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ΠΕΡΙΛΗΨΗ 

Σκοπός αυτής της εργασίας είναι η μοντελοποίηση της αεροδυναμικής ροής ενός ενεργοποιητή 

πλάσματος με συμπιεστό και ασυμπίεστο λύτη και η σύγκριση των αποτελεσμάτων τους για 

διάφορες μέσες πυκνότητες ηλεκτρικού φορτίου . Αρχικά ορίζεται τι είναι ο ενεργοποιητής 

πλάσματος, πως λειτουργεί, τα πλεονεκτήματα και τα μειονεκτήματα  χρήσης του σε σχέση με 

άλλες συσκευές ελέγχου ροής. Οι βασικοί τύποι ενεργοποιητών πλάσματος αναλύονται. Το 

πρόβλημα χωρίζεται στην αριθμητική μελέτη του πλάσματος και την αριθμητική μελέτη του 

ρευστού. Επιπλέον εξηγούνται οι μαθηματικές εκφράσεις που χρησιμοποιούνται στην παρούσα 

εργασία, καθώς και ο τρόπος σύζευξης του πλάσματος με το ρευστό. Η αριθμητική προσέγγιση 

του προβλήματος δίνεται, παραθέτοντας την περιγραφή της γεωμετρίας, των συνοριακών 

συνθηκών, των αλγόριθμων που χρησιμοποιούνται και αιτιολογείται η επιλογή των διαστάσεων 

του αριθμητικού πλέγματος. Τέλος παρουσιάζονται τα αποτελέσματα για τους δυο λύτες με 

τέσσερεις διαφορετικές τιμές μέσης πυκνότητας του ηλεκτρικού φορτίου. Από τα αποτελέσματα 

συμπεραίνεται ότι ο ασυμπίεστος λύτης εισάγει επιπλέον στροβίλους σε σχέση με τον συμπιεστό 

και την πραγματικότητα, φαινόμενο το οποίο αυξάνεται όσο αυξάνεται η μέση πυκνότητα του 

ηλεκτρικού φορτίου. Συνεπώς σε για μεγάλες πυκνότητες φορτίων και όταν μας ενδιαφέρει η 

ροή μακριά από τον ενεργοποιητή προτείνεται η χρήση του συμπιεστού λύτη. 

 

 

 

 

Υπολογιστική μελέτη αεροδυναμικής ροής σε επίπεδο ενεργοποιητή πλάσματος  

Σταμάτιος Σταματίου-Κώνστα 
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ABSTRACT 

The target of this thesis is the simulation of the aerodynamic flow, of a plasma actuator using a 

compressible and an incompressible solver, and the comparison of their results, for various mean 

charge densities. Firstly, a definition of a plasma actuator is given, its main principles are 

explained, and a comparison with other flow control devices is made. The basic plasma actuator 

types are analyzed. The problem is divided into the numerical study of the plasma and the 

numerical study of the fluid. The mathematical expressions are given and the coupling of the 

plasma with the fluid is explained. The numerical approach of the problem is analyzed 

describing the geometry of the actuator and the boundary conditions that were used. Moreover, 

the algorithms for solving both the electrostatic and the fluid dynamic equations were discussed, 

for both the compressible and incompressible case. Finally, after conducting a grid convergence 

study, the results of the two solvers, for all the values of the mean electric charge density that 

were examined, are presented. From the results it is concluded that the incompressible solver 

introduces additional vortices, in relation to the compressible solver and reality, which 

phenomenon increases with the increase of mean charge density. That is why for high mean 

charge densities and when the flow field away of the actuator is of interest, the compressible 

solver is suggested to be used. 

 

 

 

 

Numerical study if aerodynamic flow in planar plasma actuators 

Stamatios Stamatiou-Konstas 

 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  ix 

 

Keywords 

DBD plasma actuator, OpenFOAM, Flow control  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  x 

 

LIST OF TABLES 

Table 3. 1 Plasma problem boundary conditions .......................................................................... 35 

Table 3. 2 Fluid problem boundary conditions ............................................................................. 36 

Table 3. 3 Plasma problem mesh convergence study results ........................................................ 48 

Table 3. 4 Plasma problem mesh convergence study results evaluation ...................................... 48 

Table 3. 5 Fluid problem mesh convergence study results ........................................................... 50 

Table 3. 6 Fluid problem mesh convergence study results evaluation ......................................... 50 

 

 

 

 

 

 

 

 

 

 

 

 

 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  xi 

 

 

 

 

 

 

 

 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  xii 

 

 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  xiii 

 

LIST OF FIGURES 

Figure 1. 1 Load distribution on an avalanche for two different times (Raizer, 1991) .................. 5 

Figure 1. 2 Streamer moving towards the cathode, in two different times (Raizer, 1991) ............. 6 

Figure 1. 3 Charge build up on the dielectric surface (Moreau, 2007) ........................................... 8 

Figure 1. 4 Current vs. time on an AC DBD actuator with encapsulated insulated electrode 

(Moreau, 2007) ............................................................................................................................... 9 

Figure 1. 5 Induced velocity in air above the surface discharge for different voltages .................. 9 

Figure 1. 6 Voltage pulse vs time 8kV (filled lines), 4kV(dashed lines), with pulsed width 200ns 

(Bernard, Zouzou, Claverie, & Moreau, 2012) ............................................................................. 10 

Figure 1. 7 Total current vs time 8kV (filled lines), 4kV(dashed lines), with pulsed width 200ns 

(Bernard, Zouzou, Claverie, & Moreau, 2012) ............................................................................. 11 

 

Figure 3. 1 PISO incompressible algorithm flowchart for each time-step ................................... 25 

Figure 3. 2 PIMPLE compressible algorithm flowchart for each time-step ................................. 27 

Figure 3. 3 Plasma actuator main dimensions .............................................................................. 29 

Figure 3. 4 Velocity magnitude surface plot for t=15s, rhoq=1e-4, for incompressible solver at 

left and for compressible at right, a) without buffer zones b) with buffer zones .......................... 30 

Figure 3. 5 Velocity magnitude plot at x=0.01, for t=15s , rhoq=1e-4 with and without buffer 

zones, for the incompressible solver at left and for the compressible at right .............................. 31 

Figure 3. 6 TopoSetDict files definition ....................................................................................... 33 

Figure 3. 7 Numerical Schemes for plasma problem .................................................................... 40 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  xiv 

 

Figure 3. 8 Numerical Schemes for fluid problem, incompressible case ..................................... 41 

Figure 3. 9 Numerical Schemes for fluid problem, compressible problem .................................. 41 

Figure 3. 10 Plasma problem , Air region solution and algorithm control ................................... 42 

Figure 3. 11 Plasma problem, dielectric region solution and algorithm control ........................... 42 

Figure 3. 12 Fluid problem, solution and algorithm control, incompressible case ....................... 43 

Figure 3. 13 Fluid problem, solution and algorithm control, compressible case .......................... 43 

Figure 3. 14 study at x=0.0, y=0.001, a) for electric field, b) for charge density ......................... 49 

Figure 3. 15 Convergence study at x=0.02 for the velocity, at, a) y=0.0005, b) y=0.02 .............. 51 

 

Figure 4. 1 Charge density surface distribution at steady state for a) rhoq=1e-4, b) rhoq=1e-3, c) 

rhoq=1e-2, d) rhoq=1e-1 ............................................................................................................... 54 

Figure 4. 2 Charge density at y=0.001 along x-axis for different charge density boundary 

conditions ...................................................................................................................................... 54 

Figure 4. 3 Electric field surface distribution at steady state for a) rhoq=1e-4, b) rhoq=1e-3, c) 

rhoq=1e-2, d) rhoq=1e-1 ............................................................................................................... 55 

Figure 4. 4 Plot of the velocity magnitude at the y-axis, at x=0.01m for the incompressible and 

the compressible solvers for a) rhoq =1e-4 b) rhoq =1e-3 c) rhoq = 1e-2 d) rhoq = 1e-1 ............ 56 

Figure 4. 5 Plot of the velocity magnitude at the y-axis, at x=0.08m for the incompressible and 

the compressible solvers for a) rhoq =1e-4 b) rhoq =1e-3 c) rhoq = 1e-2 d) rhoq = 1e-1 ............ 57 

Figure 4. 6 Velocity magnitude zoom-in surface plot, rhoq =1e-2,a) t=0.2s,  b) t=0.4s, left is for 

incompressible solver and right for compressible ........................................................................ 58 

file:///C:/Users/user/Desktop/Διπλωματική/Διπλωματική%20κείμενο/ΠΡΟΤΥΠΟ-ΣΥΓΓΡΑΦΗΣ-ΔΙΠΛΩΜΑΤΙΚΗΣ-ΕΡΓΑΣΙΑΣ-v-4.docx%23_Toc52305595
file:///C:/Users/user/Desktop/Διπλωματική/Διπλωματική%20κείμενο/ΠΡΟΤΥΠΟ-ΣΥΓΓΡΑΦΗΣ-ΔΙΠΛΩΜΑΤΙΚΗΣ-ΕΡΓΑΣΙΑΣ-v-4.docx%23_Toc52305596
file:///C:/Users/user/Desktop/Διπλωματική/Διπλωματική%20κείμενο/ΠΡΟΤΥΠΟ-ΣΥΓΓΡΑΦΗΣ-ΔΙΠΛΩΜΑΤΙΚΗΣ-ΕΡΓΑΣΙΑΣ-v-4.docx%23_Toc52305597
file:///C:/Users/user/Desktop/Διπλωματική/Διπλωματική%20κείμενο/ΠΡΟΤΥΠΟ-ΣΥΓΓΡΑΦΗΣ-ΔΙΠΛΩΜΑΤΙΚΗΣ-ΕΡΓΑΣΙΑΣ-v-4.docx%23_Toc52305598
file:///C:/Users/user/Desktop/Διπλωματική/Διπλωματική%20κείμενο/ΠΡΟΤΥΠΟ-ΣΥΓΓΡΑΦΗΣ-ΔΙΠΛΩΜΑΤΙΚΗΣ-ΕΡΓΑΣΙΑΣ-v-4.docx%23_Toc52305599
file:///C:/Users/user/Desktop/Διπλωματική/Διπλωματική%20κείμενο/ΠΡΟΤΥΠΟ-ΣΥΓΓΡΑΦΗΣ-ΔΙΠΛΩΜΑΤΙΚΗΣ-ΕΡΓΑΣΙΑΣ-v-4.docx%23_Toc52305600


Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  xv 

 

Figure 4. 7 Velocity magnitude zoom-in surface plot, rhoq =1e-3,a) t=0.2s,  b) t=0.4s, left is for 

incompressible solver and right for compressible ........................................................................ 59 

Figure 4. 8 Velocity magnitude zoom-in surface plot when steady state reached, a) rhoq =1e-4, b) 

rhoq = 1e-3, left is for incompressible solver and right for compressible .................................... 60 

Figure 4. 9 Velocity magnitude zoom-in surface plot when steady state reached, a) rhoq =1e-2, b) 

rhoq = 1e-1, left is for incompressible solver and right for compressible .................................... 60 

Figure 4. 10 Velocity magnitude further view surface plot when steady state reached, a) rhoq 

=1e-4, b) rhoq = 1e-3, left is for incompressible solver and right for compressible .................... 61 

Figure 4. 11 Velocity magnitude further view surface plot when steady state reached, a) rhoq 

=1e-2, b) rhoq = 1e-1, left is for incompressible solver and right for compressible .................... 62 

Figure 4. 12 Plot of the velocity magnitude at the y-axis, at x=0.01m for the incompressible 

solver for different rhoq ................................................................................................................ 63 

Figure 4. 13 Plot of the velocity magnitude at the y-axis, at x=0.01m for the compressible solver 

for different rhoq ........................................................................................................................... 64 

Figure 4. 14 Plot of the velocity magnitude at y-axis for rhoq =1e-3, with the incompressible 

solver for different position in x-axes ........................................................................................... 65 

Figure 4. 15 Plot of the velocity magnitude at y-axis for rhoq =1e-3, with the compressible solver 

for different position in x-axes ...................................................................................................... 65 

Figure 4. 16 Max velocity magnitude at x=0.01 for different rhoq , for both the incompressible 

and compressible solvers .............................................................................................................. 66 

  

 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  xvi 

 

 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  xvii 

 

SYMBOLS 

E  Electric field 

    Free electric charge density 

    Vacuum permittivity 

φ  Electric potential 

    Drift velocity 

μe Electric mobility 

ρ Air density 

    Air velocity vector field 

p Air pressure 

R Specific gas constant 

T Temperature 

μ Dynamic viscosity 

   External forces vector 

Cv Heat capacity under specific pressure 

k Thermal conductivity 

e Specific internal energy 

ν Kinematic viscosity 

D Electric induction 

εr Electric relative permittivity 

Mair Air molecular weight 
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Co Courant number 
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    Normal vector 

Af Cell total surface 

Vp Cell volume 

rm Mesh grid dense ratio 

Fh=0 Higher order solution 

GCI Grid convergence index 

rhoq Free electric charge density at OpenFOAM 
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FEM Finite Elements Method 
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1. INTRODUCTION 

This chapter aims to explain the basic meanings that are necessary for describing what a 

plasma actuator is. A small review of what is flow control and what is plasma is made, to be able 

to define what the purpose of a plasma actuator is and its main working principles. The basic 

plasma actuator configurations are given and the pros and cons of plasma actuator as a flow 

control device are explained. 

1.1 FLOW CONTROL 

Over the centuries humans have being trying to find ways, using laws of physics, to 

manipulate or control the flow of fluids to their advantage. Flow control can have a huge 

economic and environmental impact, by reducing fuel consumption and noise generation in 

transportations as also by improving industrial applications. The main goals of flow control are 

drag force reduction and lift enhancement on bodies, noise suppression by delaying the flow 

transition, separation prevention and turbulence suppression or enhancement, which are mainly 

achieved by inducing momentum into the flow. Flow control can be divided into passive and 

active. Active flow control devices use an outer supply and can be activated and deactivated with 
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a control loop while passive flow control devices cannot.  Active flow control is also divided into 

predetermined and reactive. In predetermined devices the control loop is predefined while in 

reactive the control input is adjusted according to sensors measures and is categorized depending 

on the control loop on feedforward and feedback (Gad-El-Hak., 2000). 

1.2 PLASMA 

Plasma is considered to be the fourth state of matter. It is a gas consisting of ions, 

electrons, and neutral particles. 

Macroscopically, plasma is electrically neutral, but microscopically it has regions where 

positive or negative loads are concentrated which is called Debye shielding. Plasma can be 

divided in two categories: 

 The hot plasma, in which electrons have the same temperature with ions and neutrals and 

there is thermal equilibrium. 

 The cold plasma, in which there is not thermal equilibrium because electrons have a 

much higher temperature than ions and neutrals. 

Plasma is created when a gas is ionized. This can happen if sufficient energy is provided 

to the gas, e.g. via heating, electromagnetic waves, etc., or if it is placed inside a strong electric 

field. 

In the case of two electrodes, electrons are escaping from the one electrode and due to the 

electric field between them they are accelerated towards the other. Electrons collide with neutrals 

and produce ions and new free electrons. One electron can produce one more electron and an ion. 

This process can be described by the following reaction. 
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When enough free electrons are produced, an avalanche is created. An avalanche is an 

ionization wave that moves towards the anode, because of the negative load of its head and the 

outer electric field. 

 

 

Figure 1. 1 Load distribution on an avalanche for two different times (Raizer, 1991) 

The continuous collisions of new electrons with neutrals create new free electrons and 

new secondary avalanches. While all these avalanches are connected with the main avalanche, it 

strengthens and when the avalanche is highly amplified and its field is the same order with the 

external field it transforms into a streamer. A streamer is a thin ionized channel which is the 

forerunner of a spark discharge. When the streamer is formed, electrons are gathered on the 

anode and positive loads on the streamer head, which is directed towards the cathode. When the 

streamer arrives at the cathode, because of its high conductivity, it acts as a power line. This is a 

cathode directed streamer. Anode directed streamers can also be created with the difference that 

electrons are on the head of the streamer, and drifting in the same direction with the streamer. 
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Figure 1. 2 Streamer moving towards the cathode, in two different times (Raizer, 1991) 

The production of a cathode directed streamer is depicted in Figure 1.2, (a) secondary 

avalanches moving towards the streamer, (b) electric field force lines around the head of the 

streamer. 

1.3 PLASMA ACTUATOR 

One of the most promising plasma based technologies in active flow control is the cold 

atmospheric pressure plasma actuators. Lots of researches have shown an increase in the stall 

angle of the airfoils and minimization of their drag (Y.E. Akansu, 2013) (Kyoji Inaoka, 2015) 

(Zhang Xin, 2016) (Xin ZHANG, 2019), as also noise reduction of different devices (Yong Li, 

2010) (Flint O. Thomas, 2008) (Xun Huang, 2010) because of the use of plasma actuators. 

 The first plasma actuators were called surface corona discharge actuators and they 

consisted of two electrodes to which dc voltage was applied. A corona discharge between the 

two electrodes is formed and electric wind is created. The main drawback of this configuration is 

the glow-to-arc transition which limits the maximum induced velocity.  
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A new configuration called dielectric barrier discharge (DBD) was proposed in 1992 by J 

R Roth’s group to limit this effect. These are the most used plasma actuators. Their main 

difference with the surface corona discharge actuators is the presence of a dielectric barrier 

between the electrodes to prevent spark formation. Because of this barrier, dc voltage cannot be 

used, so AC voltage (AC DBD plasma actuator) or pulsed voltage (N-S DBD plasma actuator) is 

applied (Moreau, 2007).  

1.3.1 AC DBD 

On an AC DBD actuator, an external electric field is created because of the AC potential. 

On the first half cycle electrons from the exposed electrode which acts like a negative electrode, 

are emitted and accelerated towards the positive electrode. They collide with neutrals creating 

new free electrons and ions. In this way, plasma is created as explained in the previous chapter. 

However, because of the dielectric barrier, charges cannot reach the positive electrode and are 

deposited on the dielectric. When the voltage reverses, the exposed electrode is positive and 

charges accelerated towards it, creating again plasma. The two cycles ((a) and (b)) are presented 

in the Figure 1.3. 
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Figure 1. 3 Charge build up on the dielectric surface (Moreau, 2007) 

The creation of plasma causes an ionic wind because of the momentum transfer from free 

electrons to neutrals after the collisions.  The ionic wind is acting as a secondary flow to the 

external flow and adds momentum to the boundary layer. 

To prevent plasma creation below the dielectric barrier, the insulated electrode can be 

encapsulated into a dielectric material. The current plot versus time on such a configuration, 

when sine voltage waveform was applied (V=20kV, f=300Hz), is presented below. Pulses of the 

discharge current at the beginning of each polarity inversion are observed. 
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Figure 1. 4 Current vs. time on an AC DBD actuator with encapsulated insulated electrode (Moreau, 

2007) 

The main drawback of AC DBD actuators is that they can only have an effect at low 

subsonic airflows. 

 

Figure 1. 5  Induced velocity in air above the surface discharge for different voltages (Moreau, 2007) 
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1.3.2 N-S DBD 

Instead of using an AC voltage, the NS DBD actuators use a voltage pulse for 

nanoseconds. This causes an extremely fast increase in the pressure because of a fast 

thermalization. This change in pressure is so big that causes a discontinuity and results in a shock 

wave that propagates with the speed of sound. In each pulse, two discharges are taking place as it 

is observed on the Figures 1.6, 1.7 and two shock waves are created (Bernard, Zouzou, Claverie, 

& Moreau, 2012).  As follows, energy is added to the flow. In addition, a vortex is created which 

mixes the outer flow layers with the boundary layer causing momentum transfer to the boundary 

layer (Starikovskii, Nikipelov, Nudnova, & Roupassov, 2009).  

 

Figure 1. 6 Voltage pulse vs time 8kV (filled lines), 4kV(dashed lines), with pulsed width 200ns 

(Bernard, Zouzou, Claverie, & Moreau, 2012) 
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Figure 1. 7 Total current vs time 8kV (filled lines), 4kV(dashed lines), with pulsed width 200ns 

(Bernard, Zouzou, Claverie, & Moreau, 2012) 

While AC DBD actuators can only be used on low subsonic flows, NS DBD actuators 

can be used even at flows of 0.85 Mach (Bernard, Zouzou, Claverie, & Moreau, 2012). That is 

why after 2012 most of the research is focused on NS DBD actuators. 

1.3.3 Pros and cons  

Plasma actuators have a lot of benefits comparing them with existing flow control 

devices, 

 They do not have moving parts 

 They are lightweight 

 Easy to repair 

 Have a fast response 

 Have low energy consumption 

 Converts electric energy directly to kinetic 

 Have negligible aerodynamic influence when they are deactivated and can easily adapt on 

different surfaces curvature 

However, there are reasonable drawbacks such us, 
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 They have small efficiency, as a ratio of the electric energy used with kinetic energy 

produced 

 May modify the gas properties 

 They are difficult to simulate computationally 

That is why a lot of research is made trying to improve the simulation models for the 

plasma creation and the connection between the plasma and fluid physics. In this thesis a 2D 

simulation on a single planar AC DBD actuator is made, targeting to compare the results of an 

incompressible and a compressible solver.  
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2. MATHEMATICAL MODELLING 

The aim of the present chapter is to describe suitable mathematical expressions, in order to 

adequately simulate the aerodynamic flow of a DBD plasma actuator. Firstly existing 

mathematical methods for simulating plasma actuators are mentioned. Then the equations that 

are going to be used at this thesis are given, for the plasma problem and then for the two different 

cases of the fluid problem. The way that the two problems are connected is explained at the end. 

2.1 PLASMA ACTUATOR MODELING 

Many different models have been developed for the simulation of the plasma actuators. 

One of the main difficulties is the big difference in the time scales in the motion of electrons and 

fluids, which results in very different adequate time steps for the plasma problem and the fluid 

problem.  

Suzen & Huang (Suzen & Huang, 2011) proposed an electrostatic model based on 

Maxwell’s equations to obtain the electric field and charge density and then calculate the plasma 

body force. A half Gaussian distribution was used to model the plasma distribution over the 
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encapsulated electrode. It is a simple model and the electrostatic equations can be solved before 

the fluid equations. 

Aholt and Finaish (Aholt & Finaish, 2011) used experimental results instead of 

calculating the body force. Then they added the body force on the Navier-Stokes equations as an 

external force term. By this simple way, they tried to demonstrate the potential of plasma 

actuators as a flow control technique. 

Orlov (Orlov, 2006) proposed the “Lumped element circuit model” which is a more 

complex electrostatic model, consists of parallel lumped-element circuit elements. Each one has 

capacitive elements and a resistive element representing the plasma. It is an accurate model but it 

needs empirically determined coefficients, different for each voltage frequency. 

Moreover, there are several models simulating the molecular motion and chemical 

reactions, using equations like Boltzmann equation or direct solution of particle models but they 

are complex and out of interest for this thesis. 

 

2.2 PLASMA EQUATIONS 

In this thesis a different, simple, electrostatic model is used, using Gauss’s law, which is 

one of Maxwell’s equations, for the calculation of the electric field and a transport differential 

equation for the electric charge density. The body force is then calculated as explained in the 

next chapter and introduced in the fluid equations. 
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Using Gauss’s law, also known as the Gauss’s flux theorem, the electric field from the 

distributed electric charge is calculated. The equation is, 

 

     
  

  
  2-1 

where E is the electric field vector,   is the free electric charge volume density and    is the 

vacuum permittivity, also called electric constant and is equal to, 

                      .  

Assuming that there is no magnetic field, the electric field is also given from the 

equation, 

      , 2-2 

with φ being the electric potential. The higher is the value of the potential gradient, the higher is 

the electric field. Using Equations 2-1 and 2-2,  

      
  

  
 , 2-3 

which is a Poisson differential equation for the calculation of electric potential.  

The density of the electric charge is calculated, using Equation 2-4, 

    

  
           , 2-4 

which is a transfer differential equation with    being the drift velocity of the transfer equation. 

The drift velocity is calculated by the equation, 

         2-5 

where    is the mean mobility of particles, which is a constant of the ability of charged particles 

of moving through a medium. 
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For the dielectric material where no charge exists, the Equation 2-4 is not solved and 

Equation 2-3 can be written as,  

        2-6 

 

2.3 FLUID EQUATIONS 

2.3.1 Compressible problem 

The compressible fluid problem is governed by the continuity equation, the momentum 

equation, the energy equation and an equation of state. All of them are listed and explained 

below. 

2.3.1.1 Continuity equation 

The form of the continuity equation is, 

   

  
            2-7 

where ρ is the density of the fluid and   is the velocity field vector  (Χατζηκωσταντίνου, 2005). 

2.3.1.2 Equation of state 

The equation of state connects the pressure, temperature and volume. The compressibility 

factor was first found. The compressibility factor describes the deviation of a real gas from an 
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ideal gas. For the temperature of 300K and 101300Pa pressure, the compressibility factor is 

0.999. So the gas can be considered as an ideal gas and the equation of state of ideal gases can be 

used, which is, 

        2-8 

where p is the pressure, R the specific gas constant and T the temperature.  

 

2.3.1.3 Momentum equation 

The momentum equation for the compressible flow, which is also called Navier-Stokes 

(N-S) compressible momentum equation is given by the Equation 2-9, 

    

  
                 

 

 
                  , 2-9 

where p is the pressure field,   the dynamic viscosity, and F  the external forces vector. On the 

left-hand side of the equation, the first term is the time derivative and the second term is the 

advection term. On the right-hand side, the first term is the pressure gradient, the second term is 

the diffusion term and the third is about the external forces. The N-S equation is analyzed in 

more equations one for each dimension of the problem. 

2.3.1.4 Energy equation 

The energy equation is given as an equation of specific internal energy e, from the 

Equation 2-10, 

    

  
                 

 

  
   , 

2-10 
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where   is the heat capacity under constant volume and k is the thermal conductivity. On the 

left-hand side of the equation, the first term is the time derivative and the second term is the 

convection term. On the right-hand side, the first term is the work energy and the second term is 

the diffusion term.  The specific internal energy and the temperature are connected from the 

Equation 2-11, 

        2-11 

2.3.2 Incompressible problem 

The difference between the incompressible problem and the compressible is the constant 

density. In addition, the equation of state is not solved as also the energy equation. Therefore 

only the continuity and momentum equations are solved. 

2.3.2.1 Continuity equation 

The continuity equation which is given from the Equation 2-7, for the incompressible 

problem is simplified at the following form, 

        2-12 

as the density is constant and its time derivative is zero. 

2.3.2.2 Momentum Equation 

The incompressible momentum equation or Navier-Stokes incompressible equation has 

the form, 
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   2-13 

where p is again the pressure field,   the kinematic viscosity and    is the external forces  

(Χατζηκωσταντίνου, 2005). Again on the left-hand side of the equation, the first term is the time 

derivative and the second term is the advection term. On the right-hand side the first term is the 

pressure gradient, the second term is the diffusion term and the third is about the external forces. 

2.3.3 Body Force 

Due to the electric field, a Coulomb force is acting on the air’s ions and free electrons. 

The Coulomb force is, 

         2-14 

The free electric charge volume density, as also the electric field, have already been 

calculated from Equations 2-2, 2-4. So, the electrohydrodynamic force can be calculated and 

must be introduced in the momentum equations. The Coulomb force is supposed to be an 

external force and according to momentum equations of the compressible and incompressible 

problems, it is added on their right-hand side at the position of external forces term of the 

momentum equation. The final form of the momentum equation for the compressible problem is, 

    

  
                 

 

 
                    , 2-15 

and for the incompressible problem is, 

   

  
         

 

 
           

 

 
     2-16 
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3. COMPUTATIONAL MODELING 

The above mathematical expressions must be described numerically, in order to be solved 

computationally, which is the target of this chapter.  The numerical method used is explained 

firstly and the algorithms applied are given. An analytical description of the implementation on 

OpenFOAM is made and the mesh grid density is justified at the end.  

3.1 FINITE VOLUMES METHOD 

After the mathematical equations of the problem were found, these must be expressed in 

a numerical form, in order to be computationally calculated. There are three main methods for 

calculating differential equations numerically, the Finite Differences Method (FDM), the Finite 

Volumes Method (FVM), and the Finite Elements Method (FEM). The FVM is the one mostly 

used in computational fluid dynamics problems and the one that is going to be used. The FDM is 

simpler but can only be used at orthogonal grids because it is not compatible with non-

orthogonal or unstructured grids. The FEM is mostly used in structural problems, as its 

implementation is more complex in fluid dynamics. 
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The solution domain is firstly discretized in control volumes (cells), which can be 

hexahedrons, triangular prisms, wedges, and a few times tetrahedrons or pyramids. Also, 

sometimes in complex geometries some control volumes are of unknown shape in order to be 

able to depict the geometry.  Each equation is integrated into each control volume and is solved 

numerically. 

The exact point of the calculation of the values depends on the type of grid (cell-centered 

grid or cell-vertex grid). In Cell-Centered grid, the variables are calculated in the center of the 

control volume and the fluxes at the faces, while in Cell-vertex grid the values are calculated at 

the control volume corners. The first method is more accurate for calculating the main variables 

while the second for the fluxes. 

3.2 SOLUTION ALGORITHM 

For the fluid problem, in the incompressible case, four unknowns have to be calculated, 

the three velocity components and the pressure, while for the compressible case, the density and 

the temperature have to be calculated as well. Analyzing the compressible case as the most 

complex one, the density can be found from the equation of state. The temperature can be found 

from the equation of energy, but velocity and pressure must been calculated as well. The three 

momentum equations are not enough for the calculation of the four unknowns, three velocity 

components, and pressure, and that is why a fourth equation is needed, which is the continuity 
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equation. Even so, this equation does not include pressure. This is the so-called pressure-velocity 

coupling problem.  

Several velocity-pressure coupling algorithms have been developed in order to solve both 

incompressible and compressible flows. The two most used algorithms are the SIMPLE (Semi-

Implicit Method for Pressure Linked Equations) algorithm proposed by Brian Spalding and 

Suhas Patankar and the PISO (Pressure Implicit with Splitting of Operators) algorithm which was 

proposed by Issa in 1985 (Issa, 1985). The SIMPLE algorithm is mainly used for steady-state 

problems while the PISO algorithm was invented for transient simulations. As the simulations on 

this thesis are transient, the PISO algorithm has been used. However, for the compressible 

simulations, a new algorithm which is a combination of SIMPLE and PISO algorithms, and is 

called PIMPLE (PISO-SIMPLE) is preferred as this is the one used from OpenFOAM for 

compressible transient simulations. The benefit of the PIMPLE algorithm is that it can run with 

higher Courant numbers (Courant>1) without diverging.  

The main principle of all three algorithms is that after solving the momentum equations 

using the pressure of the previous iteration the continuity equation is not satisfied. So a Poisson 

equation for the pressure, using the continuity equation is found and a new pressure is calculated 

satisfying the continuity equation. The velocities are recalculated using this time the new 

pressures.  

Firstly for all the algorithms the momentum equation is given in a matrix form, 

          3-1 

where M is a matrix with all velocities coefficients calculated with the FVM method. The 

equation is discretized and solved using the pressure of the previous iteration and an estimation 
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of the velocity is found that is why it is called momentum predictor. To find the Poisson equation 

for the pressure calculation, the above equation can be also written as, 

             3-2 

where A is the diagonal matrix of M and H is the remaining matrix from subtracting A from the 

M matrix. So the product of the velocity with density, combining Equation 3-1 and Equation 3-2, 

is given by the equation, 

                 3-3 

where     is the inverse matrix of A matrix. Using equation of continuity and the above 

equation the Poisson equation is found, 

 
           

  

  
            3-4 

The Equation 3-4 is the one used to calculate the pressure.          

After calculating the pressure, velocity is recalculated using Equation 3-3 with the new 

pressures but then the continuity equation is not satisfied again. That is why a recalculation loop 

takes place to help convergence. This procedure is different in each algorithm. 

3.2.1 SIMPLE 

In the SIMPLE algorithm after recalculating velocity from Equation 3-3, the momentum 

predictor is again solved and the M matrix is again discretized for finding the H Matrix and the 

Poisson equation is solved again and goes on the same way as previous. The whole procedure is 

repeated until convergence is achieved. This loop is called the outer loop. 
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3.2.2 PISO 

In the PISO algorithm, on the other hand, the momentum predictor is not calculated again 

and the H matrix is calculated using Equation 3-2, using the new velocities. Equation 3-3 and 

Equation 3-4 are recalculated. This is repeated specific times for each time step. This loop is 

called the inner loop. For the next time step, the algorithm starts again from Equation 3-1. 

 

Figure 3. 1 PISO incompressible algorithm flowchart, for incompressible case, for each time-step 
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3.2.3 PIMPLE 

The PIMPLE algorithm is a combination of the previous two. Both inner and outer loops 

are used. For each time-step specific number of outer loops and a specific number of inner loops 

for each outer loop are made. Despite the fact that the simulation is transient, the outer loop 

(SIMPLE algorithm) helps each time-step to reach a steady-state.  
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Figure 3. 2 PIMPLE algorithm flowchart, for compressible case, for each time-step 
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3.3 OPENFOAM 

OpenFOAM is an open-source software for the simulation of continuum mechanics 

problems. Essentially it is a big library, in C++ programming language, of tools for the creation 

of custom solvers for the computational solution of continuum mechanics problems. It also 

consists of tools for the pre and post-processing. 

There are many solvers, which can be used without changes, but they also can be 

modified and adapted for each problem. All solvers use the Finite Volume Method. Cell centered 

grid is used however there is the possibility to define variables at the corners of the cells 

(Christopher J. Greenshields, CFD Direct Ltd., 2015).  

 

3.3.1 Geometry definition 

As mentioned in the introduction, a DBD plasma actuator consists of an exposed 

electrode, an encapsulated electrode, and the dielectric. These are the three of the four different 

regions that must be defined. The fourth region is the air. 

The dimensions of electrodes that are used for this thesis, are 10mm length and 0.5mm 

height. As for the relative position of them, there are a lot of different approaches and commonly 

this is a design parameter. For this thesis, on the x-axis, the front edge of the encapsulated 

electrode is at the same position with the back edge of the exposed one and on the y-axis their 

distance is 2mm. 
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Figure 3. 3 Plasma actuator main dimensions 

To be sure that the air block domain boundaries conditions as also the dielectric block 

domain boundaries condition will not influence the solution near the actuator, as in reality they 

do not exists boundaries, they were selected to be 0.6m far from the actuator in both x and y 

directions. More about the boundary conditions and their selection will be explained in the next 

chapter. 

3.3.1.1 Buffer zones 

A problem that was encountered during the present work was that the flow was reflected 

at the boundaries of the domain (far field), due to numerical errors. For this reason, buffer zones 

were used, in order to eliminate these reflections. There are three different buffer zones 

techniques, the one used, is based on grid stretching and numerical dissipation (Hu, 2004). Cell 

zones after the physical domain were added with cells with big dimensions. Due to the increase 

of cells dimensions, numerical dissipation is increased and reflection is limited as flow energy is 
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absorbed. Multiple cell zones were added because the grid stretching must be gradual. As a 

result, the air and dielectric block domains boundaries were about 3m away from the plasma 

actuator.  

In the Figure 3.4 the velocity magnitude color contour plots are presented, on the left for 

the incompressible solver and on the right for the compressible solver, a) without buffer zones 

and b) with buffer zones. On the incompressible solver without the buffer zones, there are 

incoming velocities on the outlet because of the reflection of the vortexes. On the other hand on 

the compressible solver, there are no incoming velocities without buffer zones. The reason is that 

the vortices have been diffused before they reach the outlet, so the velocity field is almost the 

same with and without buffer zones. 

 

Figure 3. 4 Velocity magnitude surface plot for t=15s, rhoq=1e-4, for incompressible solver at left and 

for compressible at right, a) without buffer zones b) with buffer zones 
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In the plots below, it is even more obvious that with the incompressible solver, there is 

difference at the flow field with and without the buffer zones. While with the compressible 

solver the flow field is almost the same with and without buffer zones. 

 

Figure 3. 5 Velocity magnitude plot at x=0.01, for t=15s, rhoq=1e-4 with and without buffer zones, 

for the incompressible solver at left and for the compressible at right 

 

Even if buffer zones are not needed for the compressible solver, they were used, in order 

to have the exact same mesh grid with the incompressible solver and be able to compare the 

results. 

3.3.2 Mesh generation and regions definition 

As the geometry of the actuator is very simple, an orthogonal non-uniform mesh was 

implemented. Fine grid was placed near the actuator, in order to accurately capture the velocity 

gradients, while coarser cells were chosen in the farfield. 

To define the geometry and the regions on the OpenFOAM, firstly a big rectangular 

domain was made and discretized, using the blockMesh command. Its dimensions are 
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1.208mx1.208m for the electrostatic problem and 5.88mx5.88m for the fluid problem because of 

the buffer zones. After the initial mesh grid is created, a denser grid near the actuator is needed. 

The refineMesh command is used and the grid cells are getting denser with a ratio of two in each 

direction. To set the refinement area, the topoSet command is used where blocks with the 

coordinates of two points are defined. Five refinements were needed for the electrostatic problem 

and nine for the fluid problem as the initial cells were bigger because of the buffer zones. Each 

refinement had a distance of forty cells from its previous one, except for the buffer zones in 

which cells were huge and only ten cells between each refinement were used. 

After creating the grid, regions must be set. As the air and dielectric regions are not 

exactly rectangular to be able to define them with the use of topoSet command, they must be 

split in several rectangular. Each face of each rectangular must not belong to more than one 

region boundary. With this in mind, they were split as seen in the figure below. The red is the 

exposed electrode, the orange is the encapsulated, the blue is the air, the grey the dielectric and 

the thin black lines represent the faces of the split rectangular. In this way, the area of each 

region was defined and they were created by using the splitMeshRegion command. 
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Figure 3. 6 TopoSetDict files definition 

3.3.3 Boundary conditions  

A numerical problem in order to be well defined, boundary conditions of all the fields 

must be specified. The boundary conditions choice can influence the results as also the 

convergence of the simulation, that is why big attention must be given and boundaries that do not 

exist in reality must be described by the most realistic conditions.  

On all the patches that were normal to z-axes, the “empty” boundary condition was used 

which defines that the simulation is 2-D and this direction is the one not used. At all the other 

boundaries different conditions were used for each field, which are described below. 
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3.3.3.1 Plasma problem 

Potential boundary conditions 

The air and dielectric materials’ region boundaries away from the actuator (outer walls) 

had a constant value equal to zero. As the block was much bigger than the actuator, even in the 

reality the potential there, is supposed to be almost zero.  

On the boundaries of air and dielectric regions with the exposed electrode the potential 

was chosen to be equal with the fixed value of 10kV, which is one of the most common voltages 

that are used in literature. While on the boundaries of the encapsulated electrode the potential 

was constant and equal to zero. 

A bit more complex was the boundary condition at the boundaries of the air with the 

dielectric region. It is called “compressible::turbulentTemperatureCoupledBaffleMixed” and it 

introduces two conditions. Firstly the potential at the interface of the two regions will be equal, 

                   3-6 

where      is the potential at the air side of the interface while             is the potential at the 

dielectric side of the interface. Also, the sum of the electric induction on the two boundaries must 

be zero, 

                    3-7 

   

where      is the electric induction of the air region boundary and             of the dielectric 

region boundary. Electric induction is given by the Equation 3-8, 

        3-8 
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So the boundary condition can also been written as, 

 
  

      

  
 
   

    
             

  
 
          

  3-9 

 

Free electric charge volume density boundary conditions 

Electric free charges only exist in the air region. Boundary conditions on the far-field as 

also with the dielectric region was chosen to be “zeroGradient”, which means that the value of 

the final volume cell is equal to its previous because their derivative is equal to zero.  

On the boundaries with the exposed electrode a constant electric charge value condition 

of the mean charge density was chosen. Several simulations were run, changing this value. The 

results are presented in the following chapter. 

Table 3. 1 Plasma problem boundary conditions 

Field Region Boundary Boundary Condition 

Electric 

Potential 

Air 

Outer walls fixedValue = 0 

Anode fixedValue = 10kV 

Dielectric 
                 

  
      

  
 
   

    
             

  
 
          

 

Dielectric 

Outer walls fixedValue = 0 

Anode fixedValue = 10kV 

Cathode fixedValue = 0 

Air 
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Electric 

charge 

density 

Air 

Outer walls zeroGradient 

Anode fixedValue = rhoq 

Dielectric zeroGradient 

3.3.3.2 Fluid problem 

Velocity 

Two different boundary conditions types were used for the velocity. On the far-field, the 

already explained “zeroGradient” boundary condition was used. The boundaries were far away 

from the actuator, especially after using buffer zones so the condition did not influence the 

solution on the actuator jet and the velocity gradient there, was almost zero even in the reality.  

At the boundaries of the air with the anode and dielectric material, a “noSlip” condition 

was used. This condition imposes the velocity at the walls to be zero, as happens according to 

boundary layer theory. 

Pressure 

For the pressure, all the boundary conditions were chosen to be of “zeroGradient” type.  

Temperature 

As for the temperature, the boundary conditions were also selected as “zeroGradient”. 

Table 3. 2 Fluid problem boundary conditions 

Field Region Boundary Boundary Condition 

Velocity Air Outer walls zeroGradient 
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Anode, Dielectric noSlip 

Pressure Air All boundaries 
zeroGradient 

Temperature Air All boundaries 
zeroGradient 

 

3.3.4 Initial conditions 

Just as boundary conditions are necessary for a well defined numerical problem, so are 

the initial conditions. The closer the initial conditions are to the solution, the faster the 

convergence. 

3.3.4.1 Electrostatic problem 

On the electrostatic problem, the potential and the electric charge volume density initial 

conditions must be defined. Both were introduced to be equal to zero at the whole domains. 

3.3.4.2 Fluid problem 

At the fluid problem, the velocity was set to be zero at the whole domain for the initial 

time. The temperature was set to be equal with the ambient at 300K. The pressure was set equal 

to zero at the incompressible problem because it is the relative pressure. At the compressible 

problem, as the absolute pressure is used from the state equation, it was set at 101300Pa.  

The electric field as also the electric charge volume density was needed at the initial time. 

The “mapFields” command was used for their definition. The final, steady-state solution of the 

electrostatic problem was copied on the fluid problem. As the mesh grid was different 
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interpolation was made where was needed. As the domain was bigger at the fluid problem 

because of the buffer zones, the electric field as also electric charge values there, were set 

automatically equal to zero. As these areas are far away from the actuator this is realistic and also 

it did not influence the solution to the area we were interested in. 

3.3.5 Constants definition 

The physical properties of the air as also the dielectric material were defined by several 

constants. All the constants were selected based on air temperature of 300K and atmospheric 

pressure. Firstly the relative permittivity of the air is, 

  
        

Also the electric mobility was chosen (Yunpeng & Shilong, 2015), 

           
  

  
  

as for the kinematic viscosity, 

         
  

 
 

and the air density, 

        
  

  
 

Also for the energy equation at the combustion problem thermo physical properties were 

defined. The air molecular weight is, 
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also specific heat of air at specific pressure is, 

         
 

   
 

Dynamic viscosity was also needed, 

               

and the Prandtl number, 

       

For dielectric material, kapton was used with relative permittivity, 

  
               

3.3.6 Numerical Schemes 

The discretization of each region of the mathematical equations is defined on the 

fvSchemes files. The selections for each problem can be found below. 
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Figure 3. 7 Numerical Schemes for plasma problem 
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3.3.7 Solution and algorithm control 

The solver method used for the algebraic problem for each field is defined on a file called 

fvSolution. At this file the residual convergence criterion for each field is presented 

Figure 3. 8 Numerical Schemes for fluid 

problem, incompressible case 
Figure 3. 9 Numerical Schemes for fluid 

problem, compressible problem 
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(“tolerances”). Also values needed for the PISO and PIMPLE loop are specified, like the number 

of inner and outer loops. All these are presented on the figures below. 

 

 

 

Figure 3. 10 Plasma problem , Air 

region solution and algorithm control 

Figure 3. 11 Plasma problem, dielectric 

region solution and algorithm control 
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Figure 3. 12 Fluid problem, solution 

and algorithm control, incompressible case 

Figure 3. 13 Fluid problem, solution 

and algorithm control, compressible case 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  44 

 

3.3.8 Time Control 

As the simulation is transient, the time-step must be defined. The selection of the time-

step is of major importance for the stability of the simulation. For this reason, the so-called 

Courant number is calculated. It is calculated for all the cells and generally, its value must be 

lower than one. At one dimension simulations, it is defined as below, 

 
   

   

  
  3-10 

where u is the flow velocity at the cell, Δt the time-step and Δx the cell length. At three 

dimensions the Courant number is more difficult to be defined. In OpenFOAM specifically, it is 

defined by the following equation, 

 
   

 

 
  

            

  
  3-11 

where    is the velocity on each cell,     is the normal vector to each cell surface,    is the cell 

total surface area,    is the cell volume. 

As mentioned before the Courant number most of the times must be below one. That is 

why at the electrostatic problem it was chosen to be 0.8, in order to ensure stability. At the fluid 

incompressible problem, because of the use of the PISO algorithm, it is suggested to use lower 

Courant numbers because the momentum equation is solved ones and outer loops are not made. 

That is why a Courant number equal to 0.4 was set. On the other side, at the compressible 

problem, the use of the PIMPLE algorithm allows the use of Courant numbers higher than one.  
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At the beginning of each simulation, a time-step was set and the Courant number was 

calculating and the time-step was changing in order to satisfy the Courant criterion, depending 

on the maximum prices that were set by the user.  

3.3.9 Parallel processing 

All the simulations were run with parallel processing.  In OpenFOAM the domain and the 

fields are decomposed into pieces and distributed to the several processors. After the simulation 

is completed the fields and the domain is reconstructed for the post-processing. To decompose 

the domain the scotch decomposition was selected, which attempts to minimize the number of 

processor boundaries. The openMPI message passing interface is used. The simulations were run 

either with sixteen or with seventy-two processors. 

3.4 MESH CONVERGENCE 

The use of the Finite Volume Method as it has already been mentioned requires the 

discretization of the problems’ domain, which introduces truncation errors by the numerical 

schemes. The bigger the cells’ dimensions are, the higher the error, the smaller the cells the 

lower the error, till a point where the solution doesn’t change significantly no matter how much 

the size of the cells is decreasing. To find this point, the so-called mesh convergence study is 

taking place. Multiple simulations were ran and a method based on Richardson extrapolation was 

used for the evaluation of the results.   
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3.4.1 Richardson extrapolation 

Having the solution of simulations with different mesh grid densities, on the same 

problem and wanting to find a higher order solution Richardson extrapolation method can be 

used (Slater, 2018). Three discrete values from three simulations with different mesh grid density 

are needed,    is the solution with the coarser mesh grid,   is the middle dense grid solution, and 

  the solution with the densest mesh grid. The ratio of the mesh grid size between the different 

simulations must be constant and is named   . The order of convergence is found with the 

Equation 3-12, 

 

  
   

     
     

 

      
  

3-12 

The order of convergence mainly is the order of the truncation error. But, since it is 

calculated from numerical results, in reality it is even lower.  

Having found the order of convergence the Richardson extrapolation Equation 3-13 can 

be used to find a higher order solution,  

 
        

     
     

  3-13 

where      is the continuum value at zero grid spacing. Using these variables a graph can be 

made to find if the solution is converged.  

For further evaluation of the results the grid convergence index can be calculated using 

Equation 3-14, 

 
    

      

     
  3-14 
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with    being a safety factor equal with 1.25 when three or more simulations are used and e is 

given by the Equation 3-15, 

 
  

     
  

       3-15 

The grid convergence index is about the percent difference of the solution from the 

asymptotic solution. Mainly it is about how much the solution is going to change if the mesh is 

made even denser. 

3.4.2 Plasma problem 

Firstly mesh convergence study took place for the electrostatic problem and then for the 

fluid problem. Both times Richardson extrapolation method was used.  

Generally the grid refinement ratio of mesh grid between simulations on 2-D cases is 

chosen to be lower than two. The cells number at each dimension and domain dimensions are 

defined by the user, as a result, cells dimensions are calculated from the program. When the cells 

dimensions are not an integral multiple of geometry dimensions, interpolation is made and cells 

dimensions are changed to fit the geometry. However as electrodes dimensions are very small, 

truncation errors of interpolation schemes were high for such dimensions. So it was observed 

that electrodes thickness was changing importantly after the mesh creation, when cells number 

was changing arbitrarily and cells dimensions were not integral multiple of the geometry 

dimensions. 
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Therefore, for the reason explained above, a ratio of two was used, in order all the grids 

to fit exactly on the geometry, as the initial one. As a result, because the simulation is in 2-D, the 

total cells number was increasing with a fraction equal to four between the simulations. And due 

to computational cost, only three simulations were run for the mesh convergence study. 

For the mesh convergence study, the boundary condition of the mean charge density was 

chosen equal to 1e-4(
  

  
 , and two points were chosen for the evaluation of the results. The first 

one, on the air near the anode ((x,y)=(0.0,0.001)) and the second one on the dielectric region 

between the two electrodes ((x,y)=(0.0,-0.001)). The axis origin is set on the right lower corner 

of the anode. 

The results for different mesh grid sizes and their evaluation with Richardson method can 

be found on the tables below. 

Table 3. 3 Plasma problem mesh convergence study results 

Number of 

cells 

Electric field 

(x,y) = (0.0, 0.001) 

(V/m) 

Electric Field 

(x,y) = (0.0, -0.001) 

(V/m) 

Charge density 

(x,y) = (0.0, 0.001) 

(As/m
3
) 

34624 2.60E+06 4.02E+06 9.956E-05 

137635 2.69E+06 4.16E+06 9.970E-05 

549538 2.70E+06 4.20E+06 9.975E-05 

 

Table 3. 4 Plasma problem mesh convergence study results evaluation 

Field Point Order of Richardson GCE 
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coordinates convergence extrapolation 

Electric field 

(x,y)=(0.0, 

0.001) 

3.2 2.70E+06 0.0577% 

Electric field 

(x,y)=(0.0, -

0.001) 

1.7 4.22E+06 0.5766% 

Charge 

density 

(x,y)=(0.0, 

0.001) 

1.6 9.977E-05 0.0293% 

 

 

Figure 3. 14 study at x=0.0, y=0.001, a) for electric field, b) for charge density 

The mesh grid with the 549538 cells was selected as GCI is really low, below 1% and the 

order of convergence is above 1.0. Also it is obvious from the graph above that the solution is 

converged at this mesh grid. 
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3.4.3 Fluid problem 

Two different points at x=0.02 were chosen to estimate the result at the fluid problem, as 

the highest induced velocities are observed at almost this coordinate. The compressible solver 

was used and the mean charge density boundary condition was set equal to 1e-4(
  

   , as the 

lower the charge density the most complicated the flow field was observed to be. 

Table 3. 5 Fluid problem mesh convergence study results 

Number of cells 

Velocity Magnitude  

(x,y) = (0.02,0.0005) (m/s) 

Velocity Magnitude  

(x,y) = (0.02,0.002) (m/s) 

85633 0.3521 0.7233 

340687 0.3639 0.7412 

1362451 0.3653 0.7508 

 

Table 3. 6 Fluid problem mesh convergence study results evaluation 

Point coordinates 

Order of 

convergence 

Richardson 

extrapolation  

GCI 

(x,y)=(0.02,0.0005) 2.1 0.36575 0.1524% 

(x,y)=(0.02,0.002) 0.9 0.7619 1.8486% 
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Figure 3. 15 Convergence study at x=0.02 for the velocity, at, a) y=0.0005, b) y=0.02 

The mesh grid with 340687 cells was chosen, as the GCI is under 2% in both points. Also 

the difference at maximum velocity magnitude between this mesh grid and the denser is less than 

0.01 m/s, so the computational cost of 1 million more cells  ( of the 1362451 cells mesh grid) 

was not worth. 
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4. INCOMPRESSIBLE AND COMPRESSIBLE SOLVERS AT 

DIFFERENT CHARGE DENSITIES 

Four simulations with the incompressible solver and then four simulations with the 

compressible solver were made. Each simulation had a different value of mean charge density 

boundary condition on the anode. The target is to compare the deviation in the results of the 

incompressible and compressible solver and how this is affected by the charge density value. The 

four different mean charge density fixed values on the anode were, rhoq=1e-4, rhoq=1e-3, 

rhoq=1e-2, and rhoq=1e-1 (
  

   .  

4.1 PLASMA PROBLEM 

Firstly four simulations were made for the plasma problem, one for each charge density 

boundary condition. The results of the steady-state can be found below. The charge density range 

is increasing as the boundary condition value increase that is why on high loads the results on the 

surface plot are not distinctly. 
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Figure 4. 1 Charge density surface distribution at steady state for a) rhoq=1e-4, b) rhoq=1e-3, c) 

rhoq=1e-2, d) rhoq=1e-1 

 

Figure 4. 2 Charge density at y=0.001 along x-axis for different charge density boundary conditions 
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The electric field distribution is the same on all the four cases but with different values. 

 

Figure 4. 3 Electric field surface distribution at steady state for a) rhoq=1e-4, b) rhoq=1e-3, c) 

rhoq=1e-2, d) rhoq=1e-1 

4.2 FLUID PROBLEM 

After the plasma problem results presentation, the fluid problem results are presented. 

Some initial time results are presented, but most of them are when a steady-state flow field is 

reached. The mean charge density and the time for each plot refer at the corresponding caption of 

each figure. If no time is referred, the steady-state time is plotted, which is different for each 

mean current density.  
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In Figure 4.4, the velocity magnitude at the y-axis for x=0.01 is plotted, for all the mean 

charge densities and for both solvers. The flow velocity profile at the jet is similar to the one 

observed at experiments according to literature. The higher deviation between the incompressible 

and compressible solver is observed above the jet. Deviation also exists at the jet profile and is 

increased with the increase of charge density. 

 

Figure 4. 4 Plot of the velocity magnitude at the y-axis, at x=0.01m for the incompressible and the 

compressible solvers for a) rhoq =1e-4 b) rhoq =1e-3 c) rhoq = 1e-2 d) rhoq = 1e-1 

 

In Figure 4.5, the same plots as above are made but at x=0.08. It is noticed that the 

deviation between the solvers is increased compared with x=0.01.  
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Figure 4. 5 Plot of the velocity magnitude at the y-axis, at x=0.08m for the incompressible and the 

compressible solvers for a) rhoq =1e-4 b) rhoq =1e-3 c) rhoq = 1e-2 d) rhoq = 1e-1 

In Figure 4.6 and in Figure 4.7, velocity magnitude surface plots for initial times are 

presented for different loads, respectively. On both solvers, on the right, a starting vortex is 

created beside the jet. Also, a second vortex is created in front of the actuator, as there also exists 

charges and electric field. The right vortex is bigger than the left one. These vortices have also 

been observed in experiments according to literature (Whalley & Choi, 2013).  In Figure 4.7 also 

secondary vorticity is observed below the main vortex because of no-slip condition as again 
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explained on (Whalley & Choi, 2013).  However, on the incompressible solver, secondary 

vortices above the jet are also presented that have not been noticed in experiments.  

 

Figure 4. 6 Velocity magnitude zoom-in surface plot, rhoq =1e-2,a) t=0.2s,  b) t=0.4s, left is for 

incompressible solver and right for compressible 
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Figure 4. 7 Velocity magnitude zoom-in surface plot, rhoq =1e-3,a) t=0.2s,  b) t=0.4s, left is for 

incompressible solver and right for compressible 

 

The starting vortex is moving right and getting bigger with time. In the compressible 

solver, it breakdowns and is diffused, while on the incompressible solver some vortexes do not 

stop to exist with time. Finally, after time, near the actuator, only the jet exists which according 

to Figure 4.8 and Figure 4.9 is getting thinner as the charge density increases. 
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Figure 4. 8 Velocity magnitude zoom-in surface plot when steady state reached, a) rhoq =1e-4, b) 

rhoq = 1e-3, left is for incompressible solver and right for compressible 

 

Figure 4. 9 Velocity magnitude zoom-in surface plot when steady state reached, a) rhoq =1e-2, b) 

rhoq = 1e-1, left is for incompressible solver and right for compressible 
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In the Figures below, it is obvious that in the incompressible cases vorticity exists in the 

far-field even after a long time while in the compressible case it is diffused. For this reason the 

deviation of velocities between the two solvers at, x=0.08 is bigger than at x=0.01. Also the 

deviation increases as the y coordinate increases. Generally the deviation between the two 

solvers increases as the distance from the actuator increase. 

 

Figure 4. 10 Velocity magnitude further view surface plot when steady state reached, a) rhoq =1e-4, 

b) rhoq = 1e-3, left is for incompressible solver and right for compressible 



Diploma thesis  Stamatios Stamatiou-Konstas 

 

Department of Mechanical Engineering and Aeronautics  62 

 

 

Figure 4. 11 Velocity magnitude further view surface plot when steady state reached, a) rhoq =1e-2, 

b) rhoq = 1e-1, left is for incompressible solver and right for compressible 

 

Velocity magnitudes at the same points along the y-axis, for different charge densities, 

are plotted below. It is obvious that the higher the load the higher the maximum velocity induced 

as expected. 
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Figure 4. 12 Plot of the velocity magnitude at the y-axis, at x=0.01m for the incompressible solver for 

different rhoq 
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Figure 4. 13 Plot of the velocity magnitude at the y-axis, at x=0.01m for the compressible solver for 

different rhoq 

 

The difference of the velocity magnitude profile for rhoq=1e-3 (
  

   , at different positions 

in the x-axis is presented below. The velocity is decreased with the distance and the jet seems to 

get higher. 
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Figure 4. 14 Plot of the velocity magnitude at y-axis for rhoq =1e-3, with the incompressible solver 

for different position in x-axes 

 

Figure 4. 15 Plot of the velocity magnitude at y-axis for rhoq =1e-3, with the compressible solver for 

different position in x-axes 
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Finally, in Figure 4.16, the difference of maximum velocities induced at x=0.01 for all 

the charge densities between the two solvers is compared. It is clear that the deviation as also the 

deviation gradient increases with the charge density increase. 

 

Figure 4. 16 Max velocity magnitude at x=0.01 for different rhoq , for both the incompressible and 

compressible solvers 

4.3 CONCLUSIONS 

The results of both solvers were as expected similar to experimental studies in the 

literature. The form of the jet and the creation of the starting vortex as also the creation of a 
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vortex behind the actuator were observed. An interesting observation was that trailing vortices 

far away from the actuation area were created by the incompressible solver, but not by the 

compressible one.  

 This phenomenon was increasing with the increase of the mean charge density. That is 

why the maximum jet velocity difference between the two solvers was increasing with the 

increase of the mean charge density. Moreover, that is why the deviation between the two solvers 

was also increasing as the distance from the actuator was increasing. At the jet, the deviation was 

not so big.  

Also it was observed that as the mean volume charge density is increasing the jet is 

getting thinner. Additionally, as the jet is moving along the x-axis, it is moving higher because of 

the thickening of the boundary layer. 

In summary, the incompressible solver can only be used for low mean charge densities to 

predict velocities of the jet near the actuator.  The incompressible solver is better to be used with 

buffer zones. For high mean charge densities and generally when the flow away from the 

actuator is also of interest, the compressible solver must be used as it is the most accurate one. 

However the compressible solver is slower because more, and more complex equations have to 

be solved. 
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4.4 FUTURE WORK 

As presented in Figure 1. 4 the current is not constant with time. As a result, the current 

waveform must be found and used as a boundary condition instead of using a mean current. This 

is desirable for future work. After that, a simulation with the exact configuration used at a 

literature experiment can be made to compare the actual results and not only their form and 

evaluate completely the mathematical and numerical method used. 
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