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Abstract. This work focuses on the development of a multiscale computational fluid dynamics (CFD) 

simulation framework for the investigation of the effects of plasma kinetics on the performance of a microscale 

dielectric barrier discharge plasma actuator (DBD-PA). To this purpose, DBD-PA multi-scale dual-step modelling 

approach has been implemented, by considering plasma chemistry and flow dynamic. At first, a microscopic 

plasma model based on the air plasma kinetics has been defined and plasma reactions have been simulated in 

zero-dimensional computations in order to evaluate the charge density. At this aim computations have been 

performed using the toolbox ZDPlasKin, which solves plasma reactions by means of Bolsig+ solver. An alternate 

current (AC) electrical feeding has been assumed: in particular, the sinusoidal voltage amplitude and the 

frequency have been fixed at 5 kV and 1 kHz at atmospheric pressure and 300 K temperature in quiescent 

environment. The predictal charge density has been in a macroscopic plasma-fluid model based on Suzen Dual 

Potential Model (DPM), which has implemented in the computation fluid dynamic CFD code OpenFoam. Hence, 

as second step, 2D-CFD simulations of the electro-hydrodynamic body forces induced by the microscale DBD-

PA have been performed, based on the previously predicted charge densities at the operating conditions. 

Quiescent flow over a dielectric barrier discharge actuator has been simulated using the plasma-fluid model. The 

novel modelling framework has been validated with experimental data.  

1. Introduction  

Nowadays, dielectric barrier discharge plasma actuator (DBD-PA) technology has demonstrated to be interesting in active 

flow control systems for fluidic machinery and aeronautic foils applications, e.g. boundary layer transition and turbulence 

control [1, 2] and noises reduction [3, 4]. In fact, its peculiar characteristics make this solution ideal for real time control 

systems because of frequencies, no moving parts, easy and cheap installation and low power consumption [5-8]. Furthermore, 

the recent advancements in micro-manufacturing has allowed for a multiple and distributed devices integration into more 

complex and actual configurations [9, 10], extending the application range to microfluidic devices and micropropulsion 

systems for satellites applications [11]. 

The effectiveness of the plasma-based active flow control strictly depends on the entity of the chemistry effects, which 

promotes the generation of excited and charged species allowing for the momentum and energy transfer to the flow [12]. 

The ionization process is driven by collisions between ions, electrons and neutral species [13] based on the Paschen’s law, 

which relates the ionization degree (i.e. the ratio between the electron density and the neutral gas density) to the operating 

pressure and temperature. The last ones significantly affect the plasma actuator performance [14, 15], which also depend on 

geometric variables (e.g. exposed electrode area, dielectric thickness and electrodes gap [16-18]), dielectric (typically 

Kapton, Teflon, ceramic or PMMA) and electrodes materials (typically electroplated copper) [19]. In addition, the 

possibility of different electrical powering (e.g. direct current, high-voltage sinusoidal and nanosecond repetitively pulsed 

regimes) provide to DBD-PAs a high degree of flexibility in controlling the plasma discharge process [20-23]. Despite 

several demonstrations of DBD effectiveness in a laboratory scale [24], a full integration of such devices into aero-engine 

control systems is still far from being demonstrated [25]. To this last purpose, the development of reliable, accurate and 

flexible numerical models is of a primary importance since it would enable for DBD-PA performance prediction and the 

consequent reduction of the strong complexity affecting the DBD-PA design [26]. 
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 In this context, the present work aims to provide a novel numerical methodology for the analysis of the flow field 

modification induced by a DBD-PA: it relates the zero-dimensional analysis of the chemistry of the plasma discharge in the 

gas flow to momentum transfer and flow acceleration estimated by means of CFD computations. In particular, a lumped 

circuit model is used to predict the actual reduced electric field established into the ionization region. It is then used into the 

zero-dimensional solver ZDPlasKin to simulate the collisional process of the plasma discharge by means of the integrated 

solver Bolsig+. This allows for the estimation of the charge density produced by the plasma actuation, which is used to setup 

the boundary conditions of two-dimensional CFD computations where the incompressible Navier–Stokes equations are solved 

in combination with electric field computation based on Dual Potential Model (DPM) by Suzen [27]. The novelty of the 

methodology consists in numerically solving the plasma kinetics for charge density estimation in place of more expensive 

experimental campaigns. The proposed methodology has been validated on previous experiments concerning a micro DBD-

PA investigated at ambient pressure and temperature, and quiescent conditions [28-31], fed by a high-voltage (HV) alternating 

current (AC) sinusoidal signal. The validation enables for further investigations at different operating conditions, DBD-PA 

geometry and electrical feedings. 

2. Micro DBD plasma actuator 

The micro DBD-PA consists of two electroplated copper electrodes separated by glass-reinforced epoxy laminate (FR4) 

dielectric layer. Both electrodes own spanwise length of 0.06 m, and they are patterned along the streamwise direction by a 

gap length of 0.25 mm. In order to preserve the flow field modification induced by the micro DBD-PA from any external 

disturbance, the test cell was confined into a plexiglass box of dimension 0.24 x 0.24 x 0.25 m3. A sketch of the micro DBD-

PA configuration and the overall physical system is shown in Fig. 1, while Table 1 summarizes the geometrical characteristics 

of the micro DBD-PA. 

 

 

Fig.1 Sketch of the micro DBD-PA and the overall physical system. Units are in mm. 

Table 1. Plasma actuator dimensions. 

Test case geometric parameters Symbol Length [m] 

Electrodes Spanwise length z 6 x 10-2 

Streamwise Electrodes gap gel 2.5 x 10-4 

Electrodes Thickness he 3.5 x 10-5 

Dielectric thickness Ld 8 x 10-4 

Electrodes length lel 1 x 10-3 

The experimental characterization of the micro DBD-PA described above was performed on air at atmospheric pressure, 

temperature of 300 K, and quiescent conditions powered by a high-voltage (HV) alternating current (AC) sinusoidal signal of 

amplitude from 5 kV to 7 kV and frequency from 1 kHz to 2.5 kHz [29], The induced flow was investigated by particle image 

velocimetry and measured velocity fields were used to estimate experimentally the time averaged induced body force 
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distributions by a differential method. We refer to [29] for a more detailed description of the experimental setup and 

methodologies. 

3. Numerical modelling 

Plasma actuator performances heavily depend on the net charge generated during the discharge: therefore, a novel numerical 

methodology for the analysis of the flow field modification induced by the micro DBD-PA has been developed. It couples 

the zero-dimensional chemistry analysis of plasma discharge in the gas flow to CFD computations of the momentum transfer 

and flow acceleration induced by plasma actuation. The methodology composes of two main steps. The former aims to predict 

the net charge density by means of simulations of the plasma discharge process. To this purpose, zero-dimensional 

computations of the plasma kinetics are performed using the toolbox ZDPlasKin [32]. The solution of the lumped circuit 

model of the micro DBD-PA at each time step has been integrated into the main Fortran90 code of the plasma chemistry 

solver, in order to consider the softening effect of the plasma discharge on the reduce electric field established into the 

ionization region. Therefore, the plasma kinetics is solved field by ZDPlasKin at each time step drive by the predicted reduced 

electric field, using electron-impact reaction rates computed by Bolsig+ solver. The second numerical step consists in two-

dimensional CFD computations aiming to predict the impact of micro DBD plasma actuation on the fluid flow. The 

incompressible Navier–Stokes equations are solved in combination with electric field computation based on Dual Potential 

Model (DPM) by Suzen [27].  

3.1 Plasma kinetic modelling of air  

ZDPlasKin is a zero-dimensional plasma kinetic solver: it integrates the Boltzmann equation solver Bolsig+ for the electron 

density function in a two-temperature model, and the DVODE 90 solver, which is used for chemistry differential equation 

solution. The use of this toolbox assumes uniformly plasma distribution in space during its ignition as confirmed by iCCD 

imaging [28]. Solved Bolsig+ reactions are excitation and de excitation processes, electron-ion recombination reactions, 

attachment and detachment for electrons and neutral species. The resulting plasma chemistry refers to the N2-O2 mixture: the 

model consists of neutrals, metastable and charged species as detailed in Table 2 [33]. Concerning reactions, bimolecular and 

trimolecular nitrogen-oxygen processes, ions reactions and nitrogen oxides reactions complete the chemistry dataset whose 

reaction rate constants are added for each one. The electron cross-section data were retrieved from the LXCat website [34] 

using Phelps and Pancheshnyi databases [35].  

 

Table 2. Reactants, elements and intermediate species (radicals, charged and excited species) involved in detailed kinetic mechanism of 

N2-O2 plasma discharge [34]. 

Species type  Symbol  

Reactants N2, O2 

Elements  O   N   E 

Radicals O NO N2O NO2 NO3 N2O5 

Charged species N+ N2
+ N3

+ N4
+ O+ O2

+ O4
+ O- O2

- O3
-  O4

- NO+ N2O+ NO- N2O- NO2
- NO3

- O2
+ E 

Excited species N2(A`1) N2(A3) N2(C3) N2(V3) N2(V1) N2(B3) N2(V2)) N2(V4) N2(V7) N2(V5) N(2D)  

N2(V6) N2(V8) O2(V1) N(2P) O2(V2) O(1D) O2(V3) O2(B1) O2(4.5EV) O2(V4) 

O2(A1) O(1S)  

 

 

Concerning initial and boundary conditions, a mixture of air (O2 + 3.76 N2) at pressure of 101325 Pa and temperature of 

300 K were set based on experimental conditions [29], while initial electron number density was set to 1010 𝑚−3 [36]. 

Calculations were performed with a constant time step of 10−7s.  An alternate current (AC) electrical feeding has been 

provided with sinusoidal voltage amplitude equal to 5 kV and frequency of 1 kHz in accordance with experiments [37]. The 

gap air potential was calculated each time step as an output of the lumped electrical equivalent circuit model sketched in 

Figure 2. 
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Fig.2 Equivalent lumped electrical circuit schematic of the plasma actuator [30]. 

It consists of a capacitor and resistor considered in parallel to describe the fluid, a capacitor for dielectric layer and a Zener 

diode [30]. Based on the equivalent circuit theory, when the air potential gap is greater than the ϕbreakdown (equal to 3.0 

106 V/m [29]), the air Zener diode is activated and plasma will form [38]. However, ZDPlasKin directly solves the plasma 

kinetics and the breakdown phenomenon; therefore, the Zener diode behavior has been neglected, still preserving the resistive 

and capacitive behaviour of the micro DBD-PA. The capacitance of the dielectric surface is in series with the fluid elements. 

The model’s resistance R and capacitances of air side Ca and dielectric side Cd, are fully estimated by the following equations 

[30]: 

 
Ca= 

ε0 εa h z

Lp

 

 

(1) 

 
Cd= 

ε0 εd hd z

Ld

 

 

(2) 

 
R= 

 ρ
a
 Lp

h z
 

(3) 

where 𝜀𝑎 = 1 is the relative permittivity of air [27]. ε0=8.854x10-12 F/m is the vacuum permittivity, and ρ
a
 is the effective 

resistivity of the air was taken equal to 2.3·106 Ω·m [29]. A sinusoidal potential is applied as follows: 

 

 

 ϕ
a
(t)= ϕ

amplitude 
sin (2 π ω t) (4) 

 

As a result, the Kirckoff’s laws of the differential equation for the discharge gap potential Δϕ is introduced at each time 

step for the estimation of the actual air gap potential, as follows [37]: 

 

 d Δϕ(t)

dt
=α

 d ϕ
a

dt
- β Δϕ(t)   

(5) 

where: 

 
α=1- 

Ca

Ca +Cd

 

 

(6) 

 
β = 

1

R (Ca+Cd)
 

(7) 

Therefore, the actual reduced electric field, which drives plasma kinetics computations, is given by: 

 

 
EN= |

Δϕ

Lp  Nneutral species 

| 

 

(8) 

where  𝑁𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 is the number density of all neutral species and 𝐿𝑝 is the discharge gap length, estimated as the plasma 

height h and gap electrodes gel. 

 

As observed in [38] the height of the plasma value is independent of applied voltage; so it has been assumed equal to 1 𝑥 10−3 

m in accordance with experimental findings [30].   
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After plasma kinetics computations, the temporal evolution of all species is retrieved: this allows for the calculation of the 

maximum net charge density ρc max as follows [15]: 

 

        ρ
c max

=max| q  (NIons+
- NIons-

-  Ne)  |  (9)  

3.2 Implementation of plasma effects in the CFD code   

As a second step, the Suzen’s Dual Potential Model (DPM) coupled with the incompressible Navier–Stokes equations in the 

CFD toolbox OpenFOAM v3.0.1, using a finite volume method (FVM) approach. The incompressible flow hypothesis is 

justified by the actual low Reynolds number Re <  200 [40]. Heat transfer from the plasma to the neutral gas is neglected in 

accordance with experimental observation by [40].  The solved plasma electro-hydrodynamic (EHD) body force can be 

simplified as [17]:  

 

 f = - ρ
c
 ∇ϕ 

 

(10) 

Furthermore, the Laplace equation was solved to predict the electric potential field inside the fluid domain: 

 

 ∇∙(ε0∇ϕ) = 0 
 

(11) 

Instead, the net charge in the fluid domain is computed by solving the Poisson’s equation as follows: 

 

 ∇∙(εr∇ρ
c
)=

ρ
c

λD

 

 

(12) 

where 𝜀𝑟 is the relative permittivity of the FR4 layer (set equal to 5) and λD is the Debye’s length.This last one typically ranges 

from 10-4 to a few cm [41]; based on previous sensitivity analysis [29], λD has been set equal to 1.0 x 10-3 m. Finally, plasma-

induced body force is given as follows: 

 

 

 

 

f = - ρ
c max

 ϕ
amplitude

 ρ
c
 ∇ϕ sin

2(2πωt)  

 

(13) 

The plasma-induced body force is then added as external momentum source into the momentum balance equation for 

incompressible flow (Eq. 15). Together with the continuity equation (Eq. 14), they define the final set of governing Navier-

Stokes equations, which are solved by means of the Pressure-Implicit with Splitting of Operators (PISO) scheme. 

 

 ∇ u=0 

 

(14) 

 d u

dt
+∇ (u u)- ∇ (

ϱ
air

μ
 ∇u) =-∇p + f 

 

(15) 

where 𝒖 is the local velocity vector in m/s, 𝜚𝑎𝑖𝑟  is the air mass density expressed in kg/m3, p is the local pressure in Pa, t is 

the time in s. 

 

3.3. CFD simulation setup: computational domain and boundary conditions 

 

Since the large span of the actuator ensures minimal three-dimensional effects [42], a two region 2D computational domain 

is provided. Fluid region consists of 270 000 cells. Square elements with a finer resolution are close to the device upward and 

downstream the electrode until 14 mm in order to obtain the most accurate value for jet profile. Mesh was divided in more 

subdomains to run computations in parallel. Figure 3 shows the computational mesh with a focused view close to the micro 

DBD-PA. 
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Fig.3 Computation domain and mesh. 

Based on the operative conditions, the air kinematic viscosity 𝜇𝑎𝑖𝑟  and mass density 𝜚𝑎𝑖𝑟were assumed constant and equal to 

1.58 · 10−5 m2 s-1 and 1.18 kg/m3, respectively.  

Concerning the boundary conditions, in accordance with [21], a zero-gradient condition was imposed on all solid and fluid 

boundaries with the following exception: 

• ρc = 0 C/m3 on the exposed electrode surface; 

• ρc = 0 C/m3 on the dielectric surface air side, above the gap between electrodes; 

• Half Gaussian spatial distribution in the downstream plasma region above the grounded electrode was set according 

to [27] as a half gaussian function as follows: 

 
 

ρ
c
(x)= exp [ -

(x-gel)
2

4σ2
 ]  

 

                                                      (16) 

   

In Eq. 17, the standard deviation σ describes the correct extension of the charge density [37]: it was assumed equal to 

5·10−4 according to experimental values of light emission of the our testcase [43]. The electric potential boundary 

conditions were set to zero-gradient on all boundaries except the electrodes: in accordance with experiments, the grounded 

electrode potential was fixed to 0 V while the amplitude of the sinusoidal high-voltage signal was imposed on the exposed 

electrode surface, i.e. 5000 V. Instead, the sinusoidal high-voltage frequency was set to 1000 Hz. No slip condition was set 

for the fluid to solid region boundaries and zero gradient for the other fluid borders. Initial velocity was zero because of the 

quiescent condition, while the pressure was set to 101325 Pa in the far-field of the fluid domain and wave transmissive bc 

was set on outer boundaries in order to not reflect waves. A variable time step was used with maximum Courant number 

𝐶𝑜max < 1.0. It leads to a minimum time step of 2·10−6s. At each time step, computations were performed by ensuring 

residual tolerances below 10−6.  The entire set of numerical schemes used in CFD computations is summarized in Table 3.  

 

Table 3. Numerical schemes of CFD computations. 

Operator Scheme 

Temporal derivative Euler 

Gradient Gauss linear 

Divergence Gauss upwind 

Laplacian Gauss linear corrected 

Interpolation Linear 
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4. Results 

4.1 Plasma modeling results  

The charge species densities was computed by equation (9). The data were smoothed with methods of noise suppression to 

filter instantaneous high-frequency noise outliers [44]. Best results are obtained with a 200-time steps window technique. A 

wider window would result in more smoothing but at the cost of more distortion of higher frequency content. The results are 

shown in figure 5. Starting from the charge species density, the current has been computed as [28]: 

 

 
i (t)=  

j ·ρ
 
·dA

 Ne 
 

 

(17) 

where j and Ne are computed by ZDPlasKin and shown in Figure 4, dA is the cross-sectional area of the plasma discharge of 

the elementary circuit:  

 
dA=  

z ·Lp

n 
 

 

(18) 

n is the number of elementary circuits composing the micro DBD-PA. Among n values in [29], we found 65 as the best 

agreement with experimental data. Highest charge density in each cycle  ρc max was found to be 1·10-2 C/m3. In figure 6 

smoothed data are compared with experimental data of the current test case taken by [29]. In Figure 7 the spatial distribution 

of charge density and plasma force, which was computed by equation (13), are shown in the fluid area close to the electrodes. 

As expected, the highest force magnitude was found downstream the exposed electrode at x station above the grounded one 

(x =2.5·10-4 m). 

  
a)                                      b) 

Fig.4 First cycles of  data computed by ZDPlasKin : a) current density; b) electrons density.

 

Fig.5 Predicted net charge density.  
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Fig.6 Experimental versus predicted current. 

 

 
 

a)                                               b) 

Fig.7 a) Average x component body force expressed in N/m3. b) Average charge density spatial distribution. Coordinates are in mm.  

 

 

 

 

 

 

 

Fig.8 Streamlines in the fluid region. Coordinate are in mm. ux is expressed in m/s. 

4.2 Flow simulations 

Computations were performed until 0.65 s. In Fig 8 the velocity stream lines are shown. Laminar flow is proved and fluid jet 

extends in x direction and until 2 mm for y direction. Numerical data were compared with experimental results taken from 

[45] by using 3 mm and 7 mm station downstream the edge of the exposed electrode. As shown in Fig.9 the model is able to 
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match the magnitude and thickness of the wall-jet close to the wall, the velocity of the plasma jet is in a better agreement with 

experiments close to the wall as shown in [45].  

 

                              a)                               b)                               c) 
 

                   

Fig.9 Plasma induced jet velocity  at 0.65 s at three positions downstream the upper electrode:  a) x=3 mm b) x=7 mm, c) x=9 mm. 

5. Conclusions 

The current paper aims to develop a novel multiscale modelling framework for the simulation of DBD plasma actuators, by 

coupling a microscopic plasma kinetic model with a macroscopic CFD plasma-fluid model, in order to have a detailed 

description of the plasma without computational expensive calculations. 

 The proposed detailed microscopic plasma kinetic model has been used to estimate the species charge density distribution 

profile on the dielectric surface to be used in the plasma-fluid model, based on the well-known Dual potential Model by Suzen 

et al. [27]. Numerical computations are validated by comparing with experimental data of the discharge current. Predictions 

were found to be in very good agreement thus providing an extensive validation. 

Furthermore, quiescent flow over a dielectric barrier discharge actuator has been simulated using the plasma-fluid model. 

The streamline plots were analysed and the velocity profiles were compared with experimental data, the predictions were 

found to be in-line with the experiments. 

 

6. Notation  

Ni species density                                                                                    

Tgas species temperature [K] 

EN  reduced electric field [Td] 

k    reaction rate 

e electron 

ε0 vacuum permettivity [F/m] 

h plasma height [m] 

dair density [kg/m3] 

z    spanwise electrode length  

ω   frequency  

t time [s] 

x horizontal coordinate [m] 

y vertical coordinate [m] 

 

i current [A] 

j current density [A/m2] 

n circuit division parameter   

ϕamplitude  sinusoidal amplitude     

ϕgr_el         grounded electrode potential  

ϕ
exp_el      exposed electrode potential  

λ   debye length [m]  
Re  Reynolds number 

f body force [N/m3] 

q electric elementary charge [C/m3] 

εa air dielectric coefficient   

p pressure [Pa] 

u    fluid velocity 
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