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SUMMARY 

           Plasma actuators have represented an attractive field for decades and the 

recent advances in ns-DBDs are now promising new ways to control both the 

subsonic and supersonic flows with extraordinary efficiency and flexibility. A design 

methodology, however, doesn’t exist which remains the chief concern of all the 

researches in the literature. There are many experiments that dealt with changing 

voltages, frequencies, pulse durations, different voltage waveforms, discrete 

geometries for the actuators. Even though there is an extensive number of papers 

suggesting that the dominant mechanism of the actuator is rapid heating, the 

parameters to maximize the control over the flow, including 2-D interactions, 

external forces and conditions of operating medium, are not yet well understood and 

a novel approach is necessary that will incorporate the theory of plasma to 

understand, model and simulate its physics and experimental results. An extensive 

literature review was conducted from the theory of MHD to the chemistry of rapid 

gas heating to unearth the key problems and lacking knowledge about this 

technology and a basic DBD that will be used in ITU TRL 15 x 15 cm Trisonic Wind 

Tunnel with Blocks (M4)” nozzle/module was designed to be operative in supersonic 

conditions and replicate the results of more previous experiments in modifying the 

boundary layer over a flat plate. At long last, an innovative technique for developing 

and testing new configurations and necessary experiments for ultimately creating a 

full methodology for designing a DBD for supersonic flows for different purposes 

was discussed.
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1. INTRODUCTION 

           Industrial plasma engineering had remained a key instrument for humanity 

and renewable energy for many years [1], utilized from material processing to 

communications via geophysical plasmas, from space propulsion systems to 

microelectronics and many other subjects of environmental, material, chemistry, 

aeronautical and astronautical engineering [2]. And as of now, DBD plasma actuators 

that consist of two facing electrodes and a dielectric layer in-between is depicted as a 

paradigm-changing technology compared to the other types of techniques. One of its 

other applications fields is to steer high-velocity projectiles with the help of an 

asymmetric flowfield around the object by producing lateral force and a pitching 

moment that will be favorably combined [3]. 

           They possess a vast range of different other applications. For example, for the 

propulsion systems, two of the prime concerns is the shockwave-boundary layer 

interaction (SBLI) and stabilization of the line of laminar-turbulent transition [4]. 

Since the boundary layer and unstart characteristics of ramjet/scramjets are important 

[5] for the fuel efficiency to reduce costs and foster the developments in the field, it 

is of special interest for NASA’s [6] Subsonic Fixed Wing, Subsonic Rotary Wing 

and Hypersonic Projects and purposes like reducing the carbon emissions by the use 

of plasma-assisted combustion mechanisms.  

           Other applications are reducing the noise, controlling the boundary layer 

transitions, guiding and controlling separation processes and transonic flows, 

shockwave modifications, etc. [7] [8] [9] [10]. It is also considered as a tool for 

steering supersonic/hypersonic vehicles including projectiles, wings and rotor blades 

[3]. 

           Therefore, a supersonic plasma actuator is a promising future of tomorrow 

that it is crucial to develop one and study its mechanics in-depth in both 

experimentally and numerically to accelerate the developments in aeronautics, 

primarily active flow control techniques. It will have a revolutionary impact on areas 

from energy production to military purposes, thus Turkey’s oldest and one of the 

most influential technical universities, ITU shall be a part of such an international 

endeavor. 
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1.1 Outline 

           Because of the unfortunate outbreak, it was prohibited to students to enter 

laboratories and as a result, the purpose of the design project was altered from 

focusing on experiments to a more theoretical approach to mathematics and physics 

of the discharge. That’s why this thesis is more of a guiding textbook that contains 

summaries of the literature, recommendations, and design procedure of a plasma 

actuator for readers who are eager to get into this topic rather than providing more 

interest to test different designs and come up with something brand new. Numerical 

solutions that were already made from various universities were additionally 

included in the research to develop an integrated software in the future for 

simulations. 

           In Section 2.1, plasma and some fundamental terms used heavily in the 

literature was explained. In Section 2.2, the mathematical models that were 

developed for simulating the plasma interactions for designing more effective and 

efficient systems were given followed by some of the engineering assumptions. In 

Section 2.3, discharge mechanics and Townsend Theory is discussed. Sustaining a 

plasma in varying operating conditions will be discussed with the support of the 

older conducted experiments. In the end of the chapter, energy deposition methods 

will be included to finalize the overall explanations for the operating principles of a 

discharge mechanism. 

           In Section 3.1, boundary layer theory and the effects of the changes in the wall 

and volume temperature on the boundary layer will be theoretically explained. In 

Section 3.2, Free Shear Layers are going to be discussed so that the vorticity 

generation and its implications for the control of the instabilities in the downstream 

flow will be discussed. As a result, the EHD and MHD forces and their potential uses 

will be summarized. In Section 3.3, a concept that was developed for studying the 

modifications in the flow structure and the following results will be given. In Section 

3.4, inviscid-viscous interaction will be addressed and then some assumptions made 

to examine EM perturbations and their effects on the boundary layer will be 

discussed. 

           In Section 4.1, some of the earlier developed technologies involving DBDs 

will be shown, followed by its history and numerous types. After discussing its 
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advantages over passive control methods, different energy inputs and voltage 

waveforms used for experiments will be given. The demonstrated success of the ns-

DBDs in subsonic and transonic experiments will be shown with the results. Lastly, 

Supersonic experiments will be also explained and their differences in designing the 

actuator rather than the subsonic ones will be highlighted. In Section 4.2, starting 

with the selection of the barrier materials and geometrical aspects, micro-discharges, 

plasma steering, modifications of the angle of oblique shockwaves and the 

demonstration of some of the underlying mechanisms will be summarized. After that, 

the parameters for the voltage waveforms, their shapes, pulse widths, pulse phases 

and durations and their impacts will be explored. Following the results of the 

experiments, more rigorous analysis of the energy transfer mechanisms, starting with 

ionization process to chemical reactions leading to the rapid heating will be told. By 

observing the distinct morphologies of the plasma, a classification will be 

established. Ultimately, the introductory sections will be incorporated to portray a 

bigger picture and will be supported by the experiments. In Section 4.3, plasma 

actuators and their other derivatives, their advances, contributions to our study will 

be given to show each one of their disadvantages and the importance of the DBD will 

be demonstrated. 

           In Section 5, the numerical simulations conducted for unique cases, the 

plasma models and methodologies used will be summarized for the reader to instruct 

developing in-house software. 

           In Section 6 the design parameters, choices and tradeoffs will be explained. 

           In Section 7, conclusions and some recommendations for the intended 

experiments that will be conducted in ITU will be explored. 
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2. PLASMA PHYSICS 

2.1 Fundamentals 

           The plasma was defined by Langmuir [11] as “Except near the electrodes, 

where there are sheaths containing very few electrons, the ionized gas contains ions 

and electrons in relatively identical numbers so that the resultant space charge is 

very small. We shall use the name plasma to describe this region containing 

balanced charges of ions and electrons” A short one was also made within [12], as 

“System of particles whose collective behavior is characterized by long-range 

Coulomb interactions.” The salient characteristic of the plasma is that it is a state of 

matter in which the ionized gaseous substance becomes highly electrically 

conductive, and its behavior is dominated by the electric and magnetic fields [13]. 

They comprise extraordinarily complex systems thus their behavior does vary. 

Spontaneous formation of distinctive spatial features on a wide range of length scales 

is one manifestation of that complexity, filamentation (Birkeland current), dusty 

plasma, non-neutral plasma, and impermeable plasma just to give some examples. 

           Plasmas can affect physical/chemical transformations in controllable ways 

like the ionic propellers via controlling the direction or generation of the “sheath” 

effect.  

           The sheath effect (depicted in Figure 2.1) comes from the called plasma-wall 

interaction, referred to the phenomena take place as a result of the contact of the 

plasma with a solid body, not only on the contact surface but also inside the plasma 

(recycling, transfer of matter and energy) as the solid (diffusion and structural 

changes). Solid matter acts as a sink for the plasma, ions and electrons precipitate on 

solid and recombine, becoming neutral atoms which return to ionize plasma by 

collisions and feed the source that generates new plasma in its vicinity with neutral 

atoms. [14] In addition to the wall interaction, if the plasma is subjected to an 

external electrical field, free charges do also redistribute themselves so that the 

leading part of the plasma is shielded from that field. 
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Figure 2.1: Plasma Sheath and Potential Graph [15] 

           The electrons move √
𝑚𝑖

𝑚𝑒
 times faster than the protons, their movement result 

in electric polarization fields that separate the charge and will make electrons come 

back restoring quasi-neutrality in the absence of an external force because of their 

rapid movement. Therefore, the plasma is typically accepted to be in a quasi-neutral 

state. 

           The scale length of the transition region, shown in Figure 2.1 is called Debye 

Electron Shielding Length and designated as 𝜆𝐷. It is the distance over which the 

potential of a single charge drops with a factor of the elementary charge (e) by the 

induced transport of other charged particles and also called the Debye Length in 

short. It is calculated by using the electric potential of a sphere and the Poisson’s 

Equation both given in Equation (2.1) and (2.2) respectively; 

 
∅(𝑟) =

1

4𝜋𝜀𝑜

𝑄

𝑟
    𝑎𝑛𝑑   ∇2∅(�̂�) = −

𝜌

𝜀𝑜
 

(2.1) 

           Solving the nonlinear equations gives the Equation (2.2); 

 

𝜆𝑒,𝑖 = √
𝑇𝑒,𝑖

4𝜋𝑛𝑜𝑞𝑐
2

 𝑜𝑟 
√

𝑘𝐵𝑇𝑒

𝑚𝑒

𝜔𝑝
 

(2.2) 
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           It is a measure of a charge carrier’s net electrostatic effect and how far its 

electrostatic effect persists. Beyond this length, collective behaviors dominate over 

the correlations between the particles, mainly the Coulomb forces. This phenomenon 

is recognized as Electric Screening [16]. As the potential increases, more electrons 

are reflected until an equilibrium is reached (predominantly it is on the order of 

electron temperature). At the boundary of the sheath, on the wall or obstacle,      

𝑁𝑒 ≅ 𝑁𝑖 is assumed (quasi-neutral) . The mobility of the electrons discussed before 

causes a gradient of electric potential and attenuates from the effect of protecting of 

charges at the in the plasma bulk. Thus the region that potential decays from the 

value of plasma to the floating potential of the surface are called the sheath [14].  

           The degree of ionization of the plasma is given by Equation (2.3); 

 𝛼𝑝 =
𝑛𝑒

𝑛𝑒 + 𝑛𝑛
 (2.3) 

           Where the 𝑛𝑒 is the electron density while 𝑛𝑛 denotes the neutral density in 

the area of interest. The plasma is highly ionized if the degree of ionization is higher 

than 0.1%. When it is weakly ionized, it becomes rare for any collisions between the 

ions and neutral atoms so that the neutral atoms can move relative to the ions and 

collisional damping is utterly neglected. It is moreover known [17] that since a high 

density of ions leads to a high ion-electron collision, and assuming a quasi-neutral 

condition eventually to a smaller equilibrium degree of ionization and makes it easier 

to sustain a plasma state in low-density gases. This phenomenon is called plasma-

neutral drift, commonly known as ambipolar diffusion which is the primary 

mechanism behind the formations of a star [18] [19]. 

           As will be later discussed, an exact solution for determining the degree of 

ionization which is a result of two clashing phenomenons, ionization, and 

recombination, exists that captures quantum mechanical aspects into account. It is 

known as Saha Equation, given in (2.4), 

 
𝑁𝑖

𝑁𝑛
= 2.405 𝑥 1021  

𝑇
3
2

𝑁𝑖
𝑒

−𝑈
(𝑘𝐵𝑇)⁄

 

(2.4) 

           where 𝑁𝑖 is the density of ionized atoms and the latter for the density of 

neutrals and U is the ionization energy. 
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           Landau damping is another concept which is the collective mode of 

oscillations in plasma without any collisions of charged particles. It prevents  

instability in a nonlinear fashion and studied for astrophysics for a long time and its 

mathematics is newly developed [16]. Its effects on the DBD dynamics are not 

investigated, though. 

            If the process of creating a plasma is by adding thermal energy, it is called 

“hot plasma” or “warm model” where only the viscous forces are neglected, while 

using electric potential or photoionization by lasers cause the formation of a “cold 

plasma” in which the thermal motions of the particles are neglected. 

           The formed plasma can also be divided into two categories: “thermal 

equilibrium” and “non-equilibrium”. While for the thermal equilibrium case the Te 

can be approximately taken as equal to the Ti and Tn. Contrarily, for the non-

equilibrium case [20] the assumption can be made as in the Equation (2.5);  

 𝑇𝑒 > 𝑇𝑖 ≅ 𝑇𝑛 (2.5) 

           There can be mainly two types of current through the plasma [21], one is the 

conduction current caused by the transport of the change carriers and modeled in the 

Equation (2.6), latter one, called the displacement current is caused by the change of 

the electrical field and modeled in the Equation (2.7). 

 
∇. 𝐽𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 +

𝜕𝜌𝑐

𝜕𝑡
= 0 

(2.6) 

           where 𝜌𝑐 is the charge volume density (free charged carriers). 

 
J𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =

𝜕(𝜀�⃗⃗�)

𝜕𝑡
 

(2.7) 

           where 𝜀 can be written in terms of relative permittivity (𝜀𝑑) of the material as 

in the Equation (2.8); 

 𝜀 = 𝜀𝑑𝜀0 (2.8) 

           Lastly, the dielectric materials (meaning “through”, for indicating the energy 

storage capacity through polarization) are electric insulators with exceptionally low 

electrical conductivities (𝜎 ≪ 1) and a high degree of polarizability by the applied 
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electrical fields. The particles are assumed to recombine instantly when colliding on 

geometric surfaces, where their charges are stored known as surface charging. 

2.2 Mechanics of Plasma 

           The theories for fluid-plasma interaction, mainly the multiple-fluid theory and 

the single-fluid theories were investigated. The multiple-fluid model was used for 

fully ionized, isotropic, and collisionless plasma with more than two species while 

the single-fluid model consists of slowly varying conditions in a highly but not fully 

ionized plasma (neutrals don’t fulfill any role, though). In the latter model, electrons 

and ions are assumed to be in unison but the collisions are additionally included by 

using a collision term. Starting with the main equations. 

           The Maxwell Equations consists of four laws [22], Gauss’ Law for Electric 

Field given in Equations (2.9) and (2.10); 

 
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝐹𝑜𝑟𝑚: ∮ �⃗⃗�. �̂�𝑑𝑎 =  

𝑞𝑒𝑛𝑐

𝜀𝑜𝑆

 
(2.9) 

 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝐹𝑜𝑟𝑚: ∇.⃗⃗⃗ ⃗ E⃗⃗⃗ =  
𝜌

𝜀𝑜
 (2.10) 

           Gauss’ Law for Magnetic Field given in Equations (2.11) and (2.12); 

 
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝐹𝑜𝑟𝑚: ∮�⃗⃗�. �̂�𝑑𝑎 =  0

𝑆

 
(2.11) 

 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝐹𝑜𝑟𝑚: ∇.⃗⃗⃗ ⃗ B⃗⃗⃗ =  0 (2.12) 

           Faraday’s Law given in Equations (2.13) and (2.14); 

 
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝐹𝑜𝑟𝑚: ∮ �⃗⃗�. 𝑑𝑙 = −

𝑑

𝑑𝑡
∫�⃗⃗�. �̂�𝑑𝑎

𝑆𝐶

 
(2.13) 

 
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝐹𝑜𝑟𝑚: ∇⃗⃗⃗𝑥E⃗⃗⃗ =  −

𝜕�⃗⃗�

𝜕𝑡
 

(2.14) 

           and the Ampere-Maxwell Law given in Equations (2.15) and (2.16). 
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𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝐹𝑜𝑟𝑚: ∮ �⃗⃗�. 𝑑𝑙 =  𝜇𝑜(𝐼𝑒𝑛𝑐 + 𝜀𝑜

𝑑

𝑑𝑡
∫�⃗⃗�. �̂�𝑑𝑎

𝑆𝐶

) 
(2.15) 

 
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝐹𝑜𝑟𝑚: ∇⃗⃗⃗𝑥B⃗⃗⃗ = 𝜇𝑜(𝐽 + 𝜀𝑜

𝜕�⃗⃗�

𝜕𝑡
) 

(2.16) 

           where 𝐽 is the electric current density, 𝜇𝑜  is the magnetic permeability of free 

space and the 𝐼𝑒𝑛𝑐 is the steady conducting current. The last two laws are terribly 

important to understand the mechanics of the plasma since they govern the behavior 

of the interactions between the ions and electrons, the local electric fields and their 

impact on the energy transfer. 

           Initially, the system is uniform, electrically neutral, and cold (thermal motion 

is negligible). When the plasma is disturbed, an influential electrical restoring force 

is set up (a local electrical field opposite to the direction shown in Figure 2.2 is 

created when the electrons are placed in the right side, this field acts to reduce the 

charge separation by pulling electrons back to their initial locations) leading to 

oscillatory motion of particles around their equilibrium positions at a characteristic 

frequency, referred as plasma frequency [23]. They continue oscillating the same 

motion forever in the absence of any damping. 

 

Figure 2.2: One-dimensional Plasma Slab in an Applied Electric Field [23] 
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           The plasma frequency is calculated by first determining the electrical field and 

then solving the Gauss’ law for Electric Field to determine the oscillation frequency 

given in Equation (2.17). 

 
𝑚𝑒

𝑑2𝑥

𝑑𝑡2
= 𝑞𝑒𝐸𝑥 𝑎𝑛𝑑 ∮ �⃗⃗�. �̂�𝑑𝑎 =  

𝑞𝑒𝑛𝑐

𝜀𝑜𝑆

 
(2.17) 

           Defining 𝑁𝑒 as the density of the electrons, 𝐴 as the cross sectional area and 

the x as the displacement we get the expression for the electrical field’s x component 

in Equation (2.18), 

 
𝑞𝑒𝑛𝑐 = 𝐴𝑥𝑁𝑒𝑞𝑒 𝑎𝑛𝑑 ∮�⃗⃗�. �̂�𝑑𝑎 =  −𝐴. 𝐸𝑥

𝑆

 →  𝐸𝑥 =  
−𝑥𝑁𝑒𝑞𝑒

𝜀𝑜
 

(2.18) 

           Finally we get the plasma frequency as in Equation (2.19); 

 
𝑑2𝑥

𝑑𝑡2
+ 𝜔𝑝

2𝑥 = 0   𝑤ℎ𝑒𝑟𝑒 𝜔𝑝 = √
𝑁𝑒𝑞𝑒

2

𝑚𝑒𝜀𝑜
 

(2.19) 

           It is important to note that for any plasma oscillation to develop, the mean free 

time 𝜏𝑛 between the collisions shall be long enough so that it satisfies the 𝜔𝑝𝜏𝑛 > 1 

condition. It is also a criterion for many scholars for an ionized gas to be considered 

as a plasma. Each species in the plasma (ions and electrons) can have their own 

thermal equilibriums [17].  

           In the kinetic theory of gases , the physical state is characterized mainly by 

two parameters, density of the molecules and the temperature. Total kinetic energy 

depends only on temperature. In the case of a thermal equilibrium, the pressure is 

calculated with (2.20); 

 𝑝 = 𝑁𝑜𝑘𝐵𝑇 (2.20) 

           where 𝑘𝐵 is the boltzmann constant and each individual molecule is said to 

have different energies. Maxwell had calculated the density of molecules [17] that 

have speeds between v and v+dv in (2.21); 

 𝑁(𝑣) = 𝐴𝑣2𝑒−𝑚𝑣2/(2𝑘𝐵𝑇)∆𝑣 (2.21) 
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           and maximum density is obtained at the speed calculated as (2.22); 

 

𝑣 = √
𝑘𝐵𝑇

𝑚
 

(2.22) 

           Taking the integral of previous equation (2.21) and defining the result as the 

total moleculat density, 𝑁𝑜, gives the coefficient A as (2.23); 

 
𝐴 = 𝑁𝑜 [

2

𝜋
(

𝑚

𝑘𝐵𝑇
)

3

]

1/2

 
(2.23) 

           However it is important to note that the thermal equilibrium is slower for the 

plasma and non-equilibrium distribution is observed more often since the Coulomb 

forces inside the plasma makes it harder for particles to collide with each other. 

Nonetheless, particles are assumed to have equal probability to move in any direction 

regardless of their initial states after a collision. The mean free path, or zig-zag path, 

is denoted with 𝜆 while the mean time between the collisions are denoted with 𝜏.  

           The evolution of velocity distribution is mathematically describes by 

Boltzmann Equation. Taking integral in six dimensional phase space, gives the 

equation, also known as the Integro-differential Equation (2.24); 

 𝜕

𝜕𝑡
𝑓(𝑟, �⃗�, 𝑡) + (�⃗�. ∇𝑟)𝑓(𝑟, �⃗�, 𝑡) + [(

�⃗�

𝑚
) . ∇�⃗⃗�] 𝑓(𝑟, �⃗�, 𝑡) = (

𝜕𝑓

𝜕𝑡
)

𝑐𝑒𝑙𝑙
 

(2.24) 

           where �⃗� is the Lorentz force and 𝑓(𝑟, �⃗�, 𝑡) is the function of velocity 

distribution which gives the most probable density in 6D phase space. The 

Boltzmann Equation holds true for each species in the flow and has to be solved for 

ions, electrons and neutral substances (doesn’t have any force term) with the 

collision terms. 

           Under specific conditions of thermal equilibrium, homogeneous, no external 

force (given in (2.25), (2.26) and (2.27)) leads to a isotropic and homogenous 

distribution known as Maxwell-Boltzmann distribution. The general form of solution 

is given in (2.28). 
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 �⃗�. ∇𝑟 (ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠) = 0 (2.25) 

 

(
�⃗�

𝑚
) . ∇�⃗⃗� (𝑛𝑜 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒) = 0 

(2.26) 

 𝜕𝑓

𝜕𝑡
(𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒) = 0 

(2.27) 

 
𝑓(𝑟, �⃗�, 𝑡) = 𝑓(𝑣) = 𝐶𝑒−𝑎𝑣2

 (2.28) 

           Since No and T doesn’t depend on the position vector, they are constants 

throughout the 6 dimensional space and using this fact, the C and a coefficients can 

be calculated. As a result, the Maxwell-Boltzmann distrubtion function is established 

in (2.29). 

 
𝑓(𝑣) = 𝑁𝑜 (

𝑚

2𝜋𝑘𝐵𝑇
)

3/2

𝑒
−𝑚𝑣2

2𝜋𝑘𝐵𝑇⁄
 

(2.29) 

           It is possible to use those equations, which surprisingly only a result of a 

statistical model without specific pieces of information about directions or anything, 

to derive macroscopic behaviors. By multiplying with the powers of velocity and 

taking integral, continuity, momentum transport, and energy transport equations can 

be derived, called zeroth-order, first-order and second-order moment of Boltzmann 

equation, respectively. 

           The first-order moment of Boltzmann equation (known as momentum 

transport equation) and Generalized Ohm’s Law can be used for obtaining the 

collision term as given in Equation (2.30); 

 𝑆𝑒𝑖
⃗⃗⃗⃗⃗⃗ = 𝜂𝑞2𝑁𝑒𝑜

2(�⃗⃗�𝑖 − �⃗⃗�𝑒) (2.30) 

           where 𝜂 is the specific resistivity of the plasma (in Ω. 𝑚) and it can also be 

written as in Equation (2.31); 

 𝜂 =
𝑚𝑒𝜐𝑒𝑖

𝑁𝑒𝑜𝑞2
 (2.31) 

           where 𝜐𝑒𝑖 is the collision frequency, or fudge factor. 
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           Instead of the standart kinetic approach, because of inconsistencies arising 

from the experiments [24], Anatoly Alexandrovich Vlasov derived the collisionless 

Boltzmann equation, or the Vlasov equation estimating the time evolution of the 

plasma [16]. It is a statistical description for explaining the collective behavior. It is 

as follows in Equation (2.32). 

 𝜕𝑓

𝜕𝑡
+ (�⃗�. ∇𝑟). 𝑓 +

𝑞

𝑚
[(�⃗⃗� + �⃗�𝑥�⃗⃗�). ∇�⃗⃗�]𝑓 = 0 

(2.32) 

           where the f is a general distribution function (function of 𝑟, �⃗� and t) while 𝑟 is 

the coordinates and �⃗� is the momentum vector.   

           The effects of interparticle forces with rapid fluctuations acting on the 

particles can not be included in the force term as its derivation was explained. Thus 

they are treated seperately. So for any field applied at a lower frequency than the 

plasma angular frequency (given in Equation (2.33)), it is known that the plasma will 

react faster and will neutralize by the Coulomb effect, thus the field will not be able 

to penetrate.  

 

𝜔𝑝𝑒 = √
𝑛𝑜𝑒2

𝑚𝑒𝜀𝑜
 

(2.33) 

           MHD equations describe the dynamics of electrically conducting fluids in 

presence of a magnetic field. Single-fluid model is mostly used when plasma is not 

collisionless or there is a strongly varied magnetic field in the field. Additionally the 

particle species are assumed to be in a Maxwellian state. The simplified MHD for 

this model is given in Equations (2.34), (2.35) and (2.36); 

 𝜕𝜌𝑚

𝜕𝑡
+ 𝜌𝑚𝑜

∇. �⃗⃗�𝑚 = 0 
(2.34) 

 

𝜌𝑚

𝜕�⃗⃗�𝑚

𝜕𝑡
= −∇. Ψ + 𝐽𝑥�⃗⃗� 

(2.35) 

 
𝜕𝐽

𝜕𝑡
= −

𝑞𝑒

𝑚𝑒
∇. Ψe +

𝑁𝑒𝑜𝑞2

𝑚𝑒
(�⃗⃗� + �⃗⃗�𝑚𝑥�⃗⃗�) +

𝑞𝑒

𝑚𝑒
(𝐽𝑥�⃗⃗�) −

𝑁𝑒𝑜𝑞2

𝑚𝑒
𝜂. 𝐽 

(2.36) 
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           EHD, alternatively known as EFD, studies the interactions between the 

electrically charged particles in an applied electrical field and the fluid motion [25]. 

The electrohydrodynamics force is given [26] in Equation (2.37). 

           where 𝜌𝑒𝑙 is the charge density, 𝜀 is the permittivity and T is the temperature. 

It is used in the Navier Stokes’ energy equation as a source term, as given in 

Equation (2.38). 

           To increase the effects of the electrostatic forces that was investigated in the 

EHD, Strouhal number [27], a dimensionless number that describes the oscillations 

in the flow is set to unity. It was named after being discovered by Vincenc Strouhalin 

1878 when he was making experiments with wires that experienced the vortex 

shedding. It is defined as in Equation (2.39). 

           where f is the frequency of the vortex shedding and L is the characteristic 

length. It is a expression of the ratios between the inertial forces that originates from 

local acceleration or the unsteadiness to the inertial forces that come from the 

changes in velocity in different points in the flow field.  

           In [28] the electrostatic force and the fluid momentum was related to 

determine the strength of the EHD. A parameter (𝑍𝐸𝐻𝐷) called EHD Interaction 

Parameter was defined as in Equation (2.40); 

 
𝑍𝐸𝐻𝐷 =

𝑒𝑛𝑝∆𝜑

𝜌𝑈∞
2  

(2.40) 

           where e is the electron charge, 𝑛𝑝 is the density of positive ions, ∆𝜑 is the 

voltage drop and 𝜌 is the density. For appreciable flow control, it has to be set to at 

least 1. The paper later on asserts that the maximum flow speed that can be achieved 

 
𝜌𝑒𝑙𝐸𝑒𝑙 −

1

2
𝐸𝑒𝑙

2∇𝜀 − ∇ [
1

2
𝜌𝐸𝑒𝑙

2 𝜕𝜀

𝜕𝜌𝑒𝑙
|

𝑇

] = 𝑓𝑒𝑙
⃗⃗ ⃗⃗⃗ 

(2.37) 

 
𝜌

𝐷�⃗�

𝐷𝑡
= −∇𝑝 + 𝜇∇2�⃗� + 𝑓𝑒𝑙

⃗⃗ ⃗⃗⃗ 
(2.38) 

 
𝑆𝑡 =

𝑓𝐿

𝑈∞
 

(2.39) 
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with a appeciable design would create a maximum of 72 m/s flow (via electric wind). 

However since in the boundary layer, flow velocity is significantly smaller than the 

medium, it is debated that AC actuators can also have a significant effect on the 

boundary layer. However [6] was conducted to test the AC-DBD in an M=1.6 wall 

jet but failed to prove the aforementioned hypothesis. 

           While DC is known to have only conductive current flow as a consequence of 

relative motions of ions, which also leads to the heating (by Ohmic heating and 

convection by electrodes), AC actuators consist of displacement currents too. These 

currents cause Joule heating (depends on quantum chemical physics processes, more 

intense on the cathode) because of the movement inside a lossy medium like plasma 

and are known to be increasing with the frequency [29]. The effect of the Joule 

heating can be clearly marked as the discharge period is increased the decay time 

also increases as shown in Figure 2.3. This energy can cascade into vibrational-

translational (V-T), vibration-vibration relaxations (V-V), elastic and rotational 

relaxations (el-R), and secondary chemical kinetics. While the el-R is not effective in 

the exchange of the energy because of the huge mass differences between the 

electrically charged particles and the molecules, V-T relaxation represents the most 

important aspect of this process since most of the energy is transferred from plasma 

via this channel and after that to other other ones (V-V or el-R) [30].   

 

Figure 2.3: Pitot-pressure Measurements for different durations for M=5.15 [29] 
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            When a strong magnetic field is applied, Lorentz forces can have strong 

influences, but because of the high power requirements and hard experimental set-

ups, it is not going to be considered in this paper. 

2.3 Gas Discharge 

            A gas discharge tube is constructed [31] for scientific investigations and a 

model for similar systems as its scheme is shown in Figure 2.4. 

 

Figure 2.4: Gas Discharge Tube Example [31] 

            Multiple discharge regimes (shown in Figure 2.5) exist depending on voltage 

and resulting current density. 

 

Figure 2.5: Classifications for Gas Discharge [32] 

            Breakdown Energy, designated with 𝐸𝑏, is the minimum energy needed to 

sustain electron-ion pairs in absence of space-charge fields and is a function of the 

driving frequency. In atmospheric pressure, breakdown energy is generally lower for 

AC and the optimum frequency also depends on static pressure and particularly the 

chemical composition of the gas. 
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            Townsend Breakdown is the fundamental discharge type and belongs to the 

very low current density region. At 𝑉𝑏𝑟, electrons pick up velocity leading to 

inelastic collisions and thus an immense amount of increase in the number of 

electrons exponentially. It is also called an electron avalanche which is the primary 

breakdown process and depicted in Figure 2.6 [20].  

 

Figure 2.6: Electron Avalanche Formation Schematic [33] 

            If the magnitude of the electrical field is strong enough, heavy species collide 

upon cathode to release electrons, and this process is called the secondary electron 

emission. If this is the case, the current is said to be self-sustaining (meaning that a a 

breakdown will occur in the process) as shown in Figure 2.7) and the discharge 

transforms into a corona disharge [20].  
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Figure 2.7: Volt-Ampere Characteristics in the Townsend Discharge Area [34] 

            Townsend ionization factor 𝛼 is defined in the Equation (2.41).  

 
𝛼 =

1

𝑛𝑒

𝑑𝑛𝑒

𝑑𝑥
 

(2.41) 

            Taking the integral of (2.41) and then defining a constant 𝛾 for the probability 

of ion-electrode collision releasing an electron, the total number of the freed 

electrons can be calculated. The probability constant is known from experiments that 

it depends upon reduced electrical field, the medium conditions, materials and photo-

ionization photon bombardment of the cathode. Neglecting the recombinations or 

bindings, the given condition (2.42) should be satisfied for the current to be defined 

as “self-sustaining”. 

 𝛾(𝑒𝛼𝑑 − 1) ≥ 1 (2.42) 

            To calculate the Breakdown Voltage, there are empirical relations [35] as a 

function of gas pressure and gap distance as given in the Equation (2.43). It is called 

gap-pressure product.  

 
𝑉𝑏𝑟 =

𝐵𝑃𝑔𝑎𝑠𝑑

ln( 𝐴𝑃𝑔𝑎𝑠𝑑) − ln( ln(
1
𝛾

) + 1)
 

(2.43) 
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            where A and B coefficients are gathered from the curve fits for specific cases 

and they also depend upon a parameter called reduced electric field  ( 
𝐸

𝑝
 ). This notion 

of reduced electrical field is commonly used instead of pressure-gap-product whose 

diameter is denoted as Td (10-21 V.m2). The Paschen Curves for the relations between 

the pd and the Breakdown Voltage is also shown in Figure 2.8. 

 

Figure 2.8: Paschen Curve Examples for Four Gases [36] 

           In [37], the effect of the absolute voltage on the reduced electrical field was 

investigated and higher the absolute voltage, higher the electrical field was observed 

between the electrodes. 

            Since the electrical field is known to be inversely propotional to the gap 

between electrodes, the energy of the electrons increases when the gap distance is 

increased. And if the pressure also increases, the mean free particle path, which is 

inversely proportional to the pressure decreases and thus the electrons can’t 

accelerate sufficiently and gain sufficient kinetic energy, as demonstrated in Figure 

2.9. Thus a high pressure and high gap distance hinders the electron avalanche.  
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Figure 2.9: Breakdown Voltage and Pressure-gap-product Relations [20] 

 

Figure 2.10: Formation of a Streamer [31] 
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            a) Characteristic steps of the formation of a streamer are indicated in Figure 

2.10. In the first phase, ionized electrons accumulate at the front of the avalanche, 

thus the local induced electrical field becomes stronger than the applied electrical 

field. The induced electrical field also increases the growth of the ionized region. A 

streamer head is formed. 

            b-c) Subsequently, the electrons are absorbed by the anode, and a cloud of 

positively charged ions are left behind (Positive Streamer) leading to a positive local 

electrical field while the secondary avalanches by photoionization feed the required 

electrons towards the anode. As a consequence, a current is present. The case where 

the voltage and gap are too much, the streamer can’t reach the anode, thus the 

streamer head is predominantly negative (Negative Streamer). 

             d) The streamer is characterized by its slim, filament shape, thus called a 

filamentary discharge. The transition from the uniform shape to the filament is 

accompanied in Figure 2.11. 

 

Figure 2.11: Transition from Quasi-uniform Mode to Filamentous Mode [38] 

             While the corona discharge is responsible for the EHD force, streamer 

discharges cause aeroacoustic noise in acoustic waves (as shown in Figure 2.12) 

caused by the heat released by streamers [39], which makes them attractive and ns-

DBD the most interesting concept.  
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Figure 2.12: Shock waves created by different pulses at 5µs [39] 

             To breakdown the two phases of one pulse, images of the plasma and the 

related voltage waveform is given in Figure 2.13. 

 

 

Figure 2.13: Voltage (black) and Current (blue) waveforms for a DBD at the left side, images with 

fast-imaging of the created plasma at the right side [40] 

             Streamer plasma is identified as having short current pulses in the current 

waveform. In the positive (rise) phase, rapid and irregular successions of current 

spikes are present. Corona discharges are seen close to the anode by their 

brightnesses and the electrons are attracted to the exposed electrode, a positive 

streamer is formed as can be seen with the outskirts of the vivid spots. Streamer 

discharges are known to have high current amplitudes and they appear with a sparse 

temporal distribution. Additionally in the experiment [41], encapsulating the cathode 

instead of anode was observed to cause higher filamentation. 
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             In the negative (decay) phase, also called the glow region, corona regions are 

spread widely away from the exposed electrode. The essential difference is the same 

as explained to be the source of the electrons. Just before the positive phase, the 

reduced electrical field because of the charge accumulations causes a collapse in the 

travel between the dielectric surface and the exposed electrode since there is not 

enough energy for such a thing. Even though there are no electrons or ions that are 

traveling in this phase, there always are some enough energy left for them to be 

considered separate from the air. They are entitled as the micro-discharge remnant. 

This allows streamers to be created at the same locations since these areas do require 

less energy to be ionized. That’s why single streamers are seen instead of a uniform 

plasma. Each time these streamers are formed, the electric field decreases at the 

dielectric surface and terminates the micro-discharges in few nanoseconds. 

             As also suggested by many other experiments, streamer discharges only 

occur at the positive voltage half-phase, during the rapid rise of the voltage and can 

be concentrated by pulses with a rise time in orders of ns (the leading idea behind the 

development of the ns-DBDs). However, even though the negative phase seems more 

diffuse than the positive phase as shown in Figure 2.14, increasing frequency 

produces more impact on the negative phase than others, making the decaying phase 

the streamer one relative to the positive phase. 

 

Figure 2.14: Repetitive Nanosecond Pulse Discharges for Two Different Phases [42] 
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             The positive pulse was hypothesized to deposit more energy than the 

negative (decay) phase, the experiment [43] concluded it wrong, thus it is been 

asserted that negative polarity is more useful for the flow control.  

             The heating process and its connection to the ionization had been studied 

[44] by using different sets of input waveforms and parameters. It is highly suggested 

that from the alignment of the light intensity of the glow region (instant) and the 

peaks in the measured temperature values (cumulative) shown in Figure 2.15, glow 

regime is responsible from the majority of the heat injections which is also driven by 

the intense ionizations. It is also hypothesized that the dielectric layer is heated by 

the surrounding gas via forced convection which is mainly controlled by the ionic 

wind. That’s why the heat transfer mechanism of the DBD can be used for 

controlling the heat removal or enhancements in various applications. 

 

Figure 2.15: (a) Aligned iCCD and Thermal Images for Sinusoidal Input Waveform and (b) Graph of  

                 Normalized Temperature (red) and Light Intensity (blue) at the Edge of the Active  

                         Electrode [44] 

             To understand the energy deposition process in depth, the current behavior 

with respect to the voltage has been investigated in Figure 2.16. 
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Figure 2.16: Graph of the Applied voltage pulse and the Corresponding Calculated Current for Three 

                      Different Minimum Cell Size [44] 

             The current begins to rise when the applied voltage is increased till the 

dielectric surface has been accumulated by the charges sufficiently, exposed 

electrode functions as an anode and effective electric field starts to reduce leading to 

a decrease in the current. When the voltage stops to increase, the recovery phase of 

the current ends. Since the voltage has stopped increasing, and there is no feeding of 

electrons, the effective electric field reduces and the discharge currrent in an 

exponential decay. As the voltage decreases the potential between the electrode and 

the barrier material creates a negative discharge current since the electrode starts to 

behave as a cathode. Until the voltage is dimished, the current decreases and the 

relaxation of the positively charged dielectric surface cuses the negative current to be 

zero. 

             The energy deposition can be divided into two main processes; one through 

ion-neutral molecular collisions, or Joule Heating, and other directly thermal energy 

from the electrons to neutral molecules by elastic and rotational excitation (el-R), 

vibrational and translational excitation (V-T) and electronic excitation (E).  

             Joule Heating can be calculated from the given Equation (2.44). It expresses 

the energy transfer via induced positive (𝐽𝑝
⃗⃗⃗⃗ ) and negative (𝐽𝑝

⃗⃗⃗⃗ ) ion currents to the 

neutral gas. 
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 𝑃𝑖𝑜𝑛𝑠 = (𝐽𝑝
⃗⃗⃗⃗ − 𝐽𝑛

⃗⃗⃗⃗ ). �⃗⃗� (2.44) 

             Direct thermal energy transfer can be calculated from the given Equations 

(2.45), (2.46) and (2.47); 

 𝑃𝑒𝑙𝑒𝑐 = 𝜎𝑒|𝐸|2 (2.45) 

             where 𝜎𝑒 is the electron conductivity (𝜎𝑒 = 𝑒𝜇𝑒),   

 𝜕𝑃𝑉𝑇

𝜕𝑡
+

1

𝜏𝑉𝑇
𝑃𝑉𝑇 =

1

𝜏𝑉𝑇
𝜂𝑉𝑇𝑃𝑒𝑙𝑒𝑐 

(2.46) 

             where the 𝜂𝑉𝑇 is computed by solving Boltzmann equations. The total 

thermal energy transfer is summed up in the Equation (2.47) 

 𝑃𝑡ℎ,𝑒 = 𝑃𝑉𝑇 + (𝜂𝑒𝑙−𝑅 + 𝜉𝜂𝐸)𝑃𝑒𝑙𝑒𝑐 + 𝑃𝑖𝑜𝑛𝑠 (2.47) 

             where the 𝜂𝑒𝑙−𝑅 and 𝜂𝐸 coefficients are calculated again via Boltzmann 

equations (Bolsig+ Software) and the 𝜉 is taken 0.3. 

             The ratios of each substance are numerically simulated and drawn in Figure 

2.17. 

 

Figure 2.17: Calculated Energy Deposition Distribution along Different Excitation Types as a 

                            Function of Time [45] 
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             Their arrangements also do change with the reduced electric field strength as 

demonstrated in Figure 2.18. 

 

Figure 2.18: Plot of the Fractions of Different Types of Dissipation Mechanisms of Electrons in Air as  

                a Function of E/n (where  ηel−R, electronic excitation, ηE, vibrational excitation, ηV,  

                      ionization, ηI.)  using BULSAG+ software [45] 

             After discussing the physics and models, the voltage-current characteristics 

(as mainly shown in the to unveil the general behavior of the structure of the plasma 

for different inputs will be discussed. 

 



28 

 

 

Figure 2.19: Typical V/I Plot of a Glow Discharge, Classifications and the Main Breaking Points [46] 

             The electrical discharge originates from the processes described before 

through the current flows and ionizations. There are principally three types of 

discharges, dark discharge, glow discharge and arc discharge respectively. Dark 

discharge is called so because of it being invisible to the human eye. It is present 

between the points A and E. 

             The area between A and B is where the background ionization occurs. The 

applied electrical field sweeps out ions and the electrons created by the ionization. 

Electrons migrate to the electrodes and thus a weak electric current is produced. As 

the voltage increase, the fraction of those ions and electrons increase too. Between B 

and C, the saturation regime, a stagnation happens in the current since all the charges 

are at the electrodes and energy levels are extremely low to create the new secondary 

leads. Until the voltage is sufficient current saturate. Through the point D, called the 

Townsend Regime current is seen to be increased exponentially. The applied 

electrical field is high enough for electrons in gas to receive energy before reaching 

the anode to ionize more neutral atoms. When the secondary electrons ionize too, an 

avalanche occurs, called the electron avalanche. Through the point E, the region 

called Corona, having a higher electrical field magnitude than the breakdown voltage 

leads to a corona discharge. 

             The glow discharge starts shaping after the point E through H and plasma 

becomes visible. Between E and F, the Decay Region, having an higher voltage leads 
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to electrical break and an discontinuous transition to F. The voltage drops 

substantially because of the significant increase in current flow. Between F and G, 

the stationary region, gas enters the normal glow regions. Voltage is independent of 

the applied current, and plasma is in contact with a minor part of the cathode at low 

currents. As the current increases, fraction of the covered cathode also increase till it 

is covered completely. Through the point H, the abnormal glow region, Voltage is 

seen to be increasing with the increasing current since the high voltage is needed to 

achieve such a high current density. A significant heating occurs. 

             Arc Discharge begins from H and continuous toward K. Between H and I, 

non-thermal region, glow-to-arc transition happens. After the abnormal glow region 

the electrodes are hot and cathode emits electrons thermionically. If the system 

exhibits low internal resistance it is easy to experience the transition. Through J, the 

voltage required for the discharge decays because of the increased loads of 

thermionic emissions. And the final region, between the J and K, known as the 

thermal region, the huge currents increases and causes a gradual increase in the 

voltage, finally at K the thermal equilibrium is reached.  

            Last subject is the physics [47] behind the laser induced gas discharges as 

described in Figure 2.20. It starts with the cascade ionization of the gas molecules. 

Free electrons absorb the energy from photons and collisions with atoms, opposite to 

the process of Bremsstrahlung radiation (radiation being emitted through collisions 

between the charged particles). Then the rapid heating due to absorption of the 

energy leads to the formation of the plasma. The rapid temperature increase causes 

rapid increase in pressure and thus leads to the creation of blast waves. Following 

these waves, vortical structures are developed by Richtmayer-Mashkov instability (as 

shown in Figure 2.21) as a result of baroclinic effect.  



30 

 

 

Figure 2.20: The Process of the Gas Breakdown Induced by the Laser Incidence [47] 

 

Figure 2.21: The growth of Richtmeyer-Meshkov Instability as it was Produced by an Incident Shock  

                      Wave having M = 1.11 over a Period of 5.2 ms [47] 
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3. FLOW MECHANICS 

3.1 Boundary Layer Theory  

            It was first discovered by Ludwig Prandtl in 1904 and then flamed the interest 

in active flow control methods. It was defined [48] as “Boundary layer control 

includes any mechanism or process through which the boundary layer of fluid flow is 

caused to behave differently than it normally would were the flow developing 

naturally along a smooth straight surface." by Joseph Flatt in 1961. 

            After a simplication of Navier Stokes [37] (incompressible momentum 

equation at wall with no slip condition, without any body forces and wall with no 

curvature was set), the Equation (3.1) is established: 

 
𝜌𝜈𝑤

𝜕𝑢

𝜕𝑦
+

𝜕𝑝

𝜕𝑥
−

𝜕𝜇

𝜕𝑦

𝜕𝑢

𝜕𝑦
= 𝜇

𝜕2𝑢

𝜕𝑦2
  

(3.1) 

            Setting no wall normal velocity (𝜈𝑤 = 0) and zero pressure gradient (
𝜕𝑝

𝜕𝑥
=0) 

Equation (3.2) is achieved; 

 
−

𝜕𝜇

𝜕𝑦
|

𝑦=0

𝜕𝑢

𝜕𝑦
|

𝑦=0

= 𝜇
𝜕2𝑢

𝜕𝑦2
|

𝑦=0

  
(3.2) 

            Sutherland equation (at y=0, given in the Equation (3.3)) is used for local 

temperature to be able to relate the actual condition parameters (𝜇 𝑎𝑛𝑑 𝑇) with a 

reference condition (𝜇0 𝑎𝑛𝑑 𝑇0). 

 𝜇

𝜇0
≈ (

𝑇

𝑇0
)

3
2 𝑇0 + 𝑆

𝑇 + 𝑆
 

(3.3) 

            Assuming a positive velocity gradient at the wall (
𝜕𝑢

𝜕𝑦
|

𝑦=0
> 0), the equation 

gives two cases to be explored. 

            At first, for a condition where the wall temperature is lower than the medium 

(𝑇𝑦=0 < 𝑇𝑦>0), a positive temperature and viscosity gradient normal to the wall in 

gaseous medium is present, leading to a more negative velocity profile curvature, 

fuller velocity profile and more stabilized boundary layer. Inverse holds for the liquid 

boundary layer. 
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            Secondly, for the condition of wall temperature being greater than the 

medium (𝑇𝑦=0 > 𝑇𝑦>0), a negative temperature gradient normal to the wall 

proportional to the dynamic viscosity at the wall in gaseous medium is present. This, 

implying an inflection point’s existence in the velocity rofile curvature will cause the 

boundary layer to be destabilized. Inverse holds for the liquid boundary layer. 

3.2 Free Shear (Mixing) Layers  

           Second type of shear layer, next to the Boundary Layer is the Free Shear 

layers. They are not bound to any solid surface (thus called free) and formed in the 

transition regions between two different regions with different different velocities, 

for example the jet exhausts and wakes [49]. To make performance analysis, it is 

crucial to analyze the energy transfer and mixing mechanisms between laminar and 

turbulent regions inside the free shear layer since it also controls the structure of the 

seperation/reattachment “bubble” shown in Figure 3.1. In this example, a laminar 

boundary layer is seperated, the increased instability in the flow accelerates the 

transition into turbulent and then attaches to the surface. The length and the geometry 

of the bubble strongly depends on the properties of the free shear layer in this case. 

 

Figure 3.1: Flow and the Pressure Distribution around a Seperation Bubble [50] 

           The instability of free shear layers [8] are very well known and called as 

Kevin-Helmholtz instability. At higher Re numbers, effect of viscosity in amplifying 
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disturbances relatively small, thus called inviscid stability. It is already demonstrated 

that the initial Kevin-Helmholtz instability mechanism rolls up to large-scale 

structures (as shown in Figure 3.2) and it plays a major role in bulk mixing of fluid, 

eventually the successive merging. 

 

Figure 3.2: Shear Layer Simulation and the Corresponding Velocity field without and with Plasma  

                      Actuation [51] 

           Most amplified frequency scales with momentum thickness of boundary layer 

at trailing edge of splitter plate. Strouhal number (as explained in the Chapter 2.2) 

can also be defined as in Equation (3.4) in terms of the boundary layer momentum 

thickness,  

 𝑆𝑡𝜃 = 𝑓𝑛

𝜃𝑜

𝑈∞
 (3.4) 

          where 𝑓𝑛 is the most amplified frequency, 𝜃𝑜 boundary layer momentum 

thickness and the 𝑈∞ is free stream velocity.  

           With low-amplitude forcing, the flow can be manipulated and even changed 

dramatically, as a result large scale structures could be much more organized. 

           In a forced shear layer however, process of vortex roll-up and subsequent 

merging will take place in an organized fashion. Merging can be delayed or 

promoted, depending on the ratio of forcing frequency to the most amplified 

frequency. If that ratio is small (~ 
1

10
), simultaneous interaction of more than two 

structures can be promoted and eventually merged, it is also called the “collective 



34 

 

interaction”. The different values for the driving frequencies are visualized in the 

experiment and shown in Figure 3.3. 

 

Figure 3.3: Effects of the Forcing Frequency [8] 

           In every experimental and numerical simulation [52] the effects of EHD were 

shown to be impractical at supersonic and high Reynolds numbers since there was a 

significant ion density on the cathode sheath because of higher conductivity, intense 

power and limitations by ionization instabilities. MHD is also impractical at near 

atmospheric conditions (high pressure and low temperature), it is only significant at 

lo pressures like 0.001 atm. Bulk heating, had higher power compared to the flow 

enthalpy and again limited to low pressure because of plasma instabilities. However, 

rapid near-adiabatic heating led to pressure jumps which were capable of forcing 

instabilities in high Reynolds numbers. Intense, localized rapid heating by plasma 

produced shockwaves which can control and modify supersonic flow over blunt 

bodies. 
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3.3 Extrusive Layer Thickness 

           Extrusive Layer [53] is a prominent concept to acquire an understanding about 

the modified flow structure from observing its X profile. A scheme is shown in 

Figure 3.4. The time required for the stored energy in V-T and Electronical 

Excitations (discussed in Chapter 2.3) to become heat are denoted with 𝜏𝑉𝑇 and 𝜏𝐸 or 

𝜏∗. It is produced whenever the length of the V-T relaxation length (defined as 

𝑙𝑉−𝑇 = 𝑢1𝜏𝑉𝑇) is larger than the length of the discharge region ld. Defining the 

thickness of the exposed electrode as hd, the thickness of the Extrusive Layer is given 

in Equation (3.5), 

 𝑦(𝑥) = ℎ𝑑exp [𝛼𝑤(1 − exp (−
𝑥

𝑙𝑉𝑇
))] (3.5) 

           where 𝛼𝑤 is the relative vibrational energy stored in flow from the discharge 

and defined as in Equation (3.6), 

 𝛼𝑤 =
(𝛾 − 1)𝜂𝑉𝑙𝑑𝑊

𝑢1𝑎1
2𝜌1

 (3.6) 

           where 𝑢1, 𝑎1 and 𝜌1 are the velocity, speed of sound and the density of the 

flow at the freestream conditions respectively while the 𝛾 is the specific heat ratio, W 

is the specific discharge power and 𝜂𝑉 is the discharge powered that was stored in the 

vibrational mode. The layer is also known to be heavily affected with the used 

operating gas and its chemical distribution. The crucial role of the VT relaxations on 

the layer was demonstrated in the [4] experiment in which air (long 𝜏𝑉𝑇), CO2 (short 

𝜏𝑉𝑇) and argon (no 𝜏𝑉𝑇) was used, air giving the largest shock shift (20 mm), 

extrusive layer thickness (8 mm) with 1.7 kW power consumption and argon giving 

the smallest shock shift (5 mm). The lengthening of the layer is concluded to be a 

result of the delayed VT relaxation. 
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Figure 3.4: Extrusive Layer formed via Quasi-DC Plasma Discharge [53] 

3.4 Inviscid – Viscous Interaction 

           A unique feature of the hypersonic flow [29] is the strong viscous-inviscid 

interaction since the presence of a boundary layer is no longer negligible. Two major 

types of such interaction class is pressure and vorticity interaction. While the first 

one consists of Mach waves, flow deflection angles and surface pressure, latter is 

mostly associated with blunt bodies and consists of the structure of the boundary 

layer and vorticity of external flow even if the layer is thin. For the case of plasma 

actuators, first one is the main topic of interest at the leading edge region since in any 

event, it induces compression waves that would eventually coalesce into oblique 

shock over surface. 

            Using the inviscid theory of hypersonic flows over slender bodies, a tangent-

cone approximation is used for defining the pressure interaction parameter [29] given 

in Equation (3.7); 

 𝜒 = 𝑀3(
𝐶∞

𝑅𝑒
)1/2 (3.7) 

           where 𝐶∞ is a constant derived [54] from the linear viscosity-temperature 

relation shown in (3.8); 

 
𝜇

𝜇∞
= 𝐶∞

𝑇

𝑇∞
 (3.8) 
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           Having lower, equal or greater than one attributes to different kinds of 

behaviors [55]. The weak interaction region where the pressure interaction parameter 

is lower than one, the pressure perturbation created by the body is negligible 

compared to the flow’s. At unity they are nearly equal, having a moderate 

interaction. When it exceeds one, it menas a strong interaction. Larger than 3 makes 

the boundary layer grow according to 𝑥3/4. The flow deflection produced outward by 

the displacement thickness had led to compression waves which eventually coalesced 

into shockwaves. Those shockwaves in return modifies the boundary layer to close 

the interacting loop. A numerical calculation has been done and shown in Figure 3.5. 

 

Figure 3.5: Calculated Theoretic Surface Pressure distribution as x/L Generated by the Hypersonic  

                      Pressure [29] 

           Beyond M=5, the pressure coefficient designated for the quantification of the 

interaction level equals to 3.41, 10.28, and 24.38 for M=10, 15 and 20 respectively. 

Thus any perturbation to displacement thickness of boundary layer in hypersonic 

flow can be strongly amplified by the intrinsic viscous-inviscid interaction by control 

forces and moment produced by miniscule of EM perturbations via changing the 

kinematics field structure and initiating heat exchange in the wall region. EM forces 

can be utilized for seperation flow control by energizing the retarded shear flow to 

overcome adverse pressure gradient with Lorentz forces, called magneto-fluid-

dynamic interaction, using external Magnetic Fields. 
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3.5 Relevance to the Topic 

           Two conditions derived from the boundary layer theory will be incorporated 

in the Section 4.2 to study the effects of heating. The seperation bubble dynamics 

and the instability of the free shear layers will be a building block for the effects of 

vorticity generation in the flow to control the transition and boundary layer. V-T 

relaxation mechanism will also play a crucial role in understanding the rapid gas 

heating and increasing the overall efficiency of the energy transfer. Lastly, short 

description of inviscid-viscous interaction mechanism is important for understanding 

the effects of perturbations and their increasing influence on hypersonic flow. 
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4. DIELECTRIC BARRIER DISCHARGE 

4.1 Background 

           Plasma actuators have only been flight tested in several times like a small 

remotely controlled airship as shown in Figure 4.1 [56], a full size piloted glider 

(shown in Figure 4.2) [57], a small UAV (the model and the results are shown in 

Figure 4.3) [58], a full size motorized glider [59]. There are also companies like 

Plasma Stream Technologies Inc. that are planning to use them in areas like drag 

reduction in trailers [60]. 

 

Figure 4.1: b-IONIC Airfish [56] 
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Figure 4.2: At the left side Sailplane SZD 48-3 Jantar Std. 3 and at the right side DBD actuator on the  

                    left wing of the sailplane [57] 

 

Figure 4.3: UAV at the left side and the histogram of the results of 68 stall-speed measurements at the  

                   right side [58] 

          A specific type of plasma actuators, Dielectric Barrier Discharge was first used 

for the generation of ozone by Ernst Werner von Siemens [61] in 1857 and still 

known the be the most profitable technique to produce it. To use it for controlling the 

flow, however was first conducted [62] in 1968. In the end, the first paper [63] that 

used DBD was in 1998. It basically consists of two electrodes one of which is 

connected to a power source and a dielectric barrier between them. 

          DBDs have different configurations for different purposes as shown in Figure 

4.4. 
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Figure 4.4: Examples of Typical Configurations of Dielectric Barrier Discharge in Volume and  

                         Surface Discharge Types [14] 

           Since passive devices are optimized for separation control at specific 

Reynolds numbers or operating conditions they tend to lose their performance at 

other situations. They are problematic, require large forces to move and don’t have 

fast enough response times depending on the application [64]. Bleed air systems [65] 

are large, they increase the overall weight and influence the drag of the propulsion 

systems. Vortex generators on the other hand (like micro ramps and vanes) are 

passive methods where there is no need for any power input or infrastructure. They 

are always in operation and designed for specific conditions thus, as explained 

before, can be detrimental in other regions of flight. Active methods, especially 

energy depositing techniques, offer the attractive features of being used only when 

needed (can be turned off when necessary without disturbing the flow) and 

adaptability to different environments. It is an important necessity for such methods 

to be able to be switched on/off while tuning the magnitude of the parameters. 

           It is the only high efficient (input power to fluid momentum) and flexible 

(electronic control of impact magnitude, shock’s location, etc.) method, meaning that 

it can be used in sea level and high altitude conditions. [8] It is completely electronic, 

meaning that it has no moving part, it has fast time response for unsteady 

applications, very low mass and there is no need of an additional cavity or hole for it 

to be mounted [9]. Electrical discharge application is chiefly a gas heating not only at 

place of electric current location but also downstream via recombinations and 

vibrational-translational (V-T) relaxations. [53] Its most significant property against 

other propositions about the mechanisms that tries to make use of plasma in 
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controlling the flow is that its proven sustainability in large volumes at atmospheric 

pressure without collapsing into narrow electrical arcs. 

          The types differ only in voltage driving signals and the usage of the dielectric 

material, thus the working principles [37]. While AC driven DBDs depend on the 

EHD forces on near wall volume of air, ns-DBD driven DBDs, driven by pulsed 

voltages with very short rise and decay times and pulse width of tenths of 

nanoseconds leads to rapid local increase in temperature [66]. The heating effect of 

the AC-DBD’s were investigated [67] [68] and shown to be miniscule (although a 50 

K of rapid increase in temperature on the surface of the dielectric barrier was 

measured [69] in quiescent conditions, in the presence of an external flow, the results 

had shown parallel results to the aforementioned papers, approximately 2 K increase 

because of heat dissipation). Nano-second driven DBDs also apply very small body 

force and cause weak compression waves as clearly demonstrated in the velocity 

profiles of the produced wall jets given in Figure 4.5. It ends up having an 

overheating in discharge volume. The increase in the temperature of the local air 

leads to local density and viscosity changes. But contrary to the difference between 

their main energy deposition, they mainly dissociate air particles and excite their 

translational degrees of freedom [70]. Resulting flow effects induce a momentum 

transfer into boundary layer, improving the attachment of the boundary layer. 
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Figure 4.5: Mean Velocity Profiles for ns and AC-DBD Plasma Actuators In Quiescent Air at 2 kHz  

                     (Measured 20 mm downstream on a 30 cm DBD) [71] 

           Its noise reduction potential has been demonstrated in an experiment [72] 

conducted for mitigating the noise of the landing gear. Using a cylinder the sound 

pressure levels of frequency band that was associated with wake vortex shedding  

was reduced by 13.3 dB. Simulating the effects of the flaps by using the actuators 

was also achieved [73] to give better performance with an increase of 340% in L/D 

ratio. 

           There had been experiments to prove the potential of the AC driven DBD 

plasma actuators. In one experiment [74] the leading edge seperation control up to 

M=0.4 achieved. Following experiments [75] using ns-DBD also achieved flow 

seperation control between M=0.05 and 0.85, also leading up to an acoustic noise 

reduction. 

           There are promising findings like increased stall angle of attacks ( [76] [71]) 

by few degrees at 1.6x106 Re and 0.75x106 respectively (in the latter, the difference 

is 6 angles as shown in Figure 4.6)  and airfoil performance increases ( [51]) because 

of an almost %20 of increase in Cl from eliminating the flow seperation.  
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Figure 4.6: Effect of the Active Control of  ns-DBD Plasma Actuator on Cl for a OSU EET [71] 

           For the case of supersonic flows, an experiment [77] at M=5 was conducted to 

see the interference between the bow shock and the weak shockwave produced by 

ns-DBD  (as the Schlieren images are given in Figure 4.7) and an increase in the 

stand-off distance by up to 25% (as the graph in Figure 4.8) was observed with a 

very low power budget (7.3 mJ/pulse). 
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Figure 4.7: Two-pulse Burst Mode Operation at 100 kHz Pulse Repetition Rate and 200 Hz Burst  

                Repetition Rate. (Bow shock Stand-off Distance Maximizes at Approximately 5 µs  

          After the First Pulse (at t=5 µs) and Approximately 4 µs After the Second Pulse  

                        (at t=14 µs) [77] 

 

Figure 4.8: Percentage Increase of the Same Bow Shock Stand-off Distance [77] 
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           In the experiment [4], a SDBD was tested under the conditions of a freestream 

with a low static pressure of 1 kPa and low temperature of 60 K at M=4.7 (where T0= 

300 K and P0 = 350 kPa). Each actuator pair used only 6.8 W with a relatively high 

frequency (28 kHz). Using rayleigh scattering of laser sheat from condensed CO2 

particles (a well known technique for low static temperature and pressure supersonic 

flows, where the CO2 condensates when sudden temperature drop occurs during the 

flow expansion and acceleration and sublimes in high static temperature regions like 

the boundary layer), boundary layer thinning was observed. The generated force is 

on ambient neutral molecules from collisions between them and the induced drifting 

ions. At the end of the experiment, it was proven that SDBD’s were effective and had 

potential to be further analyzed and developed for boundary layer control, but on the 

other hand, the shock induced by the ramp seemed not to be greatly affected, thus 

suggesting that it is highly localized, as shown in Figure 4.9. 
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Figure 4.9: Instantaneous CO2 Rayleigh Scattering Images, a) Plasma off, b) Plasma on, and Average  

                    Images, c) Plasma Off, and d) Plasma On [4] 

           A new experiment with the same exact conditions was conducted [78] to study 

the control the unstart. The thinning of the boundary layer was achieved in the 

presence of a jet for mass injection, but again the effects of the DBD was local and in 

time it lost its effectiveness.  

           In another experiment [29], small electromagnetic perturbation to the growth 

rate of displacement thickness of shear layer was concluded to have a significant 

effect also amplified by subsequent pressure interactions. A hypersonic experiment 

with M=5 was conducted, measurements about the leading edge pressure had shown 

a more than 5 degree of flow deflection and also validated by CFD analysis. As a 

direct result from the pressure interaction theory, it is theorized that with the 

increasing Mach number the flow control effectiveness would be higher. 
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Additionally, the experiment had led to other interpretations and validated the earlier 

results. The imposed magnetic field normal to the electrode surface was shown to be 

modifying the induced surface pressure through ionization process via Lorentz 

forces, demonstrating its hypothesis about EM perturbation and the inviscid-viscous 

interactions (as discussed in Chapter 3.4) , the measurements are given in Figure 

4.10. 

 

Figure 4.10: Pitot Pressure Measurements along the Centerline of Inlet at M=5.15 [29] 

          For the study of the interactions between the shock waves and the boundary 

layer (SWBL), [79] had concluded that a low frequency perturbation in the 

seperation bubble (formed from the interactions between the oblique shock and the 

shock originated from the actuator) was a good candidate to control overall behavior. 

And while the geometry of the actuator should be designed so that the efficiency of 

the heat addition is maximized, and the suppression effect of the vorticity generation 

on the flow seperation should also be taken into account.  

         Phase control via using automatic feedback systems fed by the measurements 

from wall shear stresses can be utilized with DBDs, creating a closed-loop system 

while having control over the transition. While out-of-phase pulsed local spanwise 

wall heating is for damping the instability waves (measured by shear-stress 

fluctuations, also known as T-S (Tollmien–Schlichting waves) in the boundary 
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layer), in-phase pulses do excite the boundary layer as demonstrated in the 

experiments of [80]. 

4.2 Governing Physics and Working Principle 

           Historically [81], the system used to be used in “micro-discharge” mode, 

where discharge had parallel filaments which are basically streamer discharges with 

limited lifetimes governed by the capacitance of the dielectric barrier. The passage of 

this charging in the gap leads to a local charge within the capacitance, reversing the 

local field and thus terminating the filament. Each filament generates compression 

wavelets (as given in Figure 4.11) and they are proven [42] to produce compression 

waves with higher amplitudes and speeds than a diffuse plasma. 

 

Figure 4.11: Schlieren Images of A Compression Wave following the Nanosecond Pulse Discharge  

                       for Different Time Delays After the Discharge Pulse [42] 

           The dielectric is a polarizing and insulating material that is placed between 

two capacitor or electrodes to prevent generated discharge to evolve into arc. It is of 

special importance that the evaluation methodology of the most efficient operating 

condition to maximize the effect. 

           Thus the selection of the barrier material is also a major design criteria since 

each material has a different limitation upon the accumulated charges [82]. Through 

many researches [83] it was concluded that low dielectric constant and thick 

materials produced larged body forces and thus most suitable for being used, and in a 

comparison between a wide range of materials [84], Plexiglass had been determined 

to be a better dielectric material. However Kapton, having a high dielectric, 

breakdown voltage and low thickness is the most popular one, additional to it be in 

tape-ready form. 
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            A first time study for the influence of the barrier selection for the ns-DBDs 

were conducted by [37]. Kapton Polyimide tape, Silicone-rubber and Fine Polyamide 

PA2200 were compared. Electrical energy measurements by back-current shunt 

technique indicated that an ns- DBD plasma actuator with a Kapton barrier uses less 

energy to produce relatively more disturbed density field area than an actuator with a 

silicone or PA2200 barrier. This implies that more electrical and thermal energy is 

absorbed and dissipated in silicone and PA2200 barriers, than in Kapton barriers. 

This can be accredited to the higher volume resistivity of the Kapton material, 

through which less electricity is conducted during discharge. 

            Thermal expansion region is seen to be heavily influenced by the thermal 

capacitance of the materials. The disturbed density field is known to be linear with 

the input energy (given in Figure 4.12) and was shown to be larger for thinner 

barriers (as can be seen from the steeper linear gradients in Figure 4.13). This 

observation is explained by the smaller distance between the electrodes, resulting in 

an increased reduced electrical field strength and the dissociation of air particles, 

meaning more thermal energy deposition. 

 

Figure 4.12: Schlieren Images for Different Cases: 10, 20 and 50 Pulses for (a), (b) and (c)  

                               Respectively, Taken at a 1 ms of Delay Following the End of the Discharge [85] 
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Figure 4.13: Disturbed Density Field Area (A) and its Evolution in Time for Three Different Barrier  

                       Materials at Different Thicknesses at 10 kV and 10 kHz. [37] 

            Kapton tape had been shown to have larger magnitude for the disturbed 

density field than other materials in Figure 4.14. 
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Figure 4.14: Disturbed Area to the Thickness Ratios of Different Barriers for the First 10 µs of the  

                        Experiment [37] 

            Because of the more porous structure of the PA2200, in Figure 4.15, a more 

brighter and filamentary plasma is present. 

 

Figure 4.15: Different Morphologies of the Plasma Structure for Different Mterials at the At 1 kHz  

                        with an Exposure Time of 1 s. [37] 

           Another experiment [86] had focused on the geometrical aspects of the design 

and their effects on the current and the energy per pulse for unit actuator length. The 

results are given in Figure 4.16 that increasing the length had decreased the energy 

per pulse thus the current. The experiment also validated the relation between the 

thickness of dielectric with the current (increasing thickness decreased current). 

Though the relation between the gap between electrodes and the current had shown 

an unusual trend where increasing the gap between 0-1 mm had incrased the current 

but after that point it started to decrease, as shown in Figure 4.17.   
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Figure 4.16: Plot of the Energy Per Pulse over different Absolute Voltages for Different Electrode  

                         Lengths [86] 

 

Figure 4.17: Measured Waveforms of the Current Waveforms for Different Electrode Gap Widths 

                        [86] 

           In [87], the typical patterns of plasma-flow-surface interaction was discussed 

and in the light of the previous works [88], the behavior of non-equilibrium plasma 
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was explained. Due to the V-T relaxation and recombinations, gas heating occurs 

downstream of the region. According to the results, up to 90% of the power 

deposition can be conserved in vibrational reservoir and dissociation of gas 

molecules, and some of the energy is seen to be used to the generation of 

complicated profile of extrusive layer in the downstream of the discharge zone. In 

this particular experiment, plasma steering effect (scheme is given in Figure 4.18) 

was demonstrated and a numerical simulation (shown in Figure 4.19) was conducted 

to simulate the same setup. 

 

Figure 4.18: Scheme of the Experiment for Studying Plasma Steering Effect in the Inlet [87] 
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Figure 4.19: Experimental Schlieren Images at the Left Side and the Simulated Flow Structure given  

             at the Right Side a) No discharge b) With Discharge W=3.5kW c) With Discharge  

            W=8kW d) With Discharge W=17kW and for the Simulations a) No Heat Source 

                       b) Heat Sources with W=4.2kW, c) W=8.2kW, d) W=12kW [87] 

           For varying power inputs, the angle of oblique shockwaves was compared and 

given in Figure 4.20. According to the findings, at relatively small power releases, 

the angle of first shock decreases significantly. Further increase of plasma power 

though, leads to a rise of first shock angle. 
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Figure 4.20: Plot of the Oblique Shock Angle Values with Different Power Inputs [87] 

           This behavior is explained as the power release is set below 3 kW, first shock 

has an unstable behavior. The phenomenon was suggested to be called “plasma 

screening” by the author. Using the plasma-flow model, three main processes in the 

downstream are in a clash, those of which are the cooling, turbulent mixing and extra 

expansion due to energy relaxation from inertial reservoir. 

           As a result, nonequilibrium, unsteady, and nonuniform discharge operation 

modes are shown as more flexible in implementation, efficient and has higher 

performance than other known mechanisms. 

          Most important conclusion was that the predicted pressure profile had 

followed the Friedlander equation (a mathematical model for describing blast waves) 

given in Equation (4.1). Not only that, the simulations and measurements also agreed 

upon the arrival time of the shockwave (demonstrated in Figure 4.21) , pressure time 

and shock speeds, suggesting that ns-DBD actually generates micro-blast waves. 

 𝑝(𝑡) = 𝑝∗𝑒
−�̃�

𝑡𝑑
⁄ (1−�̃�

𝑡𝑑
⁄ )

 (4.1) 

          where 𝑝∗ is the peak overpressure, �̃� is the shifted time defined as (t-𝑡𝑎) where 

the 𝑡𝑎 is the arrival time of the shock to the front of the monitoring point. 
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Figure 4.21: (a) Numerically Solved Shockwave Pressure Distributions (b) Experimantal Pressures at  

                       Different Heights [89] 

           Since the interaction with the external flow is crucial in designing the 

actuator, the strength of the shockwave caused by the actuator is investigated [89]. 

Using 18 kV, 30 kV and 40 kV voltage inputs, strength of the shockwave and the 

attenuation was observed to be strongly dependent upon the voltage amplitude. for 

30 kV and 40 kV, a shock with a 400 m/s of velocity was observed, quickly decaying 

to the sonic speed in 5 µs because of the weaken effect. This effect was supposed to 

be caused by rarefaction waves closely following the shockwave from the actuator 

surface. The induction time, which is the time required for the onset of the 

shockwave after the plasma discharge, was determined to be 1-4 µs, which is longer 

than the heating time. The induction time decreases when a higher voltage is used. 

           In sinusoidal driven voltage waveforms, DBD creates a plasma in non-thermal 

equilibrium where the electrical energy is coupled into gas mainly to produce 

energetic electrons while the gas is at the ambient temperature [90]. Due to the self-

termination phenomenon, the degeneration of micro-discharges into thermal arcs are 

prevented. The process of the transition is well known to be caused by the 

accumulation of electrons at the dielectric surface. The accumulation produces an 

internal electrical field that reduces the local field strength on the dielectric surface 

and these micro-discharges choke themselves as the extinction field is reached. 
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           In the experiment [91], generation of vortices was demonstrated by using 

DBD and an inquiry about effects of periodic wall jets created was made. Voltage 

waveforms that were used for feeding the electrodes were compared, as a result the 

Alternative Current was seen as a must because of charge buildups on the dielectric 

layer, meaning a reduction in the reduced electrical field and shielding for the 

applied voltage, thus the performance of the device and the sustainability of the 

plasma. This requirement sets a harsh boundary for DC since only short pulses (or 

periodic switching of bias voltage polarity) can generate plasma over DBD while 

removing surface charges, as will be explained in depth in the Section VIII.2. The 

most effective one was concluded to be a high-voltage nanosecond repetitively 

pulses superimposed on high-voltage low frequency sinusoidal bias voltage as seen 

in Figure 4.22 

 

Figure 4.22: Nanosecond Pulses plus Sinusoidal Bias Voltage with 5 kV, 50 kHz Positive at the Left  

                    Side and Negative at the Right Side, Pulses with 2.6 kV Peak-to-peak 60 Hz Sinusoidal  

                      Bias Voltage [91] 

          The number of compression waves can also be increased via using higher 

pulse widths as it is shown in Figure 4.23. 



59 

 

 

Figure 4.23: The Changes of Pulse Width and the Resulting Pressure Waves [92] 

           Examining the effect of the pulse duration on ns-DBD was done [93]. As the 

pulse duration was increased, the mode of the discharge transitioned from 

homogenous to filamentary one, likely to be a result of a threshold pulse width for 

the corresponding frequency and the pressure conditions as demonstrated in Figure 

4.24.  
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Figure 4.24: Time-Resolved Images of the Discharge Evolution with 50 ns (first 6 images) and 80 ns  

                       (last 6 images) Pulse Widths, respectively [93] 

           In the experiment [75] overheat of discharge region in a fast response time of 

𝜏 ≈ 1 𝜇𝑠 led to a thermalization of energy, 70 K, 200 K and 400 K were measured 

for 7 ns, 12 ns and 50 ns pulse durations respectively. Emerging shock waves with 

secondary vortex flows and their impact on the main flow were investigated. It is an 

efficient transversal momentum transfer into boundary layer leading to a further flow 

attachment to airfoil surface. Main mechanism was concluded to be the energy 

transfer and heating of near-surface gas layer. 

           In [29], ionization process is divided into two main topics, thermal and 

electron collisions. While two processes do excite molecules, electron collisions 

cause an absorption of heat of formation and as a result a cascade into vibration 

excitement. Alternatively, the energy is lost to diffusion, recombination and 
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attachment processes throughout the region. The effectiveness of flow control is 

strongly tied to the energy efficiency of this ionizing process.  

           Once the 𝐸𝑏 > 𝐸𝑠𝑦𝑠𝑡𝑒𝑚, cathode starts to provide a continous current in the 

plasma regions, between the electrodes. The plasma conductivity, 𝐼, as explained in 

Section V.2, can be divided into two main components, 𝐼𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐼𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

where 𝐼𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 is 0 for a DC and is a function of frequency in AC current. For a 

constant applied I, the density of the current scales with static pressure [94], since 

when the static pressure increases the cross sectional area of the plasma decreases. 

When the current density in boundary region near cathode reaches a point where the 

its value is independent of the current in the circuit, the discharge is said to be 

“normal glow discharge”. After a particular point it may even lead to the arc phase, 

known as the glow-to-arc transition which also depends on the operating conditions 

of the discharge. The characteristics and behavior is going to be explained 

throughout this section. 

           Apart from the DC driven devices, discharges happen in each of the half 

cycles of the driving oscillation, each having a distinct filament pattern within an 

approximately 100 ns [9]. In the negative-pulse phase, the electrons leave metal 

electrode and move towards the dielectric layer where they will continue to 

accumulate. In the second, positive-pulse phase, they begin to move in the counter 

direction, toward metal electrode within few tens of ns. They [95] found that in some 

discharges there was a temporal structure but spatial disorder, and in others there was 

both temporal and spatial disorder in the discharges. In Figure 4.25, the onset of the 

first discharge stage occurs in opposition to the applied voltage. This fact indicates 

that the local electric field is strongly affected by the surface-charge ‘‘footprint’’ 

remaining from the preceding cycle. 
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Figure 4.25: Time-Resolved Images For Three Well-known Patterns. a) V=560 V b) V=800 V and c)  

              V=1000 V. Gas Pressure is Between 760±20 Torr, Ar:He Number-Density Ratio is  

               1:3 for a), b) 4:3 and c) 5:3. Temporal and Spatial Scales are Taken Similar For All  

                       Three Images [95] 

           In the experiment [96], space-time evolution of ionized air light emission over 

a surface mounted SDBD plasma using PMT fitted with double-slit aperture to focus 

on a narrow 2-D region of plasma was investigated. Looking at the light emissions, 

air was seen to be only ionized over a portion of the whole ac cycle, where in each 

cycle it proved to have a different character. A similar result [97] was concluded and 

the result was proven via a graph showing both the applied AC voltage waveform 

and the PMT results is given in Figure 4.26. 
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Figure 4.26: Time Series of PMT Output and the Corresponding AC Input Voltage Waveform for the  

                      Plasma Actuator [97] 

           Morphology of the given graph is a general characterization of the process of 

DBD while the light emissions are made up of narrow spikes that indicate numerous 

microdischarges. A scheme for both phases are shown in Figure 4.27. 
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Figure 4.27: DBD Operating Scheme for Two Different Phases [98] 

           In the first half (negative-pulse) of the voltage waveform, cathode is shown to 

have much more electrons than the surface of the dielectric material. When potential 

energy of the electrical field is large enough, electrons are emitted from the electrode 

and depositted onto dielectric. The point where the energy needed to overcome the 

buildup shielding of the charges on the dielectric material, electrons will be emitted 

from dielectric to the bare electrode. The whole process will stop with the end of 

ionization when the supplied energy eventually falls below the breakdown energy. 

Looking back to Figure 4.26, the time-series indicate that the discharge is much more 

irregular in positive half cycle than in the negative one, which is suggested by many 

other experiments and the difference is actually the sources of birth of the electrons. 

In the negative half cycle, bare electrode plays a role as an infinite source that readily 

supplies the electrodes where in the positive half cycle, every electron do originate 

from the surface of the dielectric. They don’t come off as readily or when they do, 
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they come in the form of micro-discharges. This asymmetry is crucial in designing 

the DBD and selecting the true voltage waveform since it impacts the efficiency of 

the momentum coupling into neutral species of the medium. In this specific research, 

sawtooth with long rise time for the period has been showed to have the ability to 

produce more induced thrust compared to the sine waves. It is also further discussed 

that in general, triangles are more optimal than sine waves and both are much more 

efficient than square and rectangular ones.  

           In the experiments [98] [99], propagation speed of discharge and the extent of 

the plasma has been shown to be increasing with the applied AC voltage as shown in  

Figure 4.28. 

 

Figure 4.28: Plot of the Plasma Extent and the Velocity with the Change of Different Input Voltages  

                       for SDBD Actuator [9] 

          The effect of the applied frequency upon those two parameters were also 

investigated and the results are shown in Figure 4.29. As shown, the extent of the 

plasma had no dependence upon the applied frequency, but the plasma velocity had 

seen to be increased linearly by increasing frequency, since the time needed for 

plasma to reach maximum extent within each half cycles would be decreased, 

resulting in a higher speed for the displacement of the electrons. 



66 

 

 

Figure 4.29: Plot of the Plasma Extent and the Velocity with the Change of Different AC Frequencies 

                      for SDBD Actuator [9] 

          Another inspection was that the maximum velocity induced was limited by the 

streamwise extent of the covered electrode since the area should be properly 

designed to take the maximum advantage of the supplied energy. 

          While the ns-DBD is demonstrated as the most promising and efficient 

technology suitable for wide range of applications for both subsonic and supersonic 

flow controls, it is necessary to make further research into other areas of research to 

learn more about the physics behind the plasma actuators. The DC controlled DBD’s, 

arc discharges (mainly localized arc filaments (LAFPA) [100], spark jets and 

cathodic arc jets), and other methods involving Joule Heating shall be discussed. 

          In the experiment [101], a DC surface arc discharge was set at M=2 conditions. 

The three fundemantal energy transfer, from MHD, EHD and heating effects are 

investigated. Sustaining high ion densities in cathode sheath of electrical discharge 

couldn’t be achieved since EHD was known to be suitable for only subsonic 

(maximum of 100 m/s). The limitations for MHD was the sustainability problem 

since a significant flow electrical conductivity is necessary except for high-

temperature atmospheric re-entry flows. In the case of a low-temperature 

atmospheric conditions, it has barely a noticable effect on the flow. Including the ns-

DBDs, the main energy transfer is via gas heating, known as Joule heating. 

          The mechanism of the rapid heating was discussed at [102] and divided into 

two steps. In first the nitrogen in the air is excited to one higher discrete energy level 

available and secondly, the excited N2 molecules undergo oxygen quenching, 
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generate heat and atomic oxygen via the given chemical reactions [103] in (4.2), 

(4.3) and (4.4) (V-T Relaxation in nitrogen molecules). The process is later divided 

into two phases, as rapid and slow heating [103]. Rapid heating is demonstrated to be 

a consequence of collisional quenching of excited electronic states of N2 molecules 

by O2 and slow heating is shown to be driven mainly by the N2 vibrational relaxation 

by O atoms and by chemical energy release during partial oxidation of hydrogen. 

The data from experimented had agrees well with the kinetic model of plasma in that 

paper and clearly shows that the rotational excitation as described in (4.2) and (4.3) 

cause heating in nanosecond scale, since it requires only few collisions while the 

vibrational excitation leads to heating in hundreds of microseconds because of the 

need of relatively large amount of collisions. The shockwaves and the secondary 

vortices that follow serves as the main momentum transfer mechanism into the 

boundary layer while a hot gas kernel is formed. 

 
𝑁2(𝑋) + 𝑒− → 𝑁2(𝐴, 𝐵, 𝐶) + 𝑒− 

(4.2) 

 
𝑁2

∗ + 𝑂2 → 𝑁2(𝑋1Σ) + 𝑂 + 𝑂 
(4.3) 

 𝑁2(𝑣) + 𝑂 → 𝑁2(𝑣 − 1) + 𝑂 (4.4) 

          The rotational and vibrational temperature values had been succesfully 

measured [104] as 390 K and 3250 K at maximum and they were observed to be 

increasing, as expected, with the increasing voltage. The rotational temperature was 

also shown [105] to be increasing with the driving frequency while vibrational 

tempereture behaved independently. 

         As explained in Section 3.1, opposite reaction of flow in liquids and gases to 

wall heating of the cylinder was emphasized and as the result indicated, flow control 

through wall heating is caused by the changes in density but primarily dynamic 

viscosity [106]. It was further suggested from the experiments that heating the air 

near the surface reduces vortex shedding due to a more turbulent boundary layer. The 

destabilization of the boundary layer was also shown by [107] via heating the 

attachment line in a swept wing at M=0.8 and showed that the over the entire wing 

boundary layer was fully turbulent. 

         As a result of the rapid heating, the temperature of the wall will be larger than 

the far away from the wall region (𝑇𝑦=0 > 𝑇𝑦>0), negative viscosity gradient at wall 
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will be present which will decelerate the boundary layer. Following the experiment 

[37], net longer deceleration magnitude in upstream case was observed comparing to 

the accelerations in the magnitude in the downstream case in subsonic flows, no 

supersonic experiment has conducted on this topic. 

          Growth of volume of thermalized air was determined to be mostly linear with 

energy input, hence linear with the amount of the pulses as demonstrated in [108] 

and shown in Figure 4.30.  

 

Figure 4.30: Heated Volume and the Flow Structure for Two Different Pulses [108] 

          According to the numerical simulations [109], thermal energy in blunt body is 

demonstrated, as shown from the previous experiments, that it can modify the shape 

and the strength of the bow shock in supersonic flows. 

         Explanation for this is the formation of the weak shock waves (shown in Figure 

4.31 and Figure 4.32) emanating from the discharge zone because of rapid heating.  
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Figure 4.31: Schlieren Images of the Pressure Waves in a) Rising Phase b) Decaying Phase [92] 

 

Figure 4.32: Schlieren Images for the Induced Shock Wave 10 µs later than the Discharge at 10 kV,  

                       Dimension in mm [92] 

         Other than controlling the wall temperature, the effects of the volumetric 

temperature control should be also discussed. 

4.3 Other Applications 

         The fundamental problem [110] in the development of hypersonic vehicles had 

been the ignition and stabilization of combustion in supersonic flows at low and 

moderate entry total enthalpies and the use of air/fuel plasma generated in electrical 

discharges is seen as one of the most promising technologies at the moment since it 

delivers more freedom in the choice of geometric configuration due to replacement 

of mechanical flameholders with a highly effective, controllable system. Plasma 
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Assisted Ignition methods [111] [112] can control the flow structure via gas heating 

and excitation of fuel and oxidizer and enhancing the mixing of fuel-air via 

generating a flow instability. Energy deposition methods, on the other hand, pressure 

waves can be used for altering shockwaves or mitigate the level of seperation [64]. 

While ns-DBD can be used for controlling interactions as it was being discussed 

throught this thesis, using other methods including laser, microwave or other kind of 

energy deposition method will be discussed to show the the superiority of the ns-

DBD. 

         For the enhancement of the combustion applications, a Plasma Jet torch is 

developed. It basically injects non-equilibrium plasma into the channel and its main 

mechanism for enhancing the combustion process is known to be the O3 production, 

since it has much longer lifetime than other species and accelerates ignition reaction 

of H2/air mixture as almost the same as O radical. In this experiment [113], using 10 

W as a discharge power for the DBD and the enhancement was observed to be very 

small in the region of relatively weak and unstable flame and nothing happened in 

the flow field where strong combustion occurred. 

           Thermal plasma ignition is being used for more than a century, beginning with 

spark ignition systems and IC engines [114]. In the last decades the scientific interest 

had been on using both the non-equilibrium and equilibrium plasma for ignition and 

combustion systems, though non-equilibrium plasma was preferred most of the time 

because of the high rate of excitation and dissociation molecules via electron impact 

[115]. That process also known to improve the overall chemical reactivity but the 

details of the physics is not yet well understood.  

         In this approach [116], a nanosecond repetitively pulsed (NRP) DBD was 

developed which had gained scientific interest over the last decade for its high 

efficiency (higher than the traditional SDBDs [117] thanks to its unique geometry) 

and low power input. It also heats very rapidly (almost 10 ns) via pressure waves but 

hypothesized [118] that the generation of vortices by the plasma was the main driver 

of the effect upon the impinging the shockwave or controlling the SWBL interaction 

[119] in Mach 5 [77]. This with the newly published paper by the same research 

group [120], focused on the control and understanding of the turbulent combustion 

and the flame dynamics since these two considerations are the major subjects of 

design choices for the design of the propulsion systems (land-based power generation 
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systems, aviation gas turbines and supersonic propulsion systems are all included for 

the possible applications). Two main goals are to allow more efficient energy 

conversation and longer combuster lifetimes. 

         Detailed analysis have depended upon to method for effecting the flame by 

reducing ignition delay, increasing flame speed and enhancing stabilization at low 

equivalence ratios by utilizing the plasma. NRP is used because of its highly 

effective working principle in generating active chemical species with low power 

demand (calculated to be on the order of 1% or less of the thermal power of the 

flame), high degree of electronic excitation and dissociation to atomic oxygen, small 

duty cycle. 

         Another experiment for flow control in aviation gas turbine engines was made 

in [121] which focused on obtaining the actuator performance and its dependency 

upon the operating conditions like pressure and the temperature and later followed by 

another experiment [122] done for simulating the flow over the suction surface of 

low-pressure turbine (LPT), over the “Pak-B” airfoil. The hypothesis was that the 

performance of the actuators mainly depends on the gas density when considering 

the ambient condition effects (neglecting the temperature aspect), which in turn 

greatly simplifies the testing at room temperature. Only thing to be considered would 

be to set the chamber pressure to match the required density value. The purpose of 

the article was to actually set the ground for the design of the first plasma flow 

controlled turbine engine. In the end of the inquiry, low Re number locations were 

selected as good candidates for active flow control since they had the tendency for 

flow seperation on the low-pressure turbine (LPT). Even though there are conflicting 

results about the performance and its dependency upon the density in literature, the 

study concluded that the decreased density would increase the reduced electrical field 

thus the overall performance. Main question was the possibility of performing the 

process under low densities. 

         In the [123], the interaction of pulsed-repetitive microwave-generated plasma 

with blunt body in supersonic flow was investigated and it was demonstrated that by 

microwave energy deposition a drag force reduction and lift/pitch force generation 

would be applied. In [124], the microwave was used to control the bow shock by 

generating a plasma discharge in M=2.1. A significant reduction of drag by 

modifying the bow shock was observed which linearly increased as the diameter of 



72 

 

the sphere was increased. The evolution of the bow shock is shown in Figure 4.33. 

The standoff distance had been increased and a vortex structure between the bow 

shock and the sphere body was formed.  

         They have their own disadvantages though. They do require use of heavy 

cumbersome equipments which makes their applicability imfeasible. Additional to 

that, there is not enough research about the underlying physics or the effects of 

different frequencies or energies on the performance. 

 

Figure 4.33: Schlieren Images at the Left Side and the Corresponding Schematic Drawing at the Right  

        Side for the Structure of the Bow Shock after the Plasma Discharge generated by  

                      Microwaves [124] 

         Also in numerous experiments [125] in M=2 and [126] in M=2.5, radio-

frequency (RF) discharge and its interaction with the oblique shockwave in M=2 was 

conducted and succesfully demonstrated the possibility of shockwave weakening.  

         The use of laser for a gas breakdown was first observed in [127]. Using 

directed energy addition via laser to control the bow shock and the Edney IV 

interaction was tested succesful in [128] as can seen in Figure 4.34. Though there 

had been not enough study for optimization for determining the important parameters 

for the design including the pulse length, frequency, laser power or the effects of the 

medium conditions on the system. 
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Figure 4.34: Instantaneous Argon/laser Generated Schlieren Images at Mach 3.45 over a Sphere with  

                      Edney type-IV Shock Impingement [128] 

         Thermal effect of near-surface high-temperature arc discharges were proven in 

[129]. In the latter, with a nearly 1 kW power (high current, high voltage), 

considerable shock wave control was achieved but it was far away from being 

optimized since the phenomenon needs an extensive additional study. The electrodes 

need to be high-melting materials like graphite or tungsten though. 

         The current density for the arc discharge can be approximately calculated from 

Equation (4.5); 

 𝐽 = 𝐴𝑇2𝑒
−∅𝑒√𝑒3𝐸

𝑘𝑇  

 

(4.5) 
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         Where A is defined in Equation (4.6); 

 𝐴 =
4𝜋𝑚𝑒𝑘

ℎ3
 (4.6) 

         ∅𝑒 is the work function (minimum energy to extract electron from the surface), 

k is the Boltzmann constant, T is the temperature of the cathode, e is the elementary 

charge, m is the electron mass and h is the Planck constant. 

         As indicated in the function, increase in particle number density in flow 

requires a higher voltage for gas breakdown to compensate the decrease in the 

reduced electric field. 

         Main problem of this method is the dynamic characteristic being not beneficial 

to flow control. An important observation is that the boundary layer acts as a sheath 

layer that protects arc discharge from being disturbed by main flow, hence arc 

discharge in boundary is similar to discharge in the air. A steady characteristic of 

surface arc discharge in supersonic was desirable and a possible solution for this is 

an external magnetic field that can prevent plasma being blown downstream and 

control its behavior. 

         There are other methods like Localized Arc Filament Plasma Actuators 

(LAFPA) that demonstrated a control authority over high Reynold numbers and high 

speed jets in both experimentally [130] and computationally. They manipulate the 

instabilities in flow through pressure disturbances and generation of streamwise 

vorticities caused by localized Joule Heating.  

         Similarly, Pulsed Plasma Synthetic Jets (or Spark Jet) utilize Joule Heating to 

control the flow. It was originally developed in the paper [131]. It either generates 

hot spots in the flow and re-energizes the boundary layer via high voltage (2 kV-5 

kV) to generate high temperature. The plasma is formed in a small cavity when the 

expansion the gas inside by the rapid heating causes plasma to exit, leading to a 

sudden pressure drop. In the end air refills the cavity. In [132], in a M=1.5 over a flat 

plate, the experiment measure maximum blast wave and jet front velocities of 400 

and 310 m/s respectively. The decrease in the pressure also led to a increase in the 

velocity of the jet front velocity (240 to 310 m/s) as expected, a good candidate for 

high-altitudes. [133] confirms the succesful penetration of supersonic boundary 

layer, as well as the interaction between supersonic flow and pulsed plasma synthetic 
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jet in M=2 as shown in Figure 4.35. Though there is a need for studying the lower 

density for the supersonic flow cases since a reduction in the momentum will have a 

substantial effect on the behavior. 

 

Figure 4.35: Schlieren Images for a Mach 2 Flow without and with Actuation [133] 

         In the following experiments [110] conducted inside a model scramjet, Quasi-

DC discharge was tested on a directly injected gaseous fuel (H2 and C2H4) inside a 

supersonic combustion chamber. Ignition/flameholding apparatus was based on 

electrical discharge for application in a control system of the chamber. The purpose 

for this experiment was to prove that it was more advantageous to use such a system 

rather than a cavity-based flameholder (the major element of supersonic flameholder 

schemes [134]) for high-altitude launches of scramjet/ramjet and for cold 

startup/restart applications. There are also newer types of approaches like Multipoint 

Ignition [135] using Plasma by utilizing lasers, microwaves or both to spread the 

flame through the combustor. 

         In comparison to the earlier designs [136] [137] where the tests for 

flameholding purposes at low air temperatures failed to achieve a self-ignition of 

fuel/air mixture, Quasi-DC (named because of the unsteady behavior of individial 

plasma filaments) was stable in opearation and the re-ignition pattern was, for the 

first time ever, demonstrated in a low temperature environment inside a scramjet like 

geometry. 
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5. NUMERICAL MODELING 

         Most types of discharges can be described by using the same plasma model. In 

[138], drift-diffusion equations for the obtaining continuity equations for different 

particle species coupled to electrostatic equations were used with Gauss’ law for the 

electrostatics. Here the electrostatic model delivers the forcing mechanism which 

drives the dynamics of the plasma. It later on is used in the transport model that 

describes the transport through the forces urdergone by each plasma species. 

Additionally, a chemical model for the creation and destruction of the species is also 

included. It is especially crucial since in the regions of hypersonic shocks where no 

longer the perfect gas assumption holds true, chemically reacting processes has to be 

considered. 

         Similarly, for atmospheric conditions, drift-diffusion equations for momentum 

modeling coupled with isothermal assumption derived from three-species 

hydrodynamic equations and Poisson’s equations was solved [139] and the 

calculated EHD force and gas heating terms were used as source terms by using User 

Defined Functions (UDF) via ANSYS Fluent and succesfully validated by the 

available data in the literature. The same geometry was used in another attempt [140] 

at creating a more realistic numerical model, including validations of all the previous 

experiments, simulations of controlling projectiles, simulating arc discharges and 

their interaction with other kinds of DBD’s. 

         To simulate the rapid heating and comparing 2D and 3D models, a 

aerothermodynamic Navier-Stoke code was used [141]. An experimental-oriented 

(phenomenologic) method was followed by assuming all the energy was deposited in 

the translational/rotational mode. Heating was included as a source term (S) in 

Navier-Stokes Equations as in Equation (5.1); 

 
𝜕𝐸

𝜕𝑡
+ ∆. ((𝐸 + 𝑝)�⃗⃗� − 𝜏. �⃗⃗� + �⃗� + Σ(𝐽𝑠𝑝ℎ𝑠𝑝)) = 𝑆 (5.1) 

         where �⃗⃗� is the mass averaged velocity vector, 𝜏 is the viscous stresses, �⃗� is the 

total heat flux vector, 𝐽𝑠𝑝 is the species diffusion flux vector and ℎ𝑠𝑝 is the species 

enthalpy. The plasma in this model was assumed to be cylindrical. To determine the 

S, the assumption was used in hyper-Gaussian distribution function as in Equation 

(5.2); 
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(5.2) 

         where Q denotes the total deposited energy, 𝜉, 𝜂 and 𝜁 are the deposition 

density parameters and K is also a function of these three while a, b and c define the 

deposition volume. 

         As a result of the simulation and comparisons between the experimental data, 

there was a significant difference between the two, making 3D simulations necessity 

for such evaluations. It was in the 3D simulation in which the thick boundary layer 

with test testion being small caused the core supersonic flow area shrunk and thus the 

changes in the velocity and the density were captured truly. 

         The mechanism by which ns-DBD couples to subsonic flow, whether through 

acoustic, entropic or induced vortical disturbances remains unknown. To resolve the 

process which the relatively low energy of the NS-DBD actuator couples to a stalled 

airfoil flow to mitigate separation, LES (Large Eddy Simulation) was conducted 

[142] for supersonic case over NACA 0015 airfoil. The actuator trips the shear layer 

emanating from the leading edge and leads to the generation of an attached turbulent 

boundary layer over the upper surface of the airfoil via spanwise vortex roll-up.  The 

validation of different approaches are shown in Figure 5.1.  

 

 



78 

 

 

Figure 5.1: Simulated and Measured Pressure Coefficients With and Without Plasma Actuation  

                         Control [142] 

         In [143], surface heating was shown to induce longitudinal vortical 

disturbances with large fluctuating kinetic energy components  Strong 3-D 

fluctuations are observed in the upper portion of the boundary layer, where the 

hairpin vortices (shown in Figure 5.2) interact with the high-momentum fluid, 

leading to the boundary-layer distortion (shown in Figure 5.3).  It is also suggested 

[144] that, from the results of both the experimentation and numerical simulations, 

the vortice generation had been observed to be reduced significantly when multiple 

actuators are mounted close to each other. 
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Figure 5.2:  A Drawing of a Hairpin Vortex as a Result of the Pulsed Heating [143] 

 

 

Figure 5.3:  Instantaneous Velocity Contours for the Full-span a) At y= 0/200 b) on the Center of the  

                     Plane [143] 

         The effect of the disturbance introduced by thermal bumps is observed to 

follow classical stability theory in the linear growth region, as the experimental and 

numerical data is compared in Figure 5.4. The largely scattered data imply that the 
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flow is still in transitional stage, where the strong nonlinear disturbances continue to 

extract energy from the mean flow to maintain their mobility before the energy 

redistribution equilibrates and the flow exhibits some features of fully developed 

turbulence. While the Reynolds stresses and shape factor profiles suggest that the 

boundary layer is approaching turbulence, but remains transitional at the end of the 

computational domain. These results suggest that pulsed heating can be used as an 

effective mechanism to modulate the supersonic laminar-turbulence transition. 

 

Figure 5.4:  Reynolds Stress Distributions for Finite-span Case a) Streamwise Stress b) Shear Stress  

                      [143] 

         A numerical study on self-similar plasma model [145] had demonstrated its 

feasibility by validating numerous experimental data like the control of the bow 

shock in front of a sphere. It was followed by a study of a possible steering 
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mechanism using only plasma actuators to create an axi-symmetric flow field to 

exert force in the desired direction. The results of the simulation is given in Figure 

5.5. Its ability to produce small but effective force and modify the shockwave was 

shown to be a promising technology for the future of hypersonic vehicles, including 

military uses. 

 

Figure 5.5: Simulated Oblique Shock Geometry Over the Wedge Disturbed by a Single Pulsed  

                         Discharge at 50 kV [145] 
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6. EXPERIMENTAL SETUP 

         Power supplies for certain types of actuators are far from implementation ready 

and the electromagnetic interference induced by electric systems are not well 

controlled [138]. Because of the flow interaction process not being fully understood 

which is the essential for optimal design and the safety of the experiment, and control 

of the actuators, a preliminary set-up was designed for testing to get similar results in 

same topics, make validations through measurements and then proceed to create 

hypothesis for other subjects in the field. Additionally, numerical methods will also 

be used to understand the kernel of the physics and finally a design methodology will 

be completed in the light the recommendations that will be given in the Section 7. 

         A similar AC-DBD setup [4] was used and adapted. It will be used at a 

blowdown type wind tunnel, which is the ITU TRL 15 cm x 15 cm Trisonic Wind 

Tunnel at Istanbul Technical University. It has 154 mm ⨯ 150 mm cross-section and 

400 mm test section length. For this case, rather than using a “Liners (M2)” 

nozzle/module (has a range of M=0.4 - 2.2) , “Blocks (M4)” nozzle/module (has a 

range of M = 2.6 - 4.0) will be used. Wind tunnel (shown in (Figure 6.1) ) consists of 

two-stage high pressure compressors and two similar pressurized tanks which can 

sustain a storage pressure of about 40 times the atmospheric pressure. Stagnation 

pressure can be adjusted via vanes. Between the tunnel and the pressure tanks there 

are also two manual and one pneumatic vane.  

 

Figure 6.1: ITU TRL 15 cm⨯15 cm Trisonic Wind Tunnel [146] 
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         A general scheme of the DBD design and parameters are given in Figure 6.2. 

The selected parameters with the help of the earlier experiment results are 

summarized in the Table 6.1. 

 

 

Figure 6.2: A Basic DBD Configuration (Green indicates the Dielectric Material between the  

               Electrodes) Image at the Top Indicates the Upper Surface Bottom Image at the  

                           Bottom Indicates the Bottom Surface of the Plate 

Table 6.1 The Selected Design Parameters 

Parameter Values (in mm) 

tb 0.1 

tg 0.2  

te 0.1 

td 0 

lb 85 

ld 1 

le 75 
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         A more detailed sketch of the AC-DBD is given in Figure 6.3. 

 

 

 

Figure 6.3: CATIA Drawings of the AC-DBD Actuator 

         The designed DBD actuator will be flush mounted on the plate via spray-on 

glue, which will help remounting in the future tests. 
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         As a result of the discussions made in Section 4.2, Kapton Tape was selected as 

the dielectric material which will be mounted in-between the electrodes.  

         The power will be supplied by (GBS Elektronik GmbH Minipuls 4) [147], 

which will be used as both a sinusoidal voltage waveform generator and voltage (up 

to 20 kV peak) amplifier at the same time while having a high frequency (5 kHz-20 

kHz). It is connected to the exposed electrode via high voltage coaxial cable type 

RG-127. The buried electrode however, will be connected to the ground with the 

same type of cable. DG645 Digital Delay Generator and Eagle Harbor Technologies 

NSP-3300 are also good candidates for generating nanosecond pulses for future 

experiments.  

         The measurements will be done via one 1:1000 voltage probe (Tektronix 

P6015A) and Rogowski Coil (Pearson Electronics Model 2877) both connected to 

the buried electrode and the oscilloscope (Agilent Technologies Infinium 

DSO9104A). For calculating the energy consumption and draw the characteristic Q-

V and Lissajous figures, a capacitor with 50 nF (Aerovox 1445) will be used. 

         For observing the effects of the actuator, a Schlieren visulation technique with 

a typical Z setup will be used. ISSI LMS-DMHP-623 model LED light source for 

emitting light beams, concave mirrors to collect them onto a collimated light and 

then focusing at knife edge and eventually the camera lens (Photron FASTCAM 

Mini UX100 model high speed, capturing with 6000-8000 fps frame rate) [146]. The 

model is shown in Figure 6.4. 
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Figure 6.4: Layout of the Schlieren Flow Visualization Setup [146] 
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7. CONCLUSIONS AND RECOMMENDATIONS 

         A traditional AC-DBD was developed that would also be used as a ns-DBD 

with a nanosecond pulse generator. In this design, replicating the same results as the 

older experiments, mainly effecting the boundary layer thickness were the main 

purpose. Because of the outbreak of Coronavirus, all of our efforts was hindered and 

determining the main parameters that would effect the efficiency and effectiveness of 

the DBD in supersonic flow and important researches that need to be conducted for 

improving this novel technology was discussed. With the addition of numerical 

methods, the importance of theory, some of the engineering assumptions and 

simulations were shown and its potential impact on supersonic vehicles was 

discussed. The main thing that made DBDs that are specifically designed for 

supersonic flows was their main mechanism, rapid heating rather than creating a jet 

flow through EHD forces in subsonic flows. That’s why the voltage waveforms, its 

frequency and amplitude, with the nanosecond pulses are crucial in studying the 

efficiency of the heat transfer mechanism interaction with the shock waves and 

boundary layers via generating vortices or micro-blasts. It will not only foster the 

developments in controlling the flow but also the enhancement and mixing 

techniques for combustion and future designs of the scramjet engine. The experiment 

instruments were chosen to maximize the benefits of future studies and the electrode 

gap, width, selection of barrier material, length of the electrodes in the flow direction 

were chosen to increase efficiency of the system while successfully replicating the 

older experiments. 

         After testing the design, a Printed-Circuit Board technique should be used for 

getting rid of the non-desired shockwaves caused by imperfect placement of the 

mounted electrode and dielectric barrier. Since it is a necessity to create a nearly 

perfect surface for not causing a shockwave. Thus, most of the researchers had 

changed their minds and switched to using PCBs rather than the traditional DBDs. 

For those printers with molten vox is used by one study [148] to protect the copper 

layer from Kapton sheet. Than the system rests in an acid solution. Etching process is 

used to dissolve copper layer on top of Kapton where air is a catalyzer to fasten the 

process. Samples are shown in Figure 7.1. 
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Figure 7.1: Samples of Printed Electrodes To be Used in the Etching Process [148] 

         Future experiments should take 2D actuators into account, since it creates [149] 

an out-of-plane velocity component that doesn’t exist with 1D linear actuators. It 

should be tested for supersonic if it has any impacts. Different geometries, multiple 

encapsulated ground electrodes at different depths should be tested, for example 

Multi-barrier Plasma Actuator (MBPA) [150] consists of multi layers of dielectric 

and electrodes and known to having higher thrust to power consumption ratio. One 

step further is to take measurements of a 3D full-field velocity and density map, 

which may be a real challange.                                                

         There should also be research for the impacts of external forces like pressure 

and surface temperature and most importantly the density. Moreover, the time ratios 

of different phases in the voltage waveform should be investigated and most efficient 

ratio should be studied. Also, a distribution of DBDs should be used to see how the 

general behavior changes and how they will interact with each other. 

         All of these parameters shall be tested and all of the important parameters that 

would determine the efficiency of the device should determined and with the help of 

numerical models, experimental data and machine learning, the methodology shall be 

unearthed. 
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