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Electrohydrodynamic (EHD) devices have seen a strong surge in popularity for various 

applications, including virus inactivation, electrostatic particle collection, and, most interestingly, 

active flow control. The most promising EHD device for active flow control is a dielectric barrier 

discharge (DBD) plasma actuator due to its solid-state operation, fast response time, and easy 

integration. However, DBD actuators have not yet been developed for robust real-world 

applications. Much of the fundamental physics of DBD actuators remains unclear, and realistic 

applications of DBD actuators require significantly improved performance. This dissertation aims 

to improve our understanding of DBD plasma actuators and their complex underlying phenomena 

and use those insights to optimize them. First, we develop empirical models of critical DBD 

parameters such as thrust and power usage for standard two-electrode DBD actuators in quiescent, 

co-flow, and counter-flow wind conditions. Second, this work explores the underlying plasma-

fluid mechanisms of a DC-augmented (DCA) DBD actuator with a positively or negatively biased 



third electrode. With novel DC augmentation insight, this work then explores an AC-augmented 

DBD for the first time. The AC augmentation illustrates a pathway for continuous DBD 

acceleration by demonstrating a pull action by a third electrode. Immediately building on the AC 

augmentation mechanism, this dissertation develops an optimized multi-stage DBD array with key 

geometric limits. The multi-stage DBD array generates significantly more thrust than previously 

reported DBD actuators with a thicker wall jet.  Finally, the multi-stage DBD array is tested on a 

Clark Y airfoil in robust co-flow conditions at varying angles of attack. The results suggest an 

optimized DBD array can control an aerodynamic surface with significantly more control authority 

at more robust conditions than previously demonstrated. 
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Chapter 1. Introduction  

Over the past several decades, researchers and engineers have exhausted significant efforts 

exploring electrohydrodynamics, or EHD. EHD can be broadly described as the joint research of 

electrodynamics and fluid dynamics or the study of ion-driven fluid flows. EHD overlaps several 

other fields, including electromagnetism, plasma dynamics, power electronics, and chemistry. 

EHD research has wildly grown in popularity due to its wide range of applications, including virus 

inactivation [1-3], ozone generation [4, 5], satellite propulsion [6, 7], and active flow control [8, 

9]. This dissertation focuses on active flow control using EHD actuators, a more novel application 

of EHD. However, research on different applications of EHD continues to aid in developing and 

understanding EHD actuators for flow control. Active flow control has experienced extreme 

interest over the past two decades because of the ever-growing demand for improved methods to 

control the fluid dynamics of an aerodynamic surface. 

Unlike electromagnetic devices that employ electric and magnetic fields, EHD devices rely 

solely (or primarily) on electric fields. As a result, the applied electrical waveform, geometry, and 

working fluid are typically the distinguishing factors between different EHD devices. This 

dissertation focuses on EHD flows in atmospheric air. The most commonly used atmospheric EHD 

devices are driven by corona discharge or dielectric barrier discharge (DBD). Other discharge 

mechanisms include Townsend discharge, glow discharge, and arc discharge [10]. However, these 

are typically only seen with easily ionized gasses (Helium or Argon) or at low pressures. A 

summary of EHD devices and their unique electrical and geometric conditions is shown in Table 

1.1 and is discussed in Irhanshahi et al. [11]. As discussed later, corona discharge and particle 

charging use a steady high voltage (HV) direct current (DC) waveform, while dielectric barrier 

discharge uses an HV alternating current (AC) or pulsed waveform.  
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Table 1.1. Summary of EHD Device Mechanisms with typical geometry and applied electrical waveform. 

 

1.1 Active Flow Control (AFC) 

Active flow control (AFC) refers to the control of an aerodynamic surface or body through 

actuation. Unlike passive flow control, such as dimples on a golf ball, active flow control requires 

energy to move objects or impart a force. Currently used active flow control technologies include 

mechanical flaps and deflectors on aircraft wings to change wing lift and drag characteristics. 

While these technologies are well-tested, flaps' bulky and mechanical nature is often a source of 

failure. Many novel techniques aim to replace traditional technologies while remaining 

lightweight, instantaneous, and without moving parts. The emerging novel active flow 

technologies include synthetic blowing jets, microfabricated electro-mechanical systems (MEMS) 

/ piezoelectric pumps, and plasma actuators. Among these emerging technologies, plasma 

actuators have received the most interest because they are the only solid-state technology without 

mechanical parts. Plasma actuators are also physically the simplest of the novel flow control 

technologies and, thus, easy to retrofit into a preexisting system if the electrical requirements are 

met. A summary of the existing and emerging novel flow control technologies is outlined in Table 

1.2. Despite many recent publications on plasma actuators and other similar electrohydrodynamic 
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(EHD) devices, significant uncertainties about plasma actuators remain regarding variables that 

influence thrust, unsteady plasma-fluid momentum transfer, electrical plasma discharges, and 

other complex phenomena. Some publications aim to optimize plasma actuators through unique 

electrical and mechanical changes; however, the same fundamental questions remain. This 

dissertation explores the design, integration, mechanisms, and optimization of plasma actuators 

for active flow control by developing empirical models of plasma actuators in various flow 

conditions, optimizing plasma actuators, and exploring the mechanisms of these enhanced plasma 

actuator systems. This work is based on the author's publications [1, 12-16].  

Table 1.2. Comparison between traditional and novel active flow control devices.  = Worst,  = Best 

 Flaps or 

Slots 
Synthetic Jets 

MEMS / 

Piezoelectric Pumps 

Plasma 

Actuators 

Response      

Maintainance     

Intrusiveness     

Noise Level     

Forcing     

Requirements N/A Compressed Air N/A High-Voltage 

 

Chapter 2. Plasma Actuators  

Non-thermal plasma devices for active flow control have seen great scientific and engineering 

interest over the past two decades [9, 17-22]. As previously mentioned, plasma actuators have the 

potential to instantaneously change a fluid system by exerting an electrostatic force while staying 

silent and compact [23-25]. Categorized by corona discharge or dielectric barrier discharge (DBD), 

a plasma actuator generates an EHD force by first ionizing the fluid around the actuator with an 
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electric field that exceeds the working fluid's dielectric strength. In corona discharge, the ionization 

occurs between two high voltage (HV) direct current (DC) electrodes [26, 27], while DBD 

actuators use pulsed or alternating current (AC) [28, 29]. The free electrons and ions create a quasi-

neutral plasma and are then accelerated in the electric field. Through collisions with the neutral air 

molecules, the EHD force is generated. Within active flow control [30], several works have 

proposed plasma actuators for mixing enhancement [31, 32], aerodynamic drag reduction [33, 34], 

lift augmentation [25, 35], separation control [36, 37], and electric propulsion [38-41]. Despite 

their lower electromechanical efficiencies than corona actuators, DBD actuators are more effective 

at providing a stronger, consistent EHD force [4, 9]. As a result, many developments in plasma 

actuators have focused on DBD plasma actuators. This dissertation focuses on DBD plasma 

actuators. However, studies on corona-driven flows can offer supporting insight into DBD-driven 

flows. The research of this dissertation builds upon the works of previous researchers, including 

Vaddi [42-44], Guan [26, 45-49], and Fillingham [50-52]. 

While plasma actuators for active flow control are a relatively new concept, the field of 

electrohydrodynamics has existed for decades. Briefly, plasmas, in general, were studied as early 

as the 1920s by Langmuir [53]. However, very few works have studied plasma-driven fluid flows 

before 2000 due to the lack of robust power electronics to generate plasma in atmospheric air, and 

one of the first scientific papers on plasma-fluid interaction was Velkoff and Ketchman [54] in 

1968. In the 1990s, a few groups began to explore air flow generated by corona discharge, and by 

the early 2000s, groups began to propose flow control with corona discharge and DBD. The early 

works that demonstrated DBD and corona actuators for flow control include Roth et al. [55], 

Corke et al. [23], Enloe et al. [56], Pons et al. [57], and Touchard [58]. Since then, significant 

developments in power electronics, fluid measuring techniques (particle imagining velocimetry, 



5 

 

laser-doppler anemometry, etc), and material science have allowed for further studies of DBD and 

more robust DBD applications. Moreau et al. [31] and Corke et al. [13] further summarize the 

early history of plasma actuators for active flow control.  

2.1 Theory of Operation 

In its simplest form, a traditional DBD actuator comprises two electrodes separated by a 

dielectric barrier. One electrode, known as the active electrode, is air-exposed, and the other 

electrode is embedded into the aerodynamic surface or tightly mounted onto a flat surface for 

encapsulation. The embedded electrode is typically grounded or powered by an AC waveform 

opposite the active electrode. Encapsulation is necessary to ensure that plasma discharge is only 

experienced on the desired aerodynamic surface, not the dielectric's backside. The effect of 

encapsulation of a DBD actuator encapsulation is studied in Laurentie et al. [59]. Figure 2.1 

depicts a traditional two-electrode DBD plasma actuator mounted to a flat plate for encapsulation. 

 

Figure 2.1: A traditional two-electrode DBD Plasma Actuator with an air-exposed active and embedded electrode. 

The embedded electrode typically is grounded or an out-of-phase AC waveform.  

When high voltage is applied to the active electrode, the electric field is strongest at the edge of 

the active electrode (ignoring the embedded electrode edge), resulting in plasma generation 

towards the embedded electrode. As the ions attempt to enter the downstream embedded electrode, 

~
Dielectric

Active Electrode

Embedded Electrode

Plasma Discharge Y

X

Encapsulation



6 

 

the ions collide with neutral air molecules, forming a wall jet. The plasma discharge of a two-

electrode DBD actuator separated by a transparent quartz dielectric is shown in Figure 2.2.  

 

Figure 2.2: Traditional DBD Plasma Actuator with transparent quartz dielectric. The high E-field between the active 

and embedded electrodes creates a non-thermal plasma towards the embedded electrode. The image captures the 

discharge across several discharge cycles. 

Since DBD is powered by a high-frequency (typically > 1 kHz) AC waveform, Figure 2.2 

illustrates the total plasma emissions over several discharge cycles. The color of the discharge is 

characteristic of the ionized gas (atmospheric air in Figure 2.2) and the resulting reactive species 

generated during the discharge. Since HV AC powers DBD, there is a constant generation of 

positive and negative charge species that differ across both cycles. Through primary and secondary 

ionization, the reactive species of DBD in atmospheric air include O3, O, H2N2, NO, NO2, HNO3, 

NO3, and several other reactive oxygen and nitrogen species [60]. 

The momentum injection by two-electrode DBD actuators has been characterized by several 

investigators, e.g., [12, 61, 62]. However, the time-dependent multiphysics interactions 

responsible for energy transfer in electromechanical systems such as DBD are poorly understood 

due to the complex coupling between electric field, surface and space charging, species 

recombination, and charge–flow interaction. The plasma–flow interaction is commonly divided 

into positive- and negative-going voltage half-cycles. One of the most accepted forcing 

mechanisms is the 'push-push' mechanism: positive ions are repelled from the active electrode in 

the positive-going voltage half-cycle, and negative species are repelled from the active electrode 

in the negative-going voltage half-cycle [20]. Time-resolved current measurements support that 
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negative electrons are stripped during the positive-going voltage half-cycle, resulting in positive 

ions and the opposite in the negative-going voltage half-cycle [20]. The development of time-

resolve particle imaging velocimetry (PIV) has aided the experimental study of the unsteady EHD 

forcing. The push-push mechanism to show forcing during each half-cycle has been supported in 

experimental works such as Debien et al. [63]. The electrical voltage and current of a typical two-

electrode DBD actuator with a positive and negative voltage half cycle are depicted in Figure 2.3. 

The push-push mechanism of a two-electrode DBD is depicted in Figure 2.4.  

 

Figure 2.3: DBD electrical current is commonly divided into a “positive-going” and “negative-going” half cycle, with 

distinctively different discharge dynamics to create a “push-push” forcing. 

Positive Negative
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Figure 2.4: DBD “push-push” forcing mechanism supports a positive force generated in both the positive (voltage 

rising) and negative (voltage falling) half-cycle. 

In actuality, the interactions are more complicated. Electric current measurements and high-speed 

plasma visualizations show that the positive half-cycle leads to positively charged streamer 

discharge, and the negative half-cycle produces smaller and more frequent discharges associated 

with glow discharge [64, 65]. Though the discharge current is higher in the positive half-cycle 

[12], some reports suggest that the forcing terms can be as strong in the negative half-cycle due to 

the high mobility of electrons and the stability of the negative ions [61, 66]. Some studies have 

supported a “push-pull” mechanism; however, most fluid analyses have supported that the “pull” 

is simply due to the significantly more push in one cycle compared to the other [20]. 

2.2 Challenges  

While many fundamental concepts and mechanisms are shared between DBD and corona 

discharge, there are unique scientific challenges for DBD plasma actuators. The primary scientific 

challenge is understanding the unsteady plasma-fluid interactions due to complex phenomena, 

including ion recombination, surface and space charge propagation, and streamer and glow 

discharge dynamics in traditional and enhanced DBD systems. Enhanced DBD systems include 

DBD actuators with additional electrodes to provide an additional downstream “pull” [15]. This 

Negative-going  cycle 

Positive species attracted and 
negatives repelled

Negative species attracted and 
positives repelled

Positive-going cycle 
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uncertainty is partly due to the significant time-scale difference between high-frequency forcing, 

chemical reaction rates in plasma, and flow time. EHD forcing from the corona discharge can 

provide insights into the charge species/ flow interaction. In positive corona discharge, the positive 

ions are accelerated in the E-field, producing EHD force acting on the volume fluid, and the steady-

state forcing term can be derived analytically [26, 67]. The interaction between the plasma 

discharge and the flow is more complicated in the negative corona discharge. The glow discharge 

primarily consists of electron emission, which can interact with the neutral molecules, triggering 

an electron (bombardment or impact) ionization mechanism. The E-field accelerates the negatively 

charged ions, which augments the EHD forcing [68]. Recent work on unsteady corona discharge 

addressed the optimization of EHD forcing. Sohbatzadeh et al. [69] demonstrated that unsteady 

corona discharge produced 4-2 times greater force than steady DC corona for the same voltage 

range due to increased ion collision frequency. Since DBD actuation uses positive and negative 

ion acceleration, ion recombination and space and surface charge are influenced by both species. 

The resulting unsteady interactions of the charged species, dielectric, and electrodes play a 

significant role in the resulting steady-state EHD force. 

The engineering challenges of plasma actuators are related to their demand for high-voltage 

power electronics and relatively low total force. High-voltage power electronics (amplifiers, 

transformers, batteries, etc.) can be several kilograms, and with a total force typically under 1 N, 

plasma actuators have a low force-to-weight ratio when the weight of current commercial HV 

equipment is factored. As a result, current DBD applications are limited to flow control at low-

speed conditions [70, 71]. While capable laboratory-grade custom power electronics are developed 

for this dissertation, developing these key components is not the primary focus. However, this 
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development will be necessary for future DBD applications. Examples of recent developments in 

miniature power electronics for DBD include Sato et al. [72] and Truong et al. [73].  

2.3 Developments 

While many underlying mechanisms in DBD actuation are still debated, several publications 

have identified vital variables influencing a DBD actuator’s performance. Early characterization 

and optimization work are well covered in Corke et al. [4], Thomas et al. [20], and Benard et 

al. [21]. Based on early characterizations, some works have proposed enhanced DBD systems; 

however, the underlying mechanisms of these improved systems are largely unknown. 

2.3.1 Effect of Electrode Geometry and Dielectric Barrier 

Early DBD research has identified the electrodes' geometry and the dielectric barrier as critical 

influences for an actuator’s performance [74-78]. The key electrode variables include the active 

and embedded electrode length, shape, and the gap between the active and embedded electrodes. 

In the simplest case, a DBD actuator with a straight-edged active and embedded electrode with a 

spanwise uniform electric field produces a two-dimensional forcing on the fluid, resulting in a 2D 

planar jet. The electrode spanwise width serves as the nominal dimension. Other electrode shapes 

have been considered, including serrated electrodes that typically demonstrate more force per 

spanwise width than a straight-edge actuator and produce a three-dimensional flow field [79-81]. 

Serrated DBD actuators are summarized and tested on a NACA 0012 airfoil in Vaddi [42]. Since 

the flow field and plasma dynamics of a serrated-edged DBD actuator are more complex, most 

works exploring the plasma dynamics of DBD consider the planar 2D DBD actuator with a 

straight-edge active electrode. A traditional two-electrode DBD with a straight-edge and serrated-

edged active electrode is illustrated in Figure 2.5. 
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Figure 2.5: A two-electrode DBD (a) has been tested with varying embedded electrode lengths (LE), active electrode 

lengths (LA), and electrode gap lengths (LG). The width serves as the normalizing dimension. Some works have tested 

a serrated-edged two-electrode DBD (b) with varying serrated edge length (SL) and width (SW). 

The dielectric barrier between the electrodes significantly influences the electromechanical 

properties of the DBD, as the dielectric barrier is the primary source of electrical capacitance. 

Thomas et al. [20] increased the maximum thrust of a two-electrode DBD actuator by using thicker 

dielectrics (> 5mm) to increase the maximum possible voltage before the formation of large 

filamentary streamers. Large filamentary streamer formation reflects a saturation limit when 

further increases in applied voltage do not result in significant increases in thrust. The mechanisms 

and factors that determine when filamentary streamers form are still unclear. Previous works have 

highlighted that thrust scales approximately to the second-order polynomial with applied voltage 

before streamer formation. However, studies have incorporated vital parameters such as dielectric 

thickness and constant for different scaling relations [22, 23]. The temporal behavior of the 

discharge within a DBD cycle is outlined in Hoskinson et al. [24], and several efforts, such as 

Debien et al. [25], have aimed to inhibit streamer formation from increasing the mechanical 

performance of a DBD actuator.  

(a)

Embedded Electrode

Active Electrode
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The cold capacitance of a DBD actuator can be approximated similarly to a parallel plate and 

expressed as 𝐶 =  
𝜀0𝜀𝑟𝐴

𝑑
 where 𝜀𝑟 is the dielectric constant of the dielectric barrier, 𝜀0 is the 

dielectric constant of free space, A is the effective area of the two electrodes, and d is the distance 

between the electrodes. Thus, thicker dielectrics have a lower capacitance, less energy is 

transiently stored in the dielectric barrier, and the overall DBD is more efficient. A tradeoff of a 

more efficient and thicker dielectric barrier is the need for higher applied voltages to generate the 

same electric field to ionize the working fluid. Some, including Enloe et al. [56] and Kuknhenn et 

al. [82], have modeled the overall electrical capacitance of a two-electrode DBD actuator. 

However, the mechanisms affecting the cold capacitance of the dielectric barrier and the “hot” 

capacitance of the unsteady plasma discharge over the dielectric are unclear. 

2.3.2 Effect of Electrical Waveform  

Other characterization and optimization work has focused on a single DBD actuator with 

varying electrical configurations. Since the applied HV AC can influence the rate and timing of 

charged species production, previous works have explored electrical parameters such as different 

waveforms and frequencies for DBD actuators [26]. Using a standard two-electrode DBD, 

Benard et al. [27] found that overall, symmetric waveforms (square and sine waves) produced the 

greatest average thrust for the standard DBD geometry and that a sine waveform was more efficient 

than a square waveform. The variation in performance due to the different waveforms is tied to 

the spatiotemporal plasma morphology between the two cycles, which has a strong frequency 

dependency. Several optimization works have highlighted an optimal frequency for DBD, 

approximately between 1.5 kHz and 4 kHz [21]. Higher frequencies are generally believed to 

allow for additional discharge and ion production; however, the electromechanical efficiency 

diminishes with frequency due to shorter periods and more ion recombination, in addition to an 
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earlier saturation limit [22]. More recently, new insights into the space and surface charge effects 

in DBD actuation have led researchers to explore custom waveforms with a combination of HV 

AC and HV pulses [83-85]. These works have highlighted that more significant EHD forcing is 

associated with greater streamer and charge extension over the dielectric surface. 

2.3.3 Effect of External Flow and Numerical Modeling 

Until recently, few works have explored the performance of DBD actuators in external flow; 

however, the characterization of DBD actuators in external flow is critical for numerical modeling 

as it serves as a realistic boundary condition [86-88]. Modeling DBD discharge from first 

principles is cost-prohibitive due to the significant separation of timescales, so studies of corona-

driven ionic flows can be relevant to gain insight into the flow-ion interactions [89, 90]. Early 

numerical efforts led to the development of simplified DBD ion injection models, including the 

Suzen & Huang [91], Orlov [92], and Shyy [93] models that were able to predict quiescent EHD 

flow through a simplified ion–flow interaction scheme [88]. More recent work extended the 

models to explore the performance of DBDs, such as the evolution of the velocity field in the 

DBD-driven jet [87, 94]. Other strategies have been proposed for more robust, computationally 

lean momentum injection models for EHD-driven jets [95, 96]. These models were developed and 

validated in quiescent conditions and are yet to be tested in an external flow condition and explore 

inertial and viscous flow interactions.  

The two traditional external flow conditions include co-flow, when the jet direction is the 

same as the external flow, and counter-flow, when the momentum injection is opposite to the 

external flow. Pereira et al. [97] reported direct force measurements in co- and counter-flow DBD 

injection. They found that the total EHD thrust (or the difference between EHD thrust and shear 

stress at the surface) was identical for both co-flow and counter-flow using load cell measurements 
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[97]. However, the range of freestream velocities (10 – 60 m/s) in increments of 10 m/s did not 

address the regime where the EHD velocity equals the external flow (0 – 10 m/s), and the study 

does not present any velocity results to explore the behavior of the DBD in co-flow or counter-

flow [97]. Probing the underlying fluid dynamics requires measuring the velocity profiles near the 

momentum injection location. Benard et al. [61] reported on the velocity profiles of a DBD 

actuator in co-flow at a single electrical condition and found that the effect of the DBD injection 

diminished at higher external velocities; however, the authors did not investigate counter-flow 

conditions of the DBD, the impact of varying electrical conditions, or the fluid momentum 

displacement of the DBD at the varying conditions [61]The literature does not previously report 

any experimental characterization of velocity profiles in the counter-flow injection by DBD. 

The numerous demonstrations of DBD-actuated aerodynamic surfaces drive the need to 

characterize DBD actuators in external flow. Over the past decade, several studies have been 

conducted on DBD actuators mounted to various airfoils [98-101], multi-element airfoils [102], 

flaps [103, 104], and full-scale or near full-scale aircraft [38, 70]. In most studies, the DBD actuator 

is mounted in co-flow and demonstrated an ability to change aerodynamic performance by 

increasing airfoil lift, decreasing drag, or changing pitching moment. However, many studies do 

not provide insight into the fluid flow field and the underlying physics responsible for the lift or 

drag changes [105, 106]. Recently, Gu et al. [107] employed a momentum injection numerical 

model to explore the effects of a DBD actuator Gurney flap at external flows up to 20 m/s by 

modeling a pair of DBD actuators: one actuator in co-flow on the pressure side and one actuator 

in counter-flow on the suction side of the trailing edge of an airfoil. As shown in this study, the 

counter-flow momentum injection can readily be coupled with the traditional co-flow injection to 

potentially manipulate the flow field more efficiently to increase or decrease drag and lift and 
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change the pitching moment of the airfoil. Numerical studies note a lack of experimental velocity 

data to validate the numerically predicted recirculation vortex on the trailing edge [107, 108].  

2.3.4 DC-Augmented DBD 

With a two-electrode DBD actuator well characterized by several authors and other works 

demonstrating flight capability with two-electrode EHD actuators, recent works have proposed 

novel DBD geometries to overcome some of the shortcomings of EHD actuators. These new 

geometries give more insight and support to early optimization studies speculating on the plasma-

fluid momentum transfer mechanisms. One of the first novel enhanced DBD systems proposed 

was a three-electrode DBD system with an additional HV DC electrode. Known as DC-augmented 

(DCA-DBD), works such as Debien et al. [109] and Moreau et al. [110] have tested a three-

electrode DBD configuration with a downstream positively biased HV DC third electrode with 

improvements in thrust (up to ~50%) compared to a two-electrode DBD [109-112]. In this 

arrangement, the DBD electrode pair ionizes the gas, and the biased third electrode accelerates 

negative species, promoting their interaction with neutral molecules. Since negative species are 

accelerated outwards during the glow discharge cycle, Moreau et al. [110] suggest that the increase 

in force due to a positive third electrode is generated by a net acceleration of negative species 

despite the repulsion of the positive species during the streamer discharge cycle. When the third 

electrode is biased negatively, the DBD jet can become deflected from the surface depending on 

the magnitude of the third electrode, decreasing the horizontal thrust and introducing a wall-

normal force [112, 113]. While the mechanical characteristics of three-electrode DBDs have been 

characterized using velocity measurements [110], the underlying plasma-fluid interactions of the 

DCA-DBD are poorly understood [114].   
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2.3.5 DBD Array 

While the three-electrode DBD systems can improve the performance of a two-electrode 

DBD, some have pointed to a need to develop a scalable DBD array for substantially more robust 

applications [9]. Early efforts tested DBD arrays constructed of DBD actuators in series to 

demonstrate an increase in the total thrust. However, a counter-wind (sometimes called a cross-

talk phenomenon) is produced on the back side of a downstream active electrode when the 

electrodes are spaced closely, thus creating a slight backward-facing discharge and limiting the 

overall system's efficiency [99, 115]. These works, including Forte et al. [115], Thomas et al. [99], 

and Berendt et al. [116] have tested DBD arrays with different electrode geometries, waveforms, 

and spacings. Due to cross-talk between DBD stages, it was previously stated that DBD array 

thrust does not increase linearly with the number of actuator stages [99]. Subsequential DBD array 

investigations have attempted to reduce the effect of cross-talk in DBD arrays by modifying the 

DBD actuator geometry. Benard et al. [117] proposed a DBD array comprised of a three-electrode 

DBD actuator with two dielectric layers and two embedded electrodes per actuator stage. In this 

study, the modified geometry reduced backward flow due to cross-talk by up to 65%; however, 

some cross-talk persists, and the additional embedded electrode significantly increases 

manufacturing complexity while requiring higher than typical voltages. 

More recently, optimizing work has expanded on DBD systems with multiple DBDs in series 

with varying geometric and electrical conditions. With the goal of a continuously accelerated EHD 

force, some works demonstrated that DBD arrays with alternating air-exposed HV electrodes and 

grounded electrodes experienced minimal cross-talk. This was first presented by Debien et al. 

when it was shown that the EHD jet was accelerated up to ~10.5 ms-1 with a four-actuator DBD 

system [64]. This approach used wire-to-planar electrodes and is more straightforward, with better 

results than the multi-electrode system proposed by Benard et al. [117]. Recent promising results 
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of successively accelerated DBD actuation were presented by Sato et al. [118], demonstrating 

linearly scaling DBD array thrust for the first time using custom power electronics. This study 

used a DBD configuration similar to Debien et al. [63]. However, the electrodes were planar-to-

planar, and the HV waveform was a nanosecond pulsed DC voltage. Sato et al. [118] also 

suggested introducing a resistor to the downstream air-exposed electrode to limit and prevent arc 

discharge from each downstream electrode. While these studies offer promising approaches to 

continuously accelerate an EHD jet and maximize thrust, most of the presented results are limited 

to low-power operations and include solely the velocity or thrust measurements in small 

parameters. There is a lack of understanding of the influence of various key DBD array actuator 

parameters and their resulting electromechanical characteristics in these multi-electrode systems. 

It is of great interest to the active flow control community to understand the mechanisms of multi-

DBD systems with more conventional electrical parameters (i.e. sinusoidal waveform) and their 

mechanical limits. 

2.4 Research Objectives and Dissertation Outline 

Plasma actuators lie at an intersection of several fields, including plasma science, power 

electronics, chemistry, and fluid dynamics, and they have several other promising applications. 

This dissertation aims to contribute to our understanding of DBD plasma actuator fundamentals 

and to optimize DBD systems for more robust applications of DBD actuators. Thus, the main 

research objectives are to explore these categories: 1) theory, 2) mechanisms, 3) optimization, and 

4) aerodynamic applications.  

Theory: This dissertation first improves our understanding of DBD plasma actuators in 

quiescent and external flow conditions. Previously, experimental models did not explain 

fundamental DBD characteristics such as discharge current, thrust, and plasma volume. An 
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empirical model is developed based on the AC inputs to calculate the discharge current, 

momentum injection, and plasma volume. The model can readily be applied to determining more 

realistic boundary conditions in numerical simulations. The early characterization work lays a 

foundation for crucial DBD parameters such as discharge current and power. The work is expanded 

by exploring similar characteristics in an external flow. Using a benchtop wind tunnel, the DBD 

electrically is found to behave independently of an external co- or counter-flow. However, the 

mechanical forcing and fluid effects of the DBD in co-flow and counter-flow are much more 

profound, and a new nondimensional term relating to external flow momentum and DBD injection 

momentum is proposed to predict DBD performance in an external flow.  

Mechanisms: While previous works have tested enhanced DBD systems with various 

electrical and geometric conditions, there is a lack of understanding of DBD and EHD forcing 

mechanisms in three-electrode DBD actuators. An enhanced three-electrode DBD with an HV DC 

and AC third electrode is probed with time-resolved current and plasma images to optimize more 

effectively. Correlating the resulting EHD force to the unsteady plasma dynamics, the forcing 

mechanisms of DC-augmented and AC-augmented systems are discovered. The results give 

insight into the favorable and adverse surface and space charge dynamics critical to optimizing 

plasma-fluid momentum transfer in more robust DBD systems. 

Optimization: With a new understanding of DBD forcing mechanisms and electromechanical 

performance, new DBD systems are proposed and explored. This dissertation's optimization work 

focuses on AC-augmented systems and DBD arrays. This work explores the first three-electrode 

AC-augmented system, and an optimized DBD array is built upon the fundamentals of the three-

electrode AC-augmented DBD. In both cases, a DBD system that is significantly more robust than 
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previous literature is demonstrated. The DBD array is revealed to scale well for larger applications, 

a feat not yet documented. 

Aerodynamic Applications: After benchtop optimization, the novel DBD array is tested on 

a high-lift Clark Y airfoil to demonstrate greater active flow control. The 2D airfoil is 

manufactured and tested in-house with a dedicated wind tunnel and custom power electronics. The 

plasma actuator performance is characterized in a moderate-speed wind tunnel (up to ~35 m/s), at 

Reynolds numbers higher than most previous literature. The lift, drag, and moment coefficients 

are determined, and the overall effectiveness of this enhanced DBD system is evaluated based on 

the high-lift airfoil. While the full development of a commercial DBD actuator is out of the scope 

of this dissertation, this work highlights the necessary developments for eventual large-scale 

control of aerodynamic surfaces using DBD plasma actuators. 

Specific contributions of this dissertation to the academic and research community include: 

• Development of an empirical model for two-electrode DBD plasma actuators relating 

plasma length, plasma height, plasma volume, discharge current, and momentum 

injection 

• Analysis of DBD plasma actuators in external co- and counter-flow and the 

introduction of a non-dimensional relation between a DBD actuator and an external 

flow to predict separation in a counter-flow injection 

• Exploration of unsteady plasma dynamics and momentum transfer mechanisms in a 

three-electrode DC-augmented DBD actuator (DCA-DBD) 

• Demonstration of the first AC-augmented DBD (ACA-DBD). EHD augmentation 

mechanisms were discovered through time-resolved electro-optical, velocity, and 

direct thrust measurements. 
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• Optimization and demonstration of a scalable high-powered DBD array suitable for 

active flow control with significantly more thrust than previously demonstrated.  

• Active flow control of a Clark Y airfoil with an optimized dual DBD array at external 

flow speeds up to 25 m/s 

Chapter 3. Experimental Facilities and Instrumentation 

3.1 DBD Plasma Actuator 

The traditional straight-edged two-electrode DBD actuator shown in Figure 2.1 is a baseline 

and default configuration for all work presented in this dissertation. However, several critical 

physical variables, such as dielectric material, dielectric thickness, electrode width, and number of 

electrodes vary between subsequential studies. In the early experimental characterization work, 

electrical parameters are explored: voltage, frequency, and waveform. Later efforts include 

additional straight-edged electrodes in a three-electrode or DBD array configuration. Each section 

corresponding to a unique study will define its tested DBD actuator. 

3.2 Thrust Characterizations 

Direct horizontal and vertical thrust measurements characterized the mechanical thrust 

performance of the DBD actuator systems. Like many works [99], direct thrust is often measured 

vertically or horizontally by holding the plasma actuator system on a sensitive force balance.  
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Figure 3.1. The thrust of a three-electrode DBD actuator can be characterized by direct horizontal (a) and vertical 

thrust (b). The force balance typically comprises an electrically shielded balance with a non-conductive stand to 

transfer the thrust through the shielding.  

In the directly measured thrust setup, plasma-induced flow is directed away from the balance, and 

the reactive downward thrust on the flat plate dielectric is measured by the balance. Depending on 

the size of the DBD system, the direct forces were measured with an Ohaus SPX223 analytical 

balance (0 – 220 g range resolution with 1 mg resolution) or an Ohaus SPX622 analytical balance 

(0 – 620 g range resolution with 10 mg resolution). It is essential to ensure no electromagnetic 

(EMI) interference to the scale and its wiring, tension from the HV wiring, or electrostatic forcing 

from the wiring to the scale to create reliable and repeatable thrust measurements. 

To prevent EMI and electrostatic forcing to the scale, a metal shield/faraday cage was placed 

around the scale, and the DBD plate was mounted to a non-conductive four-column acrylic or 

Polylactic acid (PLA) stand that rests ~ 50 mm above the scale and transferred the forcing from 

the actuator to the balance. To ensure no tension force from the wires is exerted onto the scale, 

extremely thin conductive DBS (Drawn Brazed Strand) wire (0.1 mm OD) is used for all wire 

connections to the electrodes. The DBD thrust assembly rests within an enclosure, and properly 

shielded HV cables connect the power supply to the DBS wire through through-wall connections 

(a)

Force Balance 

Induced Flow

Vertical Thrust

Force Balance 

Induced Flow

Horizontal Thrust

Electrostatic Shield / Faraday Cage

(b)
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mounted to the walls of the enclosure. The independence of wire movement and tension on the 

thrust measurements can be confirmed by lightly tapping the wire to induce movement. If the scale 

does record a force when the wire is moving, then there is no tension in the wires. Placement of 

the electrodes on the dielectric or mounted surface is considered to minimize thrust losses due to 

the dielectric/flat plate. The effects of DBD actuator plate length on its recorded thrust 

measurements are assessed in Durscher and Roy [119]. 

Proper electrical shielding can be verified by introducing another non-conductive platform 

stand between the balance and the mounted DBD assembly. With this additional platform, the 

plasma actuator assembly rests ~10 mm above the balance, and the mechanical forcing should not 

be transferred to the scale when voltage is applied to the system. If no force is read when the 

plasma is generated, there are no electrostatic or EMI effects from the wires or the plasma 

discharge onto the nearby scale. Thrust data from the scale is transferred to a computer through a 

shielded USB cable with galvanic isolation to prevent the scale from being grounded. However, 

tests without the data isolation yielded nearly identical results as the Faraday cage typically 

provides enough protection. In lower voltage cases, the thrust tests without a Faraday cage also 

yielded the same results as those with the Faraday cage. Thrust data points are usually averaged 

over three intervals of 10 seconds. A vertical force is recorded when an additional electrode creates 

a reverse discharge or deflected jet. In this case, the plate was plated parallel to the surface. The 

vertical and horizontal thrust measurement configurations are shown in Figure 3.1. An example of 

a thrust setup with and without a Faraday shield is shown in Figure 3.2. In an adequately shielded 

thrust measurement, the thrust will read zero before the HV is applied to the DBD actuator, non-

zero when the HV is applied to the DBD actuator, and zero again immediately after the DBD 

actuator is turned off. Previous time-resolved studies have demonstrated that the DBD jet reaches 
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steady-state thrust nearly instantly [20]. Before any study, these “off-on-off” are conducted to 

ensure proper setup, and an example thrust result from an “off-on-off” test with a two-electrode 

DBD actuator is presented below in Figure 3.3. 

 

Figure 3.2. A DBD actuator thrust is directly measured by holding the flat plate vertically and measuring the 

reactionary thrust on the flat plate. A thin DBS wire connects a two-stage DBD array (left) and a four-stage DBD 

array (right). A Faraday shield is commonly placed around the scale. However, the Faraday shield may be unnecessary 

in relatively low-voltage conditions (< 20  kV). 

 

Figure 3.3. Proper shielding of the analytical balance in thrust measurements is confirmed with an “off-on-off” test. 

For example, a DBD actuator with a 3.175 mm quartz dielectric is excited with a 30 kV / 2 kHz sine wave with no 

thrust measured before and after the HV is applied. 
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DBS Wire

DBS Wire
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3.3 Velocity Characterizations 

Velocity profiles at different locations around the DBD actuator are recorded to support the 

direct thrust measurements and to gain insight into the fluid dynamics of the DBD plasma 

actuators. To measure and characterize the flow field over a large field of view, we employ a 

custom-made glass pitot tube with as small an inner (ID) and outer (OD) diameter as possible, 

typically ID = 0.4 mm and OD = 0.6 mm. Over time, glass pitot tubes are replaced, and the physical 

dimensions of each pitot tube are unique. However, the OD is kept under 0.8 mm. All glass pitot 

tubes are fabricated at the University of Washington Physics Glass Shop. Compared to traditional 

stainless steel pitot tubes, the glass tube minimizes interference with the plasma. This method has 

been extensively used to accurately characterize plasma actuators' performance without the need 

for tracer particles that risk being influenced by the strong electric field [20, 58, 64]. The pitot tube 

is mounted on an optical table and is controlled in the x and y - axis by linear stages while 

connected to a differential pressure gauge. In all studies, the pressure transducer outputs a 

4 – 20 mA current, linear in its pressure range, and it was placed in series with a 1.5 kΩ resistor. 

The pressure within the pitot tube equilibrates nearly instantly after changing the flow condition 

or position. The voltage across the resistor is recorded for at least 20 seconds with a Hydra Data 

Logger II. The Hydra Data Logger II records/samples data at approximately 1 Hz, and the 0.005% 

accuracy is suitable for accurately recording a steady-state signal. With the time-averaged pressure 

(P), a time-averaged wind velocity (𝑣) is calculated using Bernoulli's equation with a calibration 

correction factor (𝐶) that is characteristic for each custom pitot tube expressed as 

 ∆𝑃 = 𝐶𝜌𝑣2, (1) 

where ρ is the fluid density. The pitot tubes are calibrated every few weeks or after any significant 

physical change to the system to ensure the best accuracy and accommodate any drift. Since each 

pitot tube is unique, they require constant calibration. Our experiments' typical velocity 
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measurements had a standard deviation < 0.03 ms-1 over the sampling period. The positions and 

vastness of velocity profiles are unique to each study, and these conditions are defined in each 

section. The pitot tube is typically angled downwards or constructed with a step to ensure that the 

tip of the pitot tube can touch the dielectric surface without interference. All calibrations are 

completed with the pitot tube in place with the linear stage by introducing a laminar internal pipe 

flow and characterizing the parabolic velocity profile. The stepped pitot tube with a two-electrode 

thin Kapton DBD actuator is illustrated in Figure 3.4. 

 

 

Figure 3.4. A pitot tube and pressure transducer characterize the flow field of a two-electrode DBD actuator with a 

thin Kapton dielectric. The pitot tube is shown an illuminated background (a), and the plasma discharge is visible 

without background illumination (b). 

3.4 Electrical Characterization 

A DBD actuator is typically electrically characterized by its electrical current, discharge 

current, and total power usage. The electric current in the DBD circuit is a superposition of a 
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capacitive current and a discharge current. A key parameter in numerical modeling, the discharge 

current, is associated with the total number of ions generated at each electrode during plasma 

microdischarges, and they appear as a series of fast current pulses [64], as shown in Figure 3.5 

below.  

 
Figure 3.5. Traditional DBD Current with a 3.125 mm Quartz dielectric at 40 kV / 2 kHz (left) and the 

identified capacitive current (right) 

The current through the DBD electrodes is most commonly measured using a 200 MHz bandwidth 

non-intrusive Pearson 2877 current monitor with a rise time of 2 ns. The current monitors are 

connected and recorded alongside their respective voltage with a high bandwidth oscilloscope, 

such as a Tektronix DPO 7054 oscilloscope (500 MHz bandwidth) with a sampling rate of 1 GS/s 

to resolve 500 MHz. These conditions are essential for accurately capturing individual discharges 

that occur over a ~30 ns duration on average [59]. The high bandwidth and the sampling rate 

minimize the noise during the current measurements and can be used to compute the time-averaged 

electrical power [52]. To determine the currents associated with the plasma micro-discharges, 

determining the capacitive current through analytical methods has been explored [92, 120]; 

removing the capacitive current through signal processing methods, including low-pass filters or 

Fast-Fourier Transform (FFT) has also been attempted [59, 64, 121]. Fourier transform analysis 

typically identifies the capacitive current to include the nodes of frequencies up to approximately 
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5 times the voltage frequency  [12]. Typically, the FFT analysis identifies the capacitive current 

as roughly the first 20 nodes to match the expected capacitive current. However, the number of 

nodes can differ significantly with geometry and applied voltage. 

With the electrical current non-intrusively measured, we compute the time-averaged electrical 

power consumed by the actuator or any electrode as 

 

𝑊𝑒𝑙𝑒𝑐 = 𝑓𝐴𝐶 ∫ 𝜑(𝑡) × 𝑖(𝑡) 𝑑𝑡,

𝑡∗=1

𝑡∗=0

 (2) 

where 𝑓𝐴𝐶  is the frequency of the applied voltage in Hz, and φ(t) and i(t) are the voltage and current 

at each moment. The normalized time (𝑡∗) represents a single voltage cycle; therefore the integral 

in eq. (2) represents the power in a single voltage cycle. When using the electrical current to derive 

power and eq.(2), the resulting total power is typically averaged from at least ten separate voltage 

periods to reduce the noise impact and any possible deviation. The electrical current can also be 

measured intrusively by introducing a shunt resistor (i.e., a 1 Ω resistor) between the embedded 

electrode and the electrical ground. In this case, the voltage across the resistor is measured with a 

high-bandwidth probe; however, this approach risks adverse interference. 

Another approach to calculating the total electrical power consumption of a DBD actuator is 

through a Lissajous curve that requires introducing a capacitor between the embedded electrode 

and the power supply [20]. Since total power consumption is primarily driven by capacitance, 

other works, such as Kriegseis et al. [122], have used Lissajous curves to approximate the effective 

DBD capacitance with and without discharge present. Some authors, including this work, have 

found that while both methods yield similar total power measurements, the overall current and 

discharge current are more consistently measured through the high-bandwidth non-intrusive 

current monitors than the high-bandwidth voltage probes used for Lissajous curves.  
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3.5 Optical Plasma Characterization 

Time-integrated and phase-resolved optical images visualize the physical plasma discharge 

characteristics corresponding to the discharge current. This work typically takes time-integrated 

optical images with a 24 MP Nikon D750 DSLR camera and a 200mm macro lens. Each image is 

usually captured with ~ a 20 ms exposure time. Each photo captures several voltage cycles since 

the DBD voltage cycle period is typically less than one ms.  

A high-speed monochromatic CCD camera (Vision Research Phantom V12.1) coupled with 

a 200 – 550 nm UV intensifier lens (Specialised Imaging SIL3) is used to resolve the time-

dependent plasma characteristics in each voltage cycle. Based on spectroscopy of DBD in 

atmospheric air, all (visible and UV) light emissions are assumed to be associated with reactive 

nitrogen and oxygen species with wavelengths approximately between 300 nm and 450 nm [123, 

124]. All time-resolved plasma images are conducted in later studies with a fixed frequency of 2 

kHz. Synced with the 2 kHz voltage cycle, a signal generator sends triggers to the CCD and 

intensifier at 8,000 Hz. The CCD typically employs a 120 μs shutter time, and the intensifier 

typically employs a 105 μs shutter to resolve the voltage cycle into four equal quadrants, similar 

to previous works [64]. These quadrants, denoted as T1 through T4 represent the two halves of the 

voltage-rising cycle and two halves of the voltage-falling cycle and are depicted below in Figure 

3.6. The signal generator is synchronized with the waveform generator of the custom power supply 

that controls the DBD actuator. For each test, the DBD is typically powered on first, and the CCD 

camera and intensifier are triggered to begin capturing exactly 3 seconds after the start of the 

maximum voltage amplitude.  
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Figure 3.6. CCD Camera set up with T1 through T4 quadrant timing for a three-electrode DBD test 

3.6 Power Electronics 

High-voltage power supplies are necessary for all high-voltage research, and this dissertation 

uses a combination of commercial and custom power electronics. In the early electromechanical 

characterization work, a Trek 615-10 High Voltage AC-DC generation (0 – 20 kV p-p) and a Trek 

40/15 high voltage amplifier (0 – 80 kV p-p) supply a single excited high voltage wire, and an 

electrical ground connects to the embedded electrode. Both commercial high-voltage power 

supplies are robust and can safely generate various waveforms, frequencies, and voltages. 

However, a limiting factor of these power supplies is the total current that can be supplied (e.g. the 

Trek 40/15 has a maximum output current of ±0.015 Arms). During this dissertation, we develop 
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two custom high-voltage power supplies to accommodate larger DBD actuators requiring more 

power and current: a “dual-hot” custom power supply and a “single-hot” power supply.  

 

Figure 3.7. “Dual Hot” Custom high-voltage power supply 

The high-level electrical schematic of the “dual hot” custom power supply is shown in Figure 

3.7. It primarily comprises a signal generator, a power amplifier, and two custom high-voltage 

transformers (Corona Magnetics) rated up to 35 kV peak-to-peak each at 2 – 20 kHz. The 

secondaries of both transformers can be used out-of-phase for up to 70 kV peak-to-peak between 

the two electrodes effectively, or only one of the transformers can be used with the other electrode 

connected to an electrical ground. When both transformers are out-of-phase, the active and 

embedded electrodes experience the maximum possible electric field strength; however, the 

embedded electrode is not grounded. Based on several different experiments, we have not seen 

any difference in time-integrated results when the DBD is generated by a single transformer (e.g. 

30 kV / 2 kHz sine) with an embedded grounded electrode (0 kV) versus when the DBD is 

generated with two out-of-phase transformers (15 kV / 2 kHz sine each). Using two out-of-phase 

powered electrodes is analogous to a floating ground appropriate for a battery-powered DBD 

actuator. Additionally, the dual-hot power supply requires less electrical insulation for the HV 
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wires. For the dual hot power supply, the HV output wires are rated to 40 kV. The output voltage 

of one of the excited wires is monitored directly by a Tektronix P6015A high-voltage probe.  

In the “single hot” power supply, the electrical connections are similar to the dual hot power 

supply; however, only a single transformer is installed. When using the single hot power supply 

with a two-electrode DBD, the DBD’s embedded electrode is connected to an electrical ground. 

The single hot power supply transformer is another custom transformer (Corona Magnetics) rated 

up to 70 kV at 0.2 Arms at a frequency of ~ 900 Hz – 5 kHz. Since the transformer of the single hot 

power supply operates at a lower frequency, the transformer experiences more capacitive energy 

in the transformer core, and more robust cooling is necessary. The front operational panel of the 

custom power supply is shown in Figure 3.8. Both custom power supplies take the physical form 

of a portable rack case for ease of installation, transportation, and modifications. The custom power 

supplies are equipped with removable HV connectors mounted to the back of the power supply 

(TE Connectivity LGH High Voltage Connectors). Auxiliary circuits and components in each 

power supply typically include a 12V line (for fans, lights, etc.), a temperature monitor on the 

transformer core, a voltage monitor, a total power monitor, and a current monitor through a 1 Ω 

shunt resistor before the transformers. 
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Figure 3.8. The “single hot” custom power supply is built with a power strip, amplifier, power monitor, temperature 

monitor, voltage monitor, current monitor, utility 12V, and signal input. The temperature monitor typically monitors 

the custom transformer’s core. 

Chapter 4. DBD Actuator Empirical Model in Quiescent Condition  

 This section presents the first significant research effort exploring the theory and empirical 

modeling of DBD actuators in quiescent conditions. The discharge characterization work in this 

section serves as a powerful design tool, lays the foundation for electrical, mechanical, and optical 

analysis for later studies, and sheds insight into the essential fundamental mechanisms of DBD.  

The work on the DBD actuator empirical model was published in the Journal of Physics D: Applied 

Physics [12].  

4.1 Experimental Set-Up 

This section outlines the experimental setup to characterize the electromechanical 

performance of a traditional two-electrode DBD actuator constructed of thin copper electrodes 

separated by a thin dielectric layer. The layout of the two-electrode DBD is shown in Figure 4.1. 

Both electrodes have straight edges, producing a uniform spanwise discharge and, thus, a 2D 
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velocity profile. The dielectric material used is polyimide, known as Kapton (7700 VPM @ 25 °C). 

Each actuator has one layer of Kapton-FN (FEP layered Kapton) and four layers of Kapton-HN 

with a total thickness of ~330 μm (including the adhesive). The DBD actuator is installed on the 

6ʺ by 8ʺ acrylic plastic sheet. The ground electrode (copper, 50 µm thick, 25 mm long, 110 mm 

wide) is flush-mounted on the acrylic plate. The upper electrode (copper, 50 µm thick, 15 mm 

long, 110 mm wide) is glued onto the top of the Kapton dielectric layer. The high-voltage (HV) 

electrode is exposed to atmospheric pressure air. The air-exposed HV electrode is connected to a 

Trek PM04014 power supply that provides up to 20 kV AC high voltage. The voltage and 

frequency were varied from 12 kV – 19.5 kV and 0.5 kHz – 2 kHz. There is no overlap between 

the electrodes in the x-direction.  

The traditional two-electrode DBD with a thin Kapton dielectric is characterized by its plasma 

volume, electrical, and velocity characteristics. The mechanical thrust is derived from a control 

volume analysis. The motivation of this work is to derive necessary numerical modeling 

parameters such as charge density while discovering scaling relationships for a commonly used 

flexible dielectric. The charge density is used in simplified plasma models that include the Orlov 

model [45], Shyy model [20], and Suzen & Huang model [46, 47]. In these models, the effects of 

the plasma actuator are modeled by introducing the EHD body force term into Navier-Stokes 

equations. This term is expressed as  

 𝑓𝐸𝐻𝐷 = 𝜌𝑐 𝐸⃗⃗, (3) 

where 𝜌𝑐 is the charge density and 𝐸⃗⃗ is the electric field. The charge density is approximated by 

measuring the electrical discharge current using the Ragowsky coil placed around the HV wire 

connected to the active electrode and characterizing the plasma discharge volume through time-

integrated plasma images. The experimental setup is shown in Figure 4.1. 
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Figure 4.1. Schematic of the dielectric barrier discharge (DBD) plasma actuator. The plasma actuator is mounted on 

an acrylic glass plate, and the blue region is the dielectric layer separating the electrodes. The velocity is measured 

using a custom-built glass pitot tube, and the electrical characteristics are measured using a Rogowski coil.  

To measure the two-dimensional plasma discharge region, a Nikon D750 DSLR Camera with 

a Nikon AF-S NIKKOR 70 to 200 mm f/4G ED VR Zoom Lens is mounted horizontally 0.5 m 

from the side of the plasma actuator. The field of view has a resolution of 0.022 mm per pixel. We 

first binarized the image with a 256-bit histogram to identify the discharge's volume. Then, we use 

a 98% Otsu threshold to identify an effective plasma volume region. A 98% threshold matches 

previously determined one-dimensional plasma lengths, which have been experimentally and 

numerically validated [64, 92, 125, 126]. Typical lengths of plasma streamers range between 3 mm 

and 8 mm. However, previous studies have shown that streamers can reach lengths up to 20 mm 

when thicker dielectrics are used [92, 127]. Figure 4.2 illustrates the plasma volume projection 

onto the x-y plane during the typical operation of the actuator. The threshold for this analysis is 

chosen to be 98% spectral intensity. Other 95-99% range values were evaluated, and the results 

were not affected significantly. The resulting identified plasma images are used to calculate the 

discharge region's length, height, and projected volume. Note that the projected plasma volume 
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has a sloped bottom boundary consistent in PIV measurements of EHD force distribution [128]. 

This is believed to be due to the effect of surface charge on the dielectric surface.  

 

Figure 4.2. Plasma discharge region of DBD actuators at 12 kV and 2 kHz. A 98% threshold is outlined in red 

to calculate the plasma length and volume. 

The velocity profiles are conducted using the previously mentioned pitot tube setup with a 

custom glass pitot tube with ID = 0.4 mm and OD = 0.5 mm. In this experiment, only x-velocity 

measurements are taken at varying x positions (10 mm, 15 mm, 40 mm, and 75 mm) downstream 

on the active electrode edge. At each x position, the y-velocity profile is obtained from the surface 

to 6 mm above the plate at increments of 0.25 mm or 0.5 mm (at a higher location). Due to the 

pitot tube's geometry, we cannot capture velocity at heights < 0.25 mm. As a result, we assume the 

velocity is linear between the no-slip condition at y = 0 mm and the velocity at y = 0.25 mm. 

From a vertical velocity profile, the DBD actuator’s total mass flow rate per meter 

spanwise, 𝑄, can be computed by 

 
𝑄 =  𝜌∫ 𝑈(𝑦)𝑑𝑦,

𝑦 = ∞

𝑦 = 0

 (4) 

where 𝑈(𝑦) is the measured velocity at varying heights at a constant x location. Similarly, the 

DBD actuator’s total momentum per meter spanwise can be found by multiplying the mass flow 

rate at each vertical position with its respective velocity such that 
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𝑀 =  𝜌∫ 𝑈2(𝑦)𝑑𝑦.

𝑦 = ∞

𝑦 = 0

 (5) 

The momentum should theoretically be conserved in all velocity profiles with no freestream 

flow and no external force. However, this is not true in all profiles due to viscous forces and spatial 

charge effects. The mechanical power of a given DBD plasma actuator corresponding to the kinetic 

energy (𝑊𝑚𝑒𝑐ℎ) in the actuator can be computed by  

 
𝑊𝑚𝑒𝑐ℎ = 

1

2
𝜌𝐿∫ 𝑈3(𝑦)𝑑𝑦.

𝑦 = ∞

𝑦 = 0

 (6) 

With both the electrical power, as in Eq.(2), and the mechanical power of a given actuator, the 

overall electromechanical efficiency of the plasma actuator can be calculated as 

 
𝜂 =  

𝑊𝑚𝑒𝑐ℎ
𝑊𝑒𝑙𝑒𝑐

. (7) 

The asymmetric electrode configuration has a similar structure to a corona discharge, though 

the transient behavior and the alternating field add significant complexity to the problem. For 

model development, an empirical relationship similar to Townsend’s quadratic relationship can be 

used as a starting point to model discharge current [62, 63]. We can use the modified corona 

discharge energy consumption (𝑊) equation to determine the discharge current of the actuator as 

 𝑊~𝑓𝐴𝐶𝐶0(𝜑 − 𝜑0)
2, (8) 

where 𝐶0 is the capacitance of the electric circuit, 𝑓𝐴𝐶  is the applied AC frequency, 𝜑 and 𝜑0 are 

the applied and initiation voltage. We have assumed a power-law relation with frequency for the 

discharge current, as shown in Eq. (8)  

 𝐼𝑑𝑖𝑠 ~𝑓𝐴𝐶
𝛼𝐶0(𝜑 − 𝜑0)

2, (9) 

where 𝛼 is the AC frequency effect on the discharge current. The capacitance of the DBD actuator 

with charges temporally on the surface is hard to determine, so Eq. (9) is rewritten as  
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 𝐼𝑑𝑖𝑠 = 𝑓𝐴𝐶
𝛼𝐾(𝜑 − 𝜑0)

2 (10) 

where 𝐾 is the empirical constant similar to 𝐶1 in Townsend's current relationship 𝐼𝑑𝑖𝑠 = 𝐶1𝜑(𝜑 −

𝜑0). The empirical relation in Eq. (10) can be used to determine the expressions for total discharge 

current, PD, and ND currents, and we can evaluate the microdischarge properties in both cycles. 

The value of 𝜑0 is determined from modified Peek’s law [64] as shown in Eq. ((11)  

 

𝜑0 = 𝑚𝑣𝑔𝑣 (
𝑡𝑒
2
) 𝑙𝑛 (

2𝑡𝑑 +
𝑡𝑒
2

𝑡𝑒
2

), 

𝑚𝑣 = 1, 𝑔𝑣 = 31

(

 1 +
0.308

√𝑡𝑒
2 )

 , 

(11) 

where 𝑡𝑒 and 𝑡𝑑 are the thickness of the electrode and dielectric layer, respectively. The value of 

𝜑0 is calculated to be 4.75 kV and it is used for developing different power-law relationships for 

the discharge current, the plasma volume, and the momentum induced by the wall jet. 

4.2 Effect of voltage and frequency on the plasma volume 

The impacts of voltage and frequency on the effective plasma region generated by a two-

electrode DBD with a thin Kapton dielectric are discussed. Figure 4.3(a) presents the plasma 

length, measured from the edge of the plasma actuator to the furthest point downstream, as a 

function of voltage (12 kV – 19.5 kV) at varying frequencies (0.5 kHz – 2 kHz). The results 

support previously reported experimental and numerical results that plasma length increases 

linearly with applied voltage [54, 58]. However, increases in frequency appear to increase plasma 

lengths until 2 kHz asymptotically. This asymptotic limit may correspond to the asymptotic limit 

between the max velocity and frequency at similar voltages where max velocities did not increase 

after frequencies larger than approximately 2 kHz [27]. However, Orlov reported that plasma 
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length asymptotically approaches a limit of roughly 6 kHz while at 5 kV [58]; thus, there may be 

different asymptotic limits with varying dielectrics and electrode configurations. At our maximum 

conditions of 19.5 kV and 2 kHz, the dielectric layer breakdown occurred after 60 min of 

operation, which was not often sufficient to take the entire set of the velocity data; thus, we did 

not explore higher frequency conditions. It was possible to operate the actuator at lower voltages 

and higher frequencies and then develop universal power-law equations. However, as we 

attempted to maximize the momentum injection, this exploration is out of the paper's scope, and 

further experimentation at a broader range of frequencies is necessary.  

While physical mechanisms such as ion recombination may play a role in limiting the plasma 

length, the thickness of the dielectric material has been previously noted to play a large role in 

plasma extension length. These results support previously reported lengths between 3 mm and 

8 mm when the dielectric is less than 1 mm [5, 54, 56]. Thicker dielectrics have seen plasma 

lengths up to 20 mm. Thus, the asymptotic nature of Figure 4.3(a) may be due to the limiting length 

or thickness of the dielectric or the underlying ground electrode [5].  

 Figure 4(b) presents the plasma volume from the summation of pixels in the total effective 

plasma region as a function of voltage (12 kV – 19.5 kV) at varying frequencies (0.5 kHz – 2 kHz). 

Our results suggest that the volume varies quadratically with the applied voltage. Interestingly, the 

plasma volume continues to grow with a frequency up to 2 kHz. In contrast, the plasma length 

approaches a limit at 2 kHz at these operating conditions due to continued growth in plasma height. 

The results suggest that the assumption of a half-Gaussian space charge distribution in the length 

and height holds for voltages and frequencies, which may not be accurate at higher values. A 

change in plasma height would not be proportional to plasma length and will likely change the 

distribution of charges and the resulting force and velocity profile.  
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(a) (b) 

Figure 4.3. Experimentally evaluated (a) plasma length and (b) projected plasma volume increase as a function of 

voltage. Plasma length reaches an asymptotic value with frequency, but the plasma volume continues to increase.  

The empirical expressions for the plasma length and height can be determined through curve 

fitting. In this voltage range, plasma length (𝐿𝑃) is found to vary linearly with voltage and by 

power-law with frequency as expressed in Eq. (12) and plasma volume (𝑉𝑃) is found to exhibit a 

power-law relationship with both voltage and frequency as expressed in Eq. (13)  

 
𝐿𝑃 = 𝐾1𝑓𝐴𝐶

𝛼1(𝜑 − 𝜑0), (12) 

 𝑉𝑃 = 𝐾2𝑓𝐴𝐶
𝛼(𝜑 − 𝜑0)

𝛾. (13) 

In numerical modeling for a source term, one needs to define the volume of charge injection. 

A Gaussian ion-concentration distribution can then be applied to the empirical plasma length and 

height, and this relationship eliminates the dependency on a guessed Debye length. Subsequent 

coupling of Eq. (3) and the Navier-Stokes equation allows for modeling the EHD force term. 

4.3 Discharge current characteristics 

Temporally resolved current measurements allow for characterizing the micro-discharges for 

both the positive and negative cycles. During the microdischarge, the charged species are 

transported toward the electrodes, thus generating an electrical signal in the form of a pulse 
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superimposed on a slow-moving capacitive current. The latter can be subtracted, and the current 

associated with microdischarges can be analyzed. In the positive discharge (PD) portion of the 

cycle, the electrons move toward the exposed electrode, and in the negative discharge (ND), the 

electrons move towards the ground. We calculate the charge transported in each microdischarge 

and the total transported charge by adding up the contribution of each current microdischarge; the 

total discharge current is shown in Figure 3(b). The discharge current is normalized by a unit of 

time. Previous work showed that a net charge of 40 nC is transported in a positive discharge cycle 

at 8.5 kV [39] and 10 nC is transported in a negative discharge cycle. As a comparison, we have 

observed a charge transport of 45 nC in PD and 15.3 nC in ND at 12 kV, 500 Hz. The discharge 

current is calculated for PD and ND, and the net discharge current is calculated by adding both 

cycles. The experimental data is shown in Figure 4.4.  

 

Figure 4.4. Discharge current as a function of applied voltage and frequency for the experimental data. 
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Figure 4.5. Discharge current as a function of applied voltage and frequency for the experimental data. The current 

varies quadratically with applied voltage, and the power-law relationships for positive and negative discharge 

currents predict the values accurately.  

The relationships for the discharge currents are obtained by comparing the experimental 

results and using the expression in Eq. (10). The 𝐼𝑑𝑖𝑠 versus 𝜑 trends are similar to previously 

reported quadratic trends in the literature [17, 66, 67]. As expected, the discharge current increases 

when the frequency increases since the number of cycles increases with the increase in frequency. 

However, the discharge current cannot continuously increase with the increase in frequency 

because the build-up of charges on the dielectric surface tends to dampen the charge transport. The 

model agrees with the experimental results at all voltages and frequencies within ~10% error. The 

large asymmetry is due to the number of current pulses in each cycle and the different mean 

charges transported by a single discharge [39]. The positive and negative discharge current models 

as shown in Eq. (14) and Eq. (15) are used to compare the empirical model and experimental data 

 
𝐼𝑑𝑖𝑠_𝑃𝐷 = 𝐾3𝑓𝐴𝐶

𝛼(𝜑 − 𝜑0)
2, 

(14) 

 
𝐼𝑑𝑖𝑠_𝑁𝐷 = 𝐾4𝑓𝐴𝐶

𝛼(𝜑 − 𝜑0)
2, 

(15) 

where 𝐼𝑑𝑖𝑠_𝑃𝐷 and 𝐼𝑑𝑖𝑠_𝑁𝐷 are the discharge currents associated with positive and negative 

discharge, 𝐾3 and 𝐾4 are the empirical constants. In our experiments, the ratio of the 𝐾3 and 𝐾4 is 
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2.5, such as the positive discharge current is 2.5 times greater than the negative discharge current, 

as shown in Figure 6.  

We calculate the current density from the discharge current and plasma volume. In Figure 7, 

the charge densities are plotted for 1 kHz and 2 kHz at varying voltages from 12 kV – 19.5 kV. 

The current density increases linearly with voltage in our experimental range. However, the current 

density is independent of frequency. The empirical relationships developed in the present study 

can be used to determine the charge density. In previous work, the simulation's charge density 

input is “tuned” to match the velocity profiles measured experimentally using an iterative approach 

[68]. The discharge current and discharge volume computed in this manuscript can be used as 

input parameters for a numerical model. The expressions in Eq. (14) and Eq. (15) can be used to 

gain insight into the momentum transfer process in positive and negative cycles.  

 

Figure 4.6. The current density for total discharge current and the current density remains the same for the two 

applied frequencies 

4.4 Velocity characteristics 

The velocity profiles of the DBD wall jet are used to determine the momentum injection. 

Figure 8 shows the velocity profiles at different x locations for 14 kV and 18 kV at 1 kHz and 2 

kHz. In all cases, the profile nearest to the active electrode shows the highest maximum velocity, 
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𝑈𝑚𝑎𝑥 and the greatest velocity gradient, i.e., shear stress. The flow is accelerated in the plasma 

discharge region [69], and as the wall jet propagates downstream, the velocity profile flattens due 

to viscous losses, momentum displacement [42], and specific to the EHD scenario, due to space 

charge effects. This jet-like expansion from the active electrode has been shown in similar pitot-

tube experiments and the PIV experiments, and some have modeled DBD actuators using wall-jet 

similarity [26, 42, 43]. The plasma lengths are less than 10 mm in all cases, so we estimate that at 

15mm, the EHD forcing is significantly reduced, and the velocity profiles are influenced mostly 

by viscosity and boundary layer momentum displacement. This is analogous to the analysis of 

EHD-driven flow by Guan et al. [25] where the ratio of Coulombic force and an inertial term in 

the Navier-Stokes equation is presented as a nondimensional parameter X. In the region of X >1, 

the flow is dominated by the Coulombic force, i.e., accelerating, and for X <<1, the EHD force can 

be neglected. For the cases presented in Figure 8 (d) 18 kV at 2 kHz, the max velocity is 4.30 m s-

1 at y = 0.5 mm and x = 10 mm. The location and magnitude of maximum velocity agree with other 

experimental studies [1, 27, 70]. Some previous work report 𝑈𝑚𝑎𝑥 ~ 5.0 m s-1 at similar electrical 

input conditions, however, differences associated with electrode configuration and measurement 

methods can influence the 𝑈𝑚𝑎𝑥 measurements [27]. Also, PIV measurements show steep velocity 

gradients in the wall jet; thus, a slight difference in the probe position or finite dimension of the 

pitot tube (ID = 0.4 mm) may also cause lower 𝑈𝑚𝑎𝑥 values [26, 71]. Charging the pitot tube could 

also adversely affect the electric field, thus decreasing the maximum velocity at the pitot tube tip. 

In the case of PIV measurements behavior of the highly charged particles in a strong electrical 

field [72] may influence velocity measurements. Given the ambiguity in Umax measurement, we 

do offer an empirical expression. 
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(a) (b) 

  

(c) (d) 

Figure 4.7. Wall jet velocity profiles induced by DBD at different locations downstream from the high voltage 

electrode for different applied conditions (a) 14 kV / 1 kHz, (b) 14 kV / 2 kHz, (c) 18 kV / 1 kHz, and (d) 18 kV / 2 

kHz. 

An interesting phenomenon with pitot tubes is seen consistently in the velocity profiles. 

Negative velocities are observed above the wall jet region (y > 3.0 mm) at downstream locations 

of x = 10 mm and x = 15 mm, at downstream locations of x = 40 mm and x = 75 mm the x velocities 

are always positive, see Figure 8. The magnitude of the negative velocity is larger at x = 10 mm 

than at x = 15mm. One possible explanation is that the fluid entrainment by the wall jet creates an 

adverse pressure gradient near the virtual origin that entrains the fluid from all directions, including 

from the downstream region. This trend was observed in PIV measurements by Debien [59]; 
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however, it has not been reported in pitot tube measurements, such as Benard [5]. At this time, we 

do not have a satisfactory explanation of why the negative velocity was not observed in the other 

pitot tube experiments; perhaps, modeling of these flow cases can shed insight into the flow 

patterns.  

The 𝑈𝑚𝑎𝑥 increases approximately linearly with voltage in this range of operating conditions. 

Other studies such as Forte [27] have shown a similar relation nearly linearly in the voltage range 

of 2 kV – 26 kV. Frequency also increases 𝑈𝑚𝑎𝑥, however, works such as Forte [27] and Jolibois 

[70] have shown that 𝑈𝑚𝑎𝑥 eventually reaches an asymptotic limit at increasing frequencies. Some 

reports suggest that the initial increase in 𝑈𝑚𝑎𝑥 is due to ion generation per cycle remaining 

constant as the frequency increases leading to increasing total ion generation, and momentum [5]. 

The plateau is attributed to a short enough AC voltage cycle that the generated ions on the dielectric 

surface between two discharge cycles do not have enough time to relax and transfer their 

momentum into an ionic wind [5]. Due to the uncertainty in the y-position of the probe integration 

of the velocity profile over the probe diameter, further experiments are needed to quantify the 

𝑈𝑚𝑎𝑥 trends. 

4.5 Energy transfer characteristics 

Figure 9 illustrates the energy conversion efficiency calculated as the ratio of mechanical 

power (or kinetic energy flux in the flow) to the electrical power as shown in Eq. (11) for 1 kHz 

and 2 kHz. The plasma actuator's electrical power consumption is calculated using Eq. (2). At the 

lowest electrical power consumption configuration of 14 kV and 1 kHz, the 110 mm spanwise 

electrode's power consumption was 3.34 W, which translates to approximately 0.304 W/cm. At 

the highest power consumption configuration of 18 kV and 2 kHz, the power consumption was 

12.8 W, which translates to approximately 1.17 W/cm. These electrical power consumption levels 
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support previous data of ~ 1 W/cm [5]. Similar to the momentum calculations, the kinetic energy 

flux is calculated using Eq. (10) at x = 15 mm. At both frequencies, the mechanical power increased 

with voltage. 

 

Figure 4.8. Electromechanical efficiency determined at different voltages for two different frequencies reaches a 

maximum value of 0.03%. 

From equation Eq. (11), the maximum electromechanical efficiency is ~ 0.03% at 19.5 kV 

and 1 kHz. The DBD’s lowest efficiency of ~0.008% is the mildest conditions (14 kV and 1 kHz). 

In this voltage and frequency range, the efficiency continued to increase approximately linearly 

with voltage. The calculated efficiency values agree with previous studies of traditional DBDs 

with thin dielectrics [70]. Other studies have shown that electromechanical efficiency reaches an 

asymptotic limit with higher electrical power input, and factors such as dielectric thickness and 

material properties affect the overall electromechanical efficiency [5]. For example, Laurentie et 

al. [60] studied the effect of electrode encapsulation and reached an efficiency value of 0.2%. 

Optimization of electrical input characteristics has shown promising results in increasing the 

electromechanical efficiency [73].  
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4.6 Relationship between discharge current and momentum 

  

(a) (b) 

Figure 4.9. Momentum of the wall jet vs. (a) voltage and (b) discharge current. The wall -jet momentum collapses 

onto a single line for both frequencies and is directly proportional to the discharge current. 

Analysis of wall jet momentum arguably is more important for characterizing the wall jet. It 

is also less susceptible to probe positioning and geometry errors as multiple data points are taken 

at each x location. Figure 10(a) shows the DBD wall jet momentum calculated using equation (9) 

at x = 15 mm. The x = 10 mm location is not used; for 19.5 kV condition, the 10mm case had 

lower velocities than 15 mm. This is likely due to (i) probe interaction with plasma volume (plasma 

length ~ 7 mm), (ii) the flow was still accelerating (X >1). Excluding the 19.5 kV case, the 

momentum calculated at x = 10 mm is nearly identical to the momentum calculated at x = 15 mm. 

The momentum increases with the applied voltage and frequency for all studied conditions.  

To understand the relationship between the fluid dynamic and plasma discharge, the induced 

wall jet momentum is plotted against the voltage and discharge current in Figure 10. As expected, 

the increase in voltage and frequency leads to higher momentum. We do not have sufficient data 

to quantify the trend. However, the comparison of momentum and total discharge current combines 

both frequency and voltage effects, reducing the data to a single line. In this analysis, only 8 data 

points are included over a relatively narrow range of frequencies. The least-square fit shows that 
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the momentum increases linearly with the discharge current, as shown in Figure 10(a), and it can 

be approximated by Eq (16). From a mechanistic perspective, this is intuitive as the larger plasma 

volume, higher ion concentration, and stronger E-field lead to a greater number of ion-neutral 

molecule collisions accelerating the flow. The relationships linking frequency and voltage to 

discharge current are presented in Eq. (5). The obvious observation is that the planar DBD actuator 

can produce a higher momentum when the discharge current is maximized. The reduced-order 

model for DBD wall jet momentum is given by the following expression 

 
𝑀 =  𝛽𝐾𝑓𝐴𝐶

𝛼(𝜑 − 𝜑0)
2. 

(16) 

The coefficients of this model are likely to depend on the electrode configuration and the 

properties of the dielectric media. It is also possible that the assumption of momentum being 

directly proportional to discharge current would break down at higher frequencies [64], and the 

exponents in the power-law relationship would change. At this time, we do not have sufficient data 

to extrapolate the model to these conditions. Table 1 summarizes the formulation of the reduced-

order model for asymmetric DBD actuator developed from the experimental measurements for the 

range 𝜑 = 12 – 19.5 kV, 𝑓𝐴𝐶  = 0.5 – 2 kHz  

Table 4.1: Summary of empirical expressions for different properties of DBD actuator 

Property Expression Coefficients 

Plasma length (𝐿𝑃) 𝐾1𝑓𝐴𝐶
𝛼1(𝜑 − 𝜑0) 

𝐾1 = 2.46 × 10
−2 𝛼1 = 0.38 

𝜑
0
= 4.75 kV 

Plasma volume (𝑉𝑃) 𝐾2𝑓𝐴𝐶
𝛼(𝜑 − 𝜑0)

𝛾 𝐾2 = 1.29 × 10
−4 𝛼 = 0.8 𝛾 = 1.67 

Total discharge current (𝐼𝑑𝑖𝑠) 𝐾𝑓𝐴𝐶
𝛼(𝜑 − 𝜑0)

2 𝐾 = 4.71 × 10−3 

Positive discharge current (𝐼𝑑𝑖𝑠_𝑃𝐷) 𝐾3𝑓𝐴𝐶
𝛼(𝜑 − 𝜑0)

2 𝐾3 = 3.33 × 10
−3 

Negative discharge current (𝐼𝑑𝑖𝑠_𝑁𝐷) 𝐾4𝑓𝐴𝐶
𝛼(𝜑 − 𝜑0)

2 𝐾4 = 1.38 × 10
−3 

Momentum (𝑀) 𝛽𝐾𝑓𝐴𝐶
𝛼(𝜑 − 𝜑0)

2 𝛽 = 4.76 × 10−3  
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4.7 Chapter Summary 

We developed a reduced-order model for discharge current, current density, and momentum 

injection utilizing the data from DBD actuator, i.e., plasma volume, electrical discharge current, 

and resulting velocity profiles over a range of voltage (12 kV – 19.5 kV) and frequency (0.5 kHz 

– 2 kHz). The plasma length increases linearly with voltage, matching previous studies, and the 

plasma volume varies quadratically with voltage. The plasma volume continues to grow with a 

frequency up to 2 kHz, whereas the plasma length approaches a limit at 2 kHz at these operating 

conditions. The increase in volume is due to continued growth in plasma height, suggesting that 

plasma volume can be a better input in CFD modeling. 

The current associated with microdischarges was measured using a Rogowski coil with high 

temporal resolution. The charge transport in each microdischarge and the corresponding discharge 

current were calculated for both PD and ND semi-cycles. The discharge current analysis yielded a 

power law for the positive and negative discharge current associated with microdischarges in the 

form of 𝐼𝑑𝑖𝑠 = 𝐾𝑓
𝛼(𝜑 − 𝜑0)

2. Comparing the expressions for the discharge currents, there is an 

asymmetry in the discharge currents between positive and negative cycles. The current density 

was calculated using discharge current and plasma volume. The discharge current density increases 

with voltage, independent of frequency.  

The momentum and mechanical power of the DBD actuator were determined using vertical 

velocity profiles at different downstream positions over a range of operating conditions. DBD wall 

jet momentum increases with voltage and frequency, which are directly proportional to the 

discharge current. The electromechanical efficiency increases with voltage; a maximum efficiency 

of ~0.03% agrees with previous data from thin dielectric DBD actuators. The discharge current 

expressions and baseline velocity were used to develop a reduced-order model of DBD momentum 

injection. The analysis of the plasma volume can be used in the multiphysics modeling of the DBD.  
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Future research building upon this should extend the study to higher frequencies to develop a 

more robust relationship between the discharge current and plasma volume and determine the body 

force acting on the fluid. Future experimental efforts should also explore the effects of different 

dielectric materials and thicknesses to create a more robust and universal empirical model. Testing 

with different geometries may also prove insightful. However, the empirical trends will shift as 

the electrical capacitance depends on the electrode spacing and separation. Instead, numerical 

modeling based on the empirical relationships may prove more insightful to the underlying plasma 

dynamics. 

Chapter 5. DBD Actuator in External Flow 

Building upon the characterization and empirical model theory of the DBD actuator in 

quiescent conditions, the DBD actuator’s performance in co- and counter-external flow is explored 

in this section. Characterizing and understanding DBD performance in external flow is necessary 

for numerical modeling. Nearly all numerical models were developed and validated in quiescent 

conditions and are yet to be tested in an external flow condition with inertial and viscous flow 

interactions. Experimental results of the DBD actuation effect on boundary layer flow, in both co-

flow and counter-flow, are necessary to estimate the changes in surface pressure and flow 

dynamics around an airfoil and to provide guidance for numerical simulation for DBD-driven flow 

actuation. To date, the literature does not report any experimental characterization of velocity 

profiles in the counter-flow injection by DBD. Analytical and numerical efforts related to plasma-

flow interactions are generally limited to studies in quiescent air. The general approach 

demonstrated for the flat plate can be further extended to flows over aerofoils. 
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This section explores the effect of EHD momentum injection by the DBD actuator at 

U∞ = 5 m/s and U∞ = 11 m/s in co-flow and counter-flow. AC voltage was varied in the range 

VAC = 12 kV – 19.5 kV, and the frequency was constant at 2 kHz. This section first explores the 

fluid characteristics of DBD-driven flow in counter-flow and quantifies the onset separation due 

to an adverse pressure gradient. This work provides insight into the interaction between the DBD 

flow and a freestream flow over a flat plate, informing the potential placement of actuators on 

airfoils for maximum impact and providing validation for numerical studies.  

The DBD actuator and power electronics are identical to the previous section's DBD actuator 

and power supply, with a thin Kapton dielectric barrier and a Trek 615-10 power supply. The 

results of the DBD momentum injection are published in the Journal of Electrostatics [13]. 

5.1 Experimental Setup 

We characterize the electromechanical performance of a DBD actuator in an external flow 

with an open-circuit wind tunnel with a 100 mm × 100 mm cross-sectional test section. The wind 

tunnel includes an inlet section, a 1000 mm long flow development section, and a final test section. 

The DBD actuator plate surface rests in line with the bottom wall of the wind tunnel at the final 

test section, see Figure 5.1. The inlet section consists of an array of four 120 mm x 120 mm fans 

with inlet cowls, a large honeycomb screen, and a contraction cone. The fan array can be replaced 

with fans of different power to vary the freestream wind speed. For this study, two sets of fans 

were used to allow for freestream velocities of U∞ = 4 – 11 m/s range. The data for two sets, U∞ = 

5 m/s and U∞ = 11 m/s, are plotted. The wind tunnel boundary layer can also be characterized 

through its shape factor, H, defined for an incompressible fluid as: 
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H =
𝛿1
𝛿2
=

∫ (1 −
𝑈(𝑦)
𝑈∞

)𝑑𝑦

𝑦 = ∞

𝑦 = 0

∫
𝑈(𝑦)
𝑈∞

(1 −
𝑈(𝑦)
𝑈∞

)𝑑𝑦

𝑦 = ∞

𝑦= 0

 (14) 

where 𝛿1 and 𝛿1 are the boundary layer displacement thickness and momentum thickness, 

respectively. For the two different external flow condition, H = 1.3 and 1.1, respectively. The 

contraction cone with a 9:1 contraction ratio results in a 100mm x 100mm wind tunnel section 

constructed of plexiglass. An aluminum extrusion frame supports the wind tunnel section. Velocity 

measurements were obtained using custom glass pitot tubes with a 0.4mm ID and 0.5mm OD. The 

boundary layer height (𝛿99) of the wind tunnel at U∞ = 5 m/s external flow was measured at the 

location of the actuator ~8.0 mm. Using the height of the wind tunnel as the characteristic length, 

the Reynolds number (Re) is approximately 35,000 at U∞ = 5 m/s and 75,000 at U∞ = 11 m/s. All 

experiments were taken at the University of Washington Clean Energy Institute with a regulated 

temperature of ~ 20 C. The density and kinematic viscosity of air is assumed to be 1.225 kg/m3 

and 1.48E-5 m2/s. The turbulence intensity of ~1% was measured using hot-wire anemometer. The 

hot-wire anemometer was not used for velocity measurements of the DBD actuator as the hot-wire 

wires and electronics would introduce a risk of arc discharge from the high-voltage electrode. 
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Figure 5.1. Schematic of the experimental setup: The DBD actuator is mounted on an acrylic glass plate flushed 

with the wind tunnel bottom. The blue region is the dielectric layer separating the electrodes.  

In this study, the electrical power consumption is calculated in this work also with a Lissajous 

curve. A Lissajous curve is created by introducing a capacitor between the grounded electrode and 

the ground [57, 129]. Integrating the charge-voltage relationship multiplied by the frequency 

yields the total power usage of the DBD system. The time-averaged electrical power consumed by 

the actuator is computed as 

 

𝑊𝑒𝑙𝑒𝑐 = 𝑓𝐴𝐶 ∫ 𝑉𝑑𝑄,

𝑡∗=1

𝑡∗=0

 (15) 

where 𝑓𝐴𝐶  is the frequency of the applied voltage in Hz, and 𝑉 and 𝑄 are the voltage and charge at 

each point in the period. The normalized time (𝑡∗) represents a single cycle. We compute the 

average resulting power from at least ten periods to reduce the noise impact. In the wind tunnel 

study by Pereira et al., the DBD actuator in co-flow and counter-flow was found not to have 

significantly different electrical characteristics [97].  
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While the pitot tube set-up is mechanically identical to the previous work, the external flow 

slightly changes the control volume analysis. Considering a 2D control volume (with a spanwise 

unit length), integration of the streamwise velocity along a vertical profile in the wind tunnel with 

the DBD actuator provides the total mass flow rate per meter spanwise, 𝑄, of the total system: 

 
𝑄𝑠𝑦𝑠𝑡𝑒𝑚  =  𝜌∫ 𝑈(𝑦)𝑑𝑦,

𝑦 = h

𝑦 = 0

 (16) 

where 𝑈(𝑦) is the velocity measured along the vertical profile at a constant x - location. Similarly, 

the system's total momentum can be found by integrating the square of the velocity along a vertical 

profile: 

 
𝑀𝑠𝑦𝑠𝑡𝑒𝑚  =  𝜌∫ 𝑈2(𝑦)𝑑𝑦.

𝑦 = h

𝑦 = 0

 (17) 

To identify the momentum produced by only the DBD actuator, we obtain the identical velocity 

profiles with the DBD actuator ON and OFF. The difference in momentum integrated from the 

wall to the point where the two velocity profiles intersect is the momentum injected by the DBD. 

Above the intersection of the two profiles, there is entrainment due to mass conservation, and this 

entrainment is confirmed by taking the velocity profile of the entire wind tunnel with and without 

actuation. The resulting momentum is expressed as 

 
𝑀𝐷𝐵𝐷 =  𝜌∫ 𝑈𝐷𝐵𝐷 𝑂𝑁

2(𝑦)
𝑦 = h

𝑦 = 0

− 𝑈𝐷𝐵𝐷 𝑂𝐹𝐹
2(𝑦)𝑑𝑦 (18) 

and this approach similarly holds for mass flow rate and mechanical power. The mechanical power 

of the system (𝑊𝑚𝑒𝑐ℎ)  can be computed by  

 
𝑊𝑚𝑒𝑐ℎ = 

1

2
𝜌𝐿∫ 𝑈3(𝑦)𝑑𝑦.

𝑦 = ∞

𝑦 = 0

 
(19) 

 

The derived values of mass flow rate, momentum, and power of the DBD in external flow are 

compared to the results of similar measurements in quiescent flow. 
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5.2 Effect of External Flow on Electrical Power Consumption 

Figure 5.2 illustrates the power usage of the DBD for a range of operating voltages, external 

flow speed, and DBD actuator orientation. Integration of Lissajous Q-V curves yielded an average 

power consumption of the actuator. The power usage is normalized to the spanwise length of the 

actuator (0.11 m). In general, the power consumption increases quadratically with applied voltage, 

which is consistent with previous reports for AC DBD [32, 54] and the EHD corona discharge 

flow [68, 69]. Power usage between the AC cycles for any configuration had a maximum variance 

of ~ 8%. Pereira et al. also found power usage to vary less than 10% between co-flow and counter-

flow forcing [35]. The data were taken for the DBD actuator in quiescent, counter-flow, and co-

flow conditions at the two external flow speeds. Our results support that the electrical power 

consumption is independent of external flow conditions in co-flow and counter-flow, supporting 

that the electrostatic performance of DBD is mainly independent of an external flow, possibly due 

to significant differences in time and length scales. In the quiescent experiments and the external 

flow conditions, DBD power was averaged over 10 AC cycles; the maximum difference between 

is ~ 4 % at VAC=12kV and ~3% at 19.5 kV. The standard deviation across the 10 cycles is ~ 1.3% 

at 12kV and ~ 6.5% at 19.5kV, which is similar to the changes in the average power consumption. 

Thus, in our experiments, the presence of external flow does not influence the DBD power 

requirements. The magnitude of normalized power usage measured for this study is slightly higher 

than Pereira et al., which used a thicker 3 mm dielectric; however, other studies, such as Forte et 

al., have found similar power usage for thinner thicknesses and noted that the increase in dielectric 

thickness decreases DBD capacitance, thus decreasing power [32, 51, 54]. 
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Figure 5.2. DBD power usage at U∞ = 5 m/s and U∞ = 11 m/s external flow in co-flow and counter-flow 

5.3 Operation in Quiescent Condition 

First, the momentum injection of the AC DBD actuator is considered in a quiescent 

environment. Figure 5.3 shows the velocity profile of the DBD jet at x = 10 mm and x = 25 mm 

downstream of the active electrode edge at 19.5 kV and 2 kHz [12]. The velocity profile of the 

DBD jet in quiescent condition was confirmed to be identical inside and outside of the wind tunnel 

using the same experimental setup. At this electrical condition, the maximum velocity Umax = 4.8 

m/s is at y = 0.25 mm. Although the velocity decay and the spreading of the jet are apparent, as 

expected in wall jets, the Coulombic force and the fact that the fluid is being accelerated over the 

fluid volume rather than the point source make the parameterization of the flow challenging. The 

addition of co- and counter-flow further complicates the analytical interpretation. 



57 

 

 

(a) (b) 

Figure 5.3. DBD with no external flow at x = 10 mm (a) and x = 25 mm (b) downstream. The maximum velocity at 

19.5 kV is ~ 4.7 m/s at y = 0.5 mm at x = 10 mm downstream. 

5.4 Co-Flow EHD Momentum Injection 

This section discusses the DBD actuator performance in co-flow over the range 

VAC = 14 – 19.5 kV, a frequency of 2 kHz, U∞ = 5 m/s (Re = 35,000) and U∞ = 11 m/s 

(Re = 75,000). The virtual origin and coordinate system are defined in Figure 5.4. The velocity 

profiles of the EHD jet are measured at  x = 10 mm and x = 25 mm downstream of the active 

electrode edge.  

 
Figure 5.4. DBD actuator in co-flow configuration, the first measurement is taken at x=10 mm to avoid plasma region 

disruption with pitot probe. The plasma region is colored purple. 

Due to EHD momentum injection, the velocity in the boundary layer increases; however, the 

freestream boundary layer affects the momentum displacement difference. Figure 5.5 shows the 
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velocity data versus DBD voltage at two downstream locations. The dotted line is the wind tunnel 

velocity profile without DBD actuation. Note that in quiescent conditions (Figure 5.3), the DBD 

wall jet has a maximum velocity, Umax ~ 4.8 m/s at x = 10 mm, y = 0.25 mm when VAC = 19.5 kV 

and fAC = 2 kHz, and the peak velocity of the jet decays quickly away, downstream and wall-

normal, from this maximum. At U∞ = 5 m/s, EHD-induced velocities are comparable to the 

freestream, and the effects of DBD actuation are dominant. The increase in boundary layer velocity 

of ~ 2 m/s is nearly identical to that of Bernard et al. [61] for similar conditions. In the co-flow 

experiment, the Umax ~ 5.4 m/s, which is greater than that in quiescent condition (~ 4.8 m/s) but 

located at y = 0.75 mm for the same x-position, as viscous effects shift the location of Umax away 

from the wall. At y = 0.25 mm, the U velocity is 5.3 m/s and is greater than that of the quiescent 

jet at y = 0.25 mm; thus, the dominant effect between the DBD jet and freestream can be seen as 

mixing and entraining fluid from the external freestream into the boundary layer, and more 

specifically within the DBD forcing region. The DBD forcing region height and length have been 

previously reported at these same electrical conditions [12] and is also reflected in the ~ 2 mm tall 

DBD wall jet in quiescent condition, as seen in Figure 5.3.  In co-flow, the DBD-induced 

momentum does not diffuse into the outer flow as quickly as in the quiescent environment, and 

this can be observed from the velocity profile at x = 25 mm. The interaction of the wall jet with 

the freestream depends on the shape, the nature of the boundary layer, and the DBD jet 

characteristic. When DBD operates at U∞ = 0 m/s, the outer jet region entrains quiescent air [51, 

52, 130]. With free velocities similar to or lower than the EHD jet, the injected momentum 

promotes the entrainment of freestream fluid into the boundary layer. In the case of high 

momentum injections (higher DBD voltages), both the maximum velocity and the jet thickness 

increase, resulting in greater changes in the velocity profile. This entrainment can be seen by a 
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slight decrease in the external flow with the energized DBD actuator starting at approximately 

y = 3.75 mm. Conservation of mass in the wind tunnel means that as the boundary layer accelerates 

by the EHD-added momentum, the freestream velocity decreases slightly (the momentum 

thickness of the boundary layer is smaller). The complete velocity profile confirms that mass is 

conserved as the entrainment section eventually merges with the base wind tunnel profile.  

 

(a) (b) 

Figure 5.5. DBD actuator in U∞ = 5 m/s co-flow at (a) x = 10 mm and (b) x = 25 mm downstream. The dashed line 

shows the freestream profile without plasma injection. The DBD voltage varies in the 14 - 19.5 kV range; the AC 

frequency is set constant at 2 kHz. 

Figure 5.6 shows the effect of the EHD wall jet in the boundary layer at U∞ = 11 m/s. In this 

case, the EHD velocity is about half the freestream for the highest DBD settings. In addition, the 

momentum of the freestream within the height of the DBD forcing region (y < 2 mm) is 

significantly more than the DBD momentum injection. As a result, the effect of momentum 

injection is reduced, as the enhanced mixing in this higher Reynolds number case is more effective 

at spreading the effect of the EHD momentum injection throughout a thinner boundary layer. Even 

at maximum DBD power, the velocity increase is less than 1 m/s at x = 10 mm. At x = 25 mm, the 

effect of the EHD momentum injection is almost negligible. At higher external flows, the EHD 

momentum addition results in a lower overall impact on the boundary layer, as the enhanced 
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mixing in the thin boundary layer rapidly restores the boundary layer profile to the unactuated 

case.  

 

(a) (b) 

Figure 5.6. DBD actuator in U∞ = 11 m/s co-flow at x = 10 mm (a) and x = 25 mm (b) downstream. The DBD voltage 

varies in the 14kV-19.5kV range, and the AC frequency is set constant at 2kHz. 

The EHD momentum addition cannot be treated as a linear superposition of the EHD jet in a 

quiescent environment, and the momentum is associated with the boundary layer of the free 

stream. For external flows compatible with EHD wall jet velocities, the momentum injection into 

the co-flow leads to effective boundary layer thinning; this effect diminishes at higher freestream 

velocities (higher Reynolds numbers and thinner boundary layers). The wall jet mixing is 

influenced by (i) interaction with the freestream and (ii) viscous wall shear increase in the viscous 

sublayer. This point is explored further in Figure 5.12. 

5.5 Counter-Flow EHD Momentum Injection 

This section describes the behavior of counter-flow EHD jet at DBD VAC = 14 kV – 19.5 kV 

at fAC = 2 kHz and wind speeds of U∞ = 5 m/s and U∞ = 11 m/s. The virtual origin and coordinate 

system of the DBD in counter-flow are defined above in Figure 5.7. The datum for analysis is set 
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at the plasma generation edge of the active electrode; however, the EHD momentum injection is 

now in the negative x-direction. 

 
Figure 5.7. DBD actuator in counter-flow configuration. The plasma region is colored purple. 

Figure 5.8 and Figure 5.9 show the velocity profiles for the EHD momentum injection into 

the counter-flow. The dotted line is the measured wind tunnel velocity profile without DBD 

actuation. At U∞ = 5 m/s, the velocity of the EHD jet has a similar magnitude to the external flow, 

resulting in a significant adverse pressure gradient and the formation of a recirculation zone. The 

exact boundaries of the separation region are difficult to determine experimentally in the plasma 

region (x < 0 mm, y < 2 mm) as inserting the pitot probe directly into the plasma possibly 

interferes with the experiment, see Figure 5.7. However, to preserve continuity, the EHD jet 

entrains fluid from above and behind the jet; thus, transects downstream and along x for constant 

y can be used to determine the boundaries of the separation bubble.  

First, we examine the y-scan at the fixed x-position. Figure 5.8 and Figure 5.9 show the 

profiles at x = 10 mm (above the active electrode) and x = 25 mm for U∞ = 5 m/s and 

U∞ = 11 m/s, respectively. As with the co-flow experiments, the EHD jet strength is varied by 

varying VAC = 14 kV - 19.5 kV, while the AC frequency is 2 kHz. For all voltages, the DBD in 

counter-flow creates a more significant deficit in the boundary layer than its co-flow counterpart, 

e.g., the counter-flow EHD jet creates a U > 5 m/s at VAC = 19.5 kV compared to the U ~ 2 m/s 
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in the co-flow case. Figure 5.8 (a) also shows that in counter-flow cases at 18kV and 19.5kV, the 

wall shear stress changes direction due to the increased strength of the EHD jet. In the co-flow 

scenario and lower voltage counter-flow configurations, the wall shear stress remains opposite of 

the freestream direction. The maximum negative velocity is likely in the EHD momentum injection 

region (x= - 10 mm – 0 mm). However, we cannot measure within the plasma region due to the 

plasma interactions with the pitot tube. Figure 5.8 shows that in the VAC = 19.5 kV case, the 

separation bubble extends past x = 10mm downstream of the active electrode edge, while other 

conditions exhibit flow reattachment. The flow is fully attached at x = 25 mm; however, the 

pressure gradient in the flow boundary layer has not yet recovered. 

 

(a) (b) 

Figure 5.8. DBD actuator in U∞ = 5m/s counter-flow at x = 10 mm (a) and x = 25 mm (b) downstream. The DBD 

voltage varies in the 14 - 19.5 kV range, and the AC frequency is set constant at 2 kHz. 

For higher external flow, the effects of the DBD jet are less dramatic. Within the boundary 

layer, the most significant decrease in velocity in counter-flow with U∞ = 11 m/s is approximately 

2.0 m/s at y = 0.5 mm and x = 10 mm. No separation was observed in the U∞ = 11 m/s counter-

flow cases, though we did not probe the plasma region. While the effects of the DBD in counter-
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flow at U∞  = 11 m/s are less dominant than for slower freestream experiments, the effects of the 

EHD wall jet are still more significant than in co-flow at the same U∞.  

 

(a) (b) 

Figure 5.9. DBD actuator in U∞ = 11 m/s counter-flow at x = 10 mm (a) and x = 25 mm (b) downstream. The DBD 

voltage varies in the 14 - 19.5 kV range, and the AC frequency is set constant at 2 kHz. 

We performed x-scans by holding the y position constant to determine the boundaries of the 

separation region. Figure 5.10 shows the velocity profiles for y = 0.5 mm and y = 1.0 mm, while 

the x position was varied from x = 0 mm (edge of the active electrode) to x = 15 mm. The DBD 

voltage was VAC = 12, 14, 16, 18 kV at f = 2 kHz. The data for VAC = 19.5 kV is not shown due to 

the limited range of the pressure gauge. 
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(a) (b) 

Figure 5.10. DBD actuator in U∞ = 5 m/s counter-flow at y = 0.5 mm (a) and y = 1.0 mm (b). The DBD voltage varies 

in the 14 - 19.5 kV range, and the AC frequency is set constant at 2 kHz. 

We observe separation at all voltages at y = 0.5 mm, immediately above the dielectric layer. 

The x-location, where the velocity direction changes from backward to forward, determines the 

separation bubble's edge. At VAC = 18 kV, the separation length is approximately 7.5 mm 

downstream. At y = 1.0 mm, there is no signature of the separation bubble for VAC = 12 kV; 

however, it exists for the higher voltages. 

To better visualize the flow pattern at 5 m/s, additional x-scans were performed, and the 2D 

velocity fields were reconstructed. Figure 5.11 shows the velocity contour plots for the counter-

flow EHD jet obtained by merging x and y scans at U∞ = 5 m/s. Each grid point in the figure is 

associated with a velocity measurement; the spatial resolution was 0.5 mm in both x and y 

directions, totaling approximately 400 measurements for each condition.  
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Figure 5.11. X-velocity contour plot for EHD jet in counter-flow for U∞ = 5 m/s for varying voltages. Gridlines 

correspond to recorded points spaced 0.5 mm apart in the x- and y-direction. 

 

All DBD actuations cause a separated region (for U∞ = 5 m/s, R=35,000) with a negative x-

velocity downstream of the plasma injection. With the increase in DBD voltage, the edge of the 

reversed flow region within the separation bubble extends from 3.0 mm (12 kV) to >10.0 mm 

(18 kV) in the x-direction from the edge of the active electrode and from 0.6 mm (12 kV) 

to > 1.75 mm (18 kV) in the y-direction. This growth in the length and height of the reversed flow 

region of the separated bubble is nonlinear with increasing voltage. The size and shape of the 

recirculation bubble are determined by the competition of the EHD jet strength vs. the forward 

momentum in the boundary layer. As the EHD injects negative momentum at high DBD voltages, 

it can overtake the momentum in the boundary layer at greater heights. Without sampling within 

Plasma Region

Plasma Region

Plasma Region

Plasma Region



66 

 

the plasma region, it is challenging to characterize the entire length of the separation regions. It 

can be expected that the separation region extends into the forcing plasma region. Multiphysics 

CFD simulations can potentially address this issue; however, robust models must be developed 

and validated. Although robust multiphysics CFD analysis is beyond the scope of this paper, 

preliminary results with a simplified momentum model proposed in [12] also suggest that the 

momentum injection in the counter-flow scenario triggers flow separation, though additional 

validation is required.  

5.6 Momentum Difference 

Momentum difference is calculated at x = 10 mm downstream of the DBD wall jet by 

integrating the velocity profiles in the y-direction up to a height where mass and momentum are 

injected and not entrained. Note that the x = 10 mm location is in the direction of the external flow 

with the datum at the plasma generation edge of the DBD actuator. Thus, in the co-flow case, the 

x = 10 mm location is downstream or in front of the plasma region and above the dielectric and 

grounded electrode (Figure 5.4); however, in the counter-flow case, the x = 10 mm location is 

behind the plasma region and above the active electrode (Figure 5.7).  

Figure 5.12 compares the DBD with external flow cases against an EHD jet in a quiescent 

environment. The absolute value of the momentum difference is shown, as the momentum 

difference is calculated by subtracting the counter-flow actuation profile from the unactuated 

boundary layer profile.  
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Figure 5.12. DBD momentum difference at U∞ = 5 m/s and U∞ = 11 m/s external flow 

In the co-flow scenarios, the momentum addition into the boundary layer is equal to or lower 

than the momentum injected in the EHD jet. The momentum difference appears linear with VAC; 

however, the change in total momentum is relatively flat, suggesting that momentum dissipation 

is driven primarily by the inner layer wall jet interaction with the wall. At 11 m/s co-flow, lower 

momentum differences are found for all voltages, and an increase in turbulent dissipation can 

explain this. The increase in dissipation is shown in the velocity profiles in Figure 5.5 and Figure 

5.6 as the effect of the DBD momentum can still be seen at x = 25 mm downstream when 

U∞ = 5 m/s (Re = 35,000). Still, the effect of the DBD momentum is almost unseen at x = 25 mm 

downstream when U∞ = 11 m/s (Re = 75,000). Unlike the experiments in quiescent conditions 

[12], the fluid momentum of the EHD jet in the co-flow injection is not conserved as it travels 

downstream. In the counter-flow configuration, the momentum difference is more significant due 

to reversing flow near the wall and a change in shear stress direction. The most significant 

difference is observed in counter-flow, at U∞ = 5 m/s. The momentum difference is ~ 6.5x greater 

than its co-flow counterpart.  
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The ratio of momentums within the DBD jet heights, 𝑀∗, is proposed as a nondimensional 

relation that could predict separation in the counter-flow injection. 𝑀∗ represents the DBD 

momentum injection compared to the inertial force in the external flow. 𝑀∗ is defined as: 

 

𝑀∗ = 
𝑀𝐷𝐵𝐷

𝑀𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙
=
∫ 𝑈𝑞𝑢𝑖𝑒𝑠𝑐𝑒𝑛𝑡 𝐷𝐵𝐷

2(𝑦)𝑑𝑦
ℎ𝑗𝑒𝑡
0

∫ 𝑈𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑓𝑙𝑜𝑤
2(𝑦)𝑑𝑦

ℎ𝑗𝑒𝑡
0

 (20) 

The MDBD value and the height of the jet (hjet) in a quiescent environment can be directly measured or 

estimated from the empirical relationship as proposed by Tang et al. [12]. E.g., the height of the DBD jet 

in Figure 5.3 varies from 2 mm to 2.25 mm at the range of the voltages tested. The MExternal value 

can be estimated analytically, numerically, or experimentally for a given value of the hjet. The ratio 

of the terms can be evaluated to determine flow separation criteria M*; the higher values are likely 

to result in flow separation. A higher value in co-flow also likely results in the DBD momentum 

injection exerting enough inertial force to entrain fluid from the freestream. The values of 𝑀∗ in 

the 5 m/s and 11 m/s cases are shown in Table 5.1. In this limited set of experiments, the separation 

was observed for cases with 𝑀∗ > 0.1 (for 𝑀∗ < 0.1, counter-flow DBD did not induce 

separation). Additional testing and numerical simulations at various DBD and external flow 

conditions could further define separation threshold criteria. Note that MDBD varies with DBD 

parameters and the x-position within the jet as it expands and loses momentum due to viscous 

dissipation. At the same time, the value 𝑀𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙  depends on the external flow conditions and the 

x-position of the DBD jet as the jet thickness changes with the x-position. 

 

Table 5.1. Conditions of separation due to a DBD Jet in counter-flow 

Reynolds BL Height (mm) DBD Momentum (mN/m) M* Separation 

35,000 8.0 6 – 22 0.14 – 0.52 Yes 

75,000 2.5 6 – 22  0.02 – 0.07 No 
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5.7 Chapter Summary 

We have experimentally investigated the performance of a DBD plasma actuator over a range 

of voltages (12 kV – 19.5 kV) at 2 kHz in co-flow and counter-flow with freestream velocities of 

5 m/s and 11 m/s. The power consumption associated with DBD discharge is measured through 

capacitive measurements, with high temporal resolution throughout several cycles. For all voltages 

and freestream conditions in this experiment, there was no significant difference in power 

expenditure between the co-flow, counter-flow, and quiescent conditions, consistent with previous 

results. The DBD jet increased boundary layer velocity by > 2.0 m/s in co-flow and decreased the 

boundary layer velocity by > 5 m/s in counter-flow (leading to fully reversed flow near the wall). 

The momentum difference in counter-flow leads to flow separation; separation zone boundaries 

and velocity magnitudes were evaluated using x-velocity magnitude contour plots.  

At low freestream velocities, the EHD jet significantly influences boundary layer flow, and 

the dissipation is driven by the interaction of the DBD wall jet and the inner boundary layer. 

However, at the higher freestream velocity with more momentum in the inner boundary layer, the 

external flow diminishes the momentum injection of the DBD due to the more effective turbulent 

mixing. The counter-flow momentum difference is 6.5 times higher than its co-flow counterpart 

at U∞ = 5 m/s. The momentum difference in counter-flow offers promising results for active flow 

control applications, and they can be used in combination with traditional co-flow DBD actuators.  

A non-dimensional flow separation criteria M* is proposed as the ratio of DBD jet momentum 

to integrated boundary layer momentum at the height of the DBD forcing region. Since the onset 

of separation depends on the boundary layer momentum, the nature of the boundary, and DBD jet 

momentum properties (strength, angle, height of injection), the exact determination of critical 

value for M* is challenging. Phenomenologically, we proposed that the separation occurs when 

momentum in the DBD jet and the boundary layer are similar. In our experiments, threshold values 
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were M* ~ 0.07 at U∞ = 11 m/s and M* ~ 0.14 at U∞ = 5 m/s. Consequently, the critical value of 

M* ~ 0.1 proposed in this study represents the ratio necessary for separation for a specific range 

of boundary layer shape factors in this study (1.1 – 1.3). However, further experiments with 

different boundary layer shape factors are necessary to establish the evolution of the critical M*. 

The finding related to modifications of fluid boundary layer profiles due to EHD forcing can be 

generalized using non-dimensional analysis. This experimental data set can be used to develop 

models and validate multiphysics simulations for EHD flow. This work highlights the need for 

future research efforts that should focus on understanding the relationship between the unsteady 

forcing of the DBD and the turbulent characteristics of the external flow. The time-dependent 

interaction between the DBD cycle and the force acting on the fluid can be examined by a 

combination of flow vitalization and time-resolved optical plasma emissions and electrical 

measurements. Furthermore, the fundamental work in the DBD research should be considered in 

the context of EHD interaction with practical systems. 

To expand on this research effort, future efforts should extend the understanding of the 

relationship between the unsteady forcing of the DBD and the turbulent characteristics of the 

external flow. To do so, future efforts should explore the unsteady fluid interactions of the DBD 

jet and a co- and counter-flow with classical turbulence tools such as hot wire anemometry or more 

novel techniques like time-resolved particle imaging velocimetry (PIV) or laser-doppler 

anemometry (LDA). These power techniques require tracer particles, which risk being influenced 

by the electric field. However, previous and recent works have identified appropriate tracer 

particles for EHD-driven flows, including TiO2 and DEHS [131-133]. Similar work can also 

explore DBD behavior at more robust flow conditions, such as at higher speeds or with a more 

robust DBD actuator with thicker dielectrics and higher voltages. 
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Chapter 6. DC-Augmented DBD Plasma Actuator 

This section explores a DC-Augmented DBD plasma actuator in quiescent condition. DC-

augmentation, or DCA, is one of the promising approaches to significantly enhance or modify the 

EHD force produced by a traditional DBD actuator by introducing a DV DC third electrode 

downstream. Combined, the DBD system with an air-exposed DC-third electrode is called a DCA-

DBD, and the DCA can be biased using either positive or negative polarity to preferentially 

positive- or negative-charged species, serving as a probe into the behavior of the forcing 

mechanism. Previous works, including that of Moreau et al. [110], have noted some of the behavior 

of DCA-DBD and the overall goal is to augment the EHD forcing. However, the thrust 

enhancement and reverse DBD forcing mechanisms remained unclear. Since the coupling of the 

AC E-field, space and surface charges, and fluid dynamics is highly non-linear, the DCA can affect 

several aspects of the system, and understanding these effects requires multiple lines of evidence. 

Unlike the corona discharge, elucidating the time-dependent plasma–flow interaction in DBD 

is more challenging. Several works, such as Benard et al [66], Debien et al [63, 64], 

Neumann et al [134], and Herner et al [135] have probed the underlying unsteady forcing 

mechanisms of DBD pointing to the differences between the streamer and glow discharge regime. 

The experimental observations by Benard and Moreau suggest a push-push forcing mechanism for 

two different regions, with the glow discharge producing greater forcing than the streamer 

discharge cycle [20]. The unsteady actuation has been correlated to the surface and space charges 

that fluctuate with the discharge cycles [85, 136, 137]. Sato et al [85] and Cristofolini et al [83] 

demonstrated with a two-electrode DBD that increased EHD force is associated with greater 

downstream surface potential as it reflects enhanced ion acceleration; however, surface charge 

neutralization after each discharge cycle is necessary for subsequential discharge cycles. 

Fan et al [39] recently found surface charge extension in a three-electrode DBD. However, the 
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study used an atypical Bi12SiO20 crystal as the dielectric barrier and did not explore the plasma-

fluid interactions, especially at higher forcing. 

Here, we investigate the forcing mechanisms of a three-electrode DCA-DBD with an 

asymmetric AC electrode pair and a third HV DCA electrode, which is biased with either polarity 

to preferentially interact with the positive or negative half-cycle. This method improves the 

horizontal thrust by greater than two-fold and serves as a probe into the time-dependent 

plasma/ flow interactions. While previous works have characterized the mechanical properties of 

three-electrode DBD systems. As the underlying temporal mechanisms of the augmentation 

remain primarily speculative, this work provides multiple lines of evidence through electrical, 

time-resolved optical, and time-resolved surface charge interaction.  

One of the unclear yet underlying mechanisms for DCA is electron interactions, including 

electron bombardment and secondary ionization, which are often not discussed in active flow 

control. While some numerical works have pointed out the importance of different charged species, 

most refer to all positive and negative species as two general groups. However, when charged 

particles are selectively accelerating, discussing the various pathways and interactions between 

electrons and neutral air molecules that can drive the momentum transfer in a DCA system is 

essential. DBD first creates ions through the ionization of neutral air consisting primarily of N2, 

O2, and other trace elements. Since N2 is the most abundant in the air, many works, including 

Kozlov et al. [123], focus on the nitrogen species and the various nitrogen species pathways. 

Through primary and secondary ionization, Kozlov et al. [123]  found that the resulting nitrogen 

species in atmospheric air DBD include N2
+, NO, NO2¯, HNO3, NO¯3, and H2N2. The oxygen and 

nitrogen species are also further explored in Kovacevic et al. [124], where H2O2, O3, NO3¯, and 

NO2¯ were found to depend on moisture content in the air. Kovacevic et al. [124] highlights that 
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the resulting equilibrium of ions is heavily dependent on moisture content in air. In a DCA system, 

the positively biased DC third electrode is expected to selectively accelerate electrons and negative 

species such as the NO2¯, which may create more negative electrons. However, as the polarity of 

the DBD potential changes, other ions, such as positive N2
+ may also be selectively accelerated or 

decelerated. While these complex time-dependent interactions will differ for each species and are 

difficult to resolve due to time scales, the presented DCA-DBD work aims to better our 

understanding of these interactions. 

6.1 Experimental Setup 

The experimental setup of the DCA-DBD is presented in Figure 6.1. The DBD electrode pair 

consists of the primary DBD electrode pair, separated by the dielectric layer, a 3.15 mm quartz 

plate with 99.995% SiO2 purity. The downstream length of the air-exposed electrode is 15 mm, 

and the encapsulated electrode is 25 mm. The edges of the electrodes are aligned. The encapsulated 

electrode is grounded and covered by thick polyimide (Kapton) and silicone rubber tape (~6.3 mm) 

to prevent backside discharge. The third air-exposed electrode is located 50 mm downstream of 

the first electrode. The DCA-DBD experiments primarily use the horizontal and vertical force 

experimental setup, current monitors on the two air-exposed electrodes, the custom high-voltage 

power supply, the Trek 40/15 high-voltage amplifier, and the high-speed Phantom V12.1 camera 

coupled to the SIL3 UV intensifier, and a surface potential probe. Thrust, velocity, and current 

measurements are normalized by the actuator's spanwise width of 110 mm.  
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Figure 6.1.(a) The three-electrode DCA-DBD Plasma actuator has a 3.15 mm thick quartz dielectric barrier. The 

embedded electrode is covered with thick polyimide tape and silicone rubber. (b) The experimental schematic of the 

DCA-DBD actuator comprised of (1) an air-exposed electrode, (2) a grounded embedded electrode, (3) an air-exposed 

third electrode, and (4) a dielectric barrier. The current through the DBD electrode pair and the third electrode is 

measured with (5) a non-intrusive current monitor and (6) an oscilloscope. The DBD electrodes are powered by (7) a 

custom power supply with (8) a Trek P6015A HV probe. The third electrode is powered by (9) a Trek 40/15 HV 

amplifier with a function generator. The custom power supply is controlled with (10) a function generator. The 

function generator of the custom power supply also controls the trigger outputs to the CCD camera (11) and the UV 

intensifier (12).  

 

The DBD electrodes are connected to the custom dual-hot HV power supply comprised of a 

function generator (Siglent SDG1032X), a power amplifier (Crown XLi3500), and two custom 

transformers (Corona Magnetics, Inc). The AC frequency is set constant, f = 2 kHz. For this study, 

the encapsulated electrode is grounded; thus only one of the two transformers is used. Note that 

our tests have not seen any difference in electromechanical results when the DBD is powered by 

a single transformer with ground versus two transformers for matching VP-P. The AC frequency of 

the DBD is set at f = 2 kHz. The voltage output is monitored using a Tektronix 6015A HV probe. 

The DCA electrode is powered by a Trek 40/15 HV amplifier connected to a separate signal 

generator (Siglent SDG1032X); the VDCA voltage was varied in the - 24 to + 24 kV range.  

The mechanical and velocity measurements are completed with the previously outlined pitot 

tube system with a custom glass pitot tube with 0.6 mm OD and 0.4 mm ID connected to an 

Ashcroft CXLdp differential pressure transmitter (P = 0 to ±25 Pa, 0.25% accuracy). Velocity 

measurements were not taken inside the plasma region. The expressions to derive the mass flow, 

~

(1)

(2)

(3)

Y

X

(5)

(6)

(10)

(9)

(11)

(4)

(5)

(12)

(8)

(7)



75 

 

momentum, mechanical power, and total efficiency of the DBD in quiescent conditions are 

outlined in Chapter 4. The mathematical expressions are found in eq. ((4) through eq. (7).  The 

typical velocity measurements had a standard deviation of < 0.02 ms-1 when averaged over 20 s. 

The thrust was measured directly using a battery-powered, electrically insulated analytical balance 

(Ohaus SPX223), similar to other works that measure EHD thrust. Velocity measurements were 

not taken inside the plasma region. The typical velocity measurements had a standard deviation of 

< 0.02 ms-1 when averaged over 20 s. 

The DBD and DCA electrode currents are characterized using two non-intrusive high-

bandwidth coil current monitors (Pearson 2877 with 2 ns rise time). The monitor is connected to a 

Tektronix DPO7254C oscilloscope (500 MHz bandwidth). At least 20 voltage cycles were 

recorded at 1 GS/s, and the total discharge current was obtained by filtering out the capacitive 

current using a fast-Fourier transform (FFT) analysis [12]. The standard deviation of discharge 

current measurements for 20 consecutive cycles was < 4% for all tested conditions. With the 

voltage of the electrodes measured by the Tektronix 6015A HV probe and the HV monitor of the 

Trek 40/15 HV amplifier, the total power used by the electrodes can be calculated using eq. (2) 

with the recorded voltage and current. All power measurements were averaged over ~ 20 

consecutive voltage cycles with a standard deviation of <4%. 

The surface potential is measured with a 3 mm x 10 mm wide copper electrode probe flush-

mounted to the backside of the dielectric and connected to a Tektronix P6015A high voltage probe, 

similar to Leonov et al. [138]. A top view of the experimental schematic with the surface charge 

probe is provided in the supplemental information (Figure B.1). The probe is mounted at 

x = 27 mm immediately after the embedded electrode. The probe’s 75 MHz bandwidth allows for 

temporal resolution on the AC voltage time scale (milliseconds) but not individual discharges that 
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take place closer to the active electrode edge at the nanosecond scale [59]. The overall surface 

potential combines the HV AC electric field, the capacitive voltage between the air / dielectric, 

and the buildup of surface charges. Similar to previous works, the electric field and capacitive 

voltage contribution are determined by measuring the probe potential at lower applied voltages 

(< 10 kV) before plasma ignition [139, 140]. The thrust and electrical current measurements 

confirm that the surface charge probe did not affect the DBD actuator performance. 

Phase-resolved optical plasma emissions are captured with a high-speed CCD camera 

(Phantom V12.1) equipped with a 200 – 550 nm UV intensifier lens (Specialized Imaging SIL3). 

The DBD emissions in atmospheric air include a positive streamer discharge and a negative glow 

discharge. The streamer discharge produces light emissions primarily from generating positively 

charged nitrogen and oxygen ions in the wavelength range of 300 – 450 nm [123, 124]. The 

negative ions from the glow discharge are generated through multiple processes, including 

secondary discharge and electron reattachment over the same wavelength range [123, 124]. The 

CCD shutter is synchronized with the voltage cycle and divided into four quadrants denoted as 

T1 – T4 (Figure 3.6). For f = 2 kHz, the CCD and intensifier trigger were set to 8 kHz with a CCD 

shutter of 124 μs and intensifier shutter of 110 μs. The CCD starts to capture images two seconds 

after the voltage is turned on to ensure a steady state; approximately 10,000 images are captured. 

Previous works such as Krigseis et al. [57] and Uchida et al. [58] analyzed steady-state plasma 

light emission strength for two-electrode DBD actuators. Time-resolved plasma images of a two-

electrode DBD have been presented in works including Debien et al. [64] and Enloe et al. [141], 

however, no studies have investigated the time-resolved plasma morphology in a DCA three-

electrode DBD system. Recently, Peng et al. [142] studied the changes in plasma morphology and 

surface charge in a three-electrode DBD; however, the study uses a nano-pulsed DBD that 
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generates a thermal shockwave instead of the steady-forcing sinusoidal DBD and does not 

investigate the fluid interactions. 

6.2 Vertical and Horizontal Thrust Characteristics of DCA-DBD 

 
Figure 6.2(a) Horizontal and (b) vertical thrust of the DBD-DCA actuator, f=2kHz, AC voltage is varied 

25 kV < VAC < 40kV; DCA voltage –24 kV < VDCA < +24 kV.  

Figure 6.2 shows that the thrust increases with applied AC voltage, which generates more 

charged species and stronger electrical fields, leading to higher EHD forcing. These effects are 

well documented in corona-driven flows [27] and DBD systems [20, 24]. More interesting is the 

effect of the DCA potential, as it sheds insight into the thrust generation mechanism. Positive DCA 

bias leads to a monotonic increase in the strength of the EHD wall jet. At the highest tested AC 

potential condition (VAC = 40 kV), the horizontal thrust increased from 45 mN/m to 67 mN/m at 

VDCA = +24 kV (+51%). For less energetic ionization VAC = 25 kV, the thrust increases from 8.2 

mN/m to 19.1 mN/m (+133%). These gains could be potentially explained as follows: (i) thrust is 

enhanced by the net acceleration of negatively charged species during the negative going cycle; 

(ii) the wall jet defection from the viscous boundary layer due to accumulation of positive charges 

on the dielectric leading to lower viscosity losses.  

A negative DCA potential had only a moderate trust increase at the low DCA voltages, 

followed by a significant drop at VDCA ~ - 15 kV. The slight increase can be explained by an 

(a)

(b)
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acceleration of positive species during the positive-going discharge; however, it is likely being 

countered by wall jet attraction into the viscous boundary layer due to negatively charged 

dielectric. The drop in the streamwise thrust corresponds to the increase in wall-normal force, 

suggesting that the EHD wall jet is deflected from the streamwise direction to the wall-normal 

direction. These trends are further investigated by taking velocity profiles and correlation with 

electrical and optical measurements. 

6.3 Velocity Characteristics of DCA-DBD 

The reconstructed 2D velocity contours in Figure 6.3 show the EHD jet at VAC = 35 kV and 

varied VDCA = 0 kV, –24 kV, and +24 kV. The velocity flow field was constructed by spanning the 

x-velocity measurements in the region between the air-exposed electrodes with a 1 mm x- and y-

resolution.  

Figure 6.3(b) shows that a reverse EHD jet is formed at the third electrode in the negative 

DCA case. Colliding the primary and reverse jets results in the wall-normal flow and the vertical 

reaction force (Figure 6.2.b). These wall-normal synthetic jets have been reported in the planar 

symmetric 3-electrode systems and axisymmetric DBD actuators [110, 143]. Integration of the 

velocity profiles at x = 15 mm, before deflection, shows a 28% increase in x-momentum over the 

unbiased case. This supports the observation of a slight rise in the horizontal thrust at the low 

values of negative DCA (Figure 6.2.a). 

For the positive DCA scenario, at VDCA  = +24 kV, the maximum velocity, Vmax = 5.3 m/s, is 

slightly higher than that of the unbiased case, Vmax = 5.0 m/s. However, the direct thrust 

measurements show significantly higher thrust (+68%), consistent with a higher wall jet thickness 

(Figure B.2). The velocity-derived thrust from profile integration closely agrees with the direct 

thrust measurements (Table B.1). These results suggest that one of the factors responsible for 
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stronger forcing is the repulsion of downstream ions and the EHD jet by the positive DCA, leading 

to lower wall shear stress. However, the gains in the thrust could not be attributed to only viscous 

effects, which typically account for <30% reduction in EHD wall jet momentum [67, 133]. The 

enhancement must also come from the additional momentum transfer mechanism between the 

negatively charged species and the bulk fluid.  

One significant difference in the velocity profiles between an unbiased, negative, and positive 

DCA-DBD is the jet thickness and the location of the velocity peak. Interactions of positive ions 

with neutral molecules are primarily localized to the visible plasma region [123, 124]. Thus, as 

expected, the peak velocity in the unbiased case is located at the edge of the visible plasma region, 

e.g., x= 10 mm in Figure 6.3(a) and (b). In contrast, in positive DCA (Figure 6.3.c), the flow 

continues to accelerate with the maximum velocity location at x ~ 15 mm, indicating an additional 

pull on either the positive or negative ions. While typically positive DBD discharge is greater than 

negative discharge, Moreau et al. [110] suggested that there could be a significant contribution in 

forcing due to an acceleration of negative discharge during the negative half-cycle despite the 

repulsion of the positive discharge. 
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Figure 6.3.  X-velocity contour plot at VAC = 35 kV with (a) VDCA= 0 kV, (b) VDCA= – 24 kV, and (c) VDCA= +24 kV. 

Grayed-out regions exhibit potential discharge; the data in these regions were not taken. The electrode positions are 

displayed. 

6.4 Mechanisms of DCA-DBD  

It is clear that the DCA affects the momentum transfer in the DBD system, and these 

interactions are different in the positive and negative DCA. The proposed mechanisms and the 

evidence for those are described below.  

6.4.1 Negative DCA 

The negative DCA shows only a moderate thrust increase, followed by a significant drop at 

VDCA~ - 15 kV. The slight increase is likely due to a field-augmented acceleration (FAA) of 

positive ions produced in the positive going cycle enabled by the stronger E-field from negatively 

biased DCA. However, this action is limited due to the onset of streamer formation on the third 

electrode, leading to the sliding discharge and the onset counterflow. The drop in the streamwise 
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thrust corresponds to the increase in wall-normal force, suggesting that the primary EHD wall jet 

is deflected from the streamwise to the wall-normal direction (Figure 6.2b). 

6.4.2 Positive DCA 

The effectiveness of the positive DCA is linked to two possible mechanisms: (i) field-

augmented acceleration with electron (impact) ionization and (ii) oscillating residual charge 

interaction. 

Field-Augmented Acceleration with Electron Ionization (FAA-EI): Negative ions and 

electrons are generated by dissociative reactions of neutral diatomic oxygen and nitrogen [144, 

145]. Free electrons can provide momentum transfer to neutral molecules or can be utilized to 

negatively charge the neutral molecule via electron ionization (EI), also referred to as electron 

impact ionization or electron bombardment ionization [146]. The negative ion produced by EI and 

in the plasma region (having sufficient mass) can more effectively interact with bulk gas in the 

highly biased DCA-DBD system. The EI efficacy increases for faster-moving electrons and with 

an increase in electron density [20, 147]. Both are consistent with the increasing E-field in the 

positive DCA cases. The strong x-direction potential gradient focuses electrons trajectories in the 

streamwise direction, enhancing the ionization at higher positive VDCA, in contrast to their 

diffusion-like motion (to infinite ground) without DCA. Thus, we propose that the FFA-EI 

mechanism increases momentum injection by accelerating negative ions through their attraction 

to the positive DCA electrode in the negative going DBD cycle.   

Oscillating residual charge (ORC) is an extension of ions and surface charge in the 

streamwise direction that can accelerate opposite charge species in the subsequent half cycle. The 

shift in the max velocity location (Figure B.2.c) can result from the additional pull on either the 

positive or negative ions from a residual surface charge generated in the previous half-cycle. In 
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this "bootstrapping" scenario, the positive DCA bias forces the negative species to travel closer to 

the third electrode during the negative-going half-cycle, providing an additional attraction for 

positive ions in the following half-cycle. Since this behavior repeats each AC cycle, it is referred 

to here as the oscillating residual charge mechanism. 

Further examination of the discharge's electrical, optical, and surface potential provides 

additional insight into the FAA-EI and ORC mechanisms. 

6.5 Electrical Characteristics of DCA-DBD 

Electrical and optical characterization of the discharge provides additional insight into the 

multiphysics interactions between the space and surface charges and the oscillating electrical field. 

Figure 6.4 shows the time-resolved DBD and the DCA electrode currents measured using the non-

intrusive high-bandwidth coil current monitor. 

 

 

T1 T2 T3 T4(a)
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Figure 6.4. Trigger frames (dashed lines) superimposed with current on DBD active electrode (blue) and DCA 

electrode (red), VAC  = 35 kV, f = 2kHz; (a) VDCA = 0 kV,(b) VDCA = –24 kV, and (c) VDCA = +24 kV. The t* 

is the period normalized time. 

The discharge current characteristics on the DBD electrode match previous literature well and 

show a streamer discharge current during the voltage-rising half-cycle and a glow discharge 

current during the voltage-falling half-cycle [12, 20]. Unlike the AC-powered DBD electrodes, the 

DCA third electrode does not experience a significant capacitive current, and thus, the total power 

usage is significantly smaller. The DBD electrode's total power remained approximately constant 

at ~130 W regardless of the DCA polarity or potential. For the DCA electrode, the total power 

outside sliding discharge (VDCA > - 15 kV) region increased linearly with voltage up to a maximum 

(b)

(c)
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of 40 W. In the sliding discharge cases (VDCA < − 15 kV), the power increased significantly up to 

~ 180 W at VDCA = −24 kV due to the reverse discharge (Figure 6.4 .b). 

6.6 Surface Potential 

Figure 6.5 shows the surface potential over several cycles at VAC = 30 kV cases. At the 

downstream stream location of x = 27 mm, the visible plasma discharge does not extend to the 

surface probe, allowing the measurement of the mean potential associated with the accumulated 

surface charges. The surface potential (red line vs blue dash line) oscillates nearly in phase with 

the applied VACA. For the VDCA = 0 kV case, which is most analogous to a two-electrode DBD, the 

mean surface potential at x = 27 mm is ~500 V. These results match previous literature well, 

including Opaits et al. [139] and Enloe et al. [140]. Opaits et al. [139] reported a mean surface 

potential of ~500 V using a commercial non-contact electrostatic voltmeter probe at x = 25 mm 

downstream of a two-electrode DBD, while Enloe et al. [140] reported a mean surface potential 

of ~ 1,500 V at x = 9.75 mm using a similar custom surface potential probe. When a negative DCA 

is applied, the mean surface potential decreases to a minimum of -300 V at VDCA = - 20 kV 

(– 800 V from the non-biased case). With positive DCA, the surface potential increases by a similar 

margin at VDCA = + 20 kV; however, the maximum change occurs at VDCA = + 24 kV with an 

average surface charge of 1700 V. The mean surface potential over the range of VDCA is presented 

in Figure 6.6.  In all experiments, no significant change in phase shift was observed. 
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Figure 6.5. Surface potential measurements (red) at x = 27 mm superimposed with the surface potential due to the 

electric field and capacitive potential (dashed lines) and the potential applied to the DBD active electrode (blue). 

VAC = 30 kV, f = 2 kHz at (a) VDCA = 0 kV , (b) VDCA = –20 kV, (c) VDCA = + 24 kV. 

While the oscillating surface potential is primarily due to the system's sinusoidal electric field 

and capacitive voltage, Figure 6.6(b) illustrates that a positive DCA increases the surface potential 

oscillation at a fixed downstream location, providing evidence for the oscillating residual charge 

interaction. With a positive DCA, the surface potential amplitude increased from ~ 4.30 kV at 

VDCA = 0 kV to ~ 4.65 kV (~ 8% increase) at VDCA = +24 kV. The downstream charge extension 

induces the additional surface potential, and the residual space and surface charge of opposite 
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polarity promote the further acceleration of both the negative and positive species across the DBD 

voltage cycle. In return, the acceleration and generation of negative ions due to the positive 

downstream potential generates an electric field that promotes a net acceleration of positive ions. 

This effect is akin to ambipolar diffusion in quasi-neutral plasmas [148]. In this case, transport of 

one charged particle or ions may be expected to be greater than its oppositely charged counterparts; 

however, due to the change in charge density, the electric field is modified such that both charged 

species transport become nearly equal and the plasma remains quasi-neutral [149]. This work is 

the first to suggest ambipolar diffusion in atmospheric DBD, and future experiments with more 

extensive surface charge measurement are necessary to provide more insight into the modified 

surface potential in these complex DBD systems.   

 

 
Figure 6.6(a) Mean surface potential at x = 27 mm downstream with varying VDCA potentials. The mean surface 

potential reflects the dielectric surface's steady accumulation of charged particles. (b) The peak-peak surface potential 

amplitude at x = 27 mm downstream with varying VDCA potentials. The surface potential increases with positive 

DCA relative to the peak-peak surface potential due to only the electrical field and capacitive potential (dashed lines).  
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6.7 Plasma Emission – Optical Characterization 

Figure 6.7 shows phase-resolved optical plasma emissions from a high-speed CCD camera 

equipped with a 200 – 550 nm UV intensifier lens when the DBD at VAC = 35 kV is powered with 

DCA = 0 kV, – 24 kV, and + 24 kV. The CCD shutter is synchronized with the voltage cycle, 

divided into four quadrants denoted as T1 – T4 (Figure 3.6).  

 

 

Figure 6.7. Phase-resolved plasma discharge images with DCA electrode; VAC  = 35 kV, f = 2 kHz (a) VDCA = 0, (b) VDCA 

= –24 kV, (c) VDCA = +24 kV. T1 and T2 are positive-going cycles, showing a high concentration of positive ions; T3 and T4 

are negative-going cycles, with low optical emission at the edge of the active electrode.  The leading edge (–), embedded 

electrode edge (– –), and third electrode edge (–.–) are shown in the T1 phase of (a).  

The positive discharge current, Idischarge
+, in the T1 and T2 regions, corresponds to electron 

emissions during the production of positive ions. This discharge mode is associated with the 

(a) (b) (c)

T1

T2

T3

T4



88 

 

formation of streamers [65] (Figure 6.7). In the T3 and T4 regions, the negative discharge current 

(Idischarge¯) is associated with electrons leaving the air-exposed electrode, creating a glow discharge. 

For a flat plate DBD, the baseline DCA = 0 kV case matches previous high-speed CCD 

measurements from Debien et al. [64] well for the streamer discharge and glow discharge cycle. 

In line with the literature [20], the discharge current in the positive-half-cycle is typically higher, 

e.g., at VAC = 40kV, the Idischarge
+

 = 11.2 mA/m vs. Idischarge¯ = 3.65 mA/m, resulting in the overall 

abundance of positive charges in the system. A biased VDCA electrode changes the electrical field 

strength, slightly influencing the discharge characteristics in the primary ionization zone. For 

example, for the VAC = 40 kV, VDCA = +24 kV case, the positive discharge current is suppressed by 

9.4% and is 9.26% greater in the negative DCA case, VDCA = –24 kV. This change is analogous to 

the positive corona discharge, where the higher field strength leads to higher plasma volume and 

charge density [26, 27]. Interestingly, the Idischarge¯  in the T3 and T4 quadrants is mainly unaffected 

by positive or negative VDCA (0.02 mA/m change), which in turn suggests that the negative mode 

primary DBD discharge is not affected by DCA and interaction of electrons and negative ions with 

bulk fluid occur outside the primary ionization region by FAA-EI or OCRI mechanisms.  

Under high negative DCA (VDCA < –15 kV), the visible plasma discharge extends to the DCA 

electrode, resulting in the 'sliding' DBD (Figure 6.7b). A strong negative DCA repels negative 

species from the third electrode (Figure 6.3b) and accumulates on the dielectric, attracting positive 

species and allowing positive ions to easily ‘slide’ to the third electrode. The distribution of 

positive charges sliding over the negatively charged surface towards the negatively biased DCA 

electrode is shown in SI Figure 3 and is supported by negative surface charge measurements 

(Figure 6.6). The combination of positive sliding charges causes a negative discharge on the DCA 

electrode at a sufficiently high E-field, as shown in Figure 6.4b at t* ~ 0.4 in the T2 region. Time-
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resolved plasma emission images show that the sliding positive discharge streamers are present 

only in the T2 region of the cycle, i.e., during the strongest E-field.  

Plasma emission analysis [150] across 10,000 consecutive images (2,500 discharge cycles) 

shows that all positive DCA cases and low negative DCA (VDCA > –15 kV) cases experienced 

an increase in the total plasma emissions across the T1 through T4 quadrants. Outside of sliding 

discharge, the DBD at a VDCA = +24 kV displayed an increase in total plasma emission by ~ 8% 

during the T2 phase (Figure 6.7.c) with a standard deviation of 2% across all images. During the 

start of the streamer discharge (T1) and glow discharge phases (T3 and T4), the positive DCA and 

low negative DCA show a 5% increase in plasma emissions with a similar 2% standard deviation 

across the 10,000 images captured per condition. 

6.8 Discussion 

The negative DCA shows a moderate thrust increase due to a positive ion field-augmented 

acceleration mechanism; however, it is limited by an onset of streamers on the DCA electrode. 

Integrating the discharge peaks on the DCA electrode (Figure 6.4) yields Idischarge, DCA¯ =3.1 mA/m, 

indicating that negative species leave the DCA electrode to recombine with the positive streamers 

from primary DBD discharge. The negative species’ motion creates a counter-flow EHD jet 

(Figure 6.3.b), which produces wall-normal thrust upon collision with the primary DBD jet, Figure 

6.2(b). This negative DCA discharge to the positive space charge is analogous to a pulsed corona 

discharge or a DBD to the space charge. In weaker, negative potential DCA cases, the space charge 

is not sufficiently extended to trigger DCA discharge.  

 We observed a steady increase in horizontal thrust for all tested positive DCA conditions. 

Two complementary mechanisms are identified. (1) Field-Augmented Acceleration with Electron 

Ionization is enabled by the increased electron density and negative species vectorization in the 
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streamwise direction. The negative ions driven by DCA experience greater downstream 

acceleration and, thus, higher momentum transfer to bulk fluid over non-biased DCA electrode 

cases. (2) ORC mechanism, in which an elongated positive surface potential enables further 

propagation of both negative and positive species towards the third electrode. Figure 6.7 (c, T2) 

and SI Figure 2 show that the visible discharge zone extends further downstream in positive DCA 

cases. Interestingly, this is despite the slight decrease in positive discharge current from the air-

exposed active electrode, supporting that the acceleration of negative species can create a net 

acceleration of positive ions similar to ambipolar diffusion, where space charge interacts with the 

species of opposite polarity [151, 152]. This is supported by a ~8% increase in plasma emission 

during streamer discharge (T1 and T2 quadrants) and an up to 5% increase in emission during 

glow discharge (T3 and T4 quadrants) when a positive DCA is applied. Since visible photon and 

plasma emissions primarily occur during ion/electron recombination and dissociation [124], the 

increase in emissions reflects more frequent electron-ion collisions and their interaction or over a 

greater distance. The collision frequency increase correlates to a decrease in the electron mean free 

path. The enhancement in mechanical performance due to the increased collision frequency is 

similarly supported by Sohbatzadeh et al. [69]. Complex multi-species numerical modeling is 

likely necessary to characterize the changes in charged species velocities.  

6.9 Chapter Summary 

In conclusion, this is the first report on the mechanisms of a DC-augmented DBD actuator. A 

slight increase in the thrust values for the moderate negative DCA is due to the field-augmented 

(positive) ion acceleration. A sufficiently strong E-field leads to the onset of the reverse flow at 

the DCA electrode, producing a deflected jet with wall-normal forcing. A positive DCA 

monotonically improves horizontal thrust by greater than two-fold over unbiased cases. A field-



91 

 

augmented acceleration with electron impact and oscillating residual charge interaction 

mechanisms are proposed.  

Future work should focus on understanding the spatiotemporal interaction of electrons 

interaction with neutral molecules in the context of momentum transport or explore the relative 

contribution of the two proposed mechanisms through time-resolved force and velocity 

measurements. Extra precautions are necessary to avoid EMI and adverse charging of particles if 

tracer particles are introduced into a DCA system. Spatio-temporal surface charge measurements 

can also be captured with high-speed CCD imaging and Pockel’s effect; however, a Bi12SiO20 

(BSO) crystal as the dielectric barrier is necessary. If future efforts do not want to use a BSO 

crystal to stay true to the traditional dielectrics, surface charge measurements at additional 

downstream positions may be able to elucidate the surface charge dynamics better. Time-resolved 

mass spectroscopy may also be able to help elucidate which ions specifically are accelerated or 

decelerated due to a DCA third electrode. 

Chapter 7. AC-Augmented DBD Plasma Actuators 

This section explores a three-electrode DBD with AC augmentation (ACA) and directly builds 

upon the previous section on DCA. In the DCA-DBD arrangement, the DBD electrode pair ionizes 

the gas, and the third electrode accelerates positive or negative species, promoting their interaction 

with neutral molecules. Negative DCA electrode bias led to modest improvements before the onset 

of sliding discharge and a counter jet at the DCA electrode, canceling the gains from positive ion 

acceleration. These opposing wall jets collide, creating a wall-normal thrust [109]. In contrast, in 

some cases, a positive DCA bias monotonically increased thrust by more than twofold. An 

oscillating residual charge interaction mechanism was identified to explain the increase in 

horizontal thrust, in which the acceleration of positive ions is augmented by the attraction from the 
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residual (negative) charge. While the results of the DCA-DBD are promising, their practical 

implementation requires AC and DC power supplies and is challenging for large-scale DBD 

arrays. Additionally, a primary motivation for understanding the influence of an ACA-DBD is its 

similarity to DBD arrays, which use multiple HV AC electrodes for numerous stages of DBD.  

The E-field augmentation by an AC electrode can be more robust as it can utilize both E-field 

magnitude and phase shift control. Previous research described DBD arrays implementing several 

AC electrodes in series [20]. DBD arrays increase the total thrust; however, the subsequential 

exposed electrode can produce a counter wall jet (sometimes called a cross-talk phenomenon), 

limiting the overall system's efficiency [115]. In one of the earliest attempts to minimize DBD 

cross-talk, Benard et al. [117] proposed an array of three-electrode DBD actuators with two 

embedded electrodes. Later works found that alternating AC and ground electrodes reduced the 

cross-talk and continuously accelerated EHD flow. Debien et al. [64] reported the EHD jet 

velocities up to ~ 10.5 m/s with a four-stage DBD array. Their wire-to-planar DBD had better 

results than the array reported by Benard et al.  [117]. Sato et al. [118] studied multi-stage DBD-

driven flow at low AC voltages. Their DBD configuration with alternative HV-ground electrodes 

was similar to Debien et al. [64]; however, the system used a nanosecond pulsed (NP) DC 

waveform.  

This section investigates AC-augmented (ACA) DBD actuators and outlines the optimization 

strategy for maximizing horizontal trust. We utilize time-resolved electrical and optical 

measurements to optimize DBD performance as a function of electrical parameters, such as AC 

voltage, phase shift, and spacing. Time-resolved electrical and plasma discharge characteristics 

relate to time-averaged thrust and wall jet measurements, providing insights into the complex 

dynamics of ACA-DBD systems [15].  
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7.1 Experimental Setup 

Overall, the ACA-DBD experimental study is similar to the DCA-DBD work outlined in 

Chapter 6. However, some experimental approaches differ from the DCA-DBD work because HV 

AC powers the third electrode. The experimental setup is shown in Figure 7.1.  

The three electrodes are identified as the DBD active electrode, the DBD embedded electrode, 

and the third or AC-augmented electrode. The discharge is generated with a high-voltage AC 

signal between the active and embedded electrodes. A 3.175 mm quartz plate separates the active 

and embedded electrodes. The active electrode (0.07 mm thick, 15 mm long, and 110 mm wide) 

is flush-mounting copper tape to the top of the dielectric surface. The embedded electrode 

(0.07 mm thick, 25 mm long, and 110 mm wide) is a copper tape flush mounted to the backside of 

the dielectric surface. The embedded electrode is encapsulated with a thick 1 mm Kapton layer 

(~7700 VPM @ 25°C) and silicone rubber tape (3.175 mm) to ensure no backside discharge. There 

is no overlap between the active and embedded electrodes. The ACA electrode is made of copper 

tape (0.07 mm thick, 15 mm long, and 110 mm wide) and is mounted downstream of the active 

electrode on the air-exposed side. For this study, the gap (L) was set at 10 mm and 25 mm. All 

tests were conducted in quiescent atmospheric air, T ~ 18-23 ºC, with relative humidity 

(RH) of ~30-50%. 
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Figure 7.1 The ACA-DBD Experimental setup. The active and third electrodes are flush-mounted onto quartz 

dielectric. The embedded electrode is mounted on the back side of the dielectric layer and encapsulated with 

polyimide and silicone rubber layers. The active and embedded electrodes are connected to a custom power supply, 

while a Trek 40/15 HV amplifier powers the third electrode. The current is measured with a Pearson 2877 probe and 

a Tektronix DPO 7254C oscilloscope 

The active and embedded electrodes are connected to the custom dual hot high-voltage power 

supply similar to that of Thomas et al. [99]. Briefly, the custom power supply comprises a Siglent 

SDG1032X signal generator, a Crown XLi 3500 power amplifier, and two custom high-voltage 

transformers (Corona Magnetics) rated up to 35 kV peak-to-peak voltage (Vpp) each. The 

secondary winding of each transformer are set out-of-phase from the other to reach up to 

Vpp = 70 kV between the electrodes. All tests in this study use a fixed 2 kHz sine wave with voltage 

across the active and embedded electrode between 25 to 40 kV peak-to-peak. The output voltage 

applied to the active electrode is monitored with a Tektronix P6015A high-voltage probe. The 

ACA electrode is connected to a Trek 40/15 high-voltage amplifier (0 to ± 40 kV peak voltage) 

and is excited with a 2 kHz AC sine wave with varying voltage and phase offset. The signal 

generator (Siglent SDG1032X) controls the input to the custom power supply and the Trek 

amplifier. The voltage to the ACA electrode is monitored directly from an output on the Trek 

amplifier. The voltage across the active and embedded electrodes will be referred to as VDBD, while 
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the augmenting voltage applied to the third electrode will be referred to as VACA. The third 

electrode phase shift (Φ) is set relative to the active air-exposed DBD electrode, see Figure 7.2.  

 

Figure 7.2. T1 - T4 quadrants of phase-resolved CCD imaging defined relative to VDBD. The VACA (blue) is phase-

shifted by Φ from VDBD (black). The T1 and T2 quadrants capture discharges on the voltage-rising cycle associated 

with streamer discharge, while the T3 and T4 quadrants capture discharges on the voltage-falling cycle associated 

with glow discharge. 

For this study, the ACA-DBD system is primarily characterized by its electrical discharge 

characteristics, power consumption, wall jet profiles, thrust characteristics, and time-integrated 

and time-resolved plasma characteristics. The total electrical power is computed identically to the 

DCA-DBD, using eq. (2), with the voltage and current measured with a Pearson 2877 probe on 

the DBD electrodes and third electrode and a Tektronix DPO 7254C oscilloscope with 500 MHz 

bandwidth on each channel. The capacitive current was similarly identified through FFT analysis 

to identify the frequencies up to ~ 5 times the voltage frequency and are close to that of the 

expected capacitive current.  

The mechanical performance is characterized almost identically to the DCA-DBD study. 

However, only horizontal thrust is measured since a counter-jet is not produced. The direct thrust 

is measured by vertically holding the plasma actuator system onto an analytical balance. In this 

T1 T2 T3 T4

Φ
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configuration, plasma-induced flow is directed away from the balance, and the balance measures 

the reactive downward thrust. An analytical balance (Ohaus SPX223) was used with a Faraday 

cage. To measure the time-averaged x-velocity profile, we used a custom-made glass pitot tube 

with a 0.6 mm ID and 0.8 mm OD, and the same equipment as the previous study. The expressions 

to derive the mass flow, momentum, mechanical power, and total efficiency of the DBD in 

quiescent conditions are outlined in Chapter 4. The mathematical expressions are found in 

Equation ((4) through Equation (7).   

Time-integrated and phase-resolved optical images were taken to visualize the physical 

plasma discharge. Time-integrated images were taken using a 24 MP Nikon D750 DSLR camera 

with a 200 mm macro lens (f/4.5). Each image is captured with a 20 ms exposure time, such as at 

𝑓𝐴𝐶  = 2kHz, corresponding to 40 voltage cycles. A high-speed monochromatic CCD camera 

(Vision Research Phantom V12.1) coupled to a 200 – 550 nm UV intensifier lens (Specialised 

Imaging SIL3) is used to resolve the plasma propagation for each voltage cycle. In atmospheric 

air DBD discharge, all (visible and UV) light emissions are in 300 - 450 nm range [123, 124]. For 

a 2 kHz frequency voltage cycle, the CCD and intensifier trigger is set to 8,000 Hz with a 120 μs 

CCD shutter and 105 μs intensifier shutter settings to divide the voltage cycle into four equal 

parts [64]. These quadrants denoted as T1 through T4, represent the two halves of the voltage-

rising cycle and two halves of the voltage-falling cycle (Figure 3.6). The CCD camera and 

intensifier are triggered by a function generator (Siglent SDG1032X) synchronized with the 

waveform generator of the custom power supply that controls the DBD actuator. For each test, the 

DBD is powered first, then the CCD camera and intensifier are triggered to capture images 

3 seconds after the maximum voltage amplitude point of the cycle.  
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7.2 Plasma Characteristics 

7.2.1 Time-Integrated Plasma Visualization 

This section presents the time-integrated plasma discharge visualization as a function of DBD 

voltage and phase shift in the ACA electrode Φ = 0 - 180° with the smaller gap length, L = 10 mm, 

to understand the plasma regimes and interaction between the electrodes. Figure 7.3 shows the 

plasma images at varying third electrode phase shifts with a fixed VACA = 30 kV and 40 kV. The 

DBD active electrode is located on the bottom side of each image, and the third electrode is located 

on the top side. A steady glow discharge that increases with voltage can be seen from the DBD 

active electrode edge over the embedded electrode, with the possibility of the early formation of 

filamentary streamers.  

For Φ = 0 - 60°, a streaming plasma discharge between the third and embedded electrodes is 

seen at the tested voltages. This reverse discharge from the ACA electrode shows strong 

filamentary streamers that extend to the area above the embedded electrode, in contrast to a more 

uniform glow discharge at the DBD active electrode. Interestingly, when the AC voltage is applied 

between the ACA and embedded electrode with the active electrode not energized, a typical DBD 

glow is seen at the ACA electrode edge without strong filamentary streamers (not shown). One 

possible explanation is the primary DBD produces a dominating space charge, leading to ACA 

electrode/space charge interaction rather than ACA / embedded electrode due to the air gap 

(L =10mm) between the two. The gap allows for the formation of persistent streamers, which are 

stronger at the higher DBD voltage condition Figure 7.3(b), as more ions are generated.  

Approaching Φ = 180°, at higher VDBD potentials (VDBD > 30 kV) or at higher VACA, the 

primary plasma discharge is extended, Figure 7.3(c), which is similar to the “sliding” discharge 

when strong negative DC bias is applied to a third electrode [14, 153]. In sliding DBD, the third 

electrode introduces a counter-forcing discharge that results in a deflected DBD jet. To the authors’ 
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knowledge, this is the first report of sliding DBD with a downstream AC bias. Mechanical behavior 

similar to other sliding DBD studies is observed in the thrust (Figure 7.9) and velocity 

measurements (Figure 7.12), which can be used to optimize the spacing of downstream electrodes 

before diminishing or interfering effects occur. 

In the larger gap experiments (L = 25 mm), no sliding discharge was observed at the tested 

range of VACA, VDBD, or Φ. At Φ = 0°, few reverse streamer discharges were observed at higher 

potentials, similar to Figure 7.3; however, the overall discharge was more homogenous. This is 

mainly due to a weaker electric field and reduced space charge density between the electrodes. 
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Figure 7.3. Time-integrated plasma emissions at varying ACA phase shift Φ, at VDBD = 30 kV (a), 35 kV (b), and 

40 kV (c). The third electrode gap is 10 mm, and VACA = 28 kV. The active DBD electrode is located at the bottom of 

each image; the primary EHD flow is directed upwards. The third electrode is located on the top of each image; the 

third electrode discharge is directed downwards. 
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7.2.2 Phase-Resolved Plasma Characteristics 

Building upon the time-integrated plasma visualizations, we capture phase-resolved plasma 

images to study the effect of the ACA on the plasma behavior. The baseline DBD case without 

ACA electrode at VDBD = 40 kV, L = 10 mm is presented in Figure 7.4(a). The image orientation 

in Figure 7.4 is identical to Figure 7.3, with the DBD electrode pair located at the bottom of each 

image. In the baseline case, the third electrode has a floating potential, and the actuator acts as a 

standard two-electrode DBD, allowing for a side-by-side comparison with ACA cases. 

Without an excited third electrode, the plasma luminosity and length for all phases of the cycle 

increase with voltage magnitude. In voltage-rising quadrants (T1 and T2), the generation and 

growth of streamers are observed, while the generation and development of a more homogenous 

glow discharge are seen during the voltage-falling quadrants (T3 and T4). The ends of each half 

cycle (T2 and T4) show higher luminosity and larger volume associated with the frequency and 

intensity of discharges, shown in Figure 7.5. Phase-resolved images of plate-to-plate DBD at 1 

kHz in Debien et al. [64] agree well with the presented results and show that streamers in the 

positive-going half-cycle propagate further than the glow discharge of the negative-going half-

cycle.  
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Figure 7.4. Phase-resolved plasma extension with a L = 10 mm gap at VDBD = 40 kV without a VACA (a), with 

VACA = 28 kV / Φ = 0° (b), and VACA = 28 kV / Φ = 180° (c).  

Adding ACA voltage leads to the strong interaction of the primary DBD plasma, dependent 

on the electric field strength and phase shift. The phase-resolved images for L = 10 mm gap, 

Φ = 0° and Φ = 180°, VDBD = 40 kV with VACA = 28 kV are shown in Figure 7.4; these correspond 

to the time-averaged images in Figure 7.3. The reverse discharge on the ACA electrode for Φ = 0°, 

Figure 7.4(b), shows two opposing DBD discharges and the formation of persistent streamers 

present over several hundred cycles before moving along the electrode edge. Prior reports suggest 

that the residual surface charges can cause the onset of strong filamentary discharge [136]. Here, 

the discharge on the ACA electrode is similar to the primary electrode pair, e.g., in the T2 phase, 

several filamentary streamers extend to the embedded electrode, and a glow discharge is seen 

during the T3 and T4.  

T1 T2 T3 T4

(a)

(b)

(c)
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The out-of-phase ACA (Φ = 180°) case has the most noticeable difference during the T2 

phase. Figure 7.4(c) shows that for VACA = 28 kV, the plasma extends to the third electrode, which 

is confirmed by negative discharge voltage on the ACA electrode, Figure 7.5. A drop in the 

momentum injection is observed during sliding discharge (see Figure 7.9). Note that the sliding 

occurs during the T2 part of the cycle with a near out-of-phase shift between the exposed electrodes 

(Φ ~ 180°). This condition corresponds to (i) a high primary discharge current, i.e., a high 

concentration of positive ions, and (ii) a high electric potential that drives the ions to the negatively 

charged ACA electrode. In the DBD-ACA system, the sliding discharge does not occur with 

negative species (T3 and T4) or when exposed electrodes are close to being in phase (Φ ~ 0°). 

7.3 Electrical Characteristics 

Here, we present time-resolved electrical and discharge characterization as a function of DBD 

voltage and the ACA phase shift Φ = 0° and 180°. Figure 7.5 shows a set of voltage and current 

graphs on the active DBD and ACA electrodes. The results for VDBD = 40 kV and VACA = 32 kV 

are representative of the plasma emissions discussed above. Cases with L = 10 mm gap have a 

stronger electrical field than L = 25 mm. They examine the interaction between the charged 

species generated in the primary DBD plasma and E-filed modulated by the ACA electrode. 
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Figure 7.5. Instantaneous voltage and current of the primary DBD with gap distance L = 10 mm; smooth magenta 

line - primary DBD voltage, VDBD = 40 kV; Smooth green line - ACA voltage, VACA = 32 kV. The thin purple line is 

the current on the primary, and the thin green line is the current through the ACA electrode. The dashed lines are 

provided for reference of the phase shift. (a, b) Φ = 0°; (c, d) Φ = 180°.  

In the positive-going cycle, streamer discharges on the primary DBD are indicated by positive 

discharge current spikes that can reach ~ 200 mA, Figure 7.5(a, c). In the negative-going cycle, 

lower amplitude yet consistent, negative discharge current peaks reflect the glow discharge 

associated with the production of the negative species near the exposed electrode [20]. With the 

close position to the embedded electrode, the third electrode at Φ = 0° shows a significant positive 

discharge current at the same time as the primary DBD, Figure 5 (a, b), the opposing plasma 

discharges lead to saturation of the space between the exposed electrodes and persistent streamer 

formation (Figure 7.4, b). In contrast, Figure 7.5(c, d) shows the out-of-phase (Φ = 180°) case with 

a negative discharge current on the ACA electrode, which can be explained by emissions of 

(a) (b) Φ = 0°

(c) (d) Φ = 180°
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electrons from the third electrode to the positive space charge. With sufficient E-field strength, the 

plasma extension to the ACA electrode leads to sliding discharge, see Figure 7.2, and the T2 phase 

in Figure 7.4(c). The negative discharge on a third electrode during the sliding discharge was 

previously observed with a downstream high-voltage DC electrode [14, 153].  

The effect of Φ on the positive and negative discharge current from the third electrode at 

L = 10 mm with VDBD = 25 kV and 40 kV is shown in Figure 7.7. The positive discharge current 

(Idis
+) and negative discharge current (Idis

‒) are plotted as a function of Φ. This maximum Idis
+ 

reflects the reverse DBD associated with the saturated streamers observed in Figure 7.3. In the 

stronger VDBD = 40 kV case (Figure 7.7,b), the ACA electrode experiences a reverse discharge at 

Φ = 0° with a maximum Idis
+ = 10.5 mA/m and Idis

‒ = 3.0 mA/m. As Φ is increased, the reverse 

streamer discharge decreases. The onset of sliding discharge at Φ = 150° and Φ = 180° is reflected 

by an increase in Idis
‒. For low cases VDBD = 25 kV (Figure 7.7, a), the ACA electrode does not 

induce sliding discharge; thus, the ACA electrode does not spike even at Φ = 180°. For these 

conditions, the ACA electrode does not contribute significant discharges to the system or modify 

the primary discharge; its primary contribution is augmenting the space charge produced by the 

primary DBD. In the stronger E-field scenario (L = 10 mm, VDBD = 40 kV), the third electrode 

produces significant discharge currents: positive in the opposing DBD discharge Φ = 0° (discharge 

power, PDBD = 193.9 W/m) and negative during the sliding discharge Φ = 180° 

(PACA = 48.7 W/m). Note that the thrust values are lower in these conditions than during the 

optimal DBD-ACA operation, see Figure 7.9. 
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Figure 7.6. Third electrode positive and negative discharge current at varying phase shift and VACA with L = 10 mm 

spacing (a) VDBD = 25 kV and (b) VDBD = 40 kV. The positive and negative discharge current is determined similarly 

to previous works [12]. The standard deviation is determined across at least 10 voltage cycles. Two standard deviation 

error bars are plotted.  

The optimization and generalization of the DBD-ACA actuator performance can be achieved 

through the adjustment of E-field, primary and ACA voltage amplitude and waveform, phase shift, 

or electrode spacing. In the experiments at larger gap spacing, the electrical characteristics of the 

primary DBD are mainly independent of the potential and phase shift of the ACA electrode. At 

VDBD = 40 kV with a varying VACA potential and Φ, the total primary discharge current does not 

change significantly from its baseline of 11 mA/m. The electrical power usage of the DBD at 

VDBD = 40 kV across the range of Φ approximately remained constant at approximately 129 W/m.  

Figure 7.7 shows the voltage and current graphs of the active DBD and ACA electrodes with 

a spacing of 25 mm with VDBD = 25 kV and 40 kV, similar to Figure 7.5. With the same VACA 

amplitudes, the E-field between the electrodes is weaker, leading to significantly lower discharge 

currents compared to L = 10 mm. For Φ = 0°, the electrical characteristics of a reverse DBD are 

not observed, and for Φ = 180° there is no significant sliding discharge current.  
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Figure 7.7. Instantaneous voltage and current of the primary DBD with gap distance L = 25 mm; magenta line = 

primary DBD voltage, VDBD = 40 kV; green line = ACA voltage, VACA = 32 kV. The thin purple line is the current 

on the primary, and the thin green line is the current through the ACA electrode. The dashed line is provided for 

reference of the phase shift. (a, b) Φ = 0°; (c, d) Φ = 180°.  

Integration of the discharge currents is shown in Figure 7.8. The effect of Φ on the positive 

and negative discharge current from the third electrode, VACA, at L = 25 mm with VDBD = 25 kV 

and 40 kV. With no reverse nor sliding discharge at L = 25 mm, significantly lower positive and 

negative discharge current is seen on the ACA third electrode. At the extended spacing, the third 

electrode discharge characteristics become primarily independent of the phase difference from the 

DBD; however, the discharge current is still dependent on VACA potential. The third electrode 

mainly interacts with the unsteady plasma dynamics and the space charge, accelerating generated 

ions downstream from the DBD. The discharge current and total power usage for the primary DBD 

(a) (b) Φ = 0°

(c) (d) Φ = 180°
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electrode for all Φ and VACA conditions for L = 25 mm is similar to the baseline DBD for the 

L = 10 mm and L = 25 mm cases.  

 

Figure 7.8. Third electrode positive and negative discharge current at varying phase shift and VACA with L = 25 mm 

spacing at VDBD = 25 kV (a) and VDBD = 40 kV (b). The standard deviation is determined across at least 10 voltage 

cycles. Two standard deviation error bars are plotted. 

With the weaker E-field, the power through the third electrode is significantly lower compared 

to the L = 10 mm case. In this configuration (L = 25mm), the third electrode power use is at a 

maximum of 36.3 W/m when Φ = 60° and at a minimum of 21.9 W/m when Φ = 180° at 

VACA = 32 kV. A summary of the power usage of the DBD and ACA electrodes is presented below 

in Table 7.1. The power usage is computed identically to the previous and is averaged across at 

least 10 independent voltage cycles. 
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Table 7.1. DBD and ACA electrode power usage at L = 10 mm and L = 25 mm. 

VDBD (kV) VACA (kV) L (mm) Φ (°) PDBD (W/m) PACA (W/m) 

40 32 10 0 128.9 193.9 

40 32 10 180 122.8 48.7 

40 20 10 0 121.8 63.6 

40 20 10 180 115.7 15.3 

40 32 25 0 121.3 28.7 

40 32 25 180 129.7 21.9 

40 20 25 0 131.4 4.0 

40 20 25 180 128.5 3.4 

 

7.4 Mechanical Characteristics 

7.4.1 Thrust Characteristics 

Figure 7.9 below shows the time-averaged thrust of the DBD-ACA actuator at L = 10 mm, 

f = 2 kHz, VDBD = 25 kV - 40 kV range, and VACA = 20 kV - 32 kV with a varying phase shift. The 

typical standard deviation per point is <1 mN/m over the sampling period. The horizontal forcing 

is seen to generally increase from its baseline performance to a maximum at Φ = 180° and decrease 

to a minimum at Φ = 0°. In all cases, the two air-exposed electrodes operated in phase with 

produced lower horizontal thrust decreased due to a counter-forcing reverse DBD from the third 

electrode (Figure 7.3). The most significant increase from 31.8 mN/m (baseline) to 41.8 mN/m at 

Φ = 180° (31%) is observed at VDBD = 35 kV, VACA = 24 kV (Figure 7.9.c). The highest total thrust 

of 54.5 mN/m was at VDBD = 40 kV, VACA = 24 kV (Figure 7.9.d) at Φ = 150°. At lower VDBD, 

such as VDBD = 30 kV, an out-of-phase case (Φ = 180°), the thrust increased by ~ 38%. Since the 

primary DBD discharge was not significantly different between the baseline and the ACA cases, 

the results support that the third electrode acts to accelerate the ions generated at the primary DBD 

electrode, significantly increasing horizontal thrust.  



109 

 

The results suggest that ACA enhances the push-push DBD plasma/ flow interaction 

mechanism [66]. The out-of-phase third electrode enhances both the positive ion momentum 

transfer in the DBD positive-going cycle and the negative electron momentum transfer in the DBD 

negative-going cycle. This can be further supported by temporal surface charge measurements by 

Enloe et al., which found that a negative surface potential in the negative-going cycle and positive 

surface potential in the positive-going cycle is dominated by physically charged ions on the 

dielectric surface [140]. This work does not evaluate the relative contribution of the positive or 

negative species to trust.  

 

Figure 7.9. Horizontal Thrust at VACA = 20 – 32 kV at 2 kHz with varying Φ with VDBD = 25 kV (a), 30 kV (b), 

35 kV (c), and 40 kV (d) at 2 kHz. The distance from the embedded electrode to the third electrode is L = 10 mm. 

The DBD baseline thrust without a third electrode is a dashed line. 

At the highest E-filed values, VDBD = 35 kV and 40 kV, VACA >24 kV, the trust values dip 

below baseline at Φ = 150 - 240°. The decrease in horizontal forcing corresponds to sliding 

(a) (b)

(d)(c)
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discharge cases exhibiting electrical characteristics similar to the DC-augmented sliding 

discharge [14]. In these cases, while the high electric field accelerates the positive ions generated 

at the DBD, negative electrical discharges from the third electrode to the space charge exert a 

backward force, diminishing the overall horizontal thrust. This observation is supported by 

discharge current measurements on the third electrode (Figure 7.6) and the time optical images of 

sliding discharge (Figure 7.3).  

 
Figure 7.10. Thrust at VACA = 20 – 32 kV at 2 kHz with varying phase shift. VDBD = 25 kV (a), 30 kV (b), 35 kV (c), 

and 40 kV (d). The third electrode gap L = 25 mm. The DBD baseline thrust without a third electrode is a dashed 

line. 

Figure 7.10 shows the trust with the third electrode gap L = 25 mm. In all cases, the maximum 

thrust is Φ = 180 - 210°, and the lowest thrust is at Φ = 0°. The maximum forcing with a single 

third electrode was seen when the DBD was operated at its maximum tested potential, VDBD = 

(a) (b)

(d)(c)
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40 kV. In this case, the total thrust increased from 46 mN/m to 54 mN/m, an 18% increase. When 

Φ = 0°, the DBD thrust decreased from 46 mN/m to 36 mN/m, a 20% decrease. With a spacing of 

25 mm between the embedded electrode and the third electrode, no sliding discharge was seen in 

all cases, supporting that sliding discharges decrease in thrust at the highest potentials in the 

L = 10 mm case (Figure 7.9). Compared to the previous L = 10 mm case, the L = 25 mm condition 

experienced a slightly smaller thrust enhancement for the same VDBD due to the weaker electric 

field; however, the weaker electric field allowed for a higher VDBD before streamers or sliding 

discharge. When Φ = 180° with VDBD = 40 kV with VACA = 32 kV, the L = 25 mm spacing allows 

for 53.6 mN/m compared to the 37.3 mN/m when L = 10 mm. A summary of the improvements 

in thrust along with the baseline thrust is displayed below in Table 7.2 for the VDBD = 40 kV 

condition at L = 10 mm and L = 25 mm. 

Table 7.2. Total thrust at VDBD = 40 kV at L = 10 mm and L = 25 mm. 

VDBD (kV) VACA (kV) L (mm) Φ (°) Thrust (mN/m) 

40 – - – 45.5 

40 24 10 150 54.5 

40 28 10 180 39.1 

40 32 10 180 37.3 

40 24 25 180 50.5 

40 28 25 180 51.8 

40 32 25 180 53.6 

 

On the mechanism of plasma flow interaction in an AC-augmented system: As demonstrated 

by optical and electric measurements, primary DBD discharge characteristics do not significantly 

change between the baseline and the ACA cases; thus, change in horizontal thrust is the result of 

the temporal manipulation of the species generated in the primary DBD by the ACA modulated E-

field. Mechanistically, while the ACA may enhance the push-push DBD plasma/ flow interaction 

in the primary DBD, performance improvements are primarily enabled by the third electrode's 
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charge pull action. The out-of-phase third electrode enhances the positive ion momentum transfer 

in the DBD positive-going cycle and the electron momentum or charge transfer in the DBD 

negative-going cycle. Prior work on temporal surface charge measurements comments that a 

negative surface potential in the negative-going cycle and positive surface potential in the positive-

going cycle is dominated by physically charged ions on the dielectric surface [140]. Our recent 

work on the DCA-DBD also suggests that (i) the complex interaction of negatively charged species 

with neutral molecules and (ii) the oscillating behavior of residual surface and space are likely to 

play a role in the AC-augmented plasmas [14]. This work did not directly evaluate the relative 

contribution of the positive or negative species to thrust. 

 

7.4.2 Wall jet Characteristics 

The EHD jet characterization allows us to confirm the thrust measurements and shed insight 

into momentum generation in the DBD-ACA system. The conditions with the most significant 

thrust measurement change are with the out-of-phase and in-phase ACA electrodes. Thus, we 

compare the X - velocity profiles for these two cases and the baseline. For L = 10 mm, the third 

electrode is 35 mm downstream of the active electrode; three positional measurements were taken 

at X = 15 mm, 25 mm, and 40 mm. These positions allow velocity characterization immediately 

after the DBD plasma region, X ~ 15 -20 mm, and in front of and after the third electrode. For 

L = 25 mm, the third electrode is 50 mm downstream of the active electrode; thus, the velocity 

profiles are taken at X = 15 mm, 25 mm, 40 mm, and 55 mm. The X-velocity profiles were also 

taken at Y = 1.0 mm, 2.0 mm, and 3.0 mm. Two standard deviation error bars are included with 

each data point. 
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Figure 7.11 shows the baseline DBD and the DBD-ACA with in-phase and out-of-phase 

spacing at an L = 25 mm. Figure 7.11(a) and Figure 7.11(b) show the baseline (2-electrode DBD) 

with a typical DBD wall jet: Vmax = 5.68 m/s at X = 15 mm at the near-wall height of Y = 0.5 mm. 

Higher velocities can occur closer to or inside the plasma region; however, this region was not 

probed to prevent dielectric charging of the pitot tube. Viscous effects and surface /space charge 

interaction lead to momentum displacement downstream; this observation agrees with several 

previously published results in a quiescent environment [20]. The directly measured thrust 

(45.5 mN/m) closely agrees with the velocity-derived thrust of 48.6 mN/m using equation (17). 

The momentum at the furthest measured distance of 55 mm shows < 10% loss due to viscous 

dissipation. Figure 7.11(a) and Figure 7.11(b) show the velocities for cases with activated ACA 

electrodes; the DBD profiles show slightly diminished EHD forcing Φ = 0° or enhanced Φ = 180°. 

Using the control, the velocity-derived thrust of the DBD with an in-phase third electrode is 

39.8 mN/m, which agrees directly with the measured thrust of 36.4 mN/m (9%). Out-of-phase 

ACA velocity derived-trust of 52.3 mN/m agrees with the directly measured thrust of 53.1 mN/m.  

 

 

(a) (b)
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Figure 7.11. X-velocity profiles: VDBD = 40 kV, L = 25 mm; VACA = 0 kV, (a) and (b). VACA = 32 kV Φ = 0° (c) and 

Φ = 180° (d). The profiles are compared at X = 15 mm and X = 55 mm (e), y = 1 mm and y = 2 mm (f). 

Figure 7.11(e) and Figure 7.11(f) compare the baseline profiles with the activated ACA. The 

out-of-phase cases show a stronger jet near the wall. At Y = 2.0 mm, the DBD jet, in all cases, 

shows nearly identical velocities. Notably, the three conditions show no sign of any additional or 

reverse forcing at the third electrode since the three conditions show similar profile changes, 

especially immediately before and after the third electrode. Thus, the modified DBD forcing 

regions appear to be near the primary DBD electrode. For stronger E-filed L = 10 mm case, the 

effect of ACA shows the diminishing impact on the velocity profiles for Φ = 0° (opposing jet) and 

Φ = 180° (sliding discharge); see Figure 7.12. 

(c) (d)

(e)

(f)
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Figure 7.12. X-velocity profiles at VDBD = 40 kV in-phase with VThird = 20 kV (a) and VDBD = 40 kV out-of-

phase with VThird = 28 kV (b) with a L = 10 mm third electrode gap. 

When measuring profiles with Φ = 0° and a L = 10 mm gap, a VACA = 20 kV potential was 

used because higher potentials caused significantly more unsteadiness and nonuniformity, 

highlighting that the velocity field likely is no longer two-dimensional due to the strong reverse 

streamers, as shown in Figure 7.3. The directly measured thrusts of the two conditions are shown 

in Figure 7.12 and Figure 7.9. Figure 7.12 (a),  Φ = 0°, shows the reverse flow at X = 40 mm; 

however, the profile at X = 15 is similar to the baseline profile. Momentum analysis of the 

Φ = 180° case (Figure 7.12.b) shows lower forcing due to sliding discharge likely originating at 

the third electrode. In this case, the integrated momentum at x = 15 mm and  25 mm is 58.1 mN/m 

and 53.4 mN/m, respectively. However, the momentum at X = 40 mm is 31.2 mN/m. Since X = 

40 mm is located directly after the edge of the third electrode, the drop in momentum is likely from 

reverse forcing due to ACA discharge in the sliding DBD. This is supported by the measured 

negative discharge shown in Figure 7.5 and corresponds to the phase-resolved positive sliding 

discharge shown in Figure 7.4(c). Due to the higher momentum at the X = 15 mm position, the 

authors believe the out-of-phase ACA accelerates the positive ions from the primary DBD, as in 

the L = 25 mm case; however, this gain is lost by the reverse forcing from the sliding discharge. 

The L = 10 mm case highlights a possible spacing limit in multi-electrode systems for horizontal 

(a) (b)
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thrust as strong reverse discharge or sliding discharges may cause reverse forcing, leading to less 

efficient operation. 

Based on equation (6), the mechanical power was calculated for VDBD = 40 kV / 

VACA = 32 kV at Φ = 180° and L = 25 mm. The DBD actuator's power usage increased from the 

baseline of 0.133 W/m to 0.147 W/m with the out-of-phase third electrode. The efficiency of 

ACA-DBD is almost identical to that of the two-electrode DBD. The overall efficiency at the 

highest power condition is ~0.1 %, twice as high as reported in the literature (~ 0.05%) for 

dielectric of similar thickness [64]. Since the increase in momentum injection plateaus near 

VACA = 32 kV, weaker electrical cases may have greater efficiency. A summary of the 

electromechanical characteristics is shown inTable 7.3. 

Table 7.3. Velocity-derived momentum, power, and efficiency of the three-electrode DBD system compared to 

the baseline two-electrode DBD. The momentum can be compared to the directly measured thrust. 

VDBD 

(kV) 

VACA 

(kV) 
L (mm) Φ (°) 

Thrust 

(mN/m) 

Momentum 

(mN/m) 

Pmech 

(W/m) 

Pelec, total 

(W/m) 
𝜂 (%) 

40 – – – 45.5 48.6 0.133 131.7 0.100 

40 28 10 180 39.1 43.7 0.104 162.8 0.064 

40 32 25 180 53.6 52.3 0.147 151.6 0.097 

 

7.5 Chapter Summary 

This section outlines the first research exploring the electromechanical characteristics of a 

DBD actuator enhanced with a third AC-powered electrode. The three-electrode DBD actuator is 

characterized using time-integrated and time-resolved plasma visualizations, time-resolved current 

analysis, thrust measurements, and velocity profiles. The experimental results and the analysis 

provide insights into the DBD-ACA operation and can be used to optimize high-power density 

non-thermal plasma devices. The key conclusions include: 
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• The performance of an AC-augmented DBD actuator depends on the phase shift in voltage 

waveform between the primary DBD and the third electrode, the voltage amplitude, and 

the spacing between the DBD and the third electrode.  

• Directly measured thrust measurements, velocity profiles, and electrical current 

measurements support that an out-of-phase ACA enhances the primary DBD body forcing. 

The highest measured thrust with the out-of-phase ACA was 53.6 mN/m with a DBD jet 

Vmax = 5.89 m/s. The electromechanical efficiency for this condition was ~0.10%. 

• In-phase ACA (Φ = 0°) sets up a strong E-field to the embedded electrode and can cause 

the formation of reverse flow. The out-of-phase ACA (Φ = 180°) promotes the acceleration 

of both the positive and negative species generated by primary DBD, enhancing 

momentum transfer to the neutral molecules.  

• For Φ = 180°and with a sufficiently strong E-field, a sliding discharge occurs during the 

positive-going voltage cycle by inducing a negative discharge from the third electrode to 

the space charge. This previously was only seen in DC-augmented DBD systems. The onset 

of sliding discharge is likely to be a critical spacing limiting factor in DBD arrays, limiting 

horizontal thrust and efficiency.  

Mechanistically, while the ACA may enhance the push-push DBD plasma/ flow interaction 

mechanism of the primary DBD, the improvements in thrust are primarily due to the additional 

charge pull by the third electrode. While this work does not directly evaluate the relative 

contribution of the positive or negative species, future research should probe (i) the complex 

interaction of charged species with neutral molecules and (ii) the oscillating behavior of residual 

surface and space in the AC-augmented plasmas. These investigations should include time-
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resolved velocity and surface charge measurements. The findings of this work can be used as 

validation data for numerical model developments and optimization of DBD arrays.  

Future fundamental investigations into a mechanistic understanding of DBD discharge should 

include time-resolved velocity and surface charge measurements. Similar to the possible 

improvement of the DCA-DBD, time-resolved measurements of surface charge dynamics can be 

achieved with Pockel’s effect or individual surface charge probes. The time-resolved momentum 

transfer dynamics or unsteady fluid analysis can be resolved through hot wire anemometry, PIV, 

or LDA. For a hot-wire to work in a DBD system, the hot-wire must float (non-grounded). Duong 

[34] constructed a custom floating Wheatstone bridge circuit to characterize a DBD with a hot-

wire X-probe probe. The findings for this work can be used as validation data for numerical model 

developments and optimization of DBD arrays.  

Chapter 8. DBD Plasma Actuator Arrays 

This section explores a multi-electrode DBD actuator (or DBD array). There currently is little 

work on the capabilities or limits of multi-DBD actuators, and the effects of identified key 

parameters have not been well-studied. Based on the results of the ACA-DBD, sinusoidal DBDs 

can strongly accelerate a previous DBD when given an appropriate minimum spacing, and a multi-

DBD with robust scalability is explored.  

Early efforts tested DBD arrays constructed of DBD actuators in series to demonstrate an 

increase in the total thrust. However, a counter-wind (sometimes called a cross-talk phenomenon) 

is produced on the back side of a downstream active electrode when the electrodes are spaced 

closely, thus creating a small backward-facing discharge and limiting the overall system's 

efficiency [99, 115]. These works, including Forte et al. [115], Thomas et al. [99], and Berendt et 

al. [116] have tested DBD arrays with different electrode geometries, waveforms, and spacings. 
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Due to cross-talk at high voltages, it was previously stated that DBD array thrust does not increase 

linearly with the number of actuator stages [99]. Subsequential DBD array investigations have 

attempted to reduce the effect of cross-talk in DBD arrays by modifying the DBD actuator 

geometry. Benard et al [117] proposed a DBD array comprised of a three-electrode DBD actuator 

with two dielectric layers and two embedded electrodes per actuator stage. In this study, the 

modified geometry reduced backward flow due to cross-talk by up to 65%; however, some cross-

talk persists and the additional embedded electrode significantly increases manufacturing 

complexity while requiring higher than typical voltages. 

More recent optimizing work has expanded on DBD systems with multiple DBDs in series 

with varying geometric and electrical conditions. With the goal of a continuously accelerated EHD 

force, some works demonstrated that DBD arrays with alternating air-exposed HV electrodes and 

grounded electrodes experienced minimal cross-talk. This was first presented by Debien et al. 

when it was shown that the EHD jet was accelerated up to ~10.5 ms-1 with a four-actuator DBD 

system [64]. This approach used wire-to-planar electrodes and is simpler with better results than 

the multi-electrode system proposed by Benard et al [117]. Recent promising results of 

successively accelerated DBD actuation were presented in Sato et al. [118], demonstrating linearly 

scaling DBD array thrust for the first time using custom power electronics. This study uses a DBD 

configuration similar to Debien et al [26]. However, the electrodes were planar-to-planar, and the 

HV waveform was a nanosecond pulsed DC voltage. Sato et al. [118] also suggested introducing 

a resistor to the downstream air-exposed electrode to limit and prevent arc discharge from each 

downstream electrode. While these studies offer promising approaches to continuously accelerate 

an EHD jet and maximum thrust, most of the presented results are limited to low-power operations 

and include solely the velocity or thrust measurements in small parameters. There is a lack of 
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understanding of the influence of various key DBD actuator parameters and their resulting 

electromechanical characteristics in these multi-electrode systems. It is of great interest to the 

active flow control community to understand the mechanisms of multi-DBD systems with more 

conventional electrical parameters (i.e. sinusoidal waveform) and their mechanical limits. 

This presented study explores the electrical, mechanical, and plasma characteristics of a DBD 

array with alternating high-voltage electrodes to create a continuously accelerated DBD array. This 

work is the first to probe the mechanical limits and effects of key variables such as number of 

DBD stages, spacing, and resistors in DBD arrays with alternating electrodes. The characterization 

focuses on plasma emissions, direct thrust, wall jet characteristics, and electrical power usage. The 

thrust measurements provide a strong gauge of the mechanical performance of the DBD system 

while wall jet measurements allow for analysis of momentum transfer and mechanisms of the 

successively accelerated EHD jet. The total electric-to-kinetic energy transfer efficiency amongst 

the whole system is evaluated for the various electrical and  

8.1 Experimental Setup 

In this study, the DBD array is tested in two different geometric configurations: (1) a simple 

alternating electrode DBD array similar to that in Debien et al. [64] and (2) a “resistive” alternating 

DBD array with an additional electrode connected by a 1 MΩ resistor before each active electrode 

similar to that in Sato et al. [118]. Figure 8.1 illustrates the two different DBD array 

configurations. A resistive array (with segmented exposed electrodes) limits arcing and 

filamentary streamers. Since the DBD stages have staggered phases, embedded electrodes 

experience the same voltage as the following active electrode, preventing reverse discharge. For 

this manuscript, the alternating electrode DBD array and resistive alternating DBD array will be 

referred to as the DBD array and the RDBD array. The electromechanical characteristics of the 
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RDBD array were experimentally found to be nearly identical when the varying resistor from 

500 kΩ and 10 MΩ. The DBD array is tested with a spacing between each stage 

L = 20 mm (DBDL=20), and the RDBD is tested with spacing between each stage L = 20 mm 

(RDBDL=20) and 10 mm (RDBDL=10). The DBD array with L = 10 mm (DBDL=10) was not 

characterized due to strong filamentary streamers. However, the plasma emission of the DBDL=10 

is discussed. Each configuration is tested with four DBD stages. Since there are several air-exposed 

and embedded electrodes, an active electrode will be referred to as any air-exposed electrode.  

 

 
Figure 8.1. The experimental schematic of the alternating electrode DBD array (top) and “resistive” alternating 

electrode DBD array (bottom) with N = 4 stages. LA represents the length of an air-exposed electrode, LE represents 

the length of an embedded electrode, and L represents the spacing between each DBD actuator stage from the 

embedded electrode to the following air-exposed electrode. LA and LE are fixed at LA = 10 mm and LE = 20 mm. 

L varies from 10 mm to 20 mm depending on geometry. The electrodes are powered by a custom power supply with 

two out-of-phase high-voltage outputs similar to Thomas et al. [99]. The electrodes connected to the first air-

exposed electrode (blue) are connected to one of the high-voltage outputs. In contrast, the alternating electrodes 

attached to the first embedded electrode (red) are connected to the second high-voltage output. In the resistive DBD 

array configuration, an additional electrode is placed before each air-exposed electrode and is connected by a 1MΩ 

resistor. 

The dielectric barrier discharge is generated with a high-voltage AC between the active 

electrodes and the embedded electrodes. The active electrodes and the embedded electrodes are 

separated with a 3.175 mm quartz dielectric plate. The active electrodes (0.07 mm thick, 10 mm 
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long, and 80 mm wide) are constructed of conductive copper tape and are flush-mounted directly 

to the top of the dielectric surface. The embedded electrodes (0.07 mm thick, 20 mm long, and 

80 mm wide) are also constructed of conductive copper tape and are flush-mounted directly to the 

backside of the dielectric surface. The embedded electrode is encapsulated with a thick 2.5 mm 

layer of polyimide/Kapton layer (~7700 VPM @ 25°C) to ensure that there is no back-side 

discharge. There is no overlap between the active and embedded electrodes. All tests are conducted 

in quiescent atmospheric pressure air at ~20°C and between 40% and 60% relative humidity.  

The active electrode and embedded electrode are connected to the custom dual-hot high-

voltage power supply similar to that of Duong et al. [34] and Thomas et al. [99]. The custom power 

supply is comprised of a signal generator (Siglent 1032X), a power amplifier (Crown XLi 3500), 

and two custom high-voltage transformers (Corona Magnetics). All tests in this study use a fixed 

frequency (f) 2 kHz sine wave with voltage across the active and embedded electrode up to 

Vpp = 45 kV. Previous studies have shown that a sine waveform was the most efficient waveform 

for DBD actuation and the optimal frequency for DBD is approximately between 1.5 kHz and 

4 kHz [12, 20, 154]. The output voltage applied to the active and embedded electrodes is monitored 

with a Tektronix P6015A high-voltage probe.  

The DBD arrays are mechanically characterized by their direct horizontal thrust and time-

averaged wall jets using the techniques outlined in Chapter 3. The thrust measurements are a 

standard gauge for the mechanical performance of DBD systems, while wall jet measurements 

allow for fluid analysis of the successively accelerated EHD jet. Similar to the previous sections, 

the direct thrust is measured by holding the actuator system vertically onto a sensitive and shielded 

force balance [99]. In this configuration, wall-parallel plasma-induced flow is directed away from 

the balance, and the reactive downward thrust is measured directly by the balance. For this study, 
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the direct forces were measured with an Ohaus SPX622 analytical balance. To prevent 

electromagnetic interference (EMI) or electrostatic forcing to the scale, a metal shield / Faraday 

cage was placed around the scale, and the stand holding the plate rested on a non-conductive four-

column stand that transferred the forcing from the plasma actuator assembly to the balance. 

Extremely thin conductive DBS (Drawn Brazed Strand) wire was used for all wire connections to 

the electrodes to ensure no tension or influence on the thrust measurements. All thrust data points 

were taken after the DBD thrust reached a steady state (typically < 2 seconds). Thrust readings 

were transferred from the scale to a computer through an electrically isolated USB cable and were 

averaged over three testing intervals of 10 seconds.  

To measure and characterize the flow field, we employ a custom-made glass pitot tube with a 

0.4 mm inner diameter and 0.8 mm outside diameter to measure the time-averaged x-velocity 

profile identical to previous sections. The expressions to derive the mass flow rate, momentum 

injection, and mechanical power are outlined in section 3.3. 

The DBD array is electrically characterized by its current and power consumption. The current 

is measured using a 200 MHz bandwidth non-intrusive Pearson 2877 current monitor with a rise 

time of 2 ns on each HV output of the two transformers. The current monitor can be placed on 

either or both high-voltage wires, and it has been confirmed to produce the same current and power 

readings. The current monitor is connected to a Siglent SDS 2354X oscilloscope with a sampling 

rate of 1 GS/s to resolve up up 500 MHz based on the Nyquist sampling theorem. With the current 

monitor, we compute the total power and total efficiency. Several previous works including 

Debien et al. [64], Kreigseis et al. [150], Thomas et al. [99], and Hoskinson et al. [74] have 

presented force-power diagrams for single two-electrode DBD actuators across a range of 

frequencies and electrode geometries, and have found DBD actuator thrust to scale approximately 
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linearly with power usage. These previous works have led to a dimensioned force efficiency 

commonly expressed as  

 
𝜂𝑓𝑜𝑟𝑐𝑒 =

𝐹𝐸𝐻𝐷
𝑊𝑒𝑙𝑒𝑐

 . (21) 

The DBD plasma emissions are captured to visualize the DBD actuator array. The DBD array 

plasma emissions are captured with a Nikon D750 DSLR camera with a Nikon AF-S NIKKOR 

70-200 mm f/4G ED VR Zoom lens while the DBD array is mounted vertically. The camera is 

operated with an exposure time of 10 ms to capture the discharge emissions of 20 total discharge 

cycles.  

8.2 Plasma Characteristics 

This section presents and discusses the plasma emission characteristics of a four-stage DBD 

and RDBD array with and without alternating electrodes. A DBD array with non-alternating active 

electrodes and alternating-phase active electrodes is presented in Figure 8.2. When the active 

electrodes are in phase with each other (Figure 8.2.b), the downstream active electrodes create a 

reverse DBD towards the previously embedded electrodes, agreeing with previous literature [99]. 

The reverse DBD is generated because the air-exposed electrodes experience a potential difference 

from the previous embedded electrodes. When alternating the phase of each DBD stage (Figure 

8.2.c), the cross-talk is effectively eliminated due to a potential difference between a previously 

embedded electrode and its following active electrode. Importantly, each active electrode still 

experiences a potential difference between its downstream embedded electrode to create a 

unidirectional plasma emission similar to that of Sato et al. [118]. While the DBDL=10 with 

alternating-phase active electrodes demonstrates a reduction in cross-talk compared to the 

traditional in-phase DBD array, eventual sliding and then filamentary streamer discharge begins 

to occur at approximately Vp-p > 40 kV. Typically only seen in three-electrode DC-augmented 
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DBD cases [14], the sliding discharge has not been reported in any DBD array studies and the 

sliding discharge reflects an extension of the charges on the dielectric surface to the opposite-

phased active electrode. In this special case, the horizontal thrust typically decreases with more 

sliding discharge as the ions more readily “slide” to the following active electrode without reacting 

with and transferring their momentum to surrounding neutral air molecules [14, 109]. The sliding 

discharge at the upper voltages suggests that alternating-electrode DBD arrays have an electrode 

geometric limit even when cross-talk is minimized. When the spacing is increased to L = 20 mm, 

the reverse discharge with in-phase active electrodes occurs at higher voltages and with less 

intensity due to the greater spacing. When the active electrodes are alternated, no sliding discharge 

is observed in the range of voltage up to 45 kV.  

 

 
Figure 8.2. Plasma emissions of a four-stage DBDL=10 array (a) with in-phase active HV electrodes (b) and 

alternating-phase active HV electrodes (b). Both DBD arrays are powered at 40 kV / 2 kHz with a 10 ms exposure 

time to capture the plasma emission of 20 discharge cycles.  

 

(a) (b)

~

(c)
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Figure 8.3. Plasma emissions of an RDBDL=10 array (a) with air-exposed HV electrodes in series (b) and air-

exposed HV electrodes alternating (b). Both DBD arrays are powered at 40 kV / 2 kHz with a 10 ms exposure time to 

capture the plasma emission of 20 discharge cycles.  

Figure 8.3 shows an RDBD array with in-phase and alternating-phase active electrodes. When 

an additional electrode with a 1 MΩ resistor is added while maintaining the same L = 10 mm 

spacing, the RDBDL=10 array experiences lower reverse discharge than the DBDL=10 array for in-

phase configuration (Figure 8.3.b). For alternating active electrodes (Figure 8.3.c), sliding and 

filamentary streamer discharge is delayed until higher voltages (> 45 kV), allowing for the DBD 

array to operate at higher voltages with greater thrust. The results of the AC RDBD array agree 

with the observations of the nanopulse DBD array reported by Sato et al. [118]. This work is the 

first to present plasma images of a unidirectional DBD array with a sinusoidal AC waveform. Like 

the DBD array without a resistor, the RDBD array does not show reverse or sliding discharge 

L = 20 mm spacing at operating voltages. 

~~

(b) (c)(a)
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8.3 Thrust Characteristics 

The thrust characteristics of the DBD array and RDBD array are discussed in this section. The 

DBD array configurations are found to scale linearly with the number of DBD stages before sliding 

and filamentary discharge onset. The thrust at varying voltages and number of DBD stages are 

plotted for the DBDL=10, RDBDL=20, and RDBDL=10 in Figure 8.4 

The linear thrust scaling with up to four DBD stages supports the plasma observations that 

each DBD stage behaves independently of each other when the active electrodes are phase-

alternating and without any filamentary streamers or sliding discharge. The simple DBDL=20
 array 

experienced sliding and filamentary streamer discharge at Vp-p = 45 kV, destabilizing the thrust, 

therefore, the DBDL=20 array is tested only up to Vp-p = 40 kV. In comparison, the RDBDL=10 array 

began to exhibit an onset of sliding discharge at Vp-p = 45 kV, however the thrust was stable. With 

a spacing of L = 20 mm, the RDBDL=20 array reached a maximum thrust of 251 mN/m with N = 4 

stages at 45 kV without the onset of sliding discharge or filamentary streamers. The DBDL=20 array 

reached a maximum thrust of 181 mN/m with N = 4 stages at 40 kV and similar L = 20 mm 

spacing. The RDBDL=20 array recorded a thrust of 183 mN/m at the same 40 kV, suggesting that 

the resistor likely does not significantly improve momentum transfer from each DBD stage and 

primarily prevents early transition to sliding and filamentary streamer discharge.  
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Figure 8.4. DBDL=20 array thrust at varying voltages (a) and DBD stages (b), RDBDL=20 array thrust at varying 

voltages (c) and DBD stages (d), and RDBDL=10 thrust at varying voltages (e) and DBD stages (f). The DBDL=20  array 

experienced filamentary streamers above 40 kV, while the RDBDL=20 array and the RDBDL=10  array withstood 45 kV 

before any filamentary streamers or arcing. The standard deviation of the time-averaged thrust across the three 

sampling periods for each data point is approximately 3%. 

For the RDBD array, the maximum thrust at 45 kV decreased from 251 mN/m to 219 mN/m 

(a 12% decrease) when the spacing was reduced from L = 20 mm to L = 10 mm. While the 

RDBDL=10 at 45 kV did not experience filamentary streamers, the decrease in mechanical 

DBDL=20 (a) DBDL=20 (b)

RDBDL=20 (c) RDBDL=20 (d)

RDBDL=10 (e) RDBDL=10 (f)
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performance at this maximum voltage is attributed to the onset of sliding discharges. In this case, 

the extended ions expelled from one stage reach the sequential air-exposed electrode, limiting 

momentum transfer to the surrounding air molecules. Before sliding discharges, the RDBDL=10 

array shows 187 mN/m of total thrust at 40 kV, nearly equal to the thrust of the RDBDL=20 array. 

The similar force before the onset of sliding discharges highlights that the DBD stages produce an 

EHD force independent of each other at lower voltages with an alternating electrode configuration. 

However, the proximity of DBD stages to each other is a critical limiting factor due to the transition 

to sliding discharge. 

Compared to previous and recent works, these results demonstrate linear thrust scaling for the 

first time in a DBD array with conventional electrical parameters at significantly higher voltages 

and thrust than previous literature. Using a custom pulsed-DC waveform, Sato et al [118] 

demonstrated the linear thrust scaling up to ~80 mN/m with a four-stage DBD array, significantly 

lower than the demonstrated maximum 251 mN/m thrust with the four-stage RDBD array. Thomas 

et al. [99] varied electrode widths and electrical waveforms, and found that a three-stage DBD 

array (N = 3) experienced at best ~2.4x the force of a single-stage DBD actuator.  

At the highest tested voltage of 45 kV, the RDBDL=20 array has a maximum thrust per stage 

of 62.7 mN/m while the RDBDL=10 has a maximum thrust per stage of 56.5 mN/m. At 40 kV, the 

simple DBDL=20 array has a scaling of 43.8 mN/m, 5% lower than the 46.3 mN/m of the RDBDL=20. 

The improved thrust scaling of the RDBD array with L = 20 mm compared to the same array with 

L = 10 mm suggests that further spacing between each DBD stage can help with ion acceleration 

even in the presence of the resistor. Another possible explanation for a slight decrease in 

performance with the smaller spacing is slight repulsion from the next in-phase HV electrode. For 

example, ions accelerated from an air-exposed active electrode may experience a wall-normal 
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repulsion from the embedded electrode of the next DBD stage as the two electrodes are in phase 

with one another. This adverse interaction may be minimized by introducing a gap between each 

air-exposed electrode and its embedded electrode, however, further testing is necessary.  

8.4 Velocity Characteristics 

X-velocity profiles of the DBD array across its multiple stages provide insight into the fluid 

dynamic behavior of the arrays' successive acceleration and linear scaling. Figure 8.5 shows the 

x-velocity across the RDBDL=20 array at a fixed y-height and fixed x-position on the surface. Figure 

8.6 shows the x-velocity across the DBDL=20 array at a fixed y-height and the velocity-derived 

thrust compared to the directly measured thrust for the two geometries. 

 
Figure 8.5. X-velocity profile of the RDBDL=20 array at 40 kV at varying heights above the dielectric surface at a 

fixed x-position (a) and varying downstream distances at a fixed y-height (b). The starting x = 0 mm position 

corresponds to the edge of the first active electrode and the chosen x-positions for control volume analysis correspond 

to 15 mm after each active electrode. Two standard deviation error bars are plotted. 

 

(a) (b)

(a) (b)
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Figure 8.6. X-velocity profile of the DBDL=20 array at 40 kV at varying heights above the dielectric surface at a fixed 

x-position (a). The starting x = 0 mm position corresponds to the edge of the first active electrode and the chosen x-

positions correspond to 15 mm after each active electrode. The velocity-derived thrust using eq.(17) is compared to 

the directly measured thrust after each DBD stage (b). Two standard deviation error bars across the >20 s sampling 

period are plotted. 

In both the DBD and RDBD array configuration, the EHD jet after the first stage is greater 

than 5.5 m/s at the y = 0.4 mm, and the jet increases after each DBD stage up to a maximum 

velocity after its fourth stage. The RDBDL=20 array has a maximum velocity of Vmax= 7.4 m/s while 

the simple DBDL=20 array recorded a similar Vmax = 7.1 m/s. Interestingly, both configurations 

show a drop in x-velocity directly above the active electrode of each stage, before the next plasma 

discharge (Figure 8.5.b). This velocity reduction did not occur in AC-powered three-electrode 

systems with two exposed electrodes, such as the out-of-phase AC-augmented DBD actuator [15]. 

This drop in velocity is likely due to the additional mixing of the wall jet and the quiescent air 

during the momentum injection by the downstream stage (Figure 8.5 and Figure 8.6). This 

hypothesis is also supported by the thickening of the wall jet profile at each consecutive stage. 

Between the two configurations, the simpler DBDL=20 array has a thinner wall jet after the fourth 

stage due to less mixing over the shorter area. 

The vertical velocity profiles are integrated at 15 mm past each active electrode stage to derive 

the total momentum after each stage (Figure 8.6.b). The velocity-derived thrust through control 

volume analysis around each stage is compared to the directly measured thrust. The two methods 

agree well and within 10%, similar to Dursher and Roy [119]. Additionally, wind tunnel studies 

on DBD actuators in external co-flow support the linear thrust scaling in a DBD array. Tang et al. 

[13] and Pereira et al. [97] demonstrated that a DBD actuator thrust and power consumption is 

independent of external flow. The scaling of the DBD array is similar to a DBD in external co-

flow because each subsequential DBD stage injects momentum into a pre-existing fluid jet. Unlike 



132 

 

a typical DBD actuator with a typical wall jet thickness <5 mm, the DBD array is found to produce 

a wall jet thickness of ~ 20 mm. With a velocity-derived momentum of 202 mN/m at 40 kV at 

2 kHz, the wall jet of the multi-stage DBD array in this study's resistive and simple configuration 

is significantly thicker and with more momentum than currently published literature. While the 

authors are not aware of any literature demonstrating a wall jet with > 100 mN/m, the Vmax is lower 

compared to similar DBD array works, including Debien et al. [64], which used a wire-to-plate 

configuration for a Vmax = 10.5 m/s at y = 0.6 mm after 4-stage DBD array. The difference may be 

attributed to the geometric differences, such as a gap between the active wire and embedded 

electrodes or relatively long active electrodes used in this work. Additional time-resolved flow 

field measurements and modeling efforts can shed insights into the complex plasma flow 

interaction in the array. 

8.5 Electrical Characteristics 

The electrical power consumption of the DBD arrays is discussed in this section. Figure 8.7 

displays the total power consumption results derived from the current monitor  with a simple and 

resistive DBD array. 

 
Figure 8.7. DBD Array power usage scaling with a simple DBDL=20 array (left) and RDBDL=20 array (right) with a 

fixed L = 20 mm gap. Two standard deviation error bars across a minimum of 10 voltage cycles are plotted. The 

simple DBD array was tested at 45 kV; however, filamentary streamers began to form at the highest voltage. 
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Like the mechanical thrust performance, the electrical power for both the DBDL=20 array and 

the RDBDL=20 array is found to scale linearly with the number of DBD actuator stages, supporting 

that each DBD stage acts independently from one another. Before the sliding discharge, the 

RDBDL=10
 also demonstrated linear power scaling with the number of DBD stages. For a single 

simple DBD, the power usage approaches 220 W/m at the maximum voltage of 45 kV and matches 

previous power usage results for single DBD actuators with a similar dielectric thickness and 

voltage [20]. The maximum power usage of the four-stage simple DBDL=20 array and RDBDL=20 

array is approximately 840 W/m and 1080 W/m, respectively, at 45 kV. With the same spacing 

between each DBD stage, the increase in power for the resistive DBD array is attributed to the 

additional high-voltage electrode with a resistor that also increases the effective area and 

capacitance within the dielectric. Using Fast-Fourier Transform (FFT) analysis to identify the 

capacitive current similar to previous works [12, 14], the electrical measurements support that the 

RDBD array at 40 kV uses ~74% of its total power usage as capacitive power while the simpler 

DBD array uses ~64% of its total power as capacitive power. 

8.6 Force Efficiency and Total Efficiency 

With thrust, mechanical power, and electrical power measurements across varying voltages 

and the number of DBD stages, the force efficiency and total efficiency of the DBD and RDBD 

array are calculated and discussed in this section. The electrical power measurements of the simple 

and resistive DBD array are found to scale linearly with the total thrust across the range of DBD 

stages and at varying voltages as shown in Figure 8.8. 
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Figure 8.8. Total thrust scaling with power usage of DBDL=20 array and RDBDL=20. Two standard deviation error bars 

in power (horizontal) and thrust (vertical) are plotted. 

The slope of the thrust-to-power graph represents the force efficiency, ηforce, defined in eq. 

(21) and ηforce is most commonly expressed in mN/W. The simple DBDL=20 array is found to have 

a force efficiency of ηforce = 0.316 mN/W, while the RDBDL=20 demonstrated an efficiency of 

ηforce = 0.254 mN/W. This work is the first to define a force efficiency for a simple DBD array and 

RDBD array with a conventional AC waveform. The DBD array force efficiencies strongly agree 

with previously published AC-powered two-electrode DBD results, including the 

ηforce = 0.25 mN/W of Kreigseis et al. [150]. Sato et al. [118] reported a ηforce  = 0.06 mN/W using 

a custom pulsed-DC waveform and is the only currently published work with a DBD array force 

efficiency. Greater force efficiency is generally achieved with thicker dielectrics to decrease the 

system's capacitance as noted in Jolibois et al. [155]. A summary and comparison of recent force 

and total efficiencies is presented in Table 8.1. 
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Figure 8.9. Total Efficiency of DBDL=20

 and RDBDL=20 at 40 kV / 2 kHz.  

Figure 8.9 shows the total efficiency of the two DBD arrays with varying DBD stages for 

40 kV. Between the simple and resistive arrays, the RDBD array has a lower force efficiency and 

total efficiency across all numbers of DBD stages at 40 kV. The total efficiency of ~0.1% for a 

single-stage two-electrode DBD agrees with previous experiments [156, 157]. Interestingly, both 

DBD array configurations increase in total efficiency with the number of DBD actuator stages. 

This increase in efficiency with the number of DBD stages is likely due to the AC augmentation 

mechanism in the alternating (out-of-phase) exposed electrode configuration. For example, our 

recent work [15] demonstrates improvement in the performance of a planar DBD actuator by 

utilizing an AC-augmented electrical field in a three-electrode geometry. Time-resolved electrical 

and optical measurements, velocity profiles, and direct thrust measurements were used to 

characterize the EHD augmentation. The third electrode, the "pull" action, increased the EHD 

forcing by up to ~ 40%. The continuous plasma acceleration regions also reduce the viscous losses 

to the wall. 

The RDBD array's lower efficiency than the simple DBD array suggests that the increased 

power usage due to the added electrode and resistor does not proportionally increase thrust for the 

same voltages. For example, the RDBDL=20 generated approximately the same thrust as the simple 

DBDL=20
 at the same voltages before sliding or filamentary discharge. Therefore, since the RDBD 
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array can be operated at a higher voltage, the primary advantage of the RDBD array is its greater 

maximum operating voltages and thrust. A disadvantage of the RDBD array is the added 

manufacturing complexity, space requirement, and efficiency. Given a need for efficiency or 

maximum thrust, each configuration can be uniquely considered for applications requiring a more 

robust DBD array. Future research efforts should further explore how resistors and other electrical 

components delay the formation of filamentary streamers and sliding regions, enhancing ion-

momentum transfer. 

Table 8.1. Summary of force and total efficiency. * Shows the range of efficiencies between 1 and 4 DBD 

stages. 

 Configuration 
Dielectric 

(thickness) 
Waveform P-P Voltage (kV) 

Frequency 
(kHz) 

ηforce  ηtotal  

Presented work 
Planar – planar 

(DBD Array) 
(RDBD Array) 

Quartz 
(3.175 mm) 

Sine 25 – 45 2.0 
0.25 
0.32 

(0.05 - 0.14)* 
(0.11 - 0.19)* 

Sato et al. [118] 
Planer – planer 
(RDBD Array) 

Polyimide 
(0.32 mm) 

Nanosecond 
Pulsed DC 

8 0.5 – 2.0 0.05 – 0.07 N/A 

Kriegseis et al. 
[150] 

Planar – planar 
(Single DBD) 

Polyimide 
(0.4 mm) 

Sine 5 – 15 8.0 – 13.0 0.25 N/A 

Hoskinson and 
Hershkowitz 

[158] 

Wire – planar 
(Single DBD) 

Polyester 
(0.25 mm) 

Ramp 12 – 16  1.0 0.04 – 0.7 N/A 

Benard and 
Moreau [154] 

Planar – planar 
(Single DBD) 

PMMA  
(3 mm) 

Sine 
Square 
Ramp 

40 1.5 
0.64 
0.37 
0.22 

N/A 
N/A 
N/A 

Enloe et al. [159] 
Planar – planar 
(Single DBD) 

N/A Sine 6 – 18 5.0 0.12 N/A 

Debien et al. [64] 
Planar – planar 
(Single DBD) 

PMMA 
(3 mm) 

Sine 24 – 44  1.5 0.65 0.06 – 0.18 

Thomas et al. 
[99] 

Planar – planar 
(Single DBD 

Quartz 
 (6.35 mm) 

Sine 20 – 70 1.0 – 8.0  0.09 – 0.25 N/A 

Ferry and Rovey 
[160] 

Planar – planar 
(Single DBD) 

Polyimide 
(0.2 mm) 

Sine 6 – 9  1.0 – 18.0 0.02 – 0.1 N/A 

Jolibois and 
Moreau [155] 

Planer – planar 
(Single DBD) 

PMMA 
(3 mm) 

Sine 
Square 
Ramp 

Trapezoid 

16 – 52 1.0 N/A 0.01 – 0.09 

 

8.7 Discussions 

Compared to previous works, these results demonstrate linear thrust scaling for high power 

density DBD arrays with voltages. Sato et al. [118] demonstrated the linear thrust scaling up to 
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~80 mN/m with a four-stage DBD array, significantly lower than the shown maximum 251 mN/m 

thrust with the four-stage RDBD presented here. Thomas et al. [99] varied electrode widths and 

electrical waveforms and found that a three-stage DBD array (N = 3) experienced, at best, ~2.4x 

the force of a single-stage DBD actuator, showing diminishing array efficiency.  

The compounded effect of the DBD stages on momentum injection and overall trust is 

analogous to co-flow momentum injections into the existing flow profile. Our recent work shows 

that for the laminar boundary layer, the momentum injection by the DBD actuator in co-flow is 

nearly identical to the momentum injection into the quiescent environment [13]. For the DBD array 

(in laminar flow), each subsequent momentum injection is independent of the previous ones, which 

allows for building the overall wall jet momentum over the array's length. This work does not 

address the effect of turbulent mixing, typically present in the free stream flow, on array 

momentum injection. 

The high efficiency of the array is linked to the AC augmentation of the primary DBD 

discharge in the alternating (out-of-phase) exposed electrode configuration. The mechanism 

described by Tang et al. [15] shows the benefits of the third electrode, similar to the alternating 

electrode configuration in this work. The third electrode, the "pull" action, increased the EHD 

forcing by up to ~ 40%. The continuous plasma acceleration regions also reduce the viscous losses, 

resulting in higher momentum injection. 

8.8 Conclusion 

In conclusion, this is the first report demonstrating a high-powered scalable DBD array 

actuator with minimal interference between each DBD stage and thrust greater than 250 mN/m. 

The DBD arrays are tested in two geometries with a conventional AC waveform with up to four 

alternating-phase DBD stages: (i) a simple DBD array with each DBD stage consisting of the 
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traditional air-exposed electrode and an embedded electrode and (ii) a "resistive" DBD array with 

each DBD stage consisting of two air-exposed electrodes connected by a 1 MΩ resistor and an 

embedded electrode. Across multiple voltages and DBD stages, the results show a linear 

relationship between power consumption and thrust for both DBD array configurations before the 

onset of adverse sliding or filamentary streamer discharge. The added resistor in the RDBD array 

was found to delay the onset of sliding and filamentary discharge, allowing for higher voltage 

operation and greater thrust. However, the simple DBD array was more efficient because the added 

electrode and resistor increased electrical power consumption without improving momentum 

transfer from the plasma discharge. With an increase in total efficiency with each additional DBD 

stage, the presented results allow for more robust applications of DBD actuation with significantly 

greater forces and efficiencies than previously demonstrated. The limitation of this work includes 

average velocity measurements that do not allow for the study of the temporal effects of the EHD 

flow interaction. Future work should consider experiments in the turbulence boundary layer and 

realistic geometries relevant to active flow control applications.   

Chapter 9. Effect of Active Electrode Shape in a DBD Array 

This section explores and presents a multi-electrode DBD array with serrated edges. Since the 

geometry is different, this information does not build directly upon the previous section on straight-

edged DBD arrays. Based on previous experiments [42], a serrated DBD produced more thrust 

than a straight edge, and it was hypothesized that a dual serrated DBD could produce significantly 

more thrust than its straight-edge counterpart. 
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Figure 9.1. Schematic of dual serrated-edged DBD array (a) and the original dual straight-edge DBD array (b) 

 

Figure 9.2. Serrated-Edged DBD Array 

The dual-serrated DBD array is shown above in Figure 9.1 and Figure 9.2. Since the serrated 

edge is now extended over the embedded electrode, the distance from the tip to the next DBD array 

is shorter than its straight-edged counterpart. For these tests, a range of frequencies from 3 kHz – 

5 kHz was tested. The results of the horizontal thrusts are presented below in Figure 9.3. In these 

tests, the straight-edged dual DBD array performed better than the serrated counterpart. This is 

believed to be due to the more vorticity and 3D flow profile generated by the serrated compared 

to the straight-edged DBD array, resulting in significantly more viscous losses in the serrated-

edged DBD case. While the serrated-edge DBD array may not create as much linear momentum 

as the straight-edge, the added vorticity may be beneficial for some applications such as turbulent 

boundary layer control. 
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Figure 9.3. Serrated-Edged DBD Array 

Chapter 10. Active Flow Control of a Clark Y Airfoil 

This section applies an optimized DBD array plasma actuator to a Clark Y airfoil to 

demonstrate active flow control authority. Several studies have demonstrated DBD actuation on 

traditional airfoils [98-101], multi-element airfoils [102], flaps [103, 104], and in aircraft 

applications [38, 70, 161]. Some applied work [42, 103, 162] considered a single DBD actuator 

mounted in a co-flow orientation and demonstrated an ability to change aerodynamic performance, 

typically by increasing airfoil lift, decreasing drag, or changing pitching moment. The improved 

control authority can be achieved based on the recent advancements in DBD arrays, such as DBD 

augmentation [14, 15] and DBD array optimization [64, 72]. In the DBD arrays, each DBD 

electrode pair can be operated out-of-phase with the previous DBD pair, which minimizes adverse 

crosstalk between the stages.  

While bench-scale experiments are relatively straightforward, very few researchers have 

reported on the performance of multi-stage DBD in wind tunnels. Moreau et al. [163] 
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demonstrated the use of a three-stage DBD array with alternating phase electrodes on a NACA 

0015 airfoil showing separation delay but did not characterize the lift and drag performance. To 

our knowledge, no studies have experimentally explored enhancing an asymmetric airfoil with an 

improved alternating phase DBD array, nor have they presented force measurements on an airfoil 

with a multi-stage DBD actuator.  

This section reports aerodynamic forces on an airfoil equipped with a two-stage DBD array 

with alternating phase DBD stages. The actuator is mounted in co-flow orientation on the Clark Y 

airfoil. Wind tunnel experiments were performed in 5 – 25 m/s windspeed range; lift and drag 

forces were analyzed to evaluate the effect of increasing momentum injection on the suction side 

of the airfoil. The results of this section are published in the 2025 AIAA SciTech conference 

proceedings. 

10.1 Experimental Setup 

10.1.1 Wind Tunnel 

The experiments were conducted in an open return subsonic wind tunnel at the University of 

Washington, which has a 0.7 m × 0.383 m rectangular cross-section and a 1.2 m long test section 

(Figure 10.1). The tunnel consists of a modular inlet with 10 honeycomb screens to condition the 

flow. The inlet precedes a settling chamber and a 10:1 contraction cone that attaches to the test 

section. The sidewalls of the test section are plexiglass, allowing for optical access. Downstream 

of the test section is a diffuser section connected to a 40 hp, 3-phase 460 VAC blower controlled 

by a variable frequency drive (VFD) motor. The wind tunnel can operate at external flow up to 

U∞ = 35 m/s. The flow speed through the test section is monitored by a calibrated Ashcroft CXLdp 

(10 IWC) differential pressure gauge. Typical turbulence intensity is ~ 1%, measured by hot-wire 

anemometry. Hot-wire anemometry is not used during DBD operations to prevent electrical 
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interference with the HV current. Experiments were performed at atmospheric pressure, room 

temperature of ~ 20°C and a typical relative humidity of ~ 40 - 50%. 

 
Figure 10.1. The University of Washington Sam Wilson 0.7 m x 0.383 m Wind Tunnel. 

This wind tunnel is equipped with two sets of load cells designed to test 2D wings. While the wind 

tunnel does not currently allow for optical measurements, one main advantage of the 2D wind 

tunnel is that wires necessary for high-voltage operation can be routed through the center of airfoils 

and to the bottom of the wind tunnel. 

The wind tunnel is designed for 2D airfoils such that the two ends of the airfoil are mated to 

a top and bottom plate that are flush mounted inside the test section to minimize three-dimensional 

flow effects and airfoil edge effects. The wing assembly with the load cell and stepper motor 

system is shown in Figure 10.2. The top and bottom plate is machined of rigid, nonconductive 

polyurethane foam (Obomodulan terracotta). The mounting plates are allowed to rotate. The rigid 
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assembly of the airfoil and mounting plates is connected to a cylindrical bearing on the top plate 

and rests on an air bearing (New Way Air Bearings) on the bottom. The top and bottom plates that 

hold the airfoil are each connected to a system of two lift load cells (SMD Sensors S230 rated to 

40 lbs each) and one drag load cell (SMD Sensors S215 rated 4 lbs each). The total lift capacity of 

the wind tunnel is 160 lbs, and the total drag capacity is 8 lbs. A National Instruments (NI) 9237 

strain gauge amplifier connects to the strain gauges, and a data acquisition (DAQ) PC with a NI 

DAQ 9174 reads the force measurements. The DAQ PC is also connected to a stepper motor to 

rotate the airfoil assembly and an optical encoder positioning system (Avago AS 38). The optical 

encoder monitors the angle of attack, 𝛼, with an accuracy of ± 0.02 degrees, creating a closed-loop 

control system. For these experiments, the angle of attack was varied from 𝛼 = -2 – 15 degrees. To 

compare the forces on the airfoil with or without DBD actuation, we measured the forces for all 

load cells in three intervals of 10s and then averaged the measurements. The coefficient of lift (CL) 

and coefficient of drag (CD) is then calculated using the averaged total lift and drag across the 

respective cells. CL is defined as  

 

 
𝐶𝐿 = 

2𝐿

𝜌U∞
2𝐴

 (22) 

 

where 𝐿 is the total lift force on the airfoil, 𝜌 is the air densityU∞ is the freestream velocity, and 

𝐴; is the airforce chord length per unit length. The CD is similarly defined as  

 

 
𝐶𝐷 = 

2𝐷

𝜌U∞
2𝐴

 (23) 
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where 𝐷 is the total drag force on the airfoil.  

 

 

Figure 10.2. Experimental schematic for lift, drag, and pitching moment measurements with angle attack control. The 

bottom and top plates sit flush with the wind tunnel wall, and the airfoil assembly rests on an air bearing. Electrically 

grounded metal walls surround the load cells to prevent electrical interference. 

10.1.2 DBD Actuator and Airfoil 

In this study, a two-stage DBD array actuator is flush-mounted to the Clark Y airfoil's top 

surface (suction side). The dual DBD actuator configuration consists of two sets of two-electrode 

DBDs separated by a dielectric barrier, similar to previous work [12]. In each DBD stage, the 

active electrode is exposed to air, while the ground is encapsulated beneath the dielectric layer, 

which separates them. The two DBD stages are electrically out-of-phase from one another to 

minimize crosstalk, as proposed by Sato et al. [118]. The dielectric is a 1.65 mm (0.065") layer of 

Kapton polyimide film. The air-exposed electrodes are 10 mm long and 304.5 mm wide. The 
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embedded electrodes are 20 mm long and 304.5 mm wide, with no overlap between the active and 

ground electrodes. The thickness of both electrodes is 0.25 mm. The overall electrode geometry 

on the airfoil is shown in Figure 10.3. Benchtop thrust tests determined the length of the electrodes 

and the gap between the two DBD stages to confirm minimal crosstalk. Kapton is widely used in 

DBD research and has a dielectric constant of 3.4 with a breakdown strength of ~3000 V/mil [20]. 

The embedded electrode is encapsulated with a thick 3.175 mm silicone rubber layer. The 

electrodes are excited with a fixed potential alternating current (AC), with the applied DBD 

voltage, VDBD = 25, 30, 35, and 40 kV (peak-to-peak) at f = 2 kHz. The high-voltage is provided 

by a custom power supply similar to Duong et al. [34]. Briefly, the custom power supply comprises 

a Siglent SDG1032X signal generator, a Crown XLi 3500 power amplifier, and a custom high-

voltage transformer (Corona Magnetics) rated up to 70 kV peak-to-peak voltage (Vpp) each. The 

voltage from the power supply is monitored with a Trek P6015a high-voltage probe connected 

directly to the high-voltage output. 

We first constructed the dual DBD actuator array outside the airfoil with the dielectric layer 

between the electrodes and back encapsulation. This assembly was then mounted in co-flow in a 

divot on a Clark Y airfoil's suction side, allowing the actuator to sit flush with the wing's surface. 

Before tests with DBD actuation, this study first characterizes the Clark Y airfoil with a DBD array 

installed but without any HV power to determine any changes in the baseline aerodynamic 

properties of the modified airfoil. This asymmetric airfoil is chosen for its high lift properties at 

low Reynold's numbers and well-established aerodynamic effects. The airfoil has a 190.5 mm 

chord (𝑐) and 381 mm span (h), shown in Figure 10.3, with the electrodes, dielectric, and 

encapsulation. The chord length of the airfoil was determined to minimize the blockage effects at 
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high angles of attack while maintaining the Reynolds number. The airfoil was 3D printed using 

polylactic acid (PLA). The Reynolds number for a 2D airfoil is defined as  

 

 
𝑅𝑒 =  

𝜌U∞𝐿𝑐
𝜇

 (24) 

 

where 𝐿𝑐 is the airfoil's chord length, and 𝜇 is the fluid's dynamic viscosity. With a chord length 

of 190.5 mm and 5 m/s < U∞ < 25 m/s, the Reynolds number for this study ranges from 

approximately Re = 60,000 – 315,000. 

 

 

Figure 10.3. Diagram for Clark Y airfoil with dual DBD configuration. 

The Clark Y airfoil's high lift and low drag characteristics at low Reynolds numbers allow for 

a more significant impact from the EHD forcing of plasma actuators. The gap between the two 

electrodes was determined through benchtop optimization. Previous studies have demonstrated 

that the most significant impact of a single DBD actuator stage is when the actuator is positioned 

near the airfoil's quarter chord or its leading edge [163]. Here, we position the first DBD stage at 

quarter-chord and the second DBD stage at approximately half-chord. The actuator is oriented for 

co-flow EHD momentum injection, i.e., in the same direction as the external flow. 
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10.2 Results 

10.2.1 Effect of Embedded DBD Actuator 

The Clark Y airfoil is designed to flush-mount the DBD actuator. However, slight protrusion 

of the electrodes and imperfect contouring of the dielectric lightly alters the baseline aerodynamic 

performance of the Clark Y airfoil. Thus, the aerodynamic effect of the plasma actuator as a 

geometric addition without the presence of high voltage is explored first. These tests validate force 

measurements for the Clark Y airfoil, which can be compared to previously published 

experimental Clark Y results [164-166]. With a bare Clark Y airfoil, the lift and drag results at 

𝑅𝑒 = 180k agree well with the previous literature. For the airfoil with actuators (and not powered), 

the aerodynamic characteristics of the airfoil change slightly. Most notably, the lift increases by ~ 

CL = 0.1 at low angles of attack, but the lift and drag characteristics are similar during and after 

separation. This increase in lift is mainly due to a slight increase in airfoil thickness and an increase 

in curvature with the mounted actuator. After establishing the baseline aerodynamic characteristics 

with the DBD actuator as the new appropriate baseline, the impact of plasma actuation on 

aerodynamic lift and drag is analyzed.  

10.2.2 Effect of Dual DBD Actuator Array in Co-Flow 

This section presents the results of the Clark Y airfoil with dual DBD array powered at 

VDBD = 25 – 40 kV in increments of 5 kV at 2 kHz. Figure 10.4 through Figure 10.8 show the 

aerodynamic performance of the Clark Y airfoil with a dual DBD activation compared to its 

baseline results at varied wind speeds U∞ = 5 – 25 m/s in free stream increments of 5 m/s.  
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Figure 10.4. CL and CD versus angle of attack for a Clark Y airfoil at 5 m/s. 

 
Figure 10.5. CL and CD versus angle of attack for a Clark Y airfoil at 10 m/s. 
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Figure 10.6. CL and CD versus angle of attack for a Clark Y airfoil at 15 m/s. 

 
Figure 10.7. CL and CD versus angle of attack for a Clark Y airfoil at 20 m/s. 
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Figure 10.8. CL and CD versus angle of attack for a Clark Y airfoil at 25 m/s. 

The DBD array significantly enhances the Clark Y airfoil's aerodynamic lift and drag 

performance. At high angles of attack and velocities up to 20 m/s, a substantial decrease in drag 

and an increase in lift is observed, which correlates with an increase in actuator voltage VDBD. 

Previous studies have demonstrated that DBD momentum injection increases at a second-order 

polynomial rate with VDBD [12]. At the lowest external speed of U∞ = 5 m/s, the maximum lift 

coefficient increased from CL,max = 1.58 to CL,max = 2.09, with a decrease in drag coefficient down 

to ~ CD = -0.02. The negative drag suggests that the DBD array provides greater EHD propulsive 

force than the aerodynamic drag.than  of large fluid viscous structures [34], and the negative values 

suggest the EHD forcing was greater than the aerodynamic drag. The previous work for a similar 

actuator geometry shows that the DBD wall jet velocities regularly exceed 5m/s [15].The increase 

in lift can also be attributed to the blowing effect on the airfoil's top surface, which increases the 

local velocity and creates lower pressure on the suction side. At higher external flow, the impact 

of the actuation diminishes, which is consistent with previous literature [167]. At the highest 

external speed of U∞ = 25 m/s, the DBD actuation did not noticeably impact the lift; however, a 

reduction in drag was observed.  



151 

 

The EHD momentum injection results in delayed separation and lift augmentation at high 

angles of attack. At external speeds up to U∞ = 20 m/s, the DBD actuation increased CL and 

decreased CD across all angles of attack. As separation occurred around 𝛼 = 12°, the DBD 

actuation increased the CL and decreased the CD. At U∞ = 15 m/s, the DBD actuation delayed 

separation by ~ 1 - 2°. For U∞ > 15 m/s, the DBD actuation delays the increase in drag and most 

significantly increases the lift, which is likely associated with the separation delay. However, the 

DBD actuation effects lift only at higher angles of attack. 

Compared to previous works, our results show that for chambered airfoil, the aerodynamic 

lift and drag improvement before separation can be significant. The earlier works with symmetric 

airfoils, such as a NACA 0015 airfoil and a single DBD actuator, did not significantly improve 

aerodynamic performance before separation [168]. In these studies, separation occurred suddenly, 

and the DBD actuation delayed the sudden drop in lift and increased drag associated with 

separation. In this study with the Clark Y airfoil, separation occurs more gradually, and the DBD 

array demonstrated significant improvements in aerodynamic lift over the entire range of angles 

of attack. Note that based on benchtop DBD thrust tests, the two-stage DBD array driven by custom 

power supplies has significantly higher momentum injection than previously reported DBD 

actuator studies. The actuator used in this work operates at a higher voltage than previous works 

(typically < 20 kV). Mechanistically, the high-power density two-stage actuation has an extended 

plasma region, operating over a longer cord length, suppressing the growth of fluid structures on 

the airfoil's suction side. Another factor that allows for more effective flow control is the 

chambered Clark Y airfoil shape, which experiences greater lift and drag at all angles of attack. 

With the chambered body, the Clark Y likely experiences some degree of separation at all angles 
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of attack, and the DBD actuation can control smaller-scale fluid structures before complete 

separation could occur.  

10.2.3 Lift/Drag Ratio Enhancement with Dual DBD 

The CL / CD results of the Clark Y airfoil with dual DBD array powered at a varied from 

VDBD = 25 kV – 40 kV in wind speed increments of 5 kV at 2 kHz at U∞ up to 25 m/s are presented 

in Figure 10.9 through Figure 10.12. In the U∞ = 5m/s case, the actuator produces thrust greater 

than the aerodynamic drag force (Figure 10.4), which results in the singularities with the lift-to-

drag coefficient calculation; thus, these results are not plotted. 

 
Figure 10.9: CL / CD versus angle of attack for a Clark Y airfoil at U∞ = 10 m/s. DBD actuator voltage is 

varied, VDBD = 25 - 35 kV.  
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Figure 10.10: CL / CD versus angle of attack for a Clark Y airfoil at U∞ = 15 m/s. DBD actuator voltage is 

varied, VDBD = 25 - 40 kV.  

 
Figure 10.11: CL / CD versus angle of attack for a Clark Y airfoil at U∞ = 20 m/s. DBD actuator voltage is 

varied, VDBD = 25 - 40 kV.  
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Figure 10.12. CL / CD versus angle of attack for a Clark Y airfoil at U∞ = 25 m/s. DBD actuator voltage is 

varied, VDBD = 25 - 35 kV.  

 

A substantial increase in the lift-to-drag ratio is observed across all angles of attack up to 

20 m/s, demonstrating a more significant impact across different angles. At the highest speed with 

noticeable aerodynamic improvement at U∞ = 25 m/s, the lift/drag ratio increased by ~60% with a 

𝛿(𝐶L/𝐶D) ~ 20. The 𝛿(𝐶L/𝐶D) with and without plasma actuation decreases with free stream 

velocity, similar to the trends in 𝐶L and 𝐶D. The effect of the DBD actuators can further be 

improved by using a higher voltage or a thicker dielectric with a higher voltage, and tests with 

higher voltages are currently being investigated. 

10.3 Chapter Summary 

This study experimentally investigated the active flow control strategies for a Clark Y airfoil 

using a high power density DBD array. Experimental analyses assess the effectiveness of dual co-

flow DBD actuators across a windspeed range of 5 – 25 m/s, corresponding to Reynolds numbers 

of 60k – 315k and varying angles up to α = -2°  to 15°. The results demonstrated substantial 

improvements in the aerodynamic performance of high-power DBD actuators and lower wind 
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speeds. With a 5 m/s external flow, the DBD array increased CL by up to 50% and achieved EHD 

propulsion, as shown by negative drag forces. Notably, the two-stage DBD array significantly 

improved lift and drag at speeds of up to 20 m/s. While the influence of the actuators diminished 

at higher Reynolds numbers, our findings highlight that further advances in DBD technology can 

enhance the active flow control application at higher windspeed and angles of attack than 

previously demonstrated.  

The DBD array should be adapted for counter-flow actuation to demonstrate greater control 

authority for future work. Additionally, the combination of counter-flow and co-flow can 

significantly alter the moment of the airfoil. While the current wind tunnel is unsuited for flow 

measurements, a hot-wire probe may be introduced through the front removable panel to capture 

velocity statistical data and characterize the wake region. Numerical modeling will significantly 

enhance and complement the experimental effort by extracting/predicting the velocity field around 

the airfoil. The airfoil can be numerically modeled with an ion injection or momentum injection 

model. Both approaches may serve as valuable numerical case studies. 

Chapter 11. Conclusions 

This dissertation has developed and explored several critical aspects of dielectric barrier 

discharge plasma actuators for active flow control. Starting with fundamental scientific inquiry, 

this work explores underlying fluid-plasma interactions to optimize DBD actuator systems and 

presents high-fidelity aerodynamic behavior of a realistic Clark Y airfoil to demonstrate active 

flow control at more robust flow conditions than previously published.    

This dissertation first presents a reduced-order empirical model of DBD actuators to derive 

their discharge current, current density, plasma volume, and momentum injection using 

fundamental input parameters. The discharge current analysis found positive and negative 
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discharge current to follow an 𝐼𝑑𝑖𝑠 =  𝐾𝑓𝐴𝐶
𝛼(𝜑 − 𝜑0)

2 relationship. Furthermore, the discharge 

current was linearly proportional to the momentum injection derived through velocity profiles. 

This empirical model brought new key DBD parameters to light and created more accurate 

boundary conditions for the numerical modeling of DBD.  

With a new model of a DBD actuator in quiescent condition, the DBD model is then tested 

and validated in an external flow. After constructing an in-house small wind tunnel, we present 

extensive fluid boundary layer flow profiles when the DBD actuator is in co-flow and counter-

flow. Fluid analysis supports that a DBD actuator displaces significantly more momentum (up to 

~ 6.5x more) within a boundary layer in counter-flow configuration than in co-flow configuration. 

The DBD actuator power usage is independent of orientation and external flow speed. This work 

proposes a new non-dimensional flow separation criteria, M*, as a ratio of DBD jet momentum to 

boundary layer momentum.  

With empirical models of the DBD in quiescent and external flows, this dissertation then 

explores the underlying mechanisms of augmented DBD systems to optimize electromechanical 

performance. This dissertation first explores a three-electrode DC-augmented DBD (DCA-DBD) 

where an additional HV DC electrode augments the DBD thrust when positively biased but creates 

a deflected jet when negatively biased. Through high-speed imaging and surface charge 

measurements, we found that a positive DCA augments horizontal thrust by greater than twofold 

due to electric field acceleration with electron impacts and oscillating residual charge interactions. 

The negatively biased DCA experiences a deflected jet because sliding positive discharge towards 

the third electrode causes a reverse discharge to the extended plasma. This work is the first to 

explore the underlying causes of these forcing behaviors. 



157 

 

Building upon the DCA-DBD research, we present a new AC-augmented (ACA) DBD with 

increased performance over its baseline. This work is motivated by floating battery-powered DBDs 

and DBD arrays. We find that an out-of-phase (relative to the air-exposed DBD electrode) HV AC 

third electrode promotes the acceleration of both positive and negative species generated by the 

primary DBD, enhancing momentum transfer to neutral molecules. However, with a sufficiently 

strong electric field, sliding discharge can occur with the out-of-phase third electrode, inducing 

negative discharges from the third electrode to the space charge. This phenomenon was previously 

only seen in DCA-DBD systems and represents a critical space limiting factor in DBD arrays. 

This work then extends the ACA-DBD by optimizing a DBD array with out-of-phase 

electrodes to demonstrate linearly scaling thrust with the number of DBD stages at high forces, a 

feat never before seen. Highlighting that DBD arrays have a strong spacing dependency, the DBD 

array power usage also scales linearly with the number of DBD stages. The DBD array is also 

tested with a resistor module to demonstrate the delay of arcing and filamentary streamers. With a 

compact four-stage DBD array, we report a thrust greater than 250 mN/m with a significantly 

thicker wall jet than previously published.  

Finally, a robust Clark Y airfoil is tested with an optimized two-stage DBD array in a 2D wind 

tunnel to demonstrate flow control. Measuring aerodynamic forces (lift, drag, and moments), we 

demonstrate significant lift and drag control with the DBD array at speeds up to 20 m/s, greater 

than previous literature. This work is the first to test a Clark Y airfoil with DBD actuators and the 

first to test an optimized DBD array. 

Although several complex engineering and scientific hurdles prevent large-scale DBD 

implementation today, this dissertation contributes greatly to the augmentation of DBD 

capabilities and points towards many new research avenues. With the newfound mechanisms and 
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demonstration of DBD augmentation in this body of work, future applied research work can focus 

on implementing these systems for robust flow control at higher external flow speeds. Future 

fundamental research work can more deeply explore the unsteady plasma-fluid coupling of the 

proposed augmentation mechanisms through time-resolved measurements such as Laser Doppler 

anemometry (LDA) or particle imaging velocimetry (PIV) with high-speed imaging and surface 

charge measurements. Future engineering work can focus on auxiliary systems, such as miniature 

power electronics, to allow a plug-and-play DBD actuator to have a higher overall thrust-to-weight 

ratio. While these research efforts span several fields of study, these developments are imperative 

for the future of DBD actuators for active flow control. 
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Chapter 12. Highlights 

 

• Developed a reduced-order empirical model of a two-electrode DBD actuator’s plasma and 

electromechanical characteristics, including discharge current, current density, and 

momentum injection from key input variables (i.e, voltage and frequency) 

• Validated the reduced-order empirical model and performance of a two-electrode DBD 

actuator in co- and counter-flow conditions at external flow speeds up to U∞ = 11 m/s 

• Proposed new non-dimensional separation criteria for DBD actuators in counter-flow 

• Demonstrated a > 100% increase in thrust with a three-electrode positive DC-augmented 

(DCA) DBD actuator and explored the underlying DCA augmentation mechanisms 

• Presented time-resolved high-speed images and space charge measurements of positive and 

negative DCA for the first time, revealing the cause of the wall-normal jet in negative DCA 

• Explored and tested a three-electrode AC-augmented (ACA) DBD actuator for the first 

time to demonstrate up to ~40% increase in thrust by varying phase differences 

• Developed a scalable high-power DBD array with no adverse cross-talk between DBD 

stages to achieve the highest thrust in the current DBD literature 

• Demonstrated active flow control at external speeds up to ~ 20 m/s with a chambered Clark 

Y airfoil using an optimized dual-DBD array and an in-house wind tunnel. 
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Appendix A. Numerical Modeling of DBD in Co- and Counter-Flow 

Numerical modeling of DBD has generally been categorized into three categories with 

increasing complexity: momentum injection models, simplified ion injection models, and species 

transport models.  Momentum injection models such as that of Yoon et al [95] and Kriegseis et al. 

[128] have been shown to accurately predict steady state resulting fluid flow field of DBD 

actuators in a few configurations using empirically estimated forcing fields while remaining 

extremely computationally inexpensive.  Simplified ion injection models such as the Orlov [125], 

Shyy [169], and the Suzen and Huang model [88] employ analytically or semi-empirically 

estimated charge density boundary conditions or charged density regions to model the transport of 

electrons and generalized ions.  The electric potential and the charge density is then used to 

calculate the electrostatic Lorentz force with no magnetic field and this EHD force is then coupled 

to the Navier-Stokes.  In species transport models such of that of Bie et al. [170] and Soloviev et 

al. [171], the dominant chemical species, the resulting ions, and the radicals are modeled as a 

transport phenomenon, and the distribution of ions are used to compute the electrostatic force 

similarly to the simple ion models.  Simplified ion injection models and momentum injection 

models have often been the most popular as they can readily be used for different applications 

while remaining relatively computationally lean.   

An early implementation of a momentum injection model based on previously published 

empirical measurements is tested in co-flow and counter-flow.  No published DBD model is tested 

in an external co-flow or counter-flow.  This supplemental information further supports the 

previously proposed momentum injection model in an external flow while shedding insight into 

the fluid interactions of this manuscript.  The two-dimensional schematic is identical to Figure 5.1 

and Figure 5.4.  The domain height is set to match the experimental wind tunnel of 10cm.  The 

velocity profile of the wind tunnel is defined as a custom user-defined velocity profile.  A mesh of 
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332,000 cells is employed with refinement near the forcing region, and courser meshes are tested 

to ensure mesh independence.  Since the DBD actuator does not have a fluid mass flux, the 

resulting fluid governing equations is expressed as the incompressible Navier-Stokes continuity 

and momentum equation with an added momentum source term as defined as 

 

 ∇ ∙ 𝐮 = 0 (25) 

 

 
𝜌
𝐷𝒖

𝐷𝑡
= − ∇𝑃 +  𝜇∇2𝒖+ 𝑓𝐸𝐻𝐷 

(26) 

 

 

The area of the momentum injection is within a right triangle region similar to the approach 

of Shyy [169] which assumes a linear approximation between plasma length and height.  The 

author's previous work outlines that plasma length approaches ~8mm for these electrical 

parameters and the length-to-height ratio is approximately constant at L/H = 4.  For all simulations, 

the steady-state K-W turbulence model is used.  A steady-state assumption for the DBD forcing is 

often assumed as the electrostatic and unsteady forcing timescales and variances are considered 

sufficiently small.  High-temporal resolution PIV data has shown that the time fluctuations of the 

DBD jet is often approximately 10% within a single voltage period, however, this variance 

depends on the applied voltage waveform [61, 154].  Yoon et al used the one-equation Spalart-

Allmaras turbulence model to model the DBD jet in quiescent flow, however, this was found to 

underpredict the separation region in the counter-flow significantly.   

The resulting velocity profiles and momentum displacement calculations are presented below 

in Figure A.1.  In the co-flow configuration, the momentum injection model matches the maximum 

velocity within 10%.  However, the location of the maximum velocity in the model is higher than 

the experimentally measured location and the velocity displacement appears more focused.  This 

is believed to be due to the inability for a two-dimensional CFD simulation to capture vorticity 
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and turbulence effects well.  In addition, the higher location of the maximum velocity supports 

that the forcing distribution shape likely should be more focused in the near-wall region, possibly 

similar to the modified Gaussian used in Yoon et al [95].  Using the integration of the X = 10mm 

velocity profile, the total momentum displacement matches the experimental momentum 

displacement. 

 

 
Figure A.1. Numerical and Experimental DBD Velocity Profiles with 19.5kV 2kHz Forcing (~22 mN/m) in 5 m/s 

External Co- and Counter-Flow 

In the counter-flow configurations, the strength of the separation region is over-predicted.  

The over-prediction is believed to be due to the K-W turbulence model incorrectly predicting the 

separation region, and this is generally in line with many other adverse-pressure gradient studies, 

including backward-facing step problems that over-predict shear stress and reattachment locations  

[172].  The momentum deficit measured at the X = 10mm position after the momentum injection 

region has an error of about 30%.  In addition, experimental results show the mass entrainment at 

higher locations in the wind tunnel compared to the numerical results that show entrainment as 

low as ~7mm above the plate.  The downstream dissipation does not match well as the X = 25 

profile experimentally dissipates more than the numerical solution. 
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Overall, the presence of a separation region in the counter-flow case proved to be the most 

complex cases to match well, and it is unlikely that a basic RANS turbulence model will accurately 

predict an adverse pressure gradient. Thus, more advanced numerical efforts are needed to predict 

the separation region accurately.  The main strength yet main limitation of this model is its 

simplicity.  With further fine-tuning to the given physical parameters, this model can predict and 

accurately model specific DBD applications.  However, that strength can only be reached with 

further investigations into its dependencies on turbulent models, unsteady forcing, and plasma 

forcing volume.  More robust turbulent models such as Large Eddy Simulation (LES), Detached 

Eddy Simulation (DES), or a Direct Numerical Simulation (DNS) approach may be needed to 

properly resolve the viscous effects, especially in the counter-flow case.  Time-averaged forcing 

with a triangular plasma force shape may be appropriate for simple cases such as in co-flow, but 

in cases such as the counter-flow or crossflow, shear stress and turbulent effects over the 

momentum volume are magnified, and proper time-resolution may be required.  With these aspects 

tackled, this model can serve as an inviable DBD design tool while providing accurate results and 

shedding important insight into the DBD forcing. 
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Figure A.2. Numerical and Experimental DBD Momentum Displacement with 19.5kV 2kHz Forcing (~22 mN/m) in 

5 m/s External Co- and Counter-Flow 

Appendix B. DC-Augmented DBD Supplemental Information 

 
Figure B.1 Top view experimental schematic of the DBD actuator comprised an air-exposed electrode (1), embedded 

electrode (2), air-exposed third electrode (3), and 3 mm long x 10 mm wide surface charge probe (4) located on the 

backside of the dielectric at x = 27 mm downstream from the active electrode. 

 
 

(1) (2) (3)

(4)

(a)
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Figure B.2 Vertical velocity profiles at X = 15 mm, 25 mm, and 45 mm downstream at identical conditions of Figure 

3. Control volume analysis up until X = 15 mm yields the momentum produced from the DBD. Conditions: f = 2kHz, 

VAC= 35 kV with (a) VDCA= 0 kV, (b) VDCA= – 24 kV, and (c) VDCA= +24 kV. 

(b)

(c)
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Figure B.3 Side view image of DBD with VDCA = 0 kV (a), VDCA = –24 kV (b), and VDCA = +24 kV (c). The 

exposure time of 25 ms is equivalent to 50 DBD cycles. 

Table B.1 Comparison of directly measured thrust and velocity profile integration 

Experimental Configuration Directly Measured Thrust 

(mN/m) 

Velocity-Derived Thrust 

(mN/m) 

VDCA = 0 kV 29.1 32.0 

VDCA =  + 24 kV 49.1 45.5 

 

  

(a)

(b)

(c)
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Appendix C. Surface Virus Inactivation by Impinging Flow Non-

Thermal Plasma Reactor 

This section presents work on virus inactivation by an impinging flow non-thermal plasma 

(NTP) reactor generated by DBD. This work is motivated by the need for a non-contact virus 

inactivation highlighted by the recent COVID-19 pandemic (SARS-CoV-2). This work is 

published in IEEE Transactions on Plasma Science [1].  

The COVID-19 pandemic raised awareness about the spread of infectious diseases via fomite 

and respiratory routes. The persistence of potentially infectious agents in public spaces and the 

spread of nosocomial infections in medical settings needs investigation. Aerosol transition routes 

have been evaluated by multiple researchers. Exposure to these aerosols presents a risk to patients 

and medical staff [173]. Modeling and aerosol plume tracking studies in medical facilities and 

other public spaces have been published in recent years. The typical strategies for aerosol 

management include increased air exchange rates and the introduction of portable particle filters. 

[174-178].  Fomite-mediated transmission is an important pathway for many viral pathogens, such 

as adenovirus, norovirus, rhinovirus, coronavirus (e.g., SARS-CoV-2), etc. [179-182]. The 

strategies for surface disinfection can be designed to prevent disease transmission; they depend on 

the surface types and operational scenarios [183]. Broadly, the application can be divided into 

contact and non-contact surface treatments. Contact treatments are effective for smooth, non-

porous surfaces; they are inexpensive and easy to implement. However, using corrosive chemicals, 

such as bleach or hydrogen peroxide, can present problems in some scenarios. Liquid-based and 

aerosol-based disinfectants may damage surfaces chemically, gradually erode surface finish, and 

penetrate through small openings inside the equipment, affecting the electronics. The CDC’s 

Guidelines for Disinfection and Sterilization in Healthcare Facilities lists the shortcomings of 

various disinfection agents, including damages from their application [184]. Recent studies 
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evaluated a variety of chemical disinfectants containing hydrogen peroxide, quaternary ammonia, 

and chlorine. Disinfection procedures were found to change surface properties [185, 186]. Non-

contact methods can eliminate some concerns. Germicidal ultraviolet light (UVC, typically 222 or 

254 nm) is used to inactivate pathogens on surfaces and in the aerosol phase. However, UV 

inactivation requires long exposure times, and direct exposure to high-intensity UVC can cause 

damage to the eyes and skin or degrade materials like plastics, polymers, and dyed textiles. Plasma-

based surface treatments have been shown to inactivate various viruses and biological agents at 

short exposure times [187, 188]. The pioneering plasma-based treatments for bacteria and viruses 

have been published by Laroussi et al. [189-191], Fridman et al. [192], Xiong et al. [193], and Lu 

et al. [194]. Non-thermal plasma was demonstrated to inactivate various bacteria and viruses 

through inactivation routes such as oxidation and disruption of the cell membrane. 

Ozone is used as an oxidizing agent for various industrial and domestic treatment/disinfection 

applications. The main benefits are that the treatment leaves no harmful residue after oxidation, it 

can be used on electronic components, and, unlike UV, does not require line-of-sight access. For 

both approaches, pathogens encapsulated in bodily fluids will be harder to inactivate to a specified 

level than pathogens not in a fluid.  The common ozone generation methods are the electrochemical 

method, UV, and non-thermal plasma (NTP). The two NTP generation approaches are corona 

discharge and dielectric barrier discharge (DBD). In corona discharge, high voltage (HV) direct 

current (DC) between two electrodes ionizes a working fluid [26, 27, 67]. In an enclosed 

configuration, the charged species can be expelled by an external flow, such as a pump or fan, to 

avoid ion loss on the ground electrode [195, 196]. Corona discharge is more commonly used in 

commercial devices due to its simpler physical design and required power electronics. In DBD, a 

high-voltage alternating current (AC) is applied to two electrodes separated by a dielectric barrier.  
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 At low power levels, corona generators are found to produce similar ozone levels to DBD 

ozone generators [28]. Due to the separation of the electrodes in DBD with a dielectric barrier, the 

charged species cannot readily recombine compared to corona discharge, and DBD may produce 

ion concentrations of an order magnitude greater than in the corona discharge. Unlike the corona 

discharge, the DBD is resistant to streamer propagation, making it a robust approach with respect 

to operating pressure, relative humidity (RH), and environmental contamination. For example, 

Ono and Oda showed that adding 2.4% water vapor to dry air decreased corona ozone production 

by a factor of ~6 [29]. In comparison, the effect of RH on DBD is significantly smaller; only a 

~50% decrease in ozone concentration was reported with the increase of RH [30, 31]. The decrease 

in ozone was attributed to a lower electron density and ozone interaction with water. Commercial 

generators typically produce ozone levels in the 0.2-20 PPM range; it is suitable for aerosol and 

surface non-targeted surface treatment [32]. DBD has been demonstrated to produce ozone 

concentrations up to ~1000 ppm [30]. Because of its flexibility and environmental robustness, 

DBD plasmas have been used as an ionization source in mass spectrometry applications [33] and 

boundary layer modification for active flow control [34, 35]. 

Recent works demonstrated virus inactivation after plasma treatment of porous and smooth 

surfaces. Lee et al. used a DBD ionization source to disinfect face masks contaminated with the 

SARS-CoV-2 virus; the authors showed a 4-log reduction when the surfaces were treated for 10 

seconds with 120 ppm of ozone [187]. The DBD treatment did not lead to structural damage or 

functional deterioration on the face masks as there was no statistical difference in particle filtration 

efficiency (PFE) between an ozone-treated and untreated mask. Baek et al. treated coronavirus 

trapped in a polypropylene melt-blown filter; the viable counts were reduced by 99.8% when 

exposed to ~52 ppm of ozone for 30 minutes [197]. Chen et al. investigated the disinfection of 
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several different surfaces, including plastic, metal, and leather [2]. Thomas et al. used a DC-

powered plasma torch with atmospheric air showing 2 log (99%) after 120s [3]. Wu et al. showed 

that viruses exposed to reactive oxygen species exhibited surface protein and RNA damage [198]. 

The literature reports the ability of RONS generated by NTP to inactivate viruses; however, 

the effectiveness of individual species is not well understood. In air, NTP generates O3, O, H2N2, 

NO, NO2, HNO3, NO3, and several other reactive oxygen and nitrogen species [60]. These species 

have been measured through spectroscopy [123, 124]. Ozone (O3) has often been suggested as a 

key reactive species responsible for virus inactivation in air and water, and since the measurement 

instruments for ozone are well-developed, it has been used as an indicator of RONS levels in 

biological studies [60, 199-201]. Note that several studies indicated that hydroxyl and nitrogen 

groups are equally or more capable of virus inactivation [202-204]. This study recognizes the 

previously reported claims that both ozone and RNS contribute to virus inactivation [205]. 

Measured ozone levels are used as a relative indicator for flow reactor performance with respect 

to RONS production. In the DBD, the RONS generation rate can be controlled using multiple 

inputs, such as frequency, waveform, voltage amplitude, etc. The high production rate allows for 

developing small-scale generators with a low power input that can be used for localized surface 

disinfection applications. A controllable ionization source with the addition of external flow allows 

the delivery of an oxidizing agent to the surface of interest, minimizing overall ozone emissions 

and the health and environmental impact of the treatment. These flow reactors can be used in 

decontaminating electronic devices and complex surfaces where using UV and liquid chemicals is 

problematic. 

In this study, we present and characterize a novel atmospheric air DBD-NTP flow reactor for 

surface virus inactivation. Compared to existing literature, atmospheric air DBD reactors have not 
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been demonstrated for aerosol or surface virus inactivation, and little work has been reported on 

the inactivation of surface viruses through NTP. Most studies correlate pathogen inactivation to 

ozone concentration and exposure time; thus, consistent methods of free radical production and 

reactor optimization as a function of operating conditions are important. This study first 

characterizes the ozone production of a novel DBD-NTP flow reactor as a function of geometrical 

parameters and flow rate. The reactor is then used for the MS2 virus inactivation on surfaces. 

 

Figure C.1 Schematic of the experimental setup including metered air source, DBD reactor with power electronics, 

and instrumentation to measure DBD current and voltage. The ionized air exiting the reactor impinges onto a coupon 

spike with virus culture. An ozone meter (not shown) can also be placed at the location of the coupon. 

 
Figure C.2. 19.05 mm DBD reactor with 6.35 mm electrode spacing and a 6.35 mm ID exit nozzle (left); 19.05 mm 

DBD reactor with 12.7 mm electrode spacing and 12.7 mm ID exit nozzle (right) 

Pump Flowmeter DBD Reactor Metal Coupon

Oscilloscope HV Probe HV Power Supply

Ambient Air Ozone + ROS
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C.1 Experimental Setup 

C.1.1 DBD Flow Reactor 

DBD ionization was previously used for pathogen inactivation; however, in previous studies, 

the pathogens were typically placed on the electrode surface or between the active and ground 

electrodes [49]. Several DBD flow reactor designs were reported [36, 37]; their optimization could 

improve pathogen inactivation efficacy. The experimental setup used in this work is shown in 

Figure . The concentric DBD reactor consists of a high-temperature quartz glass tube, an inner 

high-voltage electrode, a coiled grounded outer copper electrode, and two end caps. The concentric 

DBD reactor was designed to generate volumetric plasma discharge and transport RONS toward 

the treated surface operating with low air resistance, such that the high flow rates can be achieved 

with modest pumping requirements. The DBD reactor ozone production was tested for different 

quartz tube dimensions, electrode coverage, and exit nozzle size. The two different quartz tubes 

are 19.05 mm (0.75") outer diameter (OD) with 16 mm (0.630") inner diameter (ID) and OD = 

12.7 mm (0.50") and ID = 10.49 mm (0.413"). All experiments use the copper inner (active) 

electrode with a 3.175 mm (1/8") diameter. Electric field strengths change for the same applied 

voltage as the spacing between the electrodes and tube size are varied.  The lengths of the quartz 

tubes and the inner electrode are 304.8 mm.  The coiled grounded electrode is constructed of 6.35 

mm wide copper tape with 6.35 mm or 12.7 mm spacing between each coil. The coiled electrode 

spanned the reactor's middle section; this coiled section length was ~ 152 mm to minimize 

dielectric heating and arcing around the tube ends.  

Figure  shows the 19.05 mm OD DBD reactor with two different electrode coverages and two 

different exit nozzle sizes. The quartz tube acts as the dielectric barrier between the HV and ground 

electrodes due to its high dielectric constant and excellent resistance to corrosion and temperature 

degradation [50, 51]. The inlet and outlet ends are 3D-printed with high-temperature resin 
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(Formlabs High Temp Resin 1L) with a heat deflection temperature of 238°C @ 0.45 MPa. The 

caps are sealed against the tube with O-rings to create an air-tight fit. The inlet cap end has a barbed 

fitting connected to flexible tubing. The outlet nozzle dimensions were 6.35 mm ID and 12.7 mm 

ID.  Upstream and downstream of the ionization region, 3D-printed spacers ensure that the inner 

electrode is centered while not inhibiting the flow. 

C.1.2 Reactor Operation: Electrical and Flow Parameters 

The plasma discharge was driven by a high-voltage (HV) square wave generated by a high-

voltage AC power supply (model PVM500-2500, Information Unlimited, NH) with a 25kV (peak-

to-peak) voltage amplitude and 20 kHz frequency. Ozone production tests were performed for 

several reactor geometries. The power supply input power (Pin) was varied between 30 W and 

210 W. The output power was set at 150 W for the virus inactivation test, and only one geometry 

was used. In all tests, the voltage amplitude and frequency were confirmed by a high-voltage probe 

(Tektronix, model P6015A). The electrical parameters are monitored and stored on a Tektronix 

DPO 7254C oscilloscope. A variable control pump (Medo ML-120) controlled the airflow through 

the reactor, monitored by an in-line flowmeter (Dwyer, model RMC-102). The DBD ozone 

production was characterized at 10-40 LPM.  

To measure the DBD reactor ozone generation, the flow rate through the DBD reactor was 

first set to the target operational level. When the high voltage is applied between the electrodes, 

the ambient air entering the reactor becomes ionized. The ionized gas is then expelled directly onto 

the coupon spiked with viral culture. The outlet of the DBD reactor was positioned 10 mm away 

and normal to the surface of the spiked coupon. The ozone concentration was measured using an 

ozone sensor (Forensics Detectors, model FD-90, 0-100 ozone ppm) at the same location as the 

spiked coupons in the inactivation tests. Figure  shows the DBD reactor operating at Pin = 150W.  
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Figure C.3. A photograph of the DBD reactor operating at 150W power input. Reactor configuration: 12.7 mm coil 

spacing and ID = 12.7 mm. 

C.1.3 Surface Treatment 

A single-stranded, positive-sense RNA virus, MS2 bacteriophage, was used to determine virus 

inactivation levels. With a similar structure to noroviruses, MS2 is commonly used in virus 

transmission and inactivation studies [206-208]. Depending on the surface type and environmental 

conditions, MS2 and other viral RNA can survive several days on surfaces [209]. A 100 µl droplet 

with ~107 MS2 copies/1mL PBS (phosphate buffer saline) titer was deposited onto a 12.7 mm 

diameter circular stainless-steel coupon and allowed to dry for approximately 90 min, forming a 

thin film. The pH = 7.4 PBS titer (Corning 21-040) did not contain calcium or magnesium and 

comprises 0.144 g/L KH2PO4, 9.00 g/L NaCl, and 0.795 g/L Na2HPO4. Once the droplet has dried, 

the MS2 remains stable on the metal coupon. The dried PBS components may potentially create a 

coating or buffer around the MS2, hindering inactivation. In this case, the measured inactivation 

results are conservative. 

The coupon was placed 10 mm from the exit of the DBD reactor. The ambient temperature 

during the tests was controlled to ~ 65°F. The ion temperature was not measured however, 

previous literature has reported the ion temperature of the atmospheric air plasma at ~ 103 K [210]. 

The exposure time of the DBD reactor onto a spiked coupon was varied between 0 (control), 30, 
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60, 90, and 120s.  Each exposure time was tested on two coupon samples on at least three 

independent days for a minimum of six total tested samples per exposure time. Control samples 

were prepared but not treated using the NTP to account for the potential virus viability loss during 

drying and treatment time.  

A double-agar layer plaque assay was used to assess MS2 (MS2 ATCC #15597-B1) viability 

in a bacterial host (Escherichia coli). [211-213]. Tryptic soy agar (TSA) (BD Difco #236950) was 

prepared following the manufacturer's directions and added to Petri dishes (Fisherbrand 

100 × 15 mm #FB0875712). The plates were cooled at room temperature. 100 μL of diluted 

sample and 100 μL of E. coli Famp (ATCC #700891) suspension were added to 7 mL of top agar 

(0.5% [/v] NaCl [Fisher Scientific #S271-500] and 0.7% [w/v] Bacto Agar [BD #214010]) in a 

borosilicate glass tube (Fisherbrand #14-961-27). The solution was mixed by rolling the tube 

between hands and poured on the prepared TSA plates. The top agar was cooled before the plates 

were inverted and incubated overnight at 37 °C. The plaques were counted the following day. The 

assay was performed in duplicates for all sample dilutions. A negative control (only E. coli) and 

PBS control (only PBS) were included in the analysis.The results are averaged over at least 6 

samples and three independent tests. Inactivation was calculated as 

 

 
𝐼𝑛𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =  −𝐿𝑜𝑔10

𝑁𝑡
𝑁0

 (27) 

 

where 𝑁𝑡 is the number of viruses on the test coupon after the DBD ozone treatment and 𝑁0 is the 

number of viruses on a control test coupon without the DBD ozone treatment. The comparison 

with a control spiked test coupon ensures that the virus inactivation results were not influenced by 

the transportation or exposure to the ambient environment. 
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C.2 Results and Discussion 

C.2.1 Reactor Operation and Ozone Production 

A typical voltage input and current measured in the DBD reactor are shown in Figure ; the x-

axis shows a normalized time scale (based on 20 kHz input frequency). A square wave input with 

a peak-to-peak voltage amplitude of 25 kV and frequency of 20 kHz shows a series of discharge 

current peaks following voltage polarity change. In the flat regions in the cycle, the system 

equilibrates (acts as a capacitor), and the discharge spikes are not present.  

 

 
Figure C.4. DBD reactor voltage and current as a function of time at the Pin = 150 W input power, VP-P = 25 kV, 

f = 20 kHz. 

 
Figure C.5. Left – DBD ozone generation vs. power input for fixed flow rate (10 LPM) and varying outer diameter 

(OD), nozzle exit diameter (ED), and electrode spacing. Right – DBD ozone generation with varying flow rates, Pin 

= 150 W, reactor OD = 19.05 mm, coil spacing - 6.35 mm. 
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Dissociation and recombination of multiple free radicals occur during the ionization process. 

The RONS yields depend on the strength and polarity of the E-field, stability (reactivity) of the 

specific free radicals, and ability to remove the species before recombination occurs or when 

electrode polarity switches to the other half-cycle. Stable species in the NTP environment include 

ozone and nitrogen oxides, and with increasing relative humidity, NH3 and HNO3 are also present 

[214, 215]. Ozone is formed when monoatomic oxygen atoms are combined with diatomic oxygen 

[4]. Ozone is easy to monitor; thus, it has been used as an indicator for RONS levels in pathogen 

inactivation studies, e.g., refs [187] [197]. Figure  (left) shows the ozone production as a function 

of operating parameters and the geometrical configuration of the reactor. Generally, at the lowest 

tested condition (30 W), the ozone level at the exit was in the 30-40 ppm range and at the highest 

(210 W) ~55 ppm.  At lower power settings (Pin < 75 W), ozone production increases rapidly with 

power input. Ozone production reaches the saturation limit at higher power settings (Pin > 150 W). 

This limit can be explained by the balance of ion production, species recombination, and positive 

species scavenging in the negative half-cycle. Ion production in DBD reactors depends on the 

electrical parameters and the flow rate. E.g., frequency affects ozone output limits due to varying 

reaction rates [99]. The dependency on flow rates has been noted in the literature [206]. For a 

constant ozone generation rate, ozone concentration decreases as the fluid flow rate increases. 

Although the test facility is not humidity controlled, the relative humidity was measured to be 

between ~ 30 – 50 % throughout the testing period. The ozone concentration from the DBD reactor 

was measured in each test. The variation across the different test days for the same electrical input 

was within the rated accuracy of the ozone meter (±1 ppm).  

The smaller reactor OD = 12.7 mm achieves the highest ozone yields at lower power input 

due to more efficient ionization in a stronger E-field (closer proximity between active and ground 
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electrodes) and more effective ozone removal from the reactor tube (high velocities for the same 

flow rate). All geometries displayed a similar maximum ozone concentration for Pin > 100 W.  In 

the lower input power cases, the DBD reactor with a grounded electrode with 12.7 mm coil spacing 

exhibited a slightly lower ozone concentration; however, the smaller plasma region did not cause 

a different ozone concentration production post-saturation. The ozone concentration does not 

increase for Pin > 100 W input, which would be the optimal electrical operating condition for this 

DBD reactor. Note that a higher flow rate results in more total reactive species over time; however, 

the ozone concentration at the reactor exit remains the same as the 10 LPM.   

Figure  (right) shows the ozone level at the reactor exit for Pin = 150W, reactor tube 

OD = 19.05 mm / ID = 16 mm, exit nozzle inner diameter - 6.35 mm, and coil spacing - 6.35 mm 

as a function of flow rates. These reactor conditions were used in the virus inactivation tests. In 

this range of flow rates, ozone production appears largely independent of the flow rate. The 

average exit velocity at these flow rates ranges from 5.26 m/s at 10 LPM to 26.3 m/s at 50 LPM. 

Few surface virus inactivation studies characterize the effect of flow rates on ROS production, 

e.g., Xia et al. reported a drop in ozone concentration from ~ 0.20 ppm to ~ 0.10 ppm in a porous 

packed-bed geometry when the flow rate increased from 170 LPM to 455 LPM [206]. In our work, 

the ozone concentration did not change at a higher flow rate; thus, the total number of reactive 

species ejected from the reactor increased linearly with the flow rate. These results demonstrate 

the potential for scalability of the system; however, the flow rates above 50 LPM were not tested 

in this work. The DBD flow reactor outputs significantly higher ozone concentration than Xia et 

al. The low surface-to-volume form factor and chemically inert quartz walls of the axisymmetric 

DBD reactor allow for maintaining a high concentration of free radicals, allowing to efficiently 

expel the RONS from the reactor by the airflow.  
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C.2.2 Virus Inactivation 

Virus inactivation tests were performed at varied exposure times using a DBD reactor with 

OD = 19.05 mm, exit nozzle diameter – 6.35 mm, coil spacing – 6.35 mm. The flow reactor was 

operated at a fixed power Pin = 150 W, flow rate – 10 LPM, and standoff distance – 10mm. Figure 

shows typical colony count results on double agar plates. Figure  illustrates the inactivation rates 

as a function of time and shows that at the lowest exposure time of the 30s, the DBD reactor yielded 

a 1.34 log reduction (~95.4%), and at the longest exposure time of 120s, the process yielded a 

5.28 log reduction (~99.999%). The two standard deviation error bars for a minimum of 6 samples 

are shown. The inactivation is approximately linear, with exposure time in this range with a ~2.54 

log reduction per minute. The highest exposure experiment yielded samples with very few viable 

colony counts approaching the detection limit for this titer concentration.  

 
Figure C.6. Example agar plates with untreated control at ~106 colonies (left), 30s inactivation at with 1.3 Log10 

reduction (middle), and 120s inactivation with 5.29 Log10 reduction (right). 
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Figure C.7. MS2 inactivation on metal coupons for the 30 s –120 s exposure to impinging jet from the DBD reactor 

with two standard deviation error bars. 

DBD flow reactors were not previously used in MS2 surface inactivation studies. Still, the 

results can be comparable to Thomas et al. [3] and Chen et al. [2], who used an ionized impinging 

jet. Thomas et al. used the air-fed DC-powered plasma torch on virus sample wells (round-bottom 

cell culture plates) instead of a flat coupon surface. The plasma torch yielded a 1.15 log reduction 

(93%), compared to the 1.34 log reduction of our DBD reactor with a 30 s exposure time. Thomas 

et al. show ~2 log reduction after 120 s exposure while operating their reactor at 320 W. This 

difference can be attributed to the plasma generation methods DC vs. AC-DBD, lower RONS 

concentration at the surface due to space charge shielding (well vs. flat coupon and conductive vs. 

non-conductive surfaces). Chen et al. used the DBD flow reactor with Ar and He gases. The Ar 

experiments yielded the best inactivation results at ~ 3 log reduction (99.9%) after ~ 60s exposure. 

The deposition on metal surface inactivation showed better inactivation; the authors suggested this 

is due to a higher discharge intensity and reactive species concentration. The inactivation rates 

agree with the results of the current study, although a different gas was used, and in this study, the 

DBD discharge does not occur on the interrogated surface as in Chen et al. Furthermore, the virus 
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samples of Chen et al. are presented in a wet well, unlike the dried coupon virus samples of the 

presented work. Compared to DBD reactors used for aerosol inactivation (Xia et al. reported up to 

2.3 log viable virus reduction), the surface inactivation rate in the current study is higher and the 

maximum inactivation is greater than 2 log greater; however, longer exposure times were used 

[206]. The largest challenge in comparing the aerosol-based studies is that aerosol passed through 

the high-intensity ionization zone becomes highly charged and may be collected on the reactor 

walls and electrodes due to electrostatic forces [216, 217].  To determine whether the aerosolized 

virus is inactivated or electrostatically collected inside the DBD reactor, Xia et al. collected 

aerosols in liquid impingers and analyzed the fluid by Tissue Culture Infectious Dose 

(TCID50) assay and quantitative polymerase chain reaction (qPCR) analysis [218].    

C.3 Chapter Summary 

This work describes a novel concentric DBD flow reactor for MS2 surface virus inactivation. 

The airflow is passed through the DBD reactor, and the ionized air impinges onto the surface, 

deactivating the virus. The effect of varying DBD reactor sizes, exit nozzle diameters, and 

electrode coverages on ozone generation was explored. DBD reactor outputs a maximum ozone 

concentration of ~ 55 ppm for input power > 100 W. The concentration decreases slightly when 

airflow increases from 10 to 40 LPM.  Before the saturation limit, the smaller DBD reactor 

generates more ozone due to the stronger electric field for the same given power input. The 

impinging jet exiting the DBD reactor at a fixed flow rate was used to test MS2 virus inactivation 

on the metal coupon at varying exposure times. At 30-second exposure, a 1.34 log reduction was 

shown, and after 90 seconds, a 5.28 log reduction was observed. The inactivation rate follows an 

approximately linear relationship with exposure time. The maximum inactivation of 5.28 log is 

significantly higher than previous non-thermal plasma reactors operated with ionized atmospheric 
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air. While the different reactive species' exact mechanisms and relative contributions are not fully 

elucidated, the DBD flow reactor approach provides a promising method for non-contact surface 

disinfection. Future studies should investigate the scalability of the approach and consider a variety 

of pathogens.Figure C.1 
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