chosen to be 𝜙 = −25 𝑘𝑉, which corresponds to a current 

intensity per unit of wire length of 805 μA/m. 
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Before delving into the behavior of the EHD force, it is essential to provide an overview 

of the electric field and space charge density profiles, as the EHD force is intricately linked to 

these physical quantities through equation (II.49). The two-dimensional distribution of the 

electric field is depicted in Figure V.2, with additional clarity achieved by plotting the electric 

field lines starting from the wire and extending to the two plates. Notably, the electric field 

intensity exhibits significant value near the wire, reaching approximately 1.19 × 107 V/m. 

However, it rapidly decreases as we move in the direction of the plates. For instance, at the end 

of the line, the electric field intensity diminishes to around 106 V/m. This variation in electric 

field intensity has significant implications on the acceleration of air gas particles within the drift 

region. A close examination of Figure V.2 shows that the electric field's minimal value is 

reached a few millimeters before the plate and then rises toward the plates. This is due to the 

accumulation of space charges, which intensifies the electric field on the ground electrode. The 

electric field on the wire surface can be determined by Peek's law [35]. However, in the drift 

region, the mobility of the ions impacts the intensity of the electric field. 

 

Figure V.2. 2D-spatial distribution of the electric field for 𝑑 = 3 𝑐𝑚, 𝑙 = 1 𝑐𝑚, 𝑟0 = 100 µ𝑚, 𝐿 = 3 𝑐𝑚 and 𝜙 =
−25 𝑘𝑉. 

In the negative corona, electrons are expelled from the wire. As these electrons travel, 

they undergo inelastic collisions with neutral molecules, resulting in ionization and the creation 
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of secondary electrons. During this process, the positive ions produced are drift towards the 

wire. 

Simultaneously, electrons combine with neutral particles, forming negative ions that 

drift towards the plates. As a result of these processes, the space charge in the drift region is 

predominantly dominated by the presence of negative ions (Figure V.3). 

 

Figure V.3. 2D-spatial distribution of the space charge density for 𝑑 = 3 𝑐𝑚, 𝑙 = 1 𝑐𝑚, 𝑟0 = 100 µ𝑚, 𝐿 = 3 𝑐𝑚 

and 𝜙 = −25 𝑘𝑉. 

Figure V.3 presents the 2D special distribution of the space charge density. According 

to M. R. Bouazza et al. [32], electrons have a small contribution to the total EHD force since 

their number density is at least two orders of magnitude lower than the densities of positive and 

negative ions. As a result, in the ionization region, the EHD force is predominantly owing to 

positive ions, with the cathode having the maximum force density (∼ 1.08 × 104 N/m3). 

Negative ions, on the other hand, are the largest contributors to the EHD force in the drift region. 

Indeed, it is important to highlight that the electric field intensity in the drift region is 

approximately one order of magnitude lower than that in the ionization region. As a result, the 

EHD force exerted in the drift region is correspondingly weaker, even though its influence 

extends over a larger area. Certainly, the difference in electric field strength between the 
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ionization region and the drift region plays a crucial role in shaping the magnitude and impact 

of the Electro-Hydrodynamic (EHD) force within the cleaning blower device. 

It seems form Figure V.3 that there is no space charge at the central section of the cell 

(at x = 0 cm). However, Figure V.4 provides a detailed cross-sectional view of the space charge 

distribution of Figure V.3 along the axes at y = 0.25 cm, y = 1.1 cm, and y = 3.0 cm. The 

analysis reveals that while the space charge slightly decreases towards the center of the cell (at 

x = 0 cm), it remains clearly non-zero. This indicates that a measurable space charge is present 

at the center, even though it is reduced in comparison to other regions of the cell. 

 

Figure V.4. The spatial distribution of the space charge density along the axes at 𝑦 = 0.25 𝑐𝑚, 𝑦 = 1.1 𝑐𝑚, and 

𝑦 = 3 𝑐𝑚, for 𝑑 = 3 𝑐𝑚, 𝑙 = 1 𝑐𝑚, 𝑟0 = 100 µ𝑚, 𝐿 = 3 𝑐𝑚 and 𝜙 = −25 𝑘𝑉. 

Figure V.5 depicts the 2D spatial distributions of EHD force density, as well as a zoom 

around the wire. As previously stated, the EHD force undergoes a sign reversal towards the 

boundary where electron attachment takes over ionization. The air gas is pushed towards the 

plates in the negatively charged drift region. 

Figure V.6 illustrates the gas velocity distribution in the inter-electrode space generated 

by the negative corona discharge, together with the streamlines, with a −25 𝑘𝑉 applied voltage. 

Because the corona plasma region is limited to a small layer around the wire, the flow 

distribution shown in Figure V.6 is primarily determined by the EHD force acting in the drift 

zone. The EHD force acts as a propulsive mechanism, accelerating the air gas from the corona 
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wire towards the two plates. As the air gas approaches the plates, it undergoes deflection along 

each plate's surface. Consequently, in the downstream region of the wire, the flow structure is 

 

Figure V.5. 2D-spatial distribution of the of EHD force density for 𝑑 = 3 𝑐𝑚, 𝑙 = 1 𝑐𝑚, 𝑟0 = 100 µ𝑚, 𝐿 = 3 𝑐𝑚 

and 𝜙 = −25 𝑘𝑉. 

 

Figure V.6. 2D spatial distribution of the ionic wind velocity inside the blower device for 𝑑 = 3 𝑐𝑚, 𝑙 = 1 𝑐𝑚, 

𝑟0 = 100 µ𝑚, 𝐿 = 3 𝑐𝑚 and 𝜙 = −25 𝑘𝑉. 
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characterized by the presence of two recirculating and stable vortices situated above each plate, 

originating from hydrodynamic effects. A detailed examination of Figure V.6 highlights a tiny 

asymmetry in the gas flow, which stems from the use of an unstructured triangular mesh. While 

this asymmetry has minimal influence on the overall flow dynamics, it can be addressed by 

increasing the mesh density. However, this approach may be computationally expensive, 

particularly during parametric studies. Thus, finding an optimal balance between mesh 

resolution and computational efficiency is crucial.  The maximum air velocity, reaching 

approximately 2.1 m/s, is observed beneath the wire and within the deflected flow that circulates 

parallel to the walls on both sides of the blower. Furthermore, the gas velocity remains high at 

the outlet boundaries due to the small outlet surface, which enhances the flow's kinetic energy 

in those regions. The combination of these flow characteristics and vortices contributes to the 

overall efficiency and performance of the EHD air blower. Understanding these flow patterns 

is vital for optimizing the design and functionality of such EHD device. 

V.3 Comparison with experiments 

In this subsection, modeling results are compared with our experimental measurements. 

The studied cleaning device (or the blower device) is an electrostatic actuator that generates an 

'ionic wind' through corona discharge, facilitated by a system of electrodes consisting of a wire 

and a rectangular aluminum frame [22] (See Figure V.7). The grounded electrode, made of a 1 

cm wide aluminum strip (or plate), has an inner length of 23 cm. The high voltage electrode, a 

wire positioned 3 cm above the grounded electrode, is powered by a high-voltage DC source 

(XP Glassman, 40 kV, 10 mA). The ionic wind flows through the metal frame and exits through 

a 5 mm opening at the bottom of the actuator's front wall. This opening is an empty space 

between the actuator's lower part and the surface of the solar panel. The actuator shaped as a 

parallelepiped and constructed from polyvinyl chloride (PVC). Wind velocity is measured with 

a hot-wire anemometer (Testo 405i), with the sensor positioned in the front of the actuator at 

the opening of the front wall through which the electric wind exits. It is to note that Figure V.1 

presents a cross-section of the actuator, which is indicated by the plane shown in Figure V.7. 
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Figure V.7. Schematic presentation of the experimental setup for the solar panel dust cleaning system. 

The validation process is twofold: Firstly, comparing the calculated electric current with 

the measured current-voltage characteristic of corona discharge to estimate the EHD force and 

flow profile. Secondly, comparing the model-predicted average flow velocity at the blower 

outlet with experimental measurements. More information about the experimental setup can be 

obtained from reference [22]. This comparison ensures the accuracy and reliability of the 

numerical model in simulating the EHD flow behavior. 

Figure V.8 and Figure V.9 show the numerical simulation of the current-voltage 

characteristic and the average outlet velocity versus applied voltage, respectively. The 

comparison, were conducted for corona wire of radius 100 µm, with the applied voltage being 

varied. Satisfactory agreement was observed for both parameters: the electric current and the 

outlet velocity. As confirmed by the results presented in Figure V.9, the raise of the applied 

voltage and, therefore, of the corona current intensity, implies an augmentation of the EHD 

force. Consequently, there is an increase in the ionic wind velocity at the outlet. These findings 

align with different published data suggest an almost linear dependence of the averaged wind 

velocity with the square root of the discharge current for others electrode configurations [36]. 
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Figure V.8. Current–voltage characteristic of a negative corona for d = 3 cm, l = 1 cm 𝑟0 = 100 µ𝑚, L = 3cm. 

 

Figure V.9. Wind velocity produced by a negative corona for d = 3 cm, l = 1 cm, 𝑟0 = 100 µ𝑚, L = 3cm. 

V.4 Calculation of mechanical efficiency 

To optimize energy usage and process effectiveness of the blower device, it is necessary 

to compute the efficiency of the conversion of electric energy to mechanical energy. In addition, 

understanding the energy efficiency of generation of the electric wind, such as in corona 

discharge devices, is crucial for advancing sustainable and resource-efficient manufacturing 
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processes of solar energy. Note that the results presented in this section are based on numerical 

simulations. 

The efficiency of generating the electric wind, which expresses the conversion of the 

electric energy into mechanical energy, can be calculated using the relation [37]: 

 


𝑒𝑓𝑓
=

𝑃𝑚𝑒𝑐

𝑃𝑒𝑙𝑒
 (V.1) 

With 𝑃𝑚𝑒𝑐 is the mechanical energy (power) given by 

 
𝑃𝑚𝑒𝑐 =

1

2
𝜌𝐴𝑔𝑣𝑔

3 (V.2) 

Where, 𝐴𝑔 the gas flow cross-section and 𝑣𝑔 the airflow velocity crossing the surface 𝐴𝑔.  

𝑃𝑒𝑙𝑒 is the electrical energy (power) given by 

 𝑃𝑒𝑙𝑒 = 𝜙. 𝐼 (V.3) 

where 𝜙 is the applied voltage and I is the electric current. 

Replacing (V.2) and (V.3) in (V.1) gives 

 


𝑒𝑓𝑓

=

1
2 𝜌𝐴𝑔𝑣𝑔

3

𝜙. 𝐼
 (V.4) 

The measured characteristic current-voltage taken from reference [22] can be well fitted 

using the famous formulas [38, 39]: 

 𝐼 = 𝑐1 ⋅ 𝜙 ⋅ (𝜙 − 𝜙𝑜𝑛𝑠𝑒𝑡) (V.5) 

where 𝑐1 is geometric constant and 𝜙𝑜𝑛𝑠𝑒𝑡 is the onset voltage. 

In our case, as shown by Sigmond’s law [37], the airflow velocity 𝑣𝑔 is proportional to square 

root of the electric current as follow: 
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𝑣𝑔 = √
𝐼. 𝑑

𝜌𝜇𝑛𝐴𝑔
 (V.6) 

Equation (V.6) can be written; 

 𝑣𝑔 ≈ 𝑐2√𝐼 (V.7) 

where 𝑐2 is a constant that depends on geometrical and mechanical parameters. 

Replacing (V.7) and then (V.5) in (V.4) gives 

 


𝑒𝑓𝑓

=

1
2𝜌𝐴𝑔(𝑐2√𝐼)

3

𝜙 ⋅ 𝐼
=

1
2𝜌𝐴𝑔(𝑐2)

3√𝑐1 ⋅ 𝜙 ⋅ (𝜙 − 𝜙𝑜𝑛𝑠𝑒𝑡)

𝜙
≈ √(1 −

𝜙𝑜𝑛𝑠𝑒𝑡

𝜙
) (V.8) 

This relation illustrates that increasing the applied voltage (or the electric power) leads 

to a direct enhancement in the mechanical efficiency. The underlying physical explanation lies 

in the reduction of the plasma's equivalent resistance because of the produced charge density as 

the electric current (or electric power) intensifies, as shown by relation (II.49). This reduction 

implies that we generate more ions with less energy when increasing the input power. 

Consequently, the electric wind, generated through the collisions between ions and neutral 

particles, experiences an increase in the flow rate with a lower energy input. Thus, the overall 

efficiency is heightened due to the increased electric wind velocity achieved with less energy 

consumption. 

V.5 Parametric study 

V.5.1 Effect of the inter-electrode distance 

Figure V.10 and Figure V.11 illustrate the impact of the distance (d) between the wire 

and the ground frame on the average outlet velocity of the ionic wind and the mechanical 

efficiency. Four values of the inter-electrode distance are considered:  d = 1, 2, 3 and 4 cm, 

whereas the cleaner aperture L was fixed to 3 cm and l to 1cm. 
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Figure V.10. Ionic wind velocity versus the square root of the electric current for four different values of the inter-

electrode distance: d = 1, 2, 3 and 4cm. 

In both experiment and modelling, the critical voltage for the onset of corona discharge 

is found to be influenced by the separation between the wire and the plate (electrode separation). 

When the distance between the wire and the plates is increased, the corona onset voltage also 

rises, resulting in less electric current flowing for the same applied voltage. This reduction in 

electric current intensity leads to a lower Electro-Hydrodynamic (EHD) force and a decrease in 

the gas flow intensity within the drift region. For instance, reducing the inter-electrode gap from 

4 cm to 1 cm leads to a nearly 40% decrease in the outlet velocity. Additionally, as mentioned 

earlier, the outlet flow velocity follows the square root of the current intensity for all four values 

of the inter-electrode distance. This behavior of the gas velocity aligns with the expression (V.6) 

given by Sigmond's law [38]. 
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Figure V.11. The efficiency as function of the electric consumed power for four different values of the inter-

electrode distance. 

 

Figure V.12. Diagram showing the change in the direction of the force with the inter-electrode distance. 

As illustrated in Figure V.11, the efficiency increases with the inter-electrode distance 

(d), peaking at d = 3 cm, but slightly drops at d = 4 cm. This trend is explained by the enhanced 

distribution of electric field lines at larger d, improving kinetic energy transfer through the 
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vertical components of the Electro-hydrodynamic (EHD) force. However, a further increase in 

d, under constant electric power, reduces the impact of the EHD force due to decreased electric 

field strength. A delicate balance exists between the strength and direction of the Electro-

hydrodynamic force. For instance, at d = 3 cm, despite a lower EHD force strength than at d = 

1 and 2 cm, the electric EHD force is highly effective, characterized by an optimal angle (See 

Figure V.12). This results in a larger region between collecting electrodes, leading to a 

comparatively superior generation of ionic wind. 

V.5.2 Effect of the width of the grounded plates 

Figure V.13 depicts the relationship between the electric wind velocity and the size of 

the ground electrode or discharge cross-section where the aperture L was fixed to 3 cm. For 

instance, at an electric current of 150 µA, the wind velocity increases from 0.8 m/s to 1.25 m/s 

when the width of the grounded electrode is reduced from 1.5 cm to 0.1 cm. For a given value 

of the total electric current, the reduction in the width of the grounded plates leads to two 

contrasting effects. On one hand, a smaller discharge cross-section results in higher current 

density distribution, leading to a stronger Electro-Hydrodynamic (EHD) force. On the other 

hand, the overall volume action of the EHD force decreases. Based on the results in Figure 

V.13, the increase in current density has a dominant influence over the decrease in volume 

action of the EHD force due to the reduced cross-section. This results in an overall increase in 

electric wind velocity. Another parameter that appears to play an important role in increasing 

wind velocity is the reduction in the width of the grounded plate, which could lead to a pressure 

drop and subsequently reduce flow resistance. However, simulations conducted confirm that 

the pressure drop is not the dominant factor for the current geometrical parameters of the 

actuator. To demonstrate this, we calculated the outlet velocity with a ground plate width of 

𝑙 = 1.5 cm and 𝐿 = 2 cm. We then applied the same force corresponding to these dimensions 

to a smaller plate with 𝑙 = 0.1 cm and 𝐿 = 4.8 cm. For example, with an electric current value 

of 345µA, we observed a slight increase in wind velocity from 0.99 m/s to 1.05 m/s (See Figure 

V.14 (a) and Figure V.14 (c) below). However, this is still lower than the value of 1.146 m/s 

shown in Figure V.14 (b), which corresponds to the actual simulation for the plate with l = 0.1 

cm and L = 4.8 cm. This led us to conclude that the pressure drop is not the dominant effect in 

the parametric study. 
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Figure V.13. Ionic wind velocity versus the square root of the electric current for four different values of the width 

of the grounded plates: l = 0.1, 0.5, 1 and 1.5 cm 

 

Figure V.14. Streamlines and 2D spatial distribution of the ionic wind velocity inside the blower device for d = 3 

cm, 𝑟0 = 100 µ𝑚, (a)-l = 1.5 cm and L = 2 cm, (b)-l = 0.1 cm, L = 4.8 cm and I = 345µA. 

The correlation between the electric wind velocity and the configuration of ground 

electrode significantly impacts the mechanical efficiency. This relationship stems when the gas 

flow generated by the corona discharge traversing the aperture between the two grounded 

plates. Indeed, larger grounded electrodes slow down the gas flow by creating two tightened 
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vortices. In contrast, thicker grounded electrodes which create a higher EHD force density make 

the two vortices less stiff, resulting in a smoother flow with higher velocity, as depicted in 

Figure V.14. This leads to reduced energy loss, enhancing the efficiency of converting electric 

energy to mechanical energy, as illustrated in Figure V.15. For instance, at an electric power of 

14 Watts/m, the efficiency values are 0.09, 0.13, 0.15, and 0.19 for width's plate of 1.5, 1, 0.5, 

and 0.1 cm, respectively. 

 

Figure V.15. The efficiency as function of the electric consumed power for four different values of the width of the 

grounded plates. 

V.5.3 Effect of the wire radius 

The effect of varying the wire radius on the space charge density is shown in Figure 

V.16 and Figure V.17. The funding demonstrates that the space charge distributions across the 

discharge space are qualitatively similar for all three wire radii (𝑟0 =

50 µm, 100 µm, and 150 µm) (See Figure V.17 ). However, on a quantitative level, the space 

charge density increases as the wire radius decreases (See Figure V.17). It to note, that the 

distribution of the space charge has great influence on the EHD force distribution and therefore 

the EHD flow. 
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Figure V.16. 2D-spatial distribution of the space charge density for d = 3 cm, l = 1 cm, L = 3 cm, 𝜙 = −25 𝑘𝑉 

and 𝑟0 = 50 µ𝑚 (a), 𝑟0 = 100 µ𝑚 (b), 𝑟0 = 150 µ𝑚 (c). 

 

Figure V.17. The spatial distribution of the space charge density along the axes at y = 3. 5 cm for d = 3 cm, l = 1 

cm, L = 3 cm, ϕ = -25 kV and 𝑟0 = 50 µ𝑚 (a), 𝑟0 = 100 µ𝑚 (b), 𝑟0 = 150 µ𝑚 (c). 

The effect of varying the wire radius on the EHD velocity is illustrated in Figure V.18 

for an inter-electrode separation of 3 cm. Figure V.18 shows that the wire radius does not impact 

the wind velocity for any fixed value of the electric current, in line with relation (V.6). However, 

when the applied voltage remains constant, the wind velocity increases as the wire radius 
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decreases. According to Peek’s law [35], the radius of the corona wire affects both the electric 

field on the cathode (Equation (II.23)), and the critical voltage for the onset of corona discharge. 

 

Figure V.18. Ionic wind velocity versus the square root of the electric current for three different values of the wire 

radius: 𝑟0  =  50, 100, and 150 µ𝑚. 

Decreasing the radius of the corona wire results in a lower corona onset voltage and 

higher electric currents for the same applied voltage. For instance, at an applied voltage of 20 

kV, the electric currents corresponding to the mentioned radiuses are 540.9, 427.1, and 330.5 

µA, respectively. This is explained by the fact that the electric current is related to space charge 

which increases quantitatively with smaller wire radii although the space charge distributions 

remain qualitatively similar across the discharge space. Consequently, as the wire radius 

decreases, the current intensity increases, leading to a stronger Electro-Hydrodynamic (EHD) 

force and faster gas velocity. This correlation is clearly evident in the results depicted in Figure 

V.19. Indeed, using a lower wire radius offers the advantage of operating the cleaning devices 

with lower voltage. The effect of the wire radius on the trend of the mechanical efficiency 

differs from its influence on the trend of the wind velocity, as illustrated in Figure V.20. 

Notably, reducing the wire radius corresponds to an increase in efficiency. For instance, at a 

power of 15 W/m, efficiency rises from 0.11% to 0.138% when the wire radius decreases from 

150 µm to 50 µm. This behavior is attributed to the fact that a decrease in wire radius results in 

an increase in electric current which implies an increase in the gas velocity (see relation (V.6) 

or (V.7)) and, consequently, an improvement in efficiency, as previously explained. 
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Figure V.19. Ionic wind velocity versus the applied voltage for three different values of the wire radius: 𝑟0  =
 50, 100, and 150 µ𝑚. 

 

Figure V.20. The efficiency as function of the consumed electric power for three different values of the wire radius. 

V.5.4  Effect of the inclusion of the grounded plates 

In the modified electro-hydrodynamic (EHD) air blower device, as depicted in Figure 

V.21, the angle of deviation (𝜃𝑝) of the grounded rectangular plate electrode has been 

considered. This adjustment alters the configuration of the blower, specifically by decreasing 
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the total wide of the air blower's inlet while maintaining a constant outlet length. The modified 

geometry impacts the electric wind flow pattern, as the EHD force generated by the corona 

discharge will now have a different direction and magnitude due to the altered angle of the 

grounded plates. 

 

Figure V.21. Schematic illustration of the corona ionic wind blower (inclined plate). d = 3 cm, l = 1 cm, r = 100 

µm, L = 3 cm. 

Figure V.22 presents the current-voltage characteristics for five different incline angles 

(𝜃𝑝 = 0°, 30°, 45°, 60°, and 90°). The data indicate that, for a fixed applied voltage, the electric 

current decreases as the incline angle f increases. For instance, at − 25 kV, the current drops by 

25% when the angle changes from 0° to 30°, by approximately 12 % for the transitions from 

30° to 45° and 45° to 60°, and by 27% when the angle increases from 60° to 90°. At any applied 

voltage, the current is highest at 𝜃𝑝 = 0°, as the horizontal ground surface (anode) aligns the 

electric field lines perpendicularly, enhancing the space charge density. Conversely, as the 

incline angle increases, the ground surface moves further from the critical pole (cathode), 

reducing the electric charge and thus the current. 

Wire 

d 
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L 
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Outlet Outlet 

Plate 
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Figure V.22. Current-voltage characteristic for five different angles of inclined plate, 𝑑 =  3 𝑐𝑚, 𝑙 =  1 𝑐𝑚, 

𝑟0 = 100 µ𝑚, 𝐿 =  3 𝑐𝑚. 

 

Figure V.23. 2D-spatial distribution of the of EHD force density for 𝑑 =  3 𝑐𝑚, 𝑙 =  1 𝑐𝑚, 𝑟0 = 100 µ𝑚, L = 3 

cm, 𝐼 = 248 µ𝐴 and 𝜃𝑝 = 60° 

Figure V.23 displays the 2D spatial distributions of EHD force intensity, along with 

force lines and a zoom view around the wire. The EHD force magnitude lines extend from the 

wire toward the two lower plates, emanating from the wire's surface and diverging towards the 

plates on each side. As previously noted, in the case of negative corona discharge, the sign of 
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the electric force reverses around the boundary where the attachment coefficient equals the 

ionization coefficient.  

Figure V.24 offers valuable insights into the influence of electrode geometry on air 

velocity in the electrohydrodynamic (EHD) blower. It highlights that altering the ground 

electrode angle affects the velocity at which air moves through the system. Specifically, the 

higher inclined electrode configuration lead to greater air velocity compared to lower inclined 

angles, underscoring the importance of electrode geometry in improving blower performance. 

A key indication is that at an electrical current of 150 μA, the wind velocity rises from 1.01 m/s 

to 1.38 m/s when the grounded electrode surface tilt angle increases from 0° to 90°. 

 

Figure V.24. Comparison of ionic wind velocity versus the square root of the electric current for five different 

angles of inclined plate, 𝑑 = 3 𝑐𝑚, 𝑙 = 1 𝑐𝑚, L = 3 cm and 𝑟0 = 100 µ𝑚. 

The results depicted in Figure V.25 highlighting the mechanisms driving the observed 

differences in air velocity. The two-dimensional velocity profiles indicate that the rectangular 

ground electrodes in the configuration shown in Figure V.1 lead to the creation of two compact 

vortices, which obstruct the flow of gas and consequently lower the overall air velocity. On the 

other hand, the configuration presented in Figure V.21, which features inclined electrodes, 

produces a higher electrohydrodynamic (EHD) force density. This enhanced force density 

reduces the rigidity of the vortices, facilitating a smoother and more efficient airflow at 

increased velocities. 
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Figure V.25. Streamlines and 2D spatial distribution of the ionic wind velocity inside the blower device for 𝑑 =
3 𝑐𝑚, 𝑟0 = 100 µ𝑚, (a)- 𝜃𝑝 = 60°, (b)-  𝜃𝑝 = 0° and I = 248 µA. 

 

Figure V.26. The efficiency as function of the consumed electric power for five different electrode angles. 

Figure V.26 presents a detailed analysis of the efficiency of the electrohydrodynamic 

(EHD) blower as a function of power for five different electrode angles (0°, 30°, 45°, 60°, and 

90°). The data indicate a clear trend, showing that as the electrode angle increases, the efficiency 

of the device improves. For instance, at a power level of 15 W, the efficiencies for the 30°, 45°, 
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60°, and 90° angle configurations reach 0.12%, 0.125%, 0.135%, and 0.16%, respectively. For 

any given power value, the efficiency of the 0° (rectangular) device is comparable to that of the 

45° configuration. The observed increase in efficiency with greater electrode angles can be 

attributed to the enhanced flow dynamics associated with larger angles, as discussed in Figure 

V.24 and Figure V.25. The 90° configuration likely promotes a more efficient distribution of 

the EHD force, leading to smoother and more consistent airflow. This arrangement minimizes 

energy loss due to vortex formation, which was more prevalent in lower-angle geometries. 

I.1 Conclusion 

In this study, we explored the use of ionic wind generated by corona discharge as an 

innovative method for cleaning photovoltaic (PV) panels, addressing the issue of efficiency loss 

due to dust accumulation. We conducted a numerical analysis of electro-hydrodynamic (EHD) 

air blowers with wire-to-rectangle configurations to investigate the potential of corona 

discharge for generating airflow. The 2D models used were validated experimentally. Our 

results demonstrate how various design parameters affect EHD airflow, including the distance 

between electrodes, the width of the grounded plate, the wire radius and the inclusion of the 

grounded plates. Specifically, increasing the inter-electrode distance or the width of the 

grounded plate leads to the increase of the electric wind velocity, assuming a fixed electric 

current. On the other hand, reducing the wire radius increased the EHD force, leading to a 

higher electric wind velocity when the applied voltage remained constant. This positive 

correlation allows the cleaning devices to operate at lower voltages, which can improve energy 

efficiency and reduce operational costs. The conversion efficiency of electrical energy to 

mechanical energy is significantly influenced by geometrical parameters, as follows: 

➢ Optimal efficiency is achieved at an inter-electrode distance of 3 cm, where the electric 

field distribution is most effective, maximizing the kinetic energy transfer through 

electrohydrodynamic (EHD) forces. 

➢ Using thicker grounded electrodes reduces vortex stiffness, resulting in a smoother and 

faster gas flow. This decrease in energy loss improves the efficiency of converting electrical energy 

into mechanical energy. 

➢ Reducing the wire radius increases the electric current and gas velocity, which enhances 

mechanical efficiency.  
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➢ Inclined electrode configuration results in higher air velocity than lower angles, 

highlighting the crucial role of electrode geometry in enhancing blower performance. 

The findings allow us to design a geometrically optimized system to investigate the 

efficiency of the ionic wind for solar panels cleaning in our future works. 
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Conclusions 

his work explored and modeled the complex phenomena associated with corona discharge 

and its applications in electrohydrodynamic (EHD) systems, integrating concepts from 

plasma physics, fluid mechanics, and electrical engineering to enhance understanding and 

practical implementation. 

The work began with the development of a robust modeling approach for steady-state 

corona discharge using Laplacian electric field lines as a starting point. Approximated 

analytical expressions for the electric field intensity along these lines, coupled with a simple 

root-finding algorithm, enabled the determination of the space charge distribution and EHD 

force density. This approach avoids the numerical convergence issues typically associated with 

coupling Gauss's law with the charge continuity equation. Additionally, the model 

demonstrated versatility by accommodating various electrode configurations, such as wire-to-

cylinder and wire-to-plate setups, for both positive and negative DC corona discharges. The 

results highlighted the model's robustness and broad applicability, making it a valuable tool for 

practical design and analysis. 

The second part of this study expanded on this work by rigorously validating the 

numerical model through comparisons with experimental data. The model accurately 

reproduced critical electrical characteristics, such as current-voltage relationships and the 

spatial distribution of current density at the cathode, confirming its reliability in simulating 

corona discharges. Moreover, the model effectively predicted EHD characteristics, including 

ionic wind velocities and gas flow distributions, which were consistent with experimental 

observations. An improved electrode configuration for EHD air movers was proposed, featuring 

corona wires embedded within dielectric walls. This design simplified construction, enhanced 

velocity distribution, eliminated recirculating vortices, and achieved better energy efficiency 

than conventional configurations, addressing critical challenges in cooling systems, particularly 

for miniaturized electronic components.  

In the third part of this study, the investigation shifted to the shielding effect between 

adjacent corona discharge electrodes in two-wire-to-plate. The study focused on the impact of 

mutual electrostatic interactions on the structure of EHD flow, an aspect underexplored in the 

literature. Key findings included: 

T 
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• The attenuation of electric current, space charge density, and EHD force as the inter-wire 

spacing decreases, primarily due to shielding effects. 

• Increasing asymmetry in flow patterns and force distributions as wire spacing reduces, 

causing flow deflection and diminished efficiency. 

• The impact of parameters such as wire radius, electrode distance, and applied voltage on 

EHD flow direction, magnitude, and vortex structures, offering crucial insights for 

optimizing device performance. 

Finally, we conducted a parametric study on a novel application of ionic wind generated 

by corona discharge for cleaning photovoltaic (PV) panels, addressing efficiency losses caused 

by dust accumulation. A wire-to-rectangle electrode configuration was numerically modeled 

and experimentally validated. The study examined how design parameters, such as inter-

electrode distance, wire radius, and grounded plate geometry, influence EHD airflow. Results 

showed that increasing the inter-electrode distance or the plate width improved airflow velocity, 

while reducing the wire radius enhanced the EHD force, enabling lower operational voltages 

for cleaning devices. Specific geometric optimizations, such as inclined electrodes, were shown 

to enhance airflow, improving cleaning efficiency and reducing energy consumption. Notably: 

• Reducing wire radius or increasing inter-electrode spacing (3cm) enhanced ionic wind 

velocity, optimizing energy conversion from electrical to mechanical energy. 

• Thicker grounded electrodes reduced turbulence, leading to smoother airflow and 

improved energy efficiency. 

• Inclined electrode configurations further enhanced airflow velocity, showcasing the 

importance of geometric design in optimizing performance. 

Through a detailed investigation of corona discharge and its EHD effects, this work has 

demonstrated the versatility and applicability of numerical modeling in addressing key challenges 

across various engineering fields. It established a robust modeling framework, validated its 

accuracy, and explored its applications in diverse scenarios, including cooling systems, 

electrostatic precipitators, and PV panel cleaning. By addressing critical design parameters and 

offering innovative solutions, this research provides valuable insights for optimizing EHD-based 

technologies. The findings pave the way for future advancements in microfluidics, HVAC systems, 

and renewable energy solutions, offering practical pathways to enhance performance, energy 
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Abstract 

An electrical discharge is generated between two electrodes, one subjected to high 

voltage and the other grounded, within a gaseous environment. In such a setup, the plasma 

behavior is primarily influenced by physical parameters (e.g., high applied voltage, injected 

power) and geometric configurations (e.g., electrode spacing, electrode symmetry). This 

discharge results in the conversion of electrical energy into mechanical energy, producing what 

is known as electrohydrodynamic (EHD) flow or "ionic wind," characterized by a specific 

velocity. Ionic ventilation technologies have gained significant importance over the years in 

applications such as cooling microelectronic devices, preserving food products, and reducing 

training loads for astronauts. These systems are compact, easy to understand, silent, non-

polluting, and economically efficient. To better understand, control, and exploit ionic 

ventilation generated by electrical discharge, this study integrates comprehensive research on 

modeling, validation, and applications of corona discharge in EHD systems. It combines 

numerical simulation, experimental validation, and innovative design optimization to address 

both fundamental and practical aspects. Key contributions include a detailed overview of 

plasma and electrical discharges, with a focus on corona discharge and ionic wind phenomena, 

the development of a flexible methodology to determine space charge distribution and EHD 

force density—crucial for understanding ionic wind dynamics—and addressing challenges 

related to numerical convergence. The study also validates numerical models against 

experimental data, optimizes electrode designs for EHD air pumps to enhance cooling systems, 

particularly for microelectronics, investigates shielding effects between corona discharge 

electrodes in electrostatic precipitators, and explores EHD cleaning systems for photovoltaic 

panels, highlighting their effectiveness in mitigating dust accumulation and improving 

performance. This research provides a unified framework for advancing EHD applications, 

paving the way for cost-effective, energy-efficient solutions across multiple engineering fields. 

Keywords: ionic wind, corona discharge, numerical modeling, electrohydrodynamic force, 

shielding effect. 

Résumé 

Une décharge électrique est générée entre deux électrodes, l'une soumise à une haute 

tension et l'autre mise à la terre, dans un environnement gazeux. Dans ce contexte, le 

comportement du plasma est principalement influencé par des paramètres physiques (par 

exemple, la tension élevée appliquée, la puissance injectée) et des configurations géométriques 



 

 

 

(par exemple, l'espacement entre les électrodes, la symétrie des électrodes). Cette décharge 

entraîne la conversion de l'énergie électrique en énergie mécanique, produisant ce que l'on 

appelle un flux électro-hydrodynamique (EHD) ou "vent ionique," caractérisé par une vitesse 

spécifique. Les technologies de ventilation ionique ont gagné une importance significative au 

fil des années, dans des applications telles que le refroidissement des dispositifs 

microélectroniques, la conservation des produits alimentaires, et la réduction des charges 

d'entraînement pour les astronautes. Ces systèmes sont compacts, faciles à comprendre, 

silencieux, non polluants et économiquement efficaces. Afin de mieux comprendre, maîtriser 

et exploiter la ventilation ionique générée par la décharge électrique, cette étude intègre des 

recherches approfondies sur la modélisation, la validation et les applications de la décharge 

couronne dans les systèmes EHD. Elle combine la simulation numérique, la validation 

expérimentale et l'optimisation de conception innovante pour aborder à la fois les aspects 

fondamentaux et pratiques. Les contributions clés incluent une vue d'ensemble détaillée sur le 

plasma et les décharges électriques, avec un focus particulier sur les phénomènes de décharge 

couronne et de vent ionique, le développement d'une méthodologie flexible pour déterminer la 

distribution des charges spatiales et la densité de force EHD — élément crucial pour 

comprendre la dynamique du vent ionique — ainsi que le traitement des défis liés à la 

convergence numérique. L'étude valide également les modèles numériques par rapport aux 

données expérimentales, optimise les conceptions d'électrodes pour les pompes à air EHD afin 

d'améliorer les systèmes de refroidissement, notamment pour la microélectronique, explore les 

effets d'écran entre les électrodes de décharge couronne dans les précipitateurs électrostatiques, 

et étudie les systèmes de nettoyage EHD pour les panneaux photovoltaïques, mettant en 

évidence leur efficacité dans la réduction de l'accumulation de poussière et l'amélioration des 

performances. Cette recherche offre un cadre unifié pour faire avancer les applications EHD, 

ouvrant la voie à des solutions rentables et écoénergétiques dans de nombreux domaines de 

l'ingénierie. 

Mots clés : vent électrique, décharge électrique couronne, modèle analytique, force électro-

hydrodynamique, effet blindage. 

 ملخص

بيئة  يتم توليد تفريغ كهربائي بين قطبين كهربائيين، أحدهما يخضع لجهد كهربائي عالٍ والآخر مؤرض، داخل 

الطاقة   المطبق،  العالي  الجهد  )مثل  الفيزيائية  المعايير  على  رئيسي  بشكل  البلازما  سلوك  يعتمد  السياق،  هذا  في  غازية. 

المسافة بين ا الهندسية )مثل  إلى المحقونة( والإعدادات  التفريغ  الكهربائية(. يؤدي هذا  الكهربائية، تماثل الأقطاب  لأقطاب 



 

 

 

الكهروهيدروديناميكي التدفق  باسم  يعُرف  تدفق  عنه  ينتج  مما  ميكانيكية،  طاقة  إلى  الكهربائية  الطاقة  أو   (EHD) تحويل 

كبيرة على مدار السنوات في تطبيقات  "الرياح الأيونية"، التي تتميز بسرعة محددة. اكتسبت تقنيات التهوية الأيونية أهمية  

مثل تبريد الأجهزة الإلكترونية الدقيقة، والحفاظ على المنتجات الغذائية، وتقليل الأحمال التدريبية لرواد الفضاء. هذه الأنظمة 

الناتج الأيونية  التهوية  أفضل والسيطرة على  لفهم  اقتصاديًا.  الفهم، هادئة، غير ملوثة، وفعالة  التفريغ مدمجة، سهلة  ة عن 

تدمج  .EHD الكهربائي واستغلالها، تجمع هذه الدراسة بين بحوث شاملة لفهم نمذجة وتحقق وتطبيق تفريغ الهالة في أنظمة

تشمل   والتطبيقية.  الأساسية  الجوانب  لمعالجة  المبتكر  التصميم  وتحسين  التجريبي  والتحقق  الرقمية  المحاكاة  بين  الدراسة 

الرئيسية نظر الهالة المساهمات  التركيز بشكل خاص على ظواهر تفريغ  الكهربائية مع  البلازما والتفريغات  ة شاملة على 

عنصر أساسي —والرياح الأيونية، وتطوير منهجية مرنة لتحديد توزيع الشحنات الفضائية وكثافة القوة الكهروهيدروديناميكية

ات المتعلقة بالتقارب العددي. تؤكد الدراسة أيضًا على صحة  بالإضافة إلى معالجة التحدي—لفهم ديناميكيات الرياح الأيونية 

لتحسين أنظمة  EHD النماذج العددية بمقارنتها مع البيانات التجريبية، وتحسن تصميم الأقطاب الكهربائية لمضخات الهواء

 EHD أثيرها على تدفقالتبريد، خاصة للإلكترونيات المصغرة. كما تحقق في تأثيرات الحماية بين أقطاب تفريغ الهالة وت 

في المرسبات الكهروستاتيكية، وتستكشف أنظمة التنظيف الكهروهيدروديناميكية للألواح الكهروضوئية، مسلطة الضوء على  

، مما يمهد الطريق EHD فعاليتها في معالجة تراكم الغبار وتحسين الأداء. تقدم هذه الدراسة إطارًا موحداً لتطوير تطبيقات

 .حيث التكلفة وكفاءة الطاقة في مجالات هندسية متعددة لحلول فعالة من

 القوة الكهروهيدروديناميكية، تأثير التدريع. الرياح الكهربائية، التفريغ الكهربائي التاجي، النموذج الرياضي،  :الكلمات المفتاحية

 


