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Abstract: The main aim of the present paper is to study the plasma produced by DBD plasma actuator through follow the time evolution of 

the electric potential, electron density, and ions density. Airlike mixture consists of Nitrogen and Oxygen gases were used as a discharge gas. 

An AC voltage applied to the actuator to drive the plasma. Simulations have been performed to understand the plasma produced. A fluid 

model was usedas a simulation model. A two dimensional simulation of the actuator geometry used and finite element method solved in 

COMSOL multiphysics software were done. The duration of the simulated discharge is in the range of nanoseconds. The resultant 

parameters from the actuator are seen as a function of applied voltage amplitude. Results show that there is an increasing in the electric 

potential as the time evolved. In addition to that, and as the time increased, electron density and ions density also increased in value and 

spread along the dielectric surface.   
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1. Introduction 
 

Plasma actuators refer to a broad class of devices that use high 

voltage electrical discharges to provide an induced momentum 

on fluid. There are various classes of actuators derived from 

the class of electrical discharge such as: direct discharge, 

microwave discharge, DBD, corona discharge, spark, etc. [1 - 

2]. The Dielectric Barrier Discharge (DBD) plasma actuator is 

the commonly used plasma actuator. It typically consists of a 

set of asymmetrically placed electrodes and a dielectric. One 

of the main advantages of the DBD plasma actuator technique 

is the absence of moving parts. This enhances reliability and 

maintenance greatly, no middle agent between the conversions 

of electric energy into kinetic energy is required, which 

removes losses in this intermediate step, following from the 

previous point, the response time is very short. This enables 

high frequency real-time flow control. The DBD actuators 

have a wide bandwidth and can operate over a wide range of 

actuation frequencies [3].DBD plasma actuators are used in 

many applications. Some of the applications investigated 

include active stall detection and control system [4], bluff 

body noise control [5], plasma-enhanced combustion [6], jet 

mixing enhancement [7] and DBD microthrusters [8]. 

 

Many experimental and numerical works have been done for 

the purpose of better understanding the mechanisms by which 

these kinds of actuators influence the flow and also for the 

optimization of their design and improvement of their 

performance [9-11]. In the present work, a study of the plasma 

produced in a plasma actuator through the time evolution of 

the electric potential, ions density, and electron density.  

 

 

 

 

2. Plasma Model 
 

The modeled gas was air consisting of neutrals, electrons, 

positive, and negative ions. The air was considered as a 

mixture of oxygen and nitrogen gases with percent 22:78% 

respectively.The model used in the present work is the fluid 

model. Solving the drift-diffusion equations will results in 

compute the electron density and mean electron energy. The 

drift diffusion equations set are [12 - 13]: 
𝑑𝑛𝑒

𝑑𝑡
+ ∇. 𝛤𝑒 = 𝑅𝑒 −  𝑢 . ∇ 𝑛𝑒  ……….(1) 

Γ𝑒 = − 𝜇𝑒 . 𝐸 𝑛𝑒 − ∇(𝐷𝑒𝑛𝑒  )……….(2) 
𝜕

𝜕𝑡
 𝑛𝑒 + ∇ . Γ𝜀 + 𝐸 . Γ𝑒 = R𝜀 −   𝑢 . ∇ n𝜀  ……….(3) 

Γ𝜀 =  − µ𝜀 . 𝐸  n𝜀 − ∇ (D𝜀n𝜀) ……….(4) 

Where: ne is the electron density (1/m
3
), nε is the ion density 

(1/m
3
), Γ𝔢 is the secondary emission energy flux (V/m

2
.s), µe is 

the electron mobility, Re is the electron source and Rε is the 

energy loss due to inelastic collisions.  

 

The ion number density, or specie k number density, is given 

by: 

nk = ( 
𝑃

𝐾𝛽𝑇
 ) xk …………… (5) 

Where: P(SI unit: Pa) is the absolute pressure of the fluid. 

The electron diffusivity, energy mobility, and energy 

diffusivity are computed from the electron mobility using the 

relations: 

De = µe.Te……….(6) 

Where: Te = Electron temperature. To compute the ion 

mobility µε the following equation is used: 

µε = 5 / 3 µe ……….(7) 

While the ion diffusivity Dε related to the ion mobility by the 

relation: 

Dε = µε.Tε……….(8) 

The source coefficients in the above equations are determined 

by the plasma chemistry using rate coefficients. If we have 
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Mreactions that contribute to the growth or decay of electron 

density and A is considered as theinelastic electron-neutral 

collisions, since theinelastic electron-neutral collisions are 

much larger thanreactions that contribute to the growth or 

decay of electron density (in general)then electron source term 

is given by: 

Re=  𝑚
𝑗=1 𝑥𝑗𝑘𝑗𝑁nne ……….(9) 

Where:xjis the mole fraction of the target species for reaction j, 

kjis the rate coefficient for reaction j(m
3
/s), and Nnis the total 

neutral number density (1/m
3
). The electron energy loss is 

obtained by the summationof the collisional energy loss over 

all reactions: 

Rε =  𝑥𝑗
𝐴

𝑗=1
𝑘𝑗𝑁nneΔεj ……….(10) 

Where:Δεjis the energy loss from reaction j(V). The rate 

coefficients can be computed from cross-section data using the 

equation: 

Kk = γ 𝜀
∞

0
σk(ε)f(ε) dε ……….(11) 

Where: γ = (2q/me)
1/2

 (C
1/2

/kg
1/2

), meis the electron mass (kg), 

ε is the energy (V), σkis the collision cross section (m
2
), and fis 

the electron energy distribution function. For the non-electron 

species, suppose a reacting flow consists of k = 1, …,Q 

species and j = 1, …, N reactions. The equation for the first Q-

1 species is given by: 

ρ
𝜕

𝜕𝑡
(wk) + ρ (u . ∇)wk = ∇ . jk + Rk ……….(12) 

where: jkis the diffusive flux vector, Rkis the rate expression 

for species k (SI unit: kg/(m
3
·s)), u is the mass averaged fluid 

velocity vector (SI unit: m/s), ρ denotes the density of the 

mixture (SI unit: kg/m
3
), and wkis the mass fraction of the kth 

species (1). 

 

The electrostatic field is computed using the equation [12]: 

−∇. ε0εr∇V = ρ ……….(13) 

Where: ρ is the space charge density (C/m
3
), V is the potential.  

 

3. Boundary Conditions 
 

Electrons are lost to the wall due to random motion within a 

few mean free paths of the wall and gained due to secondary 

emission effects, resulting in the boundary conditions: 

- n. Γe = (1/2 ve,thene) – Σ γp(Γp . n)….(14) 

- n. Γε = (5/6 ve,thene) – Σ εpγp(Γp . n)….(15) 

 

Equation (14) is for electron flux and equation (24) for the 

electron energy flux. The second term on the right-hand side 

of eq. (14) is the gain of electrons due to secondary emission 

effects, γpbeing the secondary emission coefficient. The 

second term in eq.15 is the secondary emission energy flux, 

εpbeing the mean energy of the secondary electrons.For ions, 

they are lost to the wall due to surface reactions and the fact 

that the electric field is directed towards the wall. The 

discharge is driven by the electric potential applied to the 

anode boundaries. The applied potential equation isa pulse 

voltage of the form[12]: 

V = V0 tanh ( t / τ ) ……… (16) 

Where: V0 is the amplitude to the potential (in V) 

 

The bottom face of the dielectric is grounded. Surface charge 

accumulation is added to the dielectric surfaces. The surface 

charge density, which is ρsis computed by solving the 

following distributed ordinary differential equation on the 

surfaces[12]: 
𝑑𝜌𝑠

𝑑𝑡
 = ni. Ji + ne. Je   ………. (18) 

Where: Ji is the ion current density (A/m
3
), ni is ion density 

(1/m
3
), ne is the electron density (1/m

3
),Je is the electron 

current density (A/m
3
), ni · Jiis the normal component of the 

total ion current density at the wall, and ne · Jeis the normal 

component of the total electron current density at the wall. 

To sustain the simulation, initial values for electron density 

and electron energy were set. The initial electron density is set 

to be 1×10
10

, while the mean electron energy is set to 1 eV 

[14].   

The simulation was done using COMSOL multiphysics with 

finite element method as a solution method. The domain of 

simulation is (0.5×1)mm
2
. The mesh used is triangular 

element. Thetotal number of triangular elements 115812 

element; the minimum element equality was equal to 0.7383. 

The element size was the smallest at the upper electrodes 

edges. The maximum element size was 0,001 mm (1µm) on 

the edge of the exposed electrode, and the minimum element 

size was 0.02 µm in the same region. Figure (1) shows 

longitudinal cross section of the plasma actuator schematic 

design that is proposed in the present work.  

 
Figure 1: Schematic drawing to the cross section of SDBD 

plasma actuator in the present simulation. 

 

4. Results and Discussion 
 

The results of the present study were obtained using pulse 

voltage of amplitude 3 kV with rising time equal to 4 ns. The 

results included the electric potential, O2 and N2 positive ions 

density, and the electron density. 

 

Electric potential: 

The electric potential was calculated using Poison 

equation.Figure (2)shows electric potential surface distribution 

on the cross section of the actuator domain (V).As clear from 

figure, the potential increased with time until it reaches the 

maximum value (amplitude). Then, it spreads on the dielectric 

surface. This because of that the electric field is high at the 

exposed electrode and increased in strength as the applied 

voltage amplitude increased. As the voltage reached the 

amplitude value, the gas ionization on top of the insulated 

surface will result in the formation of visible plasma.  

 

Electron density: Figure (3) shows Time evolution of the 

electrons density surface distribution on the cross section of 

the actuator domain (1/m
3
). As the voltage increases, the 
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electric field at the edge of the exposed electrode increases. 

This causes the generation of two processes which are 

Townsend breakdown and photoionization, and a plasma flow 

is formed (streamer). The streamer propagates on the dielectric 

surface. The head of the streamer is above the surface of the 

dielectric. The streamer is being led by Townsend ionization 

and photoionization, both of which are caused primarily by the 

electrons. In fact, the electron components in a gas discharge 

are the carrier of energy taken from the electric field. Its 

energy distribution function, EEDF, and density, determine 

the rates at which the ionization, vibrational and electronic 

excitation, dissociation and all inelastic processes take place. 

 

Ion O2+ Density:The oxygen gas operates as a quencher of 

electron and molecules, resulting in the density increases of 

species as well as electrons. O2 ions are the dominant between 

other species during discharge, due to the low ionization 

energy of oxygen (~ 12 V) [15].Figure (4) shows the O2
+ 

ion 

density surface distribution on the cross section of the actuator 

domain (1/m
3
). Results show thatthe ion density increased 

with time development. Also, it propagated along the 

dielectric surface. When the applied voltage amplitude rises 

and reaches breakdown value, the process of ionization occurs, 

produced a cloud of high positive ions densities. As the time 

increased, the voltage amplitude increased until reached the 

maximum value, this cloud increased in diameter and spread 

distance, propagates along the dielectric material while 

charging its surface away from the exposed electrodebecause 

of that the applied voltage is positive. 

 

N2+ Ion Number Density: N2 positive ion number density 

calculated using equation (11). N2
+ 

Ion Density surface 

distribution on the cross section of the actuator domain (1/m
3
) 

for different simulation time is shown in figure (5). The 

number density increased as time increased. The streamer 

begins to spread as the voltage increased with time. It seems to 

be that there is a linear relationship between voltage value and 

the positive ion number density. Notice that N2
+
 and O2

+
 ions 

are response to the electric field in the same manner because 

both of them are positive ions, hence, their density profile are 

similar. N2
+ 

ion density is higher than that of O2
+
. This is 

because of the difference in their percent in the parent gas 

molecules and the rate coefficient.   

 

5. Conclusions 
 

1) The electric potential increased as the time of simulation 

increased. 

2) Electron density, O2 positive ion and N2 positive ion were 

increased wit time, and spread along the dielectric surface. 

3) The electrons and ions composited a streamer that is started 

from the tip of the exposed electrode and propagate along 

the dielectric surface. 
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Figure 3: Time evolution of the electrons density surface distribution on the cross section of the actuator domain (1/m

3
). 
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Figure 2: Time evolution of the electric potential surface distribution on the cross section of the actuator domain (V) . 
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Figure 4: Time evolution of the O2

+ 
ion density surface distribution on the cross section of the actuator domain (1/m

3
) 
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Figure 5: Time evolution of the ion N2

+
 density surface distribution on the cross section of the actuator domain (1/m

3
). 
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