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The NATO Science and Technology Organization

Science & Technology (S&T) in the NATO context is defined as the selective and rigorous generation and application of
state-of-the-art, validated knowledge for defence and security purposes. S&T activities embrace scientific research,
technology development, transition, application and field-testing, experimentation and a range of related scientific
activities that include systems engineering, operational research and analysis, synthesis, integration and validation of
knowledge derived through the scientific method.

In NATO, S&T is addressed using different business models, namely a collaborative business model where NATO
provides a forum where NATO Nations and partner Nations elect to use their national resources to define, conduct and
promote cooperative research and information exchange, and secondly an in-house delivery business model where S&T
activities are conducted in a NATO dedicated executive body, having its own personnel, capabilities and infrastructure.

The mission of the NATO Science & Technology Organization (STO) is to help position the Nations’ and NATO’s S&T
investments as a strategic enabler of the knowledge and technology advantage for the defence and security posture of
NATO Nations and partner Nations, by conducting and promoting S&T activities that augment and leverage the
capabilities and programmes of the Alliance, of the NATO Nations and the partner Nations, in support of NATO’s
objectives, and contributing to NATO’s ability to enable and influence security and defence related capability
development and threat mitigation in NATO Nations and partner Nations, in accordance with NATO policies.

The total spectrum of this collaborative effort is addressed by six Technical Panels who manage a wide range of
scientific research activities, a Group specialising in modelling and simulation, plus a Committee dedicated to
supporting the information management needs of the organization.

. AVT Applied Vehicle Technology Panel

. HFM  Human Factors and Medicine Panel

. IST Information Systems Technology Panel

. NMSG NATO Modelling and Simulation Group

. SAS System Analysis and Studies Panel

. SCI Systems Concepts and Integration Panel

. SET Sensors and Electronics Technology Panel

These Panels and Group are the power-house of the collaborative model and are made up of national representatives as
well as recognised world-class scientists, engineers and information specialists. In addition to providing critical
technical oversight, they also provide a communication link to military users and other NATO bodies.

The scientific and technological work is carried out by Technical Teams, created under one or more of these eight
bodies, for specific research activities which have a defined duration. These research activities can take a variety of
forms, including Task Groups, Workshops, Symposia, Specialists’ Meetings, Lecture Series and Technical Courses.

The content of this publication has been reproduced directly from material supplied by STO or the authors.

Published August 2021

Copyright © STO/NATO 2021
All Rights Reserved
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Single copies of this publication or of a part of it may be made for individual use only by those organisations or
individuals in NATO Nations defined by the limitation notice printed on the front cover. The approval of the STO
Information Management Systems Branch is required for more than one copy to be made or an extract included in
another publication. Requests to do so should be sent to the address on the back cover.
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Plasma Based Flow Control for Performance
and Control of Military Vehicles
(STO-TR-AVT-190)

Executive Summary

Flow Control Technologies are of interest to the general military and NATO community because of their
potential to improve aerodynamic efficiency and air-sea stability and control. The basic concept in Flow
Control Technologies is to effect a large change in an aerodynamic flow by a focused, carefully modulated
means and with, preferably, a minimum amount of energy. Traditional flow control uses include applications
such as bleed in inlets, span wise flap blowing, bumps, vortex generator devices, and spoilers for weapon
bay. However, historically, most of these methods were cost and complexity expensive. Innovations
changing this situation are: miniaturization of sensors and actuators, improvements in automatic controls,
a host of new effectors such as synthetic jets, requiring no air supply, plasmas, new materials and integration
of devices. New design options are also evolving such as electrification of the airframe, eliminating the need
to duct engine bleed around the aircraft and better understanding of underlying flow phenomena physics
through computation and advanced experiments. A promising option in this category uses ionized gas and
electrical charge to produce momentum flux and force changes without moving parts and without changing
a flight vehicles outer mold lines. It leverages the advantages of electronic/mechanical systems to affect flow
control without the weight penalties and complexity of these systems. For these reasons, Task Group
AVT-190 was established to conduct a research effort focused on the development and validation of
theoretical models for predicting the interaction of plasma with generic aerodynamics bodies-configurations
in fluid flows of interest to NATO including the effect on aerodynamic forces and moments. Specifically,
discharge techniques were to be explored using Dielectric Barrier Discharges, Microwave discharges, and
combined microwave-laser discharges. The specific goals to investigate were:

» Establish a common experimental database including surface pressure, forces and moments, and
flow-field visualization;

*  Define a matrix of test cases within the experimental database for validation of theoretical models;

»  Compute the test cases;

»  Evaluate the results of the computations and identify modelling strengths and weakness; and

¢ Recommend modifications to the theoretical models.
This report contains assessments conducted by team members from ten countries: Belgium, Canada, France,
Germany, Italy, Russia Federation, Switzerland, Turkey, United Kingdom, and the United States.

The contributions span academia, industry, and government laboratories. The result of the Task Group are
presented in this report.
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Controle du flux a partir de plasma
pour la performance et le controle
des véhicules militaires
(STO-TR-AVT-190)

Synthése

Les technologies de contrdle de flux présentent un intérét pour les forces armées et ’OTAN du fait de leur
potentiel d’amélioration de ’efficacité aérodynamique, de la stabilité dans 1’air ou a la mer et, du contréle.
Le concept de base des technologies de contrle de flux consiste a effectuer un changement important dans un
flux aérodynamique par des moyens concentrés, soigneusement modulés et, de préférence, avec une quantité
minimale d’énergie. Les applications traditionnelles de contréle de flux incluent notamment le prélévement
d’air dans les entrées d’air, le soufflage des volets sur I’ensemble de I’envergure, les turbulences, les
générateurs de vortex et les déflecteurs pour les baies d’armement. Toutefois, historiquement, la plupart de ces
méthodes étaient complexes et coliteuses. Cependant des innovations sont intervenues : miniaturisation des
capteurs et des actionneurs, améliorations des commandes automatiques, une multitude de nouveaux effecteurs
tels que les jets synthétiques, ne nécessitant aucune alimentation en air, les plasmas, de nouveaux matériaux et
I’intégration de dispositifs. De nouvelles options de conception évoluent également, telles que 1’¢lectrification
de la cellule, éliminant ainsi le besoin de canaliser le prélévement d’air moteur autour de I’aéronef et une
meilleure compréhension de la physique des phénoménes de flux sous-jacents par le biais de calculs et
d’expériences avancées. Une option prometteuse dans cette catégorie utilise les gaz ionisés et la charge
électrique pour produire un flux de mouvement et forcer les changements sans piéces mobiles ni modifications
du profil aérodynamique des aéronefs. Elle exploite les avantages des systémes électroniques / mécaniques
pour affecter le controle du flux sans les inconvénients dus au poids et a la complexité de ces systémes. Pour
ces raisons, le groupe de travail AVT-190 (Technologie appliquée aux véhicules) (Applied Vehicle
Technologie) a été mis sur pied pour mener un effort de recherche. Celui-ci est orienté sur le développement et
la validation de modeles théoriques pour prédire ’interaction du plasma avec les configurations
aérodynamiques génériques dans les écoulements de fluides intéressant ’OTAN, y compris I’effet sur les
forces et moments aérodynamiques. Plus précisément, des techniques de décharge devaient étre explorées en
utilisant des décharges de barriére diélectrique, des décharges de micro-ondes et des décharges combinées
de laser et micro-ondes. Les objectifs spécifiques a étudier étaient :

o L’établissement d’une base de données expérimentale commune qui inclut la pression de surface,
les forces et les moments, et la visualisation du champ d’écoulement ;

* La définition d’une matrice de tests dans la base de données expérimentale pour la validation
des modeles théoriques ;

e Les calculs des tests ;

« L’évaluation des résultats des calculs et I’identification des forces et faiblesses de la modélisation ; et

* Larecommandation de modifications a apporter aux modeles théoriques.
Le présent rapport contient les évaluations des membres de 1’équipe provenant de dix pays : Belgique,
Canada, France, Allemagne, Italie, Fédération de Russie, Suisse, Turquie, Royaume-Uni et Etats-Unis.

Les contributions proviennent de I’industrie, du monde universitaire et des laboratoires nationaux. Les
résultats du groupe de travail sont présentés dans ce rapport.
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Chapter 1 - INTRODUCTION: THE NATO
STO TASK GROUP AVT-190

Charles F. Suchomel
Air Force Research Laboratory
USA

The emergence of RTO as the organisation to co-ordinate research and technology activities over the breadth of
all the NATO military environments (land, air, sea, and space) presents a unique opportunity. The core
competencies embodied in the technical areas of vehicle control and optimum performance are at the heart of the
mission accomplishment of all military vehicles. The experts currently active in RTO activities and in the
process of solving aircraft issues and performing research in these areas have counterparts addressing analogous
issues for land, sea, and space vehicles. These experts all face similar challenges, and the coordination of the
different activities will have benefits that can be applied to all environments. This is especially true for emerging
disciplines involving multi-physics expertise such as plasma interactions with the flow about military aircraft.

It was appropriate, therefore, to formally initiate Working Group AVT-190 to explore the use of plasma as a way
to transfer energy to the atmosphere, locally, about a flight vehicle to cause and control flow interaction resulting
from the deposited energy. Plasma energy discharge offers several potential advantages for performance and
flight control of military vehicles compared to conventional mechanical systems (e.g., ailerons, boundary layer
suction, flaperons, and rudder). First, they can be actuated virtually instantaneously, whereas mechanical systems
have a finite actuation time due to their inherent mechanical inertia. Second, discharges can be focused on the
surface or projected at a distance from an aerodynamic body (e.g., upstream). This is not possible with
mechanical systems which are inherently affixed to the aircraft. Third, discharges can be modified in location,
duration, and strength depending on the geometry and the type discharge employed. Mechanical systems are not
inherently as flexible (e.g., an aileron can only be deflected about a single axis). During the exploratory phase of
the working group, various applications for control and performance were explored, but it was the consensus of
the group that a concerted effort to understand and to describe the fundamental physical process was more in line
with the AVT charter and mandatory before these capabilities could be fully exploited.

The AVT panel approved the AVT-190 working group’s objective of establishing a repeatable, systematic
process to describe the fundamental physics of rapid energy transfer to air and the resulting change on local flow
conditions. The group identified two subgroup activities for Plasma Flow Control (PFC) using:

1) Dielectric Barrier Discharge;

2) Microwave and combined microwave-laser discharges.

Both subgroups agreed to the following work plan:
1) To create common databases, using existing experimental data, to define a matrix of test cases;

2) To execute detailed validation of computational methods, using the test matrix, for a range of potential
fluids, speed, and altitude applications of PFC;

3) To evaluate the results of the computations to identify modelling strengths and weaknesses; and

4) To identify reduced order model requirements for successful design (e.g., force and flow changes, power
and weight requirements).
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Execution of the AVT-190 plan proceeded smoothly until midway through the program, when unprecedented
restrictions on multi-country collaborative and travel severely precluded individual/government involvement.
As funding pressures increased, the size of the task group diminished, the scope of the tasks originally laid out
diminished proportionately to funding restrictions, and not all tasks were done. Individual efforts that were
completed, undertook tasks 1) through 3); i.e., identified computational strengths and weakness, but an overall
task group assessment of reduced order model requirements for successful design was not done. At the end of
the working group’s activity, it was considered essential to capture the limited, high quality, work that was
accomplished. This publication represents the best, under trying circumstances, by researchers in the fields of
high energy electrical discharges, energetic plasma inducted flow control, and high fidelity computational
aerodynamics. You are encouraged to read their contributions to the complex, fascinating, multi-disciplinary
field of plasma flow control.

Laser and Microwave Discharge — D. Knight, Rutgers University, United States; J. Larour, LPP,
Ecole Polytechnique, Paliseau, France.

The laser and microwave subgroup assessed the computational prediction capability of the effect of laser
or microwave discharge on supersonic flow past a simplified aerodynamic body. A detailed examination
of available comparison data was conducted, and two experiments were identified for the effort, namely:

1) The laser discharge experiment of Adelgren et al. (2005), Rutgers University;
2) The microwave discharge experiment of Lashkov et al. (2004).

Independent computations were done by Dr. Olga Azarova, Dorodnicyn Computing Center, Russian
Academy of Sciences, and Drs. Doyle Knight and Mahsa Mortazavi, Rutgers University, as well as by
Dr. Paul-Quentin Elias at ONERA and Dr. Martin Spel et R.Tech in France. All simulations were based
upon a simplified model comprising the unsteady Euler equations for a perfect gas with the laser discharge
modelled as an instantaneous increase in static temperature (and static pressure) in a spherical region defined
by the laser focal volume. The temperature increase and peak pressure were determined on the sphere
centerline due to the impact of the transmitted blast wave on the sphere. The simulations failed to accurately
predict the pressure vs time history of the interaction of the laser discharge with the sphere for three different
laser discharge energies. Explanations were provided for the disagreement between the simulations and the
experiments and recommendations offered for future research. Flow effects of microwave energy deposition
were similar to the interaction of the laser discharge with the sphere. Additionally, an experiment is reported
by Dr. Jean Larour, aiming to show the coupling of microwave radiation to a multi-filament plasma column
generated by powerful femtosecond laser. This leads to the amplification of longitudinal oscillations of the
plasma over a distance exceeding 10 cm, giving a plasma column of interest for heating air column ahead of
a supersonic body.

Numerical Modelling of SDBD Actuators in Quiescent Air — F. Rogier, ONERA, France.

In this study, numerical results obtained from modelling of SDBD plasma actuators are compared to
experimental thrust measurements and to the induced velocity in quiescent air. The work presented evaluates
a plasma modelling approach by comparing the results with experimental data for a 14 kHz — 21 kV actuator in
a quiescent atmosphere. The study was divided into two parts: first, the numerical model is presented, and
secondly, the total body force exerted by the discharge, as computed numerically, is compared with force
balance measurements. Simulations were conducted for various voltages, frequencies, DBD parameters, and
then compared with force measurement results and PIV measurements of the induced actuator wind in quiescent
flow. The study ends by evaluating the modelling robustness to numerical and physical parameter uncertainties.
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Evaluation of Force Measurement Techniques for Dielectric Barrier Discharge Actuators —
Ryan Durscher and Subrata Roy, University of Florida, United States.

Despite their popularity in the recent literature, plasma dielectric barrier discharge actuator research lack
a consistent thrust measurement technique. This work looked at comparing two techniques used to measure
the global, plasma induced thrust with the intention of recommending remedies that facilitate direct
comparison of future experimental results. A force balance was used to make a direct measurement of thrust
and then compared with a control volume analysis on the data obtained through particle image velocimetry.
Local velocity was measured by particle image velocimetry and was validated with a fine-tip pressure probe.
The effect of varying the actuator plate length on which the induced flow acts was investigated by direct
thrust measurements. Results from these tests show that the length of the actuator plate was most influential
at higher voltages where the measured thrust increased as much as 20% for a six times reduction in the
length of the plate. For the indirect thrust measurement, the influence of the control volume size was
analyzed. When the two methods were compared, good agreement was found when the control volume size
had a sufficient downstream extent. In addition, the discharge length was optically measured using visible
light emission, a linear correlation was found between the discharge length and the thrust measurements
for the actuator configurations studied, and the energy conversion efficiency curve for a representative
actuator was determined.

Understanding SDBD Actuators: An Experimental Study on Plasma Characteristics —
Pénélope Leyland, Ecole Polytechnique Fédéral De Lausanne, France/Switzerland; Rogerio Pimentel,
DRDC Valcartier, Canada; Rik Geuns, Ecole Polytechnique Fédéral De Lausanne, Switzerland/Belgium.

The working mechanisms of Dielectric Barrier Discharge (DBD) plasma actuators as aerodynamic control
devices are investigated experimentally on a common platform, referred to as the NATO-AVT-RTO-190
test case. A better understanding of the working principle and characteristics of DBD paves the way for
more efficient and safer use of plasma actuators in aerodynamic applications. In this study,
a characterization of the plasma was done by current measurements, fast-camera plasma imaging and thrust
measurements. Furthermore, more advanced plasma characteristics such as reduced electric field and excited
species population are found by Optical Emission Spectroscopy. The study goal is data for a common
database within NATO countries which can be used for verification and validation of numerical modelling
by varying the key parameters such as frequency and voltage.

Flow Control at Subsonic Speeds Using Serpentine Plasma Actuators — K. Kontis, University
of Glasgow, United Kingdom.

Plasma actuators for flow control applications is fast becoming the subject of many research campaigns.
A drawback of this technique is the relatively low flow speeds that the plasma induced jet exhibits.
One approach to improving such actuators is to devise novel configurations that despite their low induced
speeds, have improved ability to manipulate the flow characteristics. The study explores the use of a newly
developed serpentine plasma actuator to a standard backwards facing step model in a low-speed wind tunnel
operating at 15 m/s. The influence of the actuator on the separated shear layer is examined using PIV. The
results show that due to the three-dimensional flow induced by the actuator, the shear layer exhibits different
characteristics along the span wise direction. It is believed this three-dimensional flow characteristics has the
ability to create greater control authority at the relatively low plasma induced velocities.
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Evaluation of Dielectric Barrier Discharge Actuator Substrate Materials — S.P. Wilkinson and
E.J. Siochi, NASA Langley Research Center, United States; Godfrey Sautio and Tian-Bing Xu, National
Institute of Aerospace, United States; Mary Ann Meador, NASA Glenn Research Center, United States;
Haiquan Guo, Ohio Aerospace Institute, United States.

A key, enabling element of a Dielectric Barrier Discharge (DBD) actuator is the choice of dielectric
substrate material. While various investigators have studied the performance of different homogeneous
materials, most often in the context of related DBD experiments, fundamental studies focused solely on the
dielectric materials have received less attention. The purpose of this study was to conduct an experimental
assessment of the body-force-generating performance of a wide range of dielectric materials in search of
opportunities to improve DBD actuator performance. Materials studied included commonly available
plastics and glasses as well as a custom-fabricated polyimide aerogel. Diagnostics included static induced
thrust, electrical circuit parameters for 2D surface discharges and 1D volume discharges, and dielectric
material properties. Lumped-parameter circuit simulations for the 1D case were conducted showing good
correspondence to experimental data provided that stray capacitances are included. The effect
of atmospheric humidity on DBD performance was studied and showed a large influence on thrust. The
main conclusion for homogeneous, dielectric materials at forcing voltages less than that required for
streamer formation, is the material chemical composition appears to have no effect on body force generation
when actuator impedance is properly accounted for.
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Chapter 2 - LASER AND MICROWAVE DISCHARGE

Doyle Knight Jean Larour
Rutgers University Laboratoire Laboratoire de Physique des Plasmas — LPP
UNITED STATES Ecole Polytechnique
FRANCE

2.1 INTRODUCTION

Energy deposition for flow control in high speed flows has been a research topic of significant interest for
several decades. Examples of energy deposition methods include pulsed laser or microwave discharge, spark DC
discharge and electron beam. A number of review papers have summarized the technological advances and
challenges afforded by this approach including Georgievsky and Levin [1], Zheltovodov [2], Knight et al. [3],
Fomin et al. [4], Bletzinger et al. [5], and Knight [6].

The objective of the laser and microwave subgroup is the assessment of the computational capability for prediction
of the effect of laser or microwave discharge on supersonic flow past a simplified aerodynamic body. A detailed
examination of available experimental data was conducted and two experiments were identified, namely: 1) The
laser discharge experiment of Adelgren et al. [7]; and 2) The microwave discharge experiment of Lashkov et al. [8].

The results of this study are described in the following sections.

2.2 LASER DISCHARGE

2.2.1 Experiment

The experiment of Adelgren et al. [7] examined the effect of the interaction of a laser discharge with a sphere at
Mach 3.45. The experimental conditions are indicated in Table 2-1. The experimental configuration is shown in
Figure 2-1 and the wind tunnel facility in Figure 2-2. A sphere (D = 25.4 mm) is mounted on a sting in the test
section of the Mach 3.45 wind tunnel at Rutgers University. An Endevco pressure transducer (Model 8530C-100)
is located in a 1.32 mm x 1.78 mm deep cavity within the sphere (Figure 2-3). The sphere can be rotated about a
spanwise axis thereby providing pressure time history data at selected angles in the vertical plane of symmetry.

An Nd-YAG (532 nm) laser is focused upstream of the sphere model at a distance L = D upstream of the
stagnation point of the sphere on the centerline (Figure 2-4). The laser focal length is 250 mm and the focal
region diameter is approximately 0.1 mm. The laser pulse width is 10 ns and the pulse varies from 13 mJ to
258 m] at the laser exit as measured by an Ophir Optronics 30A-P-SH meter.

Table 2-1: Experimental Conditions.

Property Parameter Value
Freestream Mach number 3.45
Static pressure p., (kPa) 13.1
Static temperature 7., (K) 77.8
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Hemisphere cylinder

Property Parameter Value
Laser Pulse energy O (mJ) 13, 127 and 258

OlpL’ 0.0606, 0.592, 1.202
Distance L (mm) 254
Beam focal volume (mm?) 3
Beam focal length (mm) 250
Pulse duration (ns) 10
Diameter D (mm) 254

Ihomy I3 om x N1 o Tosh Soctan

Framsassr Pt
14 Mpa Stagrados Provaas

) i Sagnstion [emperstune
o, Mnch 1A5

& i im

Figure 2-1: Experiment.
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Figure 2-2: Wind Tunnel.
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Figure 2-3: Sphere Model.
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Figure 2-4: Location of Laser Discharge.

Experimental diagnostics are time history of surface pressure at selected angles in the vertical plane of symmetry
indicated in Table 2-2 and Schlieren imaging. A single wind tunnel test produces the time history of surface
pressure at a fixed angle. Therefore, multiple wind tunnel tests are performed at the conditions indicated in
Table 2-1 to obtain the pressure vs. time over the range of angles shown. A Stanford Research Systems pulse
generator is used to control the timing of the laser pulse and Schlieren imaging instrumentation.

Table 2-2: Location of Pressure Measurements (Deg.).

13 mJ 127 mJ 258 mJ 13 mJ 127 mJ 258 mJ 13 mJ 127 mJ 258 mJ
56 57 57 19 19 19 -18 -19 -18
46 47 46 11 12 10 -29 -30 -32
37 39 36 1 1 0 -42 -43 -43
28 30 29 -8 -10 -9 -56 -55 -55
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An example of the flowfield structures generated by the interaction of the laser discharge with the supersonic
flow pasts the hemisphere is shown in Figure 2-5. Schlieren images are displayed at # = 0 (i.e., the instant of the
laser discharge) and at ¢ = 30, 60 and 90 ps after the laser discharge. At # = 0 ps (Figure 2-5(a)) the location of
the laser discharge is indicated by the bright spot which remains in subsequent images due to saturation of the
pixels in the CCD camera. The blunt body shock generated by the sphere is evident. The direction of the laser
beam is indicated. At ¢t = 30 us (Figure 2-5(b)), the blast wave generated by the laser discharge has propagated
spherically outwards and convected with the flow. The forward portion of the blast wave has intersected the
blunt body shock and a transmitted shock has impacted the sphere causing a momentary increase in pressure on
the centerline. At = 60 ps (Figure 2-5(c)), the heated plasma has reached the blunt body shock causing a lensing
forward (i.e., upstream) of the shock. At = 90 ps, the plasma has convected past the front of the sphere and the
flowfield is returning to the undisturbed structure. The entire process is illustrated schematically in Figure 2-6.

(a) =0 ps (b) £ =30 ps

(c) £= 60 ps (d) £=90 ps

Figure 2-5: Schlieren Images at Selected Times.
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Figure 2-6: Flow Field Structure for Interaction of Laser Discharge with Sphere.

2.2.2  Participants

Computations were solicited from experts in the US and Europe for the laser discharge experiment. The list of
participants and their respective organizations is presented in Table 2-3 together with the cases computed.

Table 2-3: List of Participants and Cases Computed.

Laser Energy (m
Organization Participants gy (mJ)
13 127 258

Dorodnicyn Computing Center, | Olga Azarova . . .
Russian Academy of Sciences

Rutgers University Mahsa Mortazavi, Doyle Knight . . °
ONERA Paul-Quentin Elias .

R.Tech Martin Spel .

2.2.3 Methodology

The simulations by Azarova are based on the Euler equations for a compressible perfect gas. The simulation is
performed using the code developed by Azarova [9]. The algorithm is second order accurate in both space and
time, and is conservative for both the dependent variables and their spatial derivatives. The body is represented
by a stepped shape with piecewise linear boundaries. Separate algorithms are utilized at the body surface to
maintain conservation and second order spatial accuracy. Details of the computational grid are presented in
Table 2-4. There are typically 500 points along the hemisphere frontal surface.
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The simulations by Mortazavi and Knight are based on the Euler equations for a compressible perfect gas.
The commercial code GASPex is used. The algorithm is second order accurate in space and time. The inviscid
fluxes are modelled using Van Leer’s method [10] with a modified ENO limiter. Temporal integration is
performed using a two-stage Runge-Kutta method. Three separate grids (coarse, medium, fine) were used.
Details are presented in Table 2-4.

Table 2-4: Details of Grids.

Organization Grid Amin,i/D Anin /D No. Nodes
Dorodnicyn Base 2.0x 107 2.0x 107 0.98 x 10°
Rutgers Coarse 6.540 x 10 8.333x10* 0.270 x 10°
Medium 3.270x 10 4.167x 10* 1.080 x 10°
Fine 1.645x 10 2.083x 10* 4320 x 10°

ONERA unstructured 4-8x10* 6.1 x10*

The computational domain ABCDA is displayed in Figure 2-7. The line AB is the axis of symmetry. The surface
BC is a slip boundary. The downstream boundary CD uses a zero normal gradient boundary condition. The outer
surface DA is fixed at the freestream conditions.

Prior to the initiation of the laser discharge, the flowfield is converged to steady state. The computed Mach
number contours are shown in Figure 2-8 for the simulation by Mortazavi and Knight. The computed ratio
of the shock standoff distance (measured from the center of the sphere along the axis of symmetry) to the sphere
diameter D is 0.6278 which is in close agreement with the experimental value of 0.60 (Adelgren et al. [7]).
A similarly accurate result for the converged steady state flowfield is obtained by Azarova. The computed and
experimental steady state surface pressure vs. angle 0 (measured in the vertical plane of symmetry) is displayed
in Figure 2-9. Excellent agreement between the computation and experiment is achieved.

s
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Figure 2-7:Computational Domain. Figure 2-8:Steady Flow Mach Contours.
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The laser discharge is modelled as an instantaneous modification to the converged steady state flowficld at a
location one diameter upstream of the stagnation point of the sphere and on the axis of symmetry. This is
justified since the duration of the laser spark (10 ns) is small compared to the development time of the flowfield
during the interaction of the laser-generated plasma with the sphere (typically, 120 us). The static temperature is
modified according to:

T=To+ AT forr<roand T = T forr>r,

The density and velocity are unchanged, and the static pressure is determined by the Ideal Gas Law. Therefore,
the additional energy added to the flowfield is:

AE = poc, ATV

where p. is the freestream density, ¢, is the specific heat at constant volume and ¥ is the volume of the sphere.
With the above modification to the previously converged steady state, the flowfield is integrated in time to
examine the effect of the heated region (the plasma) on the sphere.

A principal challenge for the simulation is the determination of the values of AT and r, for a given laser energy
discharge. It is widely recognized that only a fraction of the laser energy pulse (as measured at the laser exit) is
absorbed by the gas with the remainder reflected or transmitted. Additionally, the laser discharge results in
formation of excited vibrational modes and thermochemical reactions. Since the simulations assume a perfect
gas, the fraction of the discharge energy resulting in the heating of the gas (i.e., increasing the translational-
rotational temperature) must be determined by comparison with experimental data. Examining the experimental
centerline pressure vs. time in Figure 2-10, it is evident that the initial pressure peak (due to the impingement of
the transmitted blast wave on the sphere centerline) increases monotonically with laser discharge energy. It is
particularly noteworthy that the minimum pressure on the sphere centerline is insensitive to the laser discharge
energy. Therefore, the magnitude of the initial pressure peak was chosen as the experimental data point for
determination of the value of AT (and hence AF) for each laser discharge experiment.

Numerical No. 1 1.5+~
Experiment (Adelgren et al.) P
r N Numerical No. 2 e ;;;:fd
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Figure 2-9: Surface Pressure vs. Angle. Figure 2-10: Centerline Pressure vs.

Time (Experiment).
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The value for 7, can be estimated from the beam focal volume of 3 mm?® (Table 2-1). This implies
ro = 0.895 mm (ro/D = 0.0352). The values chosen are r/D = 0.0352 (Azarova) and r,/D = 0.05 (Mortazavi
and Knight).

In the simulations by Elias at ONERA (Palaiseau, France), the effect of single or repetitive linear energy
depositions in front of a supersonic blunt body is computed using the CEDRE flow solver. The CFD Code
models the effect of a laser-induced energy deposition, as obtained for example using the long filaments created
by a femtosecond laser. Adelgren’s results were simulated for laser energy 13 mlJ.

In the simulations by Spel at R.Tech company, a French partner of ONERA, the effect of single or repetitive
linear energy depositions in front of a supersonic blunt body is computed using the MISTRAL flow solver [11]
dedicated to re-entry studies. Adelgren’s type results were simulated for laser energy 14.5 mJ.

2.2.4 Results

The values of AE required to achieve agreement with the experimental first pressure peak are displayed in
Table 2-5. It is noted that the values obtained by Azarova are more than an order of magnitude larger than
Mortazavi and Knight. This may be attributable to the sensitivity of the computed first peak pressure to the grid
refinement (see Table 2-4).

Table 2-5: Values of AE for Computations.

Experiment Dorodnicyn Computing Rutgers University ONERA
Center
0O (m)]) AE (m]) AE (ml) AE (m])
13 2.769 0.1405 13 (LTA gas)
127 13.081 0.7366
258 21.930 1.1249

The computed and experimental centerline pressure vs. time is displayed in Figure 2-11, Figure 2-12, and
Figure 2-13 for 13 mJ, 127 mJ and 258 mJ cases, respectively. The vertical axis is Ap/po> where po: is the
stagnation pressure on the sphere centerline in the steady state and Ap = py — po> where py is the instantaneous
pressure on the sphere centerline. The horizontal axis is the dimensionless time T = ¢t U./D which represents the
relative convective time for the flow. The magnitude of the initial pressure peak is accurately matched by all
simulations as the method for determination of the value AT for the initial condition of the laser discharge. The
time series of the computed and experimental centerline pressures are matched at the time point of the first peak
in the experimental pressure.

Comparison of the computed and experimental centerline pressure vs. time provides several important
conclusions. First, the computed duration of the interaction is significantly less than the experiment for all laser
discharge energy levels. Second, a strong shock wave appears in the computations subsequent to the impact of
the transmitted blast wave at t = 1.5. The strength of this second shock wave increases with the laser discharge
energy. The second shock does not appear, however, in the experiment for any case.
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Comparison of the computed centerline pressure for the two separate simulations provides additional conclusions.

First, there is significant disagreement for the computed peak pressure of the second shock at T ~ 1.5. Second, there
is significant disagreement for the computed minimum pressure occurring just prior to the second shock.
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Figure 2-11: Centerline Pressure Figure 2-12: Centerline Pressure
vs. Time (13 mJ). vs. Time (127 mJ).
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Figure 2-13: Centerline Pressure vs. Time (258 mJ).

Notwithstanding the differences between the computations and experiment evident in the centerline pressure vs.
time, the relationship between the instantaneous drag coefficient C, based upon the pressure on the sphere frontal
surface and the flowfield structure can be qualitatively described in Figure 2-14 to Figure 2-18. The computed
Cavs. time for AT/T.=9 is shown in Figure 2-14. Four points labelled 4 through D are identified. At point 4 the
drag coefficient value is halfway between the undisturbed value and the first peak associated with the impact of
the transmitted blast wave on the sphere centerline. The heated region (plasma) has just reached the blunt body
shock (Figure 2-15). At point B the transmitted blast wave has impacted the sphere centerline causing the initial
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peak pressure. The heated region has interacted with the blunt body shock wave resulting in a lensing forward
(upstream) of the shock (Figure 2-16). A stagnation point has appeared upstream of the sphere centerline due to
the lower Mach number of the heated region relative to the freestream flow. At point C the heated region has
completely passed through the blunt body shock wave and the lensing effect has reached its maximum upstream
position (Figure 2-17). This interaction generates a rarefaction wave which reduces the pressure on the sphere
centerline. At point D the blunt body shock has begun to return to its steady state position as the heated region
convects past the sphere (Figure 2-18).
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Figure 2-14: Cu vs. Time (Mortazavi Figure 2-15: Point A.
and Knight).
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Figure 2-16: Point B. Figure 2-17: Point C.
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Figure 2-18: Point D.

The imaging of Figure 2-19 shows a spherical development of the shock, even if the hot core is non spherical.
That point is discussed later in Section 2.2.5.

Very similar behavior is obtained for time dependence of stagnation pressure on axis computed by CEDRE at 13
m] (Figure 2-20) and by MISTRAL at 14,5mJ (Figure 2-21). With MISTRAL too, Figure 2-22 shows pressure
contours after an energy deposition of E=14.5 mJ, during Dt = 10 ns, inside a 3 mm3 volume, with FWHM
along z =2 mm, and FWHM along r = 1.1 mm. The air flow is at M=3.45 and TO = 79 K. Plots are performed 5,
15, 25 and 40 s after the laser breakdown.

CEDRE simulations are also available for a wide variety of deposited energy in Ref. [12]. Single energy
depositions show that significant transient drag reductions are obtained, due to the interaction of the heated core,
created by the energy release, with the bow shock. When the deposition is repeated, cumulative effects are
important and quasi-steady or unsteady flow regimes are obtained, depending on the power and repetition
frequency. This behavior is similar to that obtained with supersonic spiked blunt bodies, acting like a laser spike.
This system can lead to 15% — 20% fuel savings, depending on the energy deposition efficiency.
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Figure 2-19: Filtered Rayleigh Scattering Image of 50 mJ Laser
Discharge in Ambient Air [13].
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Figure 2-20: Time Evolution of the Stagnation Pressure on Axis Calculated with CEDRE.
The laser energy deposition AE = 13 mJ starts att = 0.
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Figure 2-21: Time Evolution of the Stagnation Pressure on Axis Calculated with MISTRAL.
The laser energy deposition starts at t = 0. The sensitivity to the mesh refinement
is indicated from very fast simulation to the more detailed one.
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Figure 2-22: Pressure Contours after an Energy Deposition of E = 14.5 mJ, during Dt = 10 ns, Inside
a 3 mm? Volume, with FWHM along z = 2 mm, and FWHM along r = 1.1 mm. The air flow is at M=3.45

and TO = 79 K. Plots are performed 5, 15, 25 and 40 ps after the laser breakdown.
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2.2.5 Conclusions and Recommendations

The present study focused on the simulation of a laser discharge upstream of a sphere in supersonic flow and the
interaction of the heated region (plasma) with the flow field of the sphere. Two independent computations were
performed based upon a simplified model comprising the unsteady Euler equations for a perfect gas with the laser
discharge modelled as an instantaneous increase in static temperature (and static pressure) in a spherical region
defined by the laser focal volume. The instantaneous temperature increase A7 was determined by matching the
initial peak pressure on the sphere centerline due to the impact of the transmitted blast wave on the sphere.

The simulations fail to accurately predict the pressure vs. time history of the interaction of the laser discharge
with the sphere for three different laser discharge energies ranging from 13 mJ to 258 mJ. Two possible
explanations may be offered for the disagreement. First, the assumption of perfect gas is questionable. It is well
known that a portion of the absorbed laser energy is channeled into vibrational excitation and thermochemical
reactions. Neither effect is represented in the perfect gas simulation. In particular, the extremely small fraction of
laser discharge energy required to match the initial peak pressure for the finest grid simulations of Mortazavi and
Knight (e.g., ranging from 0.436% to 1.081%) suggests the heated region (plasma) generated by the laser
discharge is not in thermochemical equilibrium. Second, the topological model of the laser discharge as a
spherical region of uniform temperature increase is far too simple. The structure of the plasma evolution for a 50
mJlaser discharge in ambient air is shown in Figure 2-19 [13]. The structure evolves into a toroidal vortex whose
axis is aligned with the direction of the incident laser beam. In the experiment of Adelgren et al. [7], the incident
laser beam was directed perpendicular to the freestream flow thus resulting in a non-spherical plasma interacting
with the sphere.

It is therefore evident that the perfect gas Euler equation modelling of the laser discharge as an initially spherical
region of heated gas subsequently interacting with the sphere (or likely any other aerodynamic body) is
incapable of a priori accurate prediction of the time-dependent surface pressure and drag. The following
recommendations are presented:

*  Fully three-dimensional, viscous, thermochemically non-equilibrium models of laser discharge in quiescent
air be developed and validated through comparison with experimental data including spatial and temporal
measurements of thermochemical states (translational-rotational temperature, vibrational temperature),
species and flowfield velocity.

* Experiments be developed for detailed measurements of spatial and temporal development of surface
pressure for simplified geometries (e.g., cone, hemisphere cylinder).

2.3 MICROWAVE DISCHARGE

2.3.1 Experiment

The experiment of Lashkov et al. [8] examined the effect of the interaction of a microwave discharge with a
hemisphere cylinder at Mach 2.1. The experimental conditions are indicated in Table 2-6. The experimental
configuration is shown in Figure 2-23 and the wind tunnel arrangement in Figure 2-24. A hemisphere cylinder is
mounted on a sting in the test section of the Mach 2.1 wind tunnel at St Petersburg State University. A pressure
transducer is located on the hemisphere centerline and provides a time history of surface centerline pressure.
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Table 2-6: Experimental Conditions.

Property Parameter Value
Freestream Mach number 2.1
Static pressure p. (Torr) 26.0
Static temperature 7., (K) 154
Microwave Electric field E, (kV/cm) 2.3
Wavelength A (cm) 333
Frequency (GHz) 9.0
Pulse duration (us) 2.0
Focal point x, (cm) -3.5
Hemisphere-cylinder Diameter D (mm) 20

A microwave beam is focused at a distance x, = 3.5 cm upstream of the stagnation point. The microwave
pulse is generated by a 10 GHz klystron connected to a waveguide and beamed to a parabolic mirror within
the test section which focuses the beam to the position upstream of the hemisphere cylinder (Figure 2-25).
Experimental diagnostics are time history of surface pressure at the hemisphere centerline and
Schlieren imaging.

An example of the flow field structures due to the interaction of the microwave-generated plasma with the
hemisphere cylinder is shown in Figure 2-26. Schlieren images are displayed at six successive instants of time
subsequent to the microwave discharge. At ¢ = 30 ps the plasma has reached the blunt body shock and begun to
deform the shock wave. At ¢ = 45 ps the plasma has partially penetrated the shock causing a lensing forward of
the shock wave. At later times the shock lensing effect continues until the plasma has completely passed through
the shock wave and convected downstream. The effect is qualitatively similar to the interaction of the laser
discharge with the sphere.

MW

pulw\ 10 mm

Mo . S s ol
shock

Figure 2-23: Experiment.
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Figure 2-25: MW Discharge Apparatus.
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Figure 2-26: Schlieren Images (Numbers Indicate Time in ps).

2.3.2 Participants
Simulation of the experiment was performed by Rutgers University (Doyle Knight).

2.3.3 Methodology

The simulations are based on a fully three-dimensional non-equilibrium gas dynamic model for microwave
energy deposition in air. The flow is assumed inviscid and non-heat conducting. The thermochemistry model
includes 23 species and 238 reactions. Complete details of the governing equations, thermochemistry model and
reactions are presented in Ref. [14]. The algorithm uses Roe’s method for the inviscid fluxes with extension to
multiple species and second order accurate reconstruction. Temporal integration is performed using a second
order accurate Runge-Kutta method. The code was developed at Rutgers University and is written in C++
utilizing Message Passing Interface (MPI).

The computational domain ABCDA is displayed in Figure 2-27. The line AB is the axis of symmetry. The outer
surface BC is fixed at the freestream conditions. The downstream boundary CD uses a zero normal gradient
boundary condition. The body surface DA is a slip boundary. Simulations were performed for two separate grids
to assess the computational accuracy. Details are presented in Table 2-7.

Prior to the initiation of the microwave discharge, the flow field is converged to steady state. The computed
pressure contours are shown in Figure 2-28. The computed ratio of standoff distance (measured from the center
of the hemisphere along the axis of symmetry) to the hemisphere diameter D is in excellent agreement
with experiment.
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Table 2-7: Details of Grids.

Quantity Grid No. 1 Grid No. 2
No. grid points along body 276 550
No. grid points normal to body 90 180
Total no. of grid points 24,840 99,000
AVin (cm) 4.00 x 10 2.00x 102
A¥pae (cm) 4.00 x 10 2.00x 102
ASpin (cm) 1.13 x 107 0.57x 102
ASpmax (cm) 5.86x 102 2.95x 102
C

microwave
pulse

: flow
- Lo, S + cylinder T : —
B g ‘ ] Ik
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Figure 2-27: Computational Domain. Figure 2-28: Pressure Contours (Steady State).

The microwave discharge is modelled as a spatially and temporally variable electric field E(x,?) defined by:

E(x,t) = E, cos k(x-x,) cos kr for kr < 7/2 and -7/2 < k(x-x) < /2 and t <10

and zero otherwise where £ = 2774 and A is the microwave wavelength. The spatial form of the electric field
conforms to the experimental measurements of Kolesnichenko et al. [15] for a single microwave-generated plasma.

2.3.4 Results

The computed centerline pressure vs. time is displayed in Figure 2-29. The frequency bandwidth of the
computation is significantly greater than the pressure transducer, and therefore the computed pressure time series
was filtered in accordance with the transducer manufacturer’s recommendation (i.e., filtered at
one-fifth of the natural frequency of 150 kHz). The filtered computed centerline pressure vs. time is displayed in
Figure 2-30 for the two simulations together with the experimental data. Good agreement is obtained between
the computation and experiment.
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Figure 2-30: Computed and Experimental p vs. Time.

Computed pressure contours at selected times are displayed in Figure 2-31 to Figure 2-34. At ¢ = 25 ps the blast
wave generated by the microwave discharge has reached the blunt body shock (Figure 2-31). At ¢ = 42 us the
plasma has begun penetration of the blunt body shock causing a lensing forward of the shock (Figure 2-32). A high
pressure region forms immediately ahead of the hemisphere centerline due to the impact of the transmitted blast
wave on the hemisphere. At ¢ =50 us the plasma has fully penetrated the blunt body shock and formed a
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recirculation region (toroidal vortex), moving the stagnation point off the hemisphere surface and reducing the
surface pressure (Figure 2-33). At £ = 75 ps the plasma has convected along part of the hemisphere and the shock
has relaxed to its initial location (Figure 2-34). The flow structures are similar to the interaction of the laser
discharge with a blunt body.

Computed electron density contours at selected times are shown in Figure 2-35 to Figure 2-38. At ¢ =25 ps the
peak electron density is 5.0 x 10'' cm™ (Figure 2-35). This time point is 23 us subsequent to the termination of
the microwave discharge. A similar peak electron density is evident at ¢ = 42 us where the plasma has begun
penetration of the blunt body shock wave (Figure 2-36). The size of the plasma (somewhat arbitrarily defined as
an electron concentration above 10" cm™) decreases rapidly as it completely penetrates the blunt body shock due
to compression (Figure 2-37 and Figure 2-38) and gradually reduces thereafter due to recombination.

Blast wav7

i High press
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Figure 2-31: Pressure Contours (f= 25 ps). Figure 2-32: Pressure Contours (= 42 ps).
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Figure 2-33: Pressure Contours (£= 50 ps). Figure 2-34: Pressure Contours (£=75 ps).
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Figure 2-35: Electron Density (f= 25 ps). Figure 2-36: Electron Density (£= 42 ps).
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Figure 2-37: Electron Density (= 50 ps). Figure 2-38: Electron Density (= 75 ps).

2.3.5 Conclusions and Recommendations

A fully three-dimensional non-equilibrium simulation of the interaction of a microwave-generated plasma with a
hemisphere cylinder at Mach 2.1 was performed. Good agreement is observed between the computed and
experimental centerline surface pressure. Qualitative agreement is also achieved in the flow field structure
development in time.

The comparison between computation and experiment is limited, however, to a single point pressure time history
and Schlieren imaging. The following recommendations are presented:

* Detailed experimental diagnostics of the interaction of a microwave-generated plasma with simple
geometric bodies is needed. Important measurements include panoramic surface pressure, and
temporally and spatially resolved spectroscopic data.
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*  Further development of simulation capability is needed to include coupling of the electromagnetic
radiation with the non-equilibrium fluid dynamics using Maxwell’s equations, and species diffusion and
Lorentz forces in the governing equations.

2.4 TRANSFER OF MICROWAVE ENERGY ALONG A FILAMENT PLASMA
COLUMN IN AIR

2.4.1 Introduction

A sufficiently intense femtosecond laser pulse can propagate in air in the form of a filamentary pulse that
maintains a high intensity over several hundreds of meters [16]. This nonlinear propagation regime results from
a complex interplay between diffraction, the optical Kerr effect, high-field ionization, plasma defocusing and
other nonlinear effects. A column of weakly ionized plasma, of free electron density ne ~ 107 cm™3, is left in the
wake of the filamentary pulse. This plasma column can lead to many applications. It is the source of a forward
oriented conical emission of pulsed THz radiation [17]. It can form a low-jitter fast spark gap [18]. It can also
trigger and guide meter long electric discharges [19], allowing contactless transfer of large currents [20]. In turn,
long-lived guided discharges can act as virtual antennas [21] or could improve the aerodynamics of fast-moving
object through atmosphere [12], [22].

Considering that, in a supersonic flow, the energy deposition ahead is a promising way to create an aerodynamic
rod and to mitigate the shock around an object, according to Sections 2.2 and 2.3, it appears that realistic
conditions of flight would demand to upscale the conditions, namely the energy deposited and the size of the
heated volume, as given in Table 2-1 and Table 2-6. Laser induced filamentary ionization of air is essentially
dependent of the instant power and the practical cases are obtained in reducing the pulse duration, the laser
energy in the pulse remaining rather modest. Options for delivering more energy, and creating a significant
heated volume, might be to couple a nanosecond IR laser beam to femtosecond laser filaments [23] or to
superimpose a microsecond electrical discharge to femtosecond laser filaments [24]. The latter case involves a
pole wearing electrical feeding wire and electrode. For pure Microwave (MW) excitation, the geometry
proposed in Figure 2-24 and Figure 2-25 includes an antenna and a large mirror which are out of the blunt body;
such an assembly can sit close to the walls of a wind tunnel while heating an elongated volume in the main flow
but is not compatible with free flight.

2.4.2 Experiment

The coupling of a long-duration energetic MW pulse to a linear plasma column was then considered to
energetize the air flow inward. The concept was developed of a device installed at the nose of a flying body,
made of a transparent axial zone, allowing the femtosecond laser beam to pass through and to focus on a line,
and of a coaxial compact MW applicator, the laser and the MW source being hidden in the body. Prior to test a
device in a wind tunnel, it has been planned to install the MW applicator and the laser beam in quiet atmospheric
air. The objective of the experiment was to demonstrate the transfer of microwave energy along a filament
plasma column in air. Preliminary tests of feasibility were performed, using CST Microwave studio® (2010
edition) to model the MW applicator, the pre-plasma column being described using a Drude model. First insight
was that an efficient coupling was obtained for a mm-size or more column under 2.4 GHz excitation, due to
surface waves propagating over five wavelengths or so. The hydrodynamics numerical simulation was not in the
scope of the work.
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In the experimental conditions, an oscillating RF electric field excites an electromagnetic TM wave with
maximum electric field amplitude located at the interface between a small section of a multi-filament plasma
column and the non-ionized external medium [25], [26]. This surface wave propagates out of the excitation
region, allowing the transfer, over a significant distance, of microwave energy to the plasma in the form of
longitudinal oscillations. The propagation distance should reach several meters in the case of lower-frequency
electromagnetic waves. Guided propagation of microwave radiation by filaments using a different approach has
been discussed previously both theoretically [27], [28], [29] and experimentally [30], [31], [32]. It is suggested
that a self-sustained plasma antenna could be realized if sufficient microwave or VHF power is injected.

Figure 2-39 shows the experimental arrangement. The plasma channel is created by filamentation of intense laser
pulses at 800 nm. Such laser pulses with 200 mJ energy and adjustable duration between 50 fs and 1 ps are
delivered by a multi-terawatt CPA laser source (ENSTAmobile) at a rate of 10 Hz. When focused in air with a
lens of 5 m focal length, they create a bundle of ionized filaments merging into a cylindrical plasma of average
density n. ~ 10'7 ¢cm™, roughly 1 mm in diameter and 1 — 2 m in length (see Figure 2-40) [33]. A microwave
field is delivered to a small section of the plasma using a well-known source called surfatron [34]. The surfatron
consists of a commercial microwave generator (magnetron) emitting continuously at 2.45 GHz with a maximum
power of 500 W (GMP 12 KED by SAIREM S.A.). The microwave is injected as a TM mode via a capacitive
coupler in a 40 mm long, annular brass cavity surrounding the filament bundle, itself contained in a fused silica
tube. Transfer of microwave to the plasma region occurs via a leak in the annular cavity, an oscillating
longitudinal E-field being imposed across the launching gap. The diameter of the surfatron hole is 6 mm. In our
experiment, the microwave radiation was produced continuously, while the laser operated in single-pulse mode.
No provision was made to synchronize the time of arrival of the laser pulse with a cycle of the microwave field.
To measure the transfer of microwave energy to the filament plasma, we detected the induced longitudinal
electronic currents in the plasma by using a fast I-dot probe placed outside the surfatron cavity, at a distance D.
The I-dot probe allows the contactless measurement of longitudinal currents in the plasma [35]. It was connected
with a shielded 50-Q cable to an oscilloscope of 10-GHz bandwidth. No signal was detected by the I-dot probe
in the absence of laser filament, even at maximum microwave power.

( a) Magnetron
2.45 GHz
I-dot
Power input __, Current probe

Fused silica tube Launching

Radially gap
movable coupler
Laser 4

/ +— Adjustable
Filament p Plasma

Figure 2-39: (a) General Setup, (b) Photograph of the Experiment.
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Figure 2-40: Side View (yz, x = 0 Plane) of the Intensity Map of a Multifilament Bundle. The laser is
impinging from the left. Dark colors (color scale > 100) correspond to ionized regions.

2.4.3 Participants

The experiment was performed at the Laboratoire d’Optique Appliquée (LOA), a laboratory of Ecole Nationale
Supérieure des Techniques Avancées and Ecole Polytechnique, in Palaiseau, France, jointly with the Laboratoire
de Physique des Plasmas (LPP) of Ecole Polytechnique, Palaiseau, France.

2.4.4 Results

Figure 2-41 presents the signals registered in the presence of the filaments by the I-dot probe for different
microwave powers at a fixed position D = 6.3 cm. Since there is no synchronization between the laser pulse and
the surfatron, different laser shots arrived randomly in the cavity at different phases of the microwave field. We
have selected from a large number of shots the highest signals recorded for a given microwave value. They
correspond to the arrival of the pulse at the positive or negative peak of a microwave cycle. The weak signal
recorded in the absence of microwave (black curve) corresponds to the longitudinal oscillation that is imparted to
the plasma during its formation, due to the ponderomotive force of the laser pulse [17]. We have measured the
maximum signal detected by the I-dot probe as a function of distance D. The maximum signal divided by
the maximum signal in the absence of microwave field is plotted in Figure 2-42 for a microwave injected power
of P =100 W. It shows an amplification of the longitudinal current over a length longer than 15 cm beyond the
exit of the surfatron.

To interpret the flow of excitation along the filament, we consider the propagation of a surface-guided TM wave.
It is then possible to see the influence of the plasma column radius. Figure 2-43 shows the calculated attenuation
of the electric field component for two typical radii of the plasma. Here ve = 15 x 10" s7!. The first case:
a=100 um, models a single filament. The second case a = 450 um models a bundle of focused filaments
and corresponds to the realistic case of our experimental conditions. The amplitude of the propagating
microwave field calculated for a mm diameter plasma is similar to the experimental curve of Figure 2-42
and supports the hypothesis of a surface wave coupling. Assuming a perfect coupling for a = 450 um, we find
nesr = 1.015-0.32031 and the magnitude of the longitudinal component of the electric field of the TMy mode at
the interface is found to be E, = 1.2 kV/cm for 100W of microwave power.
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Figure 2-41: Longitudinal Current Signal Measured by the I-Dot Probe as a Function of Microwave
Power in the Presence of Filament. The probe is placed away from the surfatron exit (D = 6.3cm).
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Figure 2-42: Maximum Signal Measured by the I-Dot Probe Divided by the Maximum
Signal in the Absence of Microwave Field as a Function of the Position
Along the Filament Measured for P =100 W.
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Figure 2-43: Normalized Amplitude of the Electric Field of the TM Surface Wave as a Function of
Propagation Length Calculated with: ne= 10" cm3; n0=1; ve=15 x 102 s7'. In black
a =100 pm (attenuation length of 7 mm). In red a = 450 pm (attenuation length
of 6 cm). The dashed horizontal line indicates the attenuation length defined at 1/e.

2.4.6 Conclusions and Recommendations

In conclusion [33], evidence was shown of the coupling of MW radiation to a multi-filament plasma column and
its propagation out of the excited region of the plasma in the form of a TM wave. This leads to the amplification
of longitudinal oscillations of the plasma over a distance exceeding 10 cm, giving a plasma column of interest
for heating air ahead a supersonic body. This transfer could reach several meters if lower frequency is injected in
a larger plasma radius.

The surfatron device being compatible with installation in the nose of the body, further tests are recommended in
a wind tunnel. At present, powerful ultrashort lasers are expensive and hard to handle; however the laser beam
might be introduced in the body through a supporting pole. A planned evolution of these lasers to much more
compact size could allow to embark them.
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Chapter 3 - NUMERICAL MODELLING OF SDBD
ACTUATORS IN QUIESCENT AIR

Francois Rogier
ONERA, FRANCE

3.1 INTRODUCTION

Numerical results obtained from modelling of SDBD plasma actuators are compared to experimental thrust
measurements as well as to the induced velocity in quiescent air. The work presented aims to test a plasma
modelling approach proposed in Boeuf, [1] and to compare it with the experimental ones obtained in Refs. [2],
[3] for a 14 kHz — 21 kV actuator in a quiescent atmosphere. In the first section, the chosen numerical model is
presented. In the second section, the total body force exerted by the discharge as computed numerically is shown
and compared with force balance measurements. In this part, other simulations are also presented for various
voltages, frequencies and DBD parameters and compared with experimental results. In a quiescent flow, PIV
measurements of the induced actuator wind, and computational results obtained by CFD are also presented and
analyzed. Finally, the effects of the numerical and physical parameters are studied in order to evaluate the
robustness of the modelling.

3.2 PHYSICAL MODELLING

The model uses a fine description of the plasma while keeping the kinetic scheme simple. Air chemistry
is highly complex and involves many species and reactions, (see Ref. [4]) so that the computational complexity
required for a complete description would be too large and would contain too much uncertainty. Hence, we
follow the approach of J.P Boeuf [1], [4], and use a simplified scheme that is nevertheless complex enough to
results in a relevant behavior of the body force with respect to the discharge parameters. The scheme consists of
solving the momentum equations for a set of simplified species composed of positive ions (+), negative ions (-)
and electrons (e). The body force exerted by the discharge on the flow is then given by F = qE, where q is the
local charge deposited by the plasma and E the electric field. The boundary conditions taken into account are
secondary emission of electrons at the dielectric surface or a prescribed value of the minimal density. The kinetic
scheme involves different reactions, like recombination, ionization and attachment. The main characteristic
times of these processes are related to the Electric field. For example, the ionization frequency increases strongly
with the electric field (varying from ps to ns), and so does the electron transport time step (which can also
plummet to ps). The diffusion phenomenon also typically depends on the electric field and the Maxwell time
relaxation depends on the charge density and can be predominant in some situations. Hence, the simulation has
to deal with these small typical times and also with the SDBD period whose value is about 10 kHz. In terms
of characteristic lengths, we may compare the geometry of the SDBD (from c¢cm to 100 pym), and the Debye
length — to capture the dielectric relaxation time step — which is micrometric. The integration of all these
different scales require a small time step and a small step size that leads to highly multiscale simulations. As for
the numerical methods used, the system of equations is solved using a second order explicit finite volume
scheme and the Poisson equation is solved using a finite element method. Due to the large mobility of the
electrons, a semi-implicit scheme has been written in order to reduce the CPU time, and the electron motion is
treated separately from the heaviest species. In addition, a coupled structured/unstructured mesh strategy has
been developed in order to improve the quality of the resolution close to the tip of the anode where the electric
field strength is at its highest and where the electric charge is created.
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An SDBD actuator with the following set of parameters was used to obtain the numerical results
for comparison in the experiments. The relative dielectric permittivity was 3, the thickness of the dielectric
was about r =3 mm. The anode was 70 mm thick and 5 cm long and the cathode was 20 ¢cm long. As shown in
Figure 3-1, the mesh is refined near the tip of the anode in order to have a good resolution in the body force.
Typically, 50 to 80 % of the cells lay in the structured zone. The size of the computational domain selected was
large enough to avoid electrostatic perturbations due to the boundary of the computational domain.

B
= =i

(a) Fine Mesh (b) Coarse Mesh

Figure 3-1: Meshes Used.

3.2.1 Numerical Results

Simulating about four periods is enough to reach a periodical regime corresponding to the SDBD actuator
period. The time-averaged force is defined by:

-
Fr(zr)= % f(s+ At,x)ds

0

where At is a time offset after which all the computed quantities. The maximum of the parallel force is located
near the upper electrode tip where the strength of the electrostatic field is the highest. The value of its maximum
is about 120 kN/m?® but it exponentially decreases with the distance to the anode tip and can be considered as
zero outside a region of 1 mm in width and 1 mm in height (see Figure 3-1). This differs from other authors who
find this non-zero force region to be twice as long and high.

Nevertheless, as expected, the main component of the force is parallel to the dielectric surface and as a
consequence, the discharge pushes the gas molecules along the dielectric surface.

For evaluation purposes, the force has been integrated over the whole computational domain A, and its time
variation has been plotted over one period (see Figure 3-2).

Fvul(_t:} = / f{‘: + At, .l‘)dl
A
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From 0 to T the positive ions are generated by ionization, so the space charge is positive and the force is directed
along the Electric field near the tip of the anode. So, the main component of the force is parallel to the
dielectric surface.

From T to T +e the Electrostatic field is screened by a high density of ions during a short time (e # some us) that
stops the ionization and the force decreases to zero.

From T +e to T when the applied potential goes to Vmax, the positive charge deposited at the dielectric surface
creates an intense electric field inducing a negative parallel force during a short time. The formation of a
negative volume force precedes the streamer regime; then, the ionization of electrons and secondary electrons
emission generates negative ions that go to the anode in successive waves.

¥ [mj

Contour of Fr (Expressed in N/m) Evolution of Fyosvs. Time

Figure 3-2: EHD Force.

The computed value for this setup is about 19 mN/m and the experimental value given in Ref. [4] is approximately
20 mN/m. Hence, the discrepancy between measurement and modelling is less than 1 mN/m, which is a good
estimation, given the low level of complexity of the modelling. Simulations with fine and coarse meshes showed a
small difference between the results of the total force (less than 5%) while the computational time proved to be
significantly lower. In consequence, all the simulations have been performed with the coarse mesh.

A parametric study of the total force variation with respect to the operating voltage VO has been performed. The
frequency is set to F = 14 kHz. Figure 3-3 shows the total body force for voltages ranging from 14 kV to 28 kV.
We observed a small discrepancy of the total body force (less than 1 mN/m) for voltages around VO =21 kV and a
larger one for low voltages. In the range of high voltages (larger than 26 kV), the body force reaches a threshold.
This phenomenon has been noticed by many experimentalists in other configurations: for example, the induced
velocity does not increase with the voltage for high enough voltage. This fact has also been noted by the group of
J.P. Boeuf, [1], [4] which suggests that the induced velocity will eventually reach a limit.
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Figure 3-3: Parametric Study.

Flow computations performed with the body force provided by our numerical model are presented,
corresponding to typical flat plate experimental cases. To that end, the force computed by the plasma modelling
was introduced as a source term in a CFD solver. The simulations are performed with the in-house CFD code of
ONERA, CEDRE. The total force is averaged over one period and this mean value is constantly applied as a
source term during the simulation. The convergence of the solution toward a steady state is reached after about
0.5 s of physical time. We have performed two computations, firstly assuming the flow as laminar and secondly
using a turbulent k — @ model, which better describes the wall jet nature of the flow, based on the numerical
experiments of Kourtzanidis [3]. We have observed here too, that the main effect of the turbulence is a change in
the velocity profiles of the flow’s boundary layer, especially downstream from the actuator’s position. The
turbulent boundary layer is, as expected, thicker and corresponds better to experimental results, while the
maximum velocity tends to be slightly smaller. Near the actuator’s anode, the turbulent effects are almost
negligible, possibly due to the time scales concerning the evolution of the boundary layer and the wall jet
formation itself. A more adapted turbulent model, i.e., a transitional one, as well as one more refined in both time
and space simulations (towards maybe a LES simulation) could spread more light on these scales that are hard to
capture. We present the parallel, Uy, and perpendicular component, Uy, of the induced velocity in Figure 3-4.

W=Zmm
wed (im
o iy

Y {m)

Y {m)
| T
¥im)
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(a) Contour of Ux (b) Contour of Uy (c) Ux at Different Locations

Figure 3-4: Velocity Components.
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It can be observed that the maximum of the parallel velocity is very close to the anode, which is located at
X = 5 mm where the maximum value is more than 7 m/s. It corresponds to an acceleration of the flow due to the
body force, which is very large near the exposed electrode. The perpendicular velocity is negative and its
maximum amplitude is -1.8 m/s, which is reached a little over the exposed electrode. This corresponds to the

region of suction. Figure 3-4(c) shows the profile of the parallel velocity at different locations.

3.2.2 Conclusion

A numerical investigation of the body force induced by a plasma actuator has been carried out on a standardized
configuration proposed in the AVT-190 group. The results have shown a good estimation of the total body force
compared with measurements for a large range of operating voltages and for some values of the working
frequency. The description of the body force variations in time and in space by numerical simulation shows a
good correlation with the observations noticed in many experimental works. Nevertheless, some differences such
as the presence of a negative force for a 14 kHz SDBD actuator, have been noted via a prediction tool and
validated with measurements by Roy and Durscher (see Chapter 4 of the present report) who showed that the
maximum parallel velocity reached at 15 mm from the anode tip, is approximately 5 m/s, which is somewhat
larger than the computed one [6].
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Chapter 4 - EVALUATION OF FORCE MEASUREMENT
TECHNIQUES FOR DIELECTRIC BARRIER
DISCHARGE ACTUATORS

Ryan Durscher and Subrata Roy
University of Florida
UNITED STATES

ABSTRACT

Despite their popularity in the recent literature, plasma actuators lack a consistent study to identify limitations,
and remedy thereof, of various thrust measurement techniques. This paper focuses on comparing two different
experimental techniques commonly used to measure the global, plasma induced thrust. A force balance is used
to make a direct measurement of the thrust produced, which is then compared with a control volume analysis on
data obtained through particle image velocimetry. The local velocity measured by particle image velocimetry is
also validated with a fine-tip pressure probe. For the direct thrust measurements, the effect of varying the
actuator plate length upon which the induced flow acts is investigated. The results from these tests show that the
length of the actuator plate is most influential at higher voltages with the measured thrust increasing as much as
20% for a six times reduction in the length of the plate. For the indirect thrust measurement, the influence of the
control volume size is analyzed. When the two methods are compared against each other, good agreement is
found when the control volume size has a sufficient downstream extent. Also, the discharge length is optically
measured using visible light emission. A linear correlation is found between the discharge length and the thrust
measurements for the actuator configurations studied. Finally, the energy conversion efficiency curve for a
representative actuator is also presented.

4.1 INTRODUCTION

The Dielectric Barrier Discharge (DBD) plasma actuator, in general, consists of an asymmetric electrode
arrangement (one exposed and one encapsulated) separated by a diclectric medium. The application of an
alternating, high voltage signal results in a surface-mode discharge along the dielectric. At (or near) atmospheric
pressures, the discharge is comprised of microdischarges, which form discrete channels between the electrode
and dielectric surface (Gibalov and Pietsch 2000 [1]; Kogelschatz 2003 [2]; Xu 2001 [3]). The expansion of the
discharge along the dielectric surface results in a charge deposition, which in turn reduces the local electric field
and extinguishes the microdischarge. Collectively, the discharge is completely extinguished twice per period as
evident by the light emission and discharge current (Enloe et al. 2004 [4]). As the ionized particles within the
microdischarges propagate along the dielectric surface, momentum is transferred to the surrounding neutral
particles through a poorly understood collisional mechanism. Macroscopically, however, the net separated space
charge within the plasma interacts with the electric field resulting in an electrohydrodynamic body force acting
on the working gas resulting in an acceleration of the fluid. By virtue of Newton’s third law, an equal and
opposite force is imparted to the actuator. Experiments have shown this momentum exchange to be cyclic with
the magnitude of the force varying depending on the polarity of the exposed electrode (Debien et al. 2012 [5],
Enloe et al. 2008b [6]; Enloe et al. 2009 [7]; Font et al. 2011 [8]).

The plasma actuator has been used as a flow control mechanism in various aerodynamic applications such as
turbines blades (Ramakumar and Jacob 2005 [9]; Rizzetta and Visbal 2008 [10]), landing gears (Thomas et al.
2005 [11]), airfoils (Little et al. 2010 [12]; Post and Corke 2004 [13]), turbulent jets (Labergue et al. 2007 [14]),
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and an assortment of conical flows (e.g., flat plate boundary layers (Gibson et al. 2012 [15]; Grundmann and
Tropea 2009 [16]; Roth et al. 2000 [17]; Schatzman and Thomas 2010 [18]), cylinder vortex shedding (Jukes
and Choi 2009 [19]; Thomas et al. 2008 [20]), etc.). In order to improve the fluidic authority of the actuators,
numerous parametric studies have been undertaken which have focused on various aspects (e.g., applied
voltage/frequency, dielectric material, electrode arrangement) of the actuator (Abe et al. 2008 [21]; Borghi et al.
2008 [22]; Corke et al. 2007 [23]; Forte et al. 2007 [24]; Hoskinson and Hershkowitz 2010 [25]; Hoskinson
et al. 2008 [26]; Jolibois and Moreau 2009 [27]; Roth and Dai 2006 [28]; Thomas et al. 2009 [29]).
Characterizing the resulting induced thrust is therefore pivotal for understanding the influence of various control
parameters in improving the actuator authority.

Several methods have been employed for measuring the plasma induced thrust. Typically, a simplified approach
is used to either measure the net thrust directly using a high resolution (~mg) force balance or calculate
it indirectly based on the velocity field extracted using techniques such as pitot probes, Particle Image
Velocimetry (PIV), and Laser Doppler Velocimetry (LDV). Specifically, the latter approach relies on a control
volume analysis of the measured flow field to determine the net thrust produced (Baughn et al. 2006 [30];
Hoskinson et al. 2008 [31]; Kotsonis et al. 2011 [32]; Kriegseis 2011a [33]; Debien et al. 2012 [34]). Recently,
more complicated methods have also been investigated that resolves the plasma body force spatially by applying
the Navier-Stokes momentum equations to PIV data (Kotsonis et al. 2011 [32]). However, a basic study aimed at
the limitations of the simplified direct or indirect measurements is lacking. For example, the near wall flow as a
result of actuation gives rise to a self-induced drag (Font et al. 2010 [33]), for which the plate size would likely
have a significant impact on the measured thrust. The plate size, however, is not typically reported in the
literature. Also, how does the calculated thrust vary with the size of control volume, and how does it compare
with the direct measurement? In literature, a comparison between the two methods is often met with mixed
results. Hoskinson et al. (2008 [31]) reported a factor of two difference in the calculated thrust between the two
techniques (attributed to simplifications made), while Kotsonis et al. (2011 [32]) showed a reasonable agreement
between the two methods.

This paper focuses on characterizing some limitations of the aforementioned direct and control volume inferred
experimental techniques used to measure the net, induced thrust for a basic Single Dielectric Barrier Discharge
(SDBD) actuator. In particular, the influence of the plate size on the direct thrust measurement is investigated.
Similarly, the thrust is indirectly determined from a control volume analysis of the flow field obtained through PIV.
Here, the influence of the control volume size on the calculated thrust is analyzed by comparing with the plate size-
independent direct thrust data. Also, the discharge length is optically measured using visible light emission.
A functional relationship between the measured discharge length and the measured thrust is studied. The local
velocity measured by the PIV technique is also validated with pitot tube measurements at different locations. The
paper is organized in the following manner. Section 4.2 describes the experimental setup for the tests conducted.
This includes a discussion of the direct thrust measuring arrangement, PIV details, and the control volume analysis.
Section 4.4 presents the results for the aforementioned investigations, while conclusions are drawn in Section 4.6.

4.2 EXPERIMENTAL ARRANGEMENT

4.2.1 Plasma Actuator Design and Discharge Generation

A cross-sectional schematic of the DBD plasma actuator used in these experiments is shown in Figure 4-1(a).
The actuator consists of two thin (70 um) copper electrodes placed asymmetrically on either side of the dielectric
material with no horizontal gap between the two electrodes. The dielectric in this case was a 3-mm-thick (t) sheet
of acrylic, which has a nominal relative dielectric constant of 3. The width, w, of the upper electrode was 0.5 cm
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while the lower electrode’s width is 2 cm. Both electrodes have a length, 1, of 12 cm. Three layers of vinyl
electrical tape (178-um thick) covered the encapsulated electrode to avert an unwanted discharge on the lower
surface. Similarly, an 84-Im-thick piece of Kapton was placed on the opposite side of the exposed electrode
preventing the occurrence of a discharge. The actuator depicted in Figure 4-1(b) shows the dimensions of the
dielectric used in the actuator plate length tests, where the effect on the thrust was investigated by shortening the
actuator’s plate length, L.

In order to ionize the surrounding air, the exposed and encapsulated electrodes were each supplied with
high voltage signals that were 180° out of phase. A congruent powering scheme has previously been used by
Thomas et al. [20]. The sinusoidal input signals were generated using an arbitrary waveform generator (Tektronix
AFG3022B). These signals were further amplified by a dual output audio amplifier (QSC RMX 2450) which was
then stepped up using high voltage transformers (Corona Magnetics, Inc. CMI 5523) (Figure 4-2). Actuators were
tested with total voltages ranging from 14 to 28 kVy,, at two distinct frequencies 7 and 14 kHz.
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Figure 4-1: Schematic of DBD Plasma Actuator: (a) Side View
and (b) Top View (Not Drawn to Scale).

The voltage and current supplied to the actuators were monitored using high voltage (Tektronix P6015A) and
current probes (Pearson Electronic 2100). In order to calculate the delivered power, the voltage and current
waveforms were captured using a digitizing oscilloscope (Tektronix DPO3014). In a single acquisition, the
oscilloscopes captured 1 million points for each waveform at a sampling rate of 250 MSa s™. For each input
voltage, 10 acquisitions were recorded. This corresponds to 280 and 560 periods over which the calculated
power is averaged for 7 and 14 kHz waveforms, respectively. The total power, P, delivered to the plasma
actuator was considered to be a linear superposition of the power supplied to each electrode. The average real
power was numerically calculated by multiplying the instantaneous voltage, V;, by the instantaneous current,
I;, and then summing and dividing by the total number of samples, N. Indices 1 and 2 in Equation 4-1 correspond
to the respective circuit branches in Figure 4-2.

1 N N
P:W(Z Vl,ill,i +ZI/2,i]2,ij (4-1)
i=1 i=1
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Figure 4-2: Circuit Schematic Used to Generate a DBD Plasma Discharge.

4.2.2 Direct Thrust Measurements

Direct force measurements were obtained using an Ohaus precision balance (Adventurer™ Pro AV313C).
The actuators were mounted to the scale by an acrylic stand which protruded though a small opening in a Faraday
cage, Figure 4-3(a). The cage was constructed using aluminium (3.18-mm thick) and was used to shield the balance
from any electromagnetic interference due to the high electric fields required to generate the plasma discharge. An
example output from the balance is shown in Figure 4-3(b) for various voltages. The maximum uncertainty
associated with a given measurement is estimated to be within 4% (to 95% confidence), based on repeated
measurements (at a constant voltage) and the scale’s inherent uncertainty. Furthermore, the error in the thrust
measurement due to the scale’s cross-axis sensitivity was investigated and found to be negligible. This was
determined by orienting the actuator on the mass balance to measure the z-component of the force (referring to
Figure 4-1). In such an arrangement, the scale would be affected by both x and y components in the cross-axis
direction. Given that the z-component should be zero for a linear actuator, a registered thrust reading by the balance
should presumably be a result of its sensitivity to cross-axis forces. No thrust was measured as the balance read
zero over the entire range of input voltages.
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Figure 4-3: (a) Experimental Setup Schematic for Direct Force Measurement; (b) Example Readouts
from the Balance Showing the Stability and Repeatability of the Direct
Thrust Measurement (14 kHz Input Frequency).
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4.3 CONTROL VOLUME ANALYSIS

4.3.1 Flow Field Measurements

Two-component Particle Image Velocimetry (PIV) was used to generate time-averaged, spatially resolved data of
the induced flow due to the plasma actuator. These averaged vector fields were then used for the control volume
analysis. The plasma actuator geometry is similar to that described previously (Figure 4-1) however the dielectric
plate upon which the actuator was built was much larger. The dimensions of the plate are 30 cm x 30 cm with the
electrodes placed in the center. The actuator was set up in the same quiescent chamber as described above.

An Nd:YAG, dual cavity pulsed 532 nm laser (New Wave Research Solo PIV II 30) was used to generate a light
sheet along the centerline of the actuator normal to the span. This illuminated the vaporized Ondina oil used to seed
the chamber (see Section 4.3.2 PIV Seeding). LaVision’s adjustable light sheet optics allowed for fine adjustments
to the waist of the laser sheet, which had an estimated thickness of 1 mm. The time separation (df) between laser
pulses was adjusted accordingly depending on the induced flow velocity. In general, the df was set to maintain a
maximum particle displacement of 5 to 7 pixels, with the value ranging from 48 us to 22 ps (voltage/velocity
dependent). LaVision’s ImagerPro X 4M (2048 x 2048 pixels) camera fitted with a 105 mm lens was used to
capture the PIV images. The field of view for each image was approximately 48 mm x 48 mm (X, y).

LaVision’s DaVis 7.2 PIV software package was used to calibrate, capture, pre-process, process and post-
process the PIV images. Image calibration was performed with a 40 mm x 40 mm, two-tiered calibration plate.
In processing the PIV data, the local average intensity was subtracted from the raw images in order to increase
the relative contrast between the particles and the background. Furthermore, a local particle intensity correction
was applied in which the particle intensities are normalized over a window of 4 pixels, allowing smaller particles
to contribute more effectively in the correlation (Westerweel, 1994 [37]). Having masked the surface of the
actuator, each image pair was then subjected to a cross-correlation multi-grid process. The correlation process
consisted of an initial pass with a 32 x 32 pixel®> interrogation window with a
50% overlap, followed by two refining passes with 16 x 16 pixel> widows again with 50% overlaps. For the
initial pass a 1:1 Gaussian weight was applied to the integration widows, while a 2:1 was applied on the refining
passes. This resulted in a vector field resolution of 0.19 mm. Outliers were detected and removed using
a recursive spatial outlier detection [37] in between multi-grid passes as well as on the final vector field.

For each input voltage, 300 image pairs were taken at a repetition rate of 7.2 Hz. Typical convergence plots of
the tangential velocity component (Uyx) are shown in Figure 4-4(a) and Figure 4-4(b) for two locations in
the vector field. The first point, (x, y) = (5, 0.5) mm, is representative of the region of high velocity near
the discharge, Figure 4-4(a), while the second position, (x, y) = (35, 1.5), is characteristic of the fully developed
wall jet, Figure 4-4(b). The relative statistical uncertainty for these two points is shown in Figure 4-5
as calculated from:

Iy _1.05%0

Rel. Uncertainty = 0 (4-2)

X

where tn.1.95% is the ¢ estimator (N-1 degrees of freedom, 95% confidence interval), @ _is the standard deviation
of the mean velocity, and UX mean velocity (x-component).
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Figure 4-4: Convergence Plot for the X-Component of Velocity (Ux) for Two Locations in the Flow
Field: (a) Point (x, y) = (5, 0.5) mm and (b) (x, y) = (35, 1.5) mm.
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Figure 4-5: Relative Statistical Uncertainty as a Function of Voltage and Position for
the Velocity Vector Field. Red squares correspond to point (x, y) = (5, 0.5) mm,
while black circles represent (x, y) = (35, 1.5) mm.

4-6 STO-TR-AVT-190



NATO

EVALUATION OF FORCE MEASUREMENT TECHNIQUES
FOR DIELECTRIC BARRIER DISCHARGE ACTUATORS

4.3.2 PIV Seeding

In general, the fluid dynamic response accuracy of the seeding particles can be estimated by the Stokes number:

_ U,
L

St
iy (43)

where 1, particle is the relaxation time of the particle, Urr is the characteristic reference velocity (typically the
freestream velocity), and Ly is the characteristic reference length. A Stokes number, St > 1 indicates the particle
will poorly follow the flow, while a Stokes number approaching zero (St — 0) implies a perfect tracer. The
particle relaxation time in a constant accelerating flow is:

4P

(4-4)

P

67p,V ¢

where d,, is the particle’s diameter, p, the particle density, pr the fluid density, and vy the kinematic viscosity of
the fluid. The value of ¢@ is dependent on the particle Reynolds number but may be taken as one (¢ = 1) for
Stokesian drag at low Reynolds numbers. In general, the dynamics of a suspended particle are much more
complicated [38]. However, Equation 4-3 provides a reasonable estimation of the particles’ response.

For plasma actuation, however, consideration of the electrodynamic influence on the particles is warranted due
to the presence of large electric fields required to initiate a breakdown of the air. In doing so the PIV images may
be broken into two regions:

1) The discharge volume itself;
2) The far-field away from the vicinity of the discharge.

Within the discharge volume, a charging of particle could result in a combination of fluidic and Coulombic
forces influencing the particles paths. In the far-field, however, the dielectrophoretic force due to polarization
would likely be prevalent. This force may be approximated by considering a dielectric sphere of radius r, and
relative dielectric constant &, being placed into a dielectric fluid with a relative permittivity of &.r. The force on
a dipole neutral particle is then:

F dipole

=2ng,e, Kr)VE® (4-5)

where K is the Clausius-Mossotti factor given by:

g —&

K — P i ( 4_ 6)
&, 2,

Here, only the static case is considered, which is sufficient for illustrative purposes. Considering Stokesian drag

(Fswkes) as above, for the dielectrophoretic force to be considered negligible it should be significantly less than

the shear force on the tracer particle (Faipole << Fstokes). The frictional force based on Stokes’ law is given by:

FStukes = 67[prpr Vp (4'7)

where V, is the particle’s velocity.
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For the experiments outlined in this text, Ondina oil was used as the fluidic tracer particle. The oil was vaporized
using a TSI atomizer (Model 9302) which, when pressurized at 25 psi, produces a droplet with a mean diameter
of ~0.8 um. Assuming Stokesian drag and air as the working fluid (py= 1.184 kg m >, v, = 15.68E-6 m? s ),
substituting the particle’s diameter and density (p, = 854 kg m™>) into Equation 4 gives a relaxation time of
1.63E-6 s. Assuming a characteristic velocity of 5 m s ! and a reference length of 1 mm, Equation 4-3 gives a
Stokes number of 8.2E-3 (or St <« 1). Furthermore, the dipole neutrality of Ondina may be verified by
considering the two regions considered above (the plasma volume and the far-field). First consider the far-field
in which the dipole force on the particle is given by Equation 4-5. In this analysis the electric field will be taken
as 3,000 kV m! (or 30 kV cm! the breakdown field for air at atmospheric pressure). Additionally,
for simplification, consider the gradient of the electric field in Equation 4-5 to scale with the particle’s diameter
such that:

E2
Td,

P

VE? (4-8)

The exact value of the relative dielectric constant for Ondina was not reported by the manufacture, so a value
of 4 (typical for oils) is assumed. Taking air again as the working fluid, Equation 4-5 gives a force due
to polarization of the particle of 4.0 x 10""! N. Similarly, applying Equation 4-7, the Stokes drag on the particle
becomes 7.0 x 107N, Although Fsikes is only an order of magnitude higher than Faipole, Equation 4-8 was taking as
the worst-case scenario. The polarization force is therefore considered negligible. Hence, it is reasonable
to assume that Ondina is dipole neutral and, thus, relatively unaffected by the high electric field near the actuators.

Additionally, the charge carried in the plasma volume due to tracer particle charging would likely influence the
conductive current, and therefore result in a different power consumption when seeding particles were present.
For these experiments no observable changes in consumed power were noted. This argument, however, is not
absolute and further consideration of the seeding particles concentration is required. On average the atomizer
was ran for approximately 10 seconds to seed the 0.45 m* quiescent chamber. Based on the specified flow rate of
the atomizer and particle volume, a particle concentration of 9 x 10" m 3 was estimated. Relative to the ion
concentration of a weakly ionized plasma generated in a DBD actuator (~10?! m ) the seed particle density is
~5-6 orders of magnitude smaller, indicating a substantial change in the discharge current may not be prevalent.
To investigate the influence of particle charging on the induced velocity, the PIV velocity profiles were
compared against measurements obtained using a glass pitot probe. The probe was constructed out of a modified
glass Pasteur pipet with an inner and outer diameter of 1.2 and 1.5 mm, respectively. The pressure measurements
were made using a Furness Controls FCO332 differential manometer calibrated to 25 Pa with a =10 V output.
Each data point represents the average of 120 voltage reading recorded at a sampling rate of 15 Hz using a
National Instruments data acquisition module (PCI-6133). The differential pressure, AP, measurements were
converted to velocities using Equation 4-9 where p is the air density. Here the air density was taken as 1.184 kg
m™ which corresponds to a laboratory temperature of 25 °C.

U, =257 (4-9)

Reasonably good agreement is seen between the two data sets giving some indication that particle charging may
be negligible in the current experimental setup. The slight difference between the two profiles height and
magnitude could be attributed to the relatively large area of integration of the inner diameter of the pitot probe
used (see Figure 4-6). Further experiments will be carried out using a smaller probe in future efforts.
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Figure 4-6: Comparison Between Pitot Measurements and PIV Profiles Taken 15 mm Downstream of
Exposed Electrode for an Applied Voltage of 21 kVpp at 14 kHz. The vertical error bars on
the pitot measurements indicate the inner diameter of the probe used.

4.3.3 Inferred Force Calculation

The rectangular control volume as depicted in Figure 4-7 was applied to the time-averaged velocity field
generated from the PIV measurements. The net thrust, 7, and 7,, produced by the actuator (normalized by the
electrode length) is determined from the conservative form of the momentum equations assuming time
independence. The net thrust produced would be the summation of the plasma induced body force (F;), the wall
shear stress (Fs), and pressure differential acting within and on the control volume. Given the control volume
boundaries are significantly removed from the bulk plasma, a constant pressure assumption may be made, in
which the net thrust in the x-direction would be equal to Tx = Fx; - F;. In this analysis, however, we are only
interested in the net thrust imparted to the dielectric, therefore the control volume used is drawn accordingly to
negate such distinctions. To emphasize the negation of wall shear stress, the control volume shown in Figure 4-7
is drawn to extend below the dielectric where the velocity field is zero.

T _ IH U2 d w H P
x - p x,left y + I pUx, top l]y, topdx + J pU dy (4-10)
Yo Xo Yo

x,right

H w P H
T = -J. ,OUy, leftUx, leﬁdy + J. IOUy mpdx + J. pl]y rightl]x, rightdy
0 Xo ’ Yo

y (@-11)
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Figure 4-7: Schematic of Control Volume Used to Calculate
Reaction Forces Induced by the Plasma Discharge.

4.4 RESULTS

4.4.1 Influence of the Actuator Plate Length

In order to evaluate the effect of the actuator’s plate length (L), shown in Figure 4-8(b), different plate lengths
were tested. The same actuator was used throughout the experiments with the plate length, L, being reduced each
time. Lengths corresponding to 15, 10, 5, and 2.5 cm were investigated over a range of voltages. A plate length
of 15 cm was chosen as to mimic the plate length of the actuator used in the control volume analysis.
A limiting length of 2.5 cm was imposed to avoid the possibility of arcing around the dielectric substrate, since
the encapsulated electrode itself'is 2 cm wide. 10 and 5 cm were chosen arbitrarily as incremental lengths.

The results of this study, presented in Figure 4-8, indicate that there is little variation in the resultant force
regardless of the length of the plate for lower input voltages. This trend does not hold, however, as the voltage
increases. At the higher voltages investigated, an increase in thrust is observed as the actuator’s plate length is
decreased. This increase is independent of the two frequencies investigated. At the maximum voltages tested a
difference of 5 and 7 mN/m was measured between plate lengths of 15 and 2.5 cm for 14 and 7 kHz, respectively.
This corresponds to a ~20% increase in measured thrust in both cases (Figure 4-9). Such a large discrepancy could
prove problematic when trying to compare between different researchers’ results.

Since the longer plate lengths (L = 15 and 10 cm) converge to a single value, it is believed that these lengths
provide a more accurate representation of the true net thrust (= plasma force — viscous drag) produced. The
velocity profile for the larger plates will have a significantly longer length to develop over allowing plateauing of
the resulting viscous drag, and also providing a more comparable flow field with that of the PIV experiments. By
reducing the plate size, one is reducing the net viscous drag component for the same actuator setup. As an
alternative, however, it is plausible that a shortening of the dielectric plate affects the surface charge
accumulation and thus the electric field and induced force on the fluid. The surface charge has been shown to
persist several centimeters downstream of actuator. Regardless of the exact mechanism, Figure 4-10 verifies that
the power consumption and thus power delivered to plasma load remain constant regardless of the plate length.
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Figure 4-8: Force Measurements Over a Range of Input Voltages with
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4.4.2 Effect of Chamber Size

As stated previously the chamber in which the scale is housed is only slightly vented to prevent potentially
dangerous amounts of ozone from continuously spreading into the laboratory. As a consequence, one could
argue that for particularly long runs of the actuator that the air chemistry inside of the chamber is being
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modified. To test this argument, two tests were carried out over a range on input voltages. In one case the
0.74 m? door to the chamber was closed during testing, while it was left wide open in the other. The measured
thrust from these tests are shown in Figure 4-11, where “not vented” and “vented” correspond to the door being
closed and open, respectively. As one can see, the resultant thrust was nearly identical regardless of ventilation.
This result would likely change if the volume of the quiescent of chamber was reduced, though the results seem
indifferent for the current experimental setup.
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Figure 4-11: Effect of a Vented vs. Unvented Chamber on the Induced Thrust.
The plate length was 10 cm and the input frequency was 7 kHz.

4.5 CONTROL VOLUME

4.5.1 Control Volume Extracted Forces

In order to extract the reaction forces on the control volume, the integrals on the right-hand side of Equation 4-10
and Equation 4-11 were numerically integrated in MATLAB using the time-averaged PIV data. Both composite
trapezoidal rule (a 2" order accurate method) and composite Simpson’s rule (3™ order accurate) integration
schemes were applied. While both methods yielded nearly identical outcomes, the following results were
obtained using the trapezoidal rule. It was found that the starting x-location, xy, in the integrals had little
influence on the resultant force calculated as long as it was chosen behind the edge of the exposed electrode
(i.e., xo <x = 0, referring to Figure 4-7). The starting y-location, y,, was chosen arbitrarily below the dielectric
material such that y, < 0 (Figure 4-7). The starting locations used were: -5.0 mm and -0.1 mm corresponding
to xo and yy, respectively. Also, it is pertinent to note that a constant fluid density (o) is assumed. This
assumption was also made by Hoskinson et al. [31] based on prior experimental data from Enloe et al. [39].
In this prior work it was estimated that the density fluctuations near the actuator were less than 2% of ambient.
Again, the air density was taken as 1.184 kg m™.

Figure 4-12 depicts a plot of the tangential force component, 7, and how it varies with the width (/) and the height
(H) of the control volume (referring to Figure 4-7). The applied voltage was 15, 19, and 22 kV,, at an input
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frequency of 14 kHz. Although not shown, the normal force component (7;,) exhibits similar characteristics. The
plot indicates that the force is independent of the height above the dielectric surface in which the control volume is
taken beyond a given point (10 mm for these cases). This point corresponds to the total encapsulation of the
induced wall jet’s boundary layer. The boundary layer created by the jet increases with both applied voltage and
downstream location. However, for the range of voltages investigated the boundary layer was less than 10 mm
thick for the given field of view. More important than the height of the control volume is its width, as Figure 4-12
reveals. The calculated thrust is highly dependent on the point at which the control volume ends. If the width is too
small the thrust may be grossly over predicted as compared to a much wider control volume.
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Figure 4-12: Resultant Tangential Thrust Component for a 15,19, and
22 kVpp Input Voltage at 14 kHz as a Function of the Width (W)
for Varying Heights (H) of the Control Volume.

The tangential and normal force components are plotted in Figure 4-13(a) and Figure 4-13(b), respectively, over
the range of input voltages investigated. At each voltage, the force was extracted for five different control volume
widths from data similar to Figure 4-12. The vertical dashed lines in Figure 4-14 correspond to control volume
widths of 10, 20, 30, 40, and 45 mm. The height of the control volume chosen was 10 mm, which for reasons
previously discussed is a suitable choice. Over the range of supplied voltages, the same trend holds, in that the
resultant tangential force has a strong dependency on the width of the control volume. This dependence becomes
more pronounced at higher voltages. The calculated forces do begin to converge, however, as the downstream
extent of the control is increased. Based on the current results a downstream extent of ~35 mm is necessary to
provide consistent results. This convergence/asymptotic behavior can also be seen in Figure 4-12.

The normal force component deviates from this trend with its values remaining approximately constant as the
width of the control volume is increased, Figure 4-13(b). The exception, however, to this observation is the
smallest control volume plotted (W = 10 mm). Regardless, the magnitude of the normal component is significantly
less than that of the tangential. The large disparity between the normal and tangential components is in line with
other reports. Due to such a large difference between the two components, it is assumed that the normal component
will have a negligible impact on the direct force measurement and there should be a reasonably good agreement
between the two measurement techniques (direct and control volume inferred).
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Figure 4-13: Forces Calculated from a Control Volume Analysis as a Function of
Voltage for Various Widths of the Control Volume: (a) Tangential Component
of Force (Fx) and (b) Normal Component of Force (Fy).

Figure 4-14: Velocity Magnitude Contour for 20 kVy, Input Driven at 14 kHz.
The dashed lines labelled (a) through (e) correspond to control volumes
widths (W= x-xo) of 10, 20, 30, 40, and 45 mm, respectively.

4.5.2

A comparison between the control volume analysis and the direct force measurement is shown in Figure 4-15.
Two different control volume widths (W = 40 and 20 mm) are presented, as well as the direct force
measurements with an actuator plate length of 10 cm (note that the difference between L = 10 and 15 mm was
negligible). Results indicate that the measured and inferred forces are in good agreement over the entire voltage
range for the wider (40 mm) control volume. Result also show that if the control volume is of insufficient size,
that thrust may be over predicted and eludes that there is a minimum length downstream of the actuator that the

Comparison of Measurement Methods
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control volume needs to consider. That length however is directly tied to the applied voltage as there is a decent
agreement for the smaller control volume width at lower input voltages. Based on these results a downstream
extension of ~35 mm is recommended.

50— - 4 — — Direct Force _ L
F Control Volume (W =20 mm) g 40} A A L
. ——=—— Control Volume (W = 40 mm) E | 4 AA
40F T | .
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Figure 4-15: Comparison Between Direct Figure 4-16: Control Volume Scaling.

Force Measurements and Those Inferred
from a Control Volume Analysis. The driving
frequency was 14 kHz.

In order to determine the minimum control volume size requirement, the direct thrust data (Figure 4-8(a) for a
plate length of 10 cm) were matched against the thrust verse control volume width curves (examples shown in
Figure 4-12). A near linear relationship was observed between the necessary control volume width and voltage.
A similar linear trend has been observed by other researchers in terms of the plasma’s downstream extension. To
further examine this, the plasma’s length was determined from photographs obtained using a Nikon D90 digital
camera. The color images were first converted to grayscale, then binarized using a threshold value of 0.7.
A tracing algorithm then mapped out the plasma extension and an average value was then determined. Plotting
the necessary/minimum control volume extent verse the plasma length an approximate linear scaling relation, as
shown in Figure 4-16 was obtained. This provides an approximation for the minimum control volume size
necessary to produce accurate thrust estimates from inferred measurements.

4.6 CONCLUSIONS

The effect of varying the plate length upon which the plasma induced wall jet acted was investigated using a
direct force balance. At the upper range of the voltages investigated, an increase in thrust was observed as the
plate length was decreased. The thrust was nearly identical for 10- and 15-cm lengths, but an increase in thrust of
20 % was observed as the plate length was reduced to 2.5 cm (a four to six times reduction). Based on these
findings, the plate’s length is an important consideration when making comparisons with reported experimental
data. PIV measurements were also made on a single DBD actuator at various voltages. These measurements
provided time-averaged data sets of the induced flow field. The velocity fields were then subjected to a control
volume analysis to infer the resultant thrusts acting on a rectangular volume. The results of the analysis indicated
a strong dependency on the size of the considered volume with a particular emphasis on the width of it. When
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compared with the direct thrust measurements, the calculated tangential thrust agreed well regardless of the input
voltage if the control volume extended far enough downstream. Also, the discharge length was optically
measured using visible light emission. A linear correlation was found between the plasma length and the
measured thrust for the actuator configurations studied. A suitable control volume size was also recommended
based on the plasma length. Finally, to complete the device characterization, the energy conversion efficiency
curve for a representative actuator is also plotted.
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ABSTRACT

The working mechanisms of Dielectric Barrier Discharge (DBD) plasma actuators foreseen as aerodynamic
control devices are investigated experimentally on a common platform, referred to as the NATO-AVT-RTO-190
test case. A better understanding of the working principle and characteristics of DBD paves the way for more
efficient and safe use of plasma actuators in aerodynamic applications. In this study, a characterization of the
plasma is done by current measurements, fast-camera plasma imaging and thrust measurements. Furthermore,
more advanced plasma characteristics such as reduced electric field and excited species population are found by
Optical Emission Spectroscopy. The overall goal of this research is to contribute to generate a common
database within NATO countries which can also be used for numerical verification and validation by varying the
key parameters such as frequency and voltage.

5.1 INTRODUCTION

At low flow speeds, DBD actuators driven by AC waveforms (AC-DBD) have shown to be efficient due to the
production of an ionic wind close to the wall, adding momentum to the boundary layer. Recent reviews by Corke
et al. [1] and Moreau et al. [2] describe these effects in detail. At higher flow velocities, this equivalent wall jet
does not seem to produce significant effects. In a previous study at EPFL, Pavon et al. [3], [4] investigated the
interaction between an AC-DBD actuator mounted on a NACA 3506 profile in transonic flow, where no
significant effect of the actuator on the shock wave buffeting and strength was observed. However, a strong
effect on the discharge plasma state was produced with increasing flow velocities.

Alternatively, studies have been performed on nanosecond pulsed actuators (ns-DBD), showing effects
for transonic flows at very high voltage levels [5], [6]. For these actuators, the working mechanism is believed
to be the generation of compression waves that emerge from the surface, adding pulsed energy to the flow.
Little et al. [7] and Grech et al. [8] have investigated the application of ns-DBD actuators to delay separation for
lower flow velocities, up to u. = 62 m/s, where the generated compression wave acts as an active trip at pre-stall
angles of attack. The plasma produced here is essentially a streamer discharge regime propagating along the
surface of the dielectric.

From these considerations, the relevance of understanding the plasma regimes and transitions in such DBD is
clear. In order to further develop safe and effective applications of DBD, research on the characterization of
these plasmas needs to be performed. The NATO STO AVT-190 working group has suggested a standard DBD
setup to investigate the basic characteristics of these plasmas and to evaluate the thrust and relative power
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produced, with respect to different input voltages and frequencies from AC or nanosecond pulsed power
supplies. The effects of ambient pressure were also investigated at EPFL by placing the DBD in a low-pressure
chamber where the pressure levels of the air can be modulated.

In this work, spectroscopy and plasma imaging were performed under different operating conditions
(i.e., voltage amplitude, voltage frequency and ambient pressure) at EPFL. Thrust and power measurements were
performed for different voltages and frequencies at atmospheric pressure at Laval University (ULaval)
in collaboration with DRDC Valcartier.

5.2 EXPERIMENTAL SETUP

The proposed test case considers a DBD setup of copper electrodes on an acrylic type dielectric, PMMA, set up
as in Figure 5-1. The thickness of the dielectric plate equals 3 mm and suitable silicon based glue is used to
attach the copper electrodes.

DIELECTRIC

b

A

ELECTRODES

DIMENSION [mm]

Figure 5-1: Drawing of the DBD Actuator as Used in the Experiments.

In the experiments at EPFL for the dedicated AVT-190 testcase, high voltage is supplied to the actuator by a
PMO04015-H-CE TREK high voltage function generator (600 VA max) which provides =10 kV in AC or DC
mode. The TREK power generator is used in amplifier mode, being triggered by a pulse signal from a
SCF-AL-018 Rohde and Schwarz function generator. The sine waveform is used for the experiments.

Use of a nanosecond pulse in-house designed generator was also considered, however, the thickness of the
dielectric and the design of the AVT-190 test case was not suitable for this kind of plasma generation, for which
the plasma characteristics are quite different from those generated by an A/C generator. Indeed, both represent
the highly non-equilibrium plasma characteristics of such air plasmas, where the A/C generated DBD plasma
represents a complete cycle of discharge physics from the semi-permanent surface microdischarge through the
glow discharge to the avalanche process with streamers in the rise and fall times. Whereas the nanosecond pulse
generated plasma produces essentially the streamer/avalanche filamentary process, and for similar
voltage/frequencies to the A/C conditions would have required a much thinner dielectric.
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In order to be able to measure the plasma characteristics at different ambient pressures, the DBD actuator is
installed in a low-pressure chamber. A vacuum pump is used to set the pressure in the chamber. Three different
pressures are used during the experiments, namely atmospheric pressure, 500 mbar and 250 mbar. The pressure
is measured using a MKS Baratron 626A pressure gauge (1-1000 mbar).

A Princeton Instruments Acton SP2750 spectrometer coupled to an ICCD PI-MAX2 fast camera is used for
time-resolved spectroscopy. Light emission originating from the plasma is collected through a converging lens
with a focal length of 50 mm and captured by a row of 16 fibres. The light is diffracted using a grating of 600
g/mm. At high spectral ranges, a high-pass filter (> 400 nm) is used to filter out the lower wavelengths and avoid
second order spectra. The whole optical system is schematically represented in Figure 5-2. The setup is
calibrated in intensity using a Labsphere integrating sphere.

[ 1
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] B LENS

SPECTROMETER

FIBERS
| RACK

&E — FAST
| CAMERA

Figure 5-2: Schematic Representation of the Spectroscopy Optical Setup.

A fast current transformer, Bergoz FCT-016-10:1-WB, is used to measure the current signal over time. The
frequency response of this coil equals 700 mHz. Data are retrieved from a LeCroy Wavesurfer 454 oscilloscope
with a temporal resolution of 4 ns.

At ULaval, thrust measurements were obtained using a precision balance Ohaus Adventurer Pro AV313C
(0.001 g precision). For power supply, a combination of an audio amplifier QSC RX2450 with a Corona Magnetic
Inc. transformer was used. Detail of the electric circuit used in the experiment is shown in Figure 5-3.
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AC Generator

Figure 5-3: Electric Circuit of the Plasma Actuator Setup
for Direct Thrust and Power Measurements.

5.3 RESULTS AND DISCUSSION

5.3.1 Current Signal Measurements

Current signal measurements are performed to identify the power consumption by the plasma. Also, these
measurements provide useful information about the time span in which streamers are present. In Figure 5-4,
a typical DBD current curve is shown. For reference, the measured high voltage signal generated by the amplifier
(red line) is plotted together with the reference voltage from the function generator (blue line). While voltage is
decreasing, the current disturbances start at about 30% of the cycle and end at approximately 50%. This is referred
to as fall time, whereas rise time indicates an increasing voltage. In case of a symmetric DBD actuator, the positive
peaks during rise time are similar to the negative peaks during fall time.

Voltage [kV]
Current [maA]

Time [%]

Figure 5-4: Current (Green), Measured Voltage (Red) and Reference
Voltage (Blue) vs. Cycle. Measurements are performed
at atmospheric pressure, 15 kV and 2.5 kHz.
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The current signal encounters ringing, induced by the external electric circuit, which also slightly disturbs the
voltage signal [9]. In Figure 5-4, this induces small positive peaks during fall time and negative peaks during the
rise time of the voltage signal. The capacitance of the DBD actuator changes with varying current, leading to
a change in impedance of the electric circuit and disturbance of the voltage signal.

5.3.2 Effect of Operating Conditions on Current Signal

Under different operating conditions investigated, i.e., voltage amplitude, frequency and operating pressure, the
current signal differs. Investigating this current signal reveals properties of the plasma. The amplitude and
duration of the peaks is of interest, as it gives an indication of the power consumed. As noise is present in the
signal measurements, only peaks which are higher than four times the standard deviation of the current signal are
taken into account. The integral of these peaks is calculated. Also, the duration and starting time of the streamers
are derived from the current signal in Table 5-1 the aforementioned values are presented.

Table 5-1: Statistics of Current Signal on a Symmetric DBD Actuator for Different Operating
Conditions. Measurements Performed at Atmospheric Pressure.

Unit 10 kV 15kV
Integrated negative peaks mA - s 374 136.9
Number of negative peaks 13.0 39.8
2.5kHz
Duration of signal us 77.8 101.1
Start of signal us 127.6 109.6
Integrated negative peaks mA - s 51.2 182.3
Number of negative peaks 279 79.0
2.5kHz
Duration of signal s 56.1 73.0
Start of signal s 94.8 79.6

An increase in voltage amplitude leads to an increase of the mean amplitude of the current peaks. Also, the
plasma formation starts earlier with rising voltage amplitude and the power consumption has a longer duration.
A possible explanation for this is that the breakdown voltage which is needed to initiate plasma generation has
been reached earlier in the voltage cycle. Another observation is that the current peaks end when the maximum
voltage is reached.

An increase in voltage frequency also increases the mean value of the peaks. On the other hand, it decreases the
duration of the plasma streamers and shifts the starting point towards the beginning of the cycle. This can be
related to the new shape of the higher frequency signal. As frequency becomes higher, cycle duration becomes
shorter and the voltage slope is steeper. Due to this, the breakdown voltage will be reached earlier.

Another set of experiments was conducted using the same DBD actuator on which one electrode (15 mm width)
was covered by dielectric tape. The results of these measurements are listed in Table 5-2. As one electrode is
covered, the DBD actuator is not symmetric any longer. This leads to a current signal which is not similar during
rise and fall time of the voltage signal.
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Table 5-2: Statistics of Current Signal on an Asymmetric DBD Actuator for Different Operating
Conditions. Measurements performed at atmospheric pressure. Integrated peaks and number
of peaks considers positive peaks for the rise time and negative peaks for the fall time.

Unit 10KV Fall | 10kV Rise | 15kV Fall | 15KV Rise
Integrated peaks mA - s -3.5 31.1 -32.1 103.5
2.5 Number of peaks 5.5 17.6 323 53.9
kHz | Dyration of signal K 47.0 82.4 89.0 96.5
Start of signal ks 149.5 3217 116.9 3120
Integrated peaks mA - s -1.0 52.2 -36.2 180.0
3.5 Number of peaks 2.7 30.2 37.7 95.3
kHz | Dyration of signal He 323 70.1 62.2 72.8
Start of signal ks 103.8 2318 88.5 2208

5.3.3 Thrust and Power Measurements

For the thrust and power measurements, the asymmetric DBD actuator with covered electrode is used (uncovered
and covered electrodes have widths of 5 and 15 mm respectively, the length of both electrodes is equal to 155 mm).
The thrust and power consumption results are normalized by unit length of electrodes. A sinusoidal waveform was
used during the experiments. The operating conditions during the tests were as follows:

*  Temperature: 24.0 + 0.5 °C.
*  Pressure: 100.5 + 0.5 kPa.
*  Humidity: 45.8 £ 2.5%.

In Figure 5-5 the results of normalized thrust for different driven voltage (10 to 30 kV,,) and frequency
(3.5, 7 and 14 kHz) are presented. In this figure it is shown that thrust generated by the actuator increases as the
driven frequency or voltage increases.

Thrust was obtained from 5 independent measurements after the precision balance stabilized (after about
1 second). Standard deviation of the measurements was below 2%. Typical thrust measurements obtained with
the precision balance are shown in Figure 5-6.

The power consumption also increases with driven frequency or voltage, as can be seen in Figure 5-7. From this
figure, it can be found that, during the experiments at driven frequencies of 3.5, 7.0 and 14.0 kHz,
the normalized power consumption followed the power-law function with a power exponent varying
from 3.4 to 4.0.

In Figure 5-8, the thrust/power performance parameter is presented. The results suggested that an optimal
condition for operating the DBD plasma actuator exists. For this test case, this optimal is found to be
approximately 20 kVy,. From this figure, it can be concluded that the lower frequency (3.5 kHz) is more efficient
compared to the higher frequencies tested (7 and 14 kHz) in terms of thrust to power ratio.
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Figure 5-5: Effect of Driven Voltage and Frequency on the Thrust Generated by the Actuator.
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Figure 5-6: Evolution of Normalized Thrust in Time — 25 kVpp @ 3.5 kHz.
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Figure 5-7: Effect of Driven Voltage and Frequency on the Power Consumption of the Actuator.
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Figure 5-8: Effect of Driven Voltage and Frequency on the Actuator Performance.

5.3.4 Plasma Imaging

In order to better understand the development and propagation of streamers in the air gap between the electrodes,
time-resolved synchronized plasma imaging has been performed. Resulting images show a clear distinction
between the two phases in Figure 5-4 during rise and fall time of the voltage signal. In Figure 5-9, examples
of images during rise and fall time of the signal are shown. During rise time of the voltage signal (pictures (d),
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(e) and (f)), the streamers clearly originate at the upper electrode and propagate through the air gap towards the
lower electrode. During fall time of the signal (pictures (a), (b) and (c)), this structure is less clear. Here, the
propagation of the streamers is far less pronounced. The plasma extends over a length of about 4 mm during rise

time, whereas it only extends over about 1 mm during fall time. Nevertheless, both rise and fall time streamers
seem to originate at the upper electrode.

Upper electrode

Figure 5-9: Streamer Propagation Images During Fall (a), (b), (c); and Rise (d), (e), (f);
Time of the Voltage Signal. Pictures (a), (b) and (c) correspond to 30, 40 and 50 % of
cycle time respectively. Pictures (d), (e) and (f) correspond to 80, 90 and 100 %.
Voltage amplitude and frequency are 15 kV and 2.5 kHz respectively.
Measurements performed at atmospheric pressure.

The difference in streamer mechanisms during rise and fall time of the voltage signal is further elaborated in
Figure 5-10, where the light intensity of the plasma images is plotted against time for two different ambient
pressures and voltages. A first observation is that the light emission during rise time of the signal is higher than
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the light emission during fall time in both cases. The peak values for intensity are comparable, which indicates
that the maximum light intensity is of the same order for a constant ratio of voltage over pressure. The light
emission is initiated earlier at atmospheric pressure and higher voltage compared to the measurements performed
at lower voltages. This observation is in agreement with the duration and starting time of the current signal
measurements presented in Table 5-2. Furthermore, in Figure 5-10, two sets of image intensities are plotted
using the same conditions for voltage, frequency and ambient pressure. The alignment of the curves is nearly
exact, indicating a high repeatability of plasma imaging in terms of intensity.

1000 T T T T
=== 1 atm, 15 k¥, first measurement

800 —8—1 atm, 15 kV, second measurement
e 0.5 atm, 7.5 kV, first measurement
|| —— 0.5 atm, 7.5 kV, second measurement

700

600

5001

Intensity [a.u.]

4001
300

200}

100} 4

0 i i i i
0 20 40 B0 80 100

% of cycle

Figure 5-10: Image Intensity Over Cycle Time for Voltage Amplitudes 15 kV and 7.5 kV at
Atmospheric Pressure and 500 mbar. All measurements performed at 2.5 kHz.

5.3.5 Spectral Analysis

Excited species are produced in the plasma, mostly by transfer of energy between energetic electrons and
molecules (or atoms). These excited species can de-excite to a state possessing a lower energy, cither by
colliding with another molecule (quenching) or by radiative decay, i.e., by the release of a photon. The spectrum
of this light depends on the electronic structures of the upper and lower states, and therefore allows the
unambiguous identification of excited species by analyzing the spectrum of the light. The light spectrum emitted
by the DBD was analyzed in this study using a spectrometer coupled to a fast camera, as described in the
experimental setup.

5.3.6 Spectral Features of the Plasma

Two main regions of the spectral intensities are identified as significant for such discharges: the zone between
380 to 410 nm, and the one between 700 — 785nm. For the first range, the most intense part of the spectrum

emitted by the plasma is due to the transition N,(C3II,, — B3Il;), i.e., the Second Positive System (SPS) of
nitrogen. Besides this transition, also the transition N5 (BZZ';r -X 22'5 ), the first negative system of NI N7 ., was

clearly identified. It reveals the presence of the ion N3 N3. Both transitions can be seen in Figure 5-11. The
spectrum is recorded using light emission collected from 4000 cycles (accumulations). For the second zone, the
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first positive system of nitrogen (FPS), N5 (B3H g — A3z} ), and atomic lines due to oxygen and argon were also
identified, as shown in Figure 5-12. However, these transitions were much weaker. In order to obtain the same
order of intensity as in Figure 5-11, more than 100,000 accumulations were needed.

5.3.7 Excited Species

The spectra recorded were analyzed with an in-house spectral code, able to simulate the spectrum from several
spin-allowed transitions of diatomic molecules and some atomic transitions. The determination of the intensities of
the rotational lines from the spectra of diatomic molecules is computed following Whiting [10]. The emission
coefficients are taken from Gilmore [11]. The location of the rotational lines is computed by the method outlined by
Hornkohl [12]. Lambda doubling was neglected apart for the first positive system. The population of excited
species was assumed to be at rotational equilibrium but not at vibrational or electronic equilibrium. The vibrational
level specific spectra were therefore computed independently. The simulated spectra were fitted to the
experimentally recorded spectra using the least square method, which allowed the accurate determination of the
population densities of excited species. The resulting excited species populations for the same conditions as
Figure 5-11 are shown in Figure 5-13.

N,(C7 v'=0,1,2 - BT v'=3.4.5)
u a

Y e 1' p{
; A Mﬂ-. M’WL /| o

380 385 390 395 400 405 410 415
Wavelength [nm]

e N;(Ba}::,\/:D = Igzg,v“=01 ﬁ Jﬂ\ |

Intensity [a.u.]

Figure 5-11: Spectrum at 385 nm to 410 nm. Voltage and frequency are respectively
15 kV and 2.5 kHz. Measurement performed at atmospheric pressure.

35— 540 —
Ar(2p, , s-ground) OP-°°)

3 At
N, (B -A’L)) A v=2

Intensity [a.u.]

700 710 720 730 740 750 780 790
Wavelength [nm]

Figure 5-12: Spectrum at 710 nm to 790 nm. Voltage and frequency are respectively
15 kV and 2.5 kHz. Measurement performed at atmospheric pressure.
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5.3.8 Determination of the Reduced Electric Field

If the excited species are assumed to be produced only by electron impacts from the ground state and
de-excited only by spontaneous radiative decay and two-body collisional de-excitation (quenching), it is possible
to determine the average reduced electric field of the plasma. With these assumptions, the evolution of the
populations of excited species can be described by the relation given in Equation 5-1.

dni
dt

E n;
= neXiKi (N) - (5'1)

o
wn

G v=0
G v=1
Cwv=2
Gv=3
B+ v=0x10

Excited species population [cm 3]
r
Il

=
o

0 2.0 40 60 80 100
% of cycle
Figure 5-13: Excited Species Population Over Cycle Time for 15 kV and 2.5 kHz at Atmospheric

Pressure. Cv =0,1,2,3 and B+ v = 0 represent excited species population density
of states Nz(C°I1.; v=0; 1; 2; 3) and N2* (BZ2*y; v = 0) states respectively.

In equation 5-1, K; (E / N) is the production rate for the electron-impact excitation process i, which depends on
E/NE/N. X is the target gas density. 7; is the total lifetime of the excited state i i, calculated as:

7, = 1/74 + Q4y,N2 + 5,02,

where 7 is the radiative lifetime of the species i and @, is the quenching rate of the i state by the quencher X.
From Equation 5-1, Equation 5-2. is obtained.

E
0= neXiKi <N> —

n;
— (5-2)
T;

The experimental determination of the reduced electric field can be performed by comparing the relative
population of two different excited species. By dividing Equation 5-2 for two different excited species, an
equation in which only the reduced electric field is unknown is obtained. The production rates for the excitation
process are computed using Equation 5-3.
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m L
0

N

In Equation 5-3, ¢ = mv’ / (2¢) € = mv?/(2e)is the kinetic energy of the electron, Fy is the Electron Energy
Distribution Function (EEDF), which is computed using for example the Boltzmann solver Bolsig+ [13] and 6§
is the excitation cross section. The references corresponding to the excitation cross sections and quenching rates
of the excited species used in this study are shown in Table 5-3. The resulting plots for reduced electric field
strength for atmospheric and low pressure are shown in Figure 5-14 and Figure 5-15 respectively.

Full details of the collisional — radiative model derived here can be found in the thesis of Sami Goekce [20].

Table 5-3: Electron-Impact Excitations and References for the Corresponding

Excitation Cross Sections and Quenching Rates.

Reduced electric field [Td]

Reference for .
Process E-impact Reference for Quenching
N2 (X'Z})+e - Ny(B3M,) +e Tabata 2006 [14] Piper 1992 [15]
1wt 3 Dilecce 2007 [16]
No(X1Zi) +e - Np(CI,) +e Tabata 2006 [14] Pancheshnyi 1992 [17]
N (X'X})+e - N3(B*Zf,v=0)+2e | Tabata2006[14] Valk 2010 [18]
Ar(ground) + e - Ar(2p,) + e Boffard 2007 [19] Sadeghi 2001 [20]
1000 : : :
900 -

20 40 60
% of cycle

Figure 5-14: Reduced Electric Field Over Cycle Time for (a) 10 kV, 2.5 kHz;
(b) 10 kV, 3.5 kHz; (c) 15 kV, 2.5 kHz; (d) 15 kV, 3.5 kHz. Measurements

performed at atmospheric pressure.
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In Figure 5-14, the electric field differs during rise and fall time of the voltage signal. During the rise time, the
reduced electric field is approximately 800 Td, whereas during fall time, it only reaches about 200 Td.
This behavior is observed for all measured conditions. Furthermore, at the highest voltage (15 kV), the
breakdown electric field value is reached earlier in the cycle. This corresponds to the current signal
measurements in Table 5-2 and image intensity in Figure 5-10. However, this behavior is only observed during
fall time. A different trend is observable in Figure 5-15, where the electric field value starts increasing earlier in

the cycle during rise time for the cases with highest voltage over pressure ratio.

It is clearly seen by these studies that in order to accurately investigate the reduced electric field and electron
density behavior with respect to the plasma regimes and voltage cycle, a complete parametric study needs to be
performed, thereby ranging voltage, frequency and ambient pressure independently.

1000
900
800 1

700

a
/ | —b
!

600

5001 °

c

Reduced electric field [Td]

40 60 80 100
% of cycle

Figure 5-15: Reduced Electric Field Over Cycle Time for (a) 7.5 kV, 2.5 kHz, 500 mbar;
(b) 7.5 kV, 3.5 kHz, 500 mbar; (c) 5 kV,2.5 kHz, 250 mbar; (d) 5 kV, 3.5 kHz, 250 mbar.

5.4 CONCLUSIONS

Plasma characteristics of the NATO-AVT-RTO-190 AC-DBD test case were analyzed experimentally. Current
signal measurements revealed information about the strength, duration and starting time of the plasma for
different voltages and frequencies. A higher voltage or frequency shifts the starting point of the plasma towards
the beginning of the cycle, as the breakdown voltage is reached earlier. The number of current peaks increases

with rising voltage or frequency.
Thrust and power consumption measurements were performed for different driven voltages and frequencies.

The results showed that the thrust generated by the actuator increases as the driven frequency or voltage
increases. An optimal condition for operating the DBD plasma actuator exists, and pushing for higher voltage

levels is not necessary.
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Detailed fast-camera imaging and spectroscopy allows understanding of the plasma’s transitions and
characteristics, as well as their temporal evolution with respect to different operating conditions of voltage,
frequency and ambient pressure. From Optical Emission Spectroscopy, the excited species in the plasma are
detected and the reduced electric field is calculated. These are in agreement with trends noticed during current
measurements and plasma imaging.
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Chapter 6 - FLOW CONTROL AT SUBSONIC SPEEDS USING
SERPENTINE PLASMA ACTUATORS

K. Kontis
University of Glasgow
UNITED KINGDOM

ABSTRACT

The use of plasma actuators for flow control applications is fast becoming the subject of many research
campaigns. A drawback of this technique is the relatively low flow speeds that the plasma induced jet exhibits.
One method of enhancing the influence of such actuators, is to devise novel actuator configurations that despite
their low induced speeds still have the ability to considerably manipulate the flow characteristics. The objective
of the current study is to apply the newly developed serpentine plasma actuator to a standard backwards facing
step model in a low-speed wind tunnel operating at 15 m/s. The influence of the actuator on the separated shear
layer is examined using PIV. The results show that due to the three-dimensional flow induced by the actuator,
the shear layer exhibits different characteristics along the span wise direction. It is believed that using plasma
actuators with three-dimensional flow characteristics has the ability to create greater control authority at the
relatively low plasma induced velocities.

6.1 INTRODUCTION

The Single Dielectric Barrier discharge (SDBD) plasma actuator consists of two electrodes flush-mounted on the
opposite faces of a dielectric plate: one is exposed to the flow and the other is placed under the body’s surface
and insulated by a dielectric material [1], [2]. A high AC voltage is applied to the exposed electrode using a
particular waveform, usually sine or square waveforms. This results in a weakly ionized region above the
dielectric, referred to as surface non-thermal plasma discharge. The electrochemical interactions between air and
plasma lead to complex plasma kinetic phenomena resulting in production of a wall tangential jet flow due to a
self-sustaining process involving high rate of collisions between neutral and charged particles. Ramakumar and
Jacob [3] showed, in their experiments with quiescent flow, that sine waveforms perform better than square and
sawtooth waveforms in terms of plasma induced velocities; this is also confirmed by Jolibois and Moreau [4]
which discourages the use of high-sloped waveforms such as square or sawtooth. The high AC applied ionizes
the atmospheric air adjacent to the exposed electrode creating plasma which, due to the electric field gradient,
results in a body force inducing airflow along the actuator surface.

Balcon et al. [5] in a study on plasma actuators performed in absence of flow, evaluated the time required by the
plasma induced airflow to reach a stationary state (using a fixed 1 kHz sine wave at an amplitude of 20 kV);
PIV flow investigation aimed to an evaluation of turbulent kinetic energy, have shown that for short unsteady
actuations (< 100 m/s) a vortex is created and convected downstream and after 400 m/s the flow can be
considered in a steady state.

Most of the literature refer to experiments aimed at delaying separation on general aviation aerofoils and turbine
blades, particular interest is given to unsteady actuation of plasma devices specifically by varying the frequency
and duty cycle. Huang et al. [6] applied an SDBD actuator on a turbine blade for separation control for Reynolds
number ranging from 10000 to 100000, both steady and unsteady actuation were studied. Steady actuation
resulted in a decrease of the separation bubble size proportional to the voltage increase. Unsteady excitation
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caused vortical structures that are thought to bring more momentum to the fluid, hence helping to withstand
adverse pressure gradients. The optimal forcing frequency was found corresponding to a Strouhal number
St = 1 and this was confirmed by the improved pressure coefficient on the aerofoil’s suction side for St = 1.
Benard et al. [7] studied both steady and unsteady actuation on a NACA 0015 aerofoil in a free stream velocity
of 20 m/s, resulting in a Reynolds number, based on the chord length of approximately 2.6 x 105. For a steady
actuation the results showed an increase in the stall angle between 1° and 2° (linearly with the increasing voltage
amplitude), an increase of CL at baseline post-stall angles of attack (reaching + 60% at 15°) and good CD
reduction for higher voltage values (reaching a reduction of -37% at 15°) showing CD to be more sensitive to
frequency. Similar advantageous findings have been reported elsewhere [8], [9].

Interesting new designs of plasma actuators have been developed and tested recently in order to increase the
actuation authority on the flow. Roy et al. [10], [11], [12] designed serpentine shaped actuators, as shown in
Figure 6-1 and tested them in quiescent flow, also comparing different serpentine shapes with the straight
actuator case. The results were also validated by simulations and showed a remarkable increment in the
introduction of vortical structures, due to their peculiar pinch — spread effect. A complex three-dimensional
corkscrew structure is produced and a noticeable plume expands from the pinch section of the actuator at an
angle ranging from 38° to 43°.

Spreading Spreading

W N D

Pinching Pinching

Figure 6-1: Pinch-Spread Effect Given by Serpentine Plasma Actuator [13].

The purpose of this experimental campaign is to apply the aforementioned serpentine plasma actuator to a
backwards facing step model in a low-speed wind tunnel and examine the three-dimensional influence the
plasma induced jet has on the shear layer characteristics.

6.2 EXPERIMENTAL SETUP

6.2.1 Wind Tunnel

Experiments are conducted in an open-return wind tunnel with a total working section of 5.5 m in length, cross
section of 0.9 m X 0.9 m, and maximum operating speed of 20 m/s with a nominal free stream turbulence
of 0.5%. Cross-wire measurements were conducted at a specific measurement location with a free stream
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velocity of 15 m/s to determine the boundary layer height at this location. A backwards facing step was then
introduced at this location, 3.5 m from the tunnel entrance, equal to the boundary layer height (h) of 65 mm.

6.2.2 Particle Image Velocimetry

The PIV system used for the experiments uses a pulsed Nd:YAG laser (Litron Lasers, model Nano L PIV).
It is a double oscillator laser system, providing a laser beam at a wavelength of 532 nm. The system is composed
of a power supply, the laser box, and an adjustable laser arm. The movable arm allows the laser beam to be
positioned in the preferred location within the wind tunnel. At the end of the laser arm, a cylindrical lens is
mounted, expanding the laser into a thin sheet of approximately 1 mm thick. The camera used to capture the
consecutive images is a LaVision Imager ProX 2M CCD camera. It uses a KAI-2001 interline-CCD sensor sized
1600 x 1200 pixels (each being a square of side 7.4 pm) with a dynamic range of 14 bits. A total of 400 image
pairs were collected for each test case. The recorded image pairs are initially divided into 32 x 32 pixel
interrogation windows and then processed with a cross-correlation algorithm using the DaVis 7.2 software, the
interrogation windows are then refined to 16 x 16 pixel squares.

For the actuator in quiescent conditions, a At of 430 us was selected, whereas for the actuator with free stream
flow the At was reduced to 31 ps. The time intervals were calculated by the software depending on the camera
resolution, the image field of view, and an allowable particle displacement of 5 pixels. To create tracer particles
a TSI six-jet atomizer model 9307-6 was used. The seeder is capable of creating particles with a diameter of
approximately 1 microns [14].

6.2.3 Plasma System

High voltage is generated using a Voltcraft 3610 power supply connected to a circuit board which can output
a variety of signals. A shielded connector block by National Instruments is used to connect the circuit board to
a computer, using a PCI-6713 analog output card. LabView is used to control the driving frequency, modulation
frequency, duty cycle, phase, and signal shape of the system, which has a maximum output of 30 kHz at
0 to 100 % DC. The final output is connected to a Minipulse 6 transformer, capable of 30 kHz output at voltages
up to 40 kV,, (peak-to-peak voltage). The voltage and frequency of the output signal are measured with a high
voltage probe LeCroy PPE 20 kV, while a current probe in the transformer is used to measure current. The
experiments with the serpentine actuator were performed at 16 kV,.,.

6.3 RESULTS

Figure 6-2(a) and Figure 6-2(b) show the time-averaged velocity contours corresponding to the PIV laser sheet
placed along the pinch and spread regions of the actuator, respectively. The actuator in this figure is placed on
the step, however there is no free stream flow. It is clear that at the pinch location, the induced flow has a
stronger upwards component compared to the spread region. This is because at this location, the induced jet from
opposite sides collide head-on and the interaction leads to an upward motion of the flow.

The turbulence Reynolds stress, Rexy is an important dynamic quantity affecting the mean flow since it is
responsible for a major part of the momentum transfer due to turbulent fluctuations. The Reynolds stress is not only
an indicator of the r.m.s. velocities but also related to vorticity which is has strong influence on mixing, making it a
suitable parameter to analyze. The calculated Reynolds stresses are provided in Figure 6-3 for the quiescent
actuator along the pinch and spread locations. In Figure 6-3(a) two dominant areas of high Rexy are identifiable,
the first is tangential to the step and the other region is pointing away from the step upwards on at an approximately
40° angle.
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Figure 6-2: Velocity Contour Along the (a) Pinch and
(b) Spread Under Quiescent Conditions (m/s).
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Figure 6-3: Reynolds Stress Along the (a) Pinch and
(b) Spread Under Quiescent Conditions (Kg/ms?).

Figure 6-4 displays the time-averaged velocity contours during the operation of the wind tunnel with the plasma
actuator off, actuator on, and also the difference in velocity between the off and on cases in Figure 6-4(c). Here, the
flow is left to right and the laser sheet is illuminating the pinch portion of the actuator. The same results are
presented for when the laser sheet is positioned over the spread portion of the actuator in Figure 6-5. Examining the
velocity contours in Figure 6-4(a) and Figure 6-4(b) and Figure 6-5(a) and Figure 6-5(b), it is difficult to identify
the influence of the plasma actuator. Examining the difference between the actuator off and on cases, it is evident
that the pinch portion of the actuator has a greater influence upstream of the step leading edge, Figure 6-4(c), whilst
the spread portion influence more the separated shear layer downstream.

At the pinch location, see Figure 6-4(c), an upwards vectored jet is produced, forcing the incoming flow away from
the wall, which explains the strong influence upstream of the step leading edge. The three-dimensional nature of the
serpentine induced jet leads to the generation of streamwise vortices. According to Riherd and Roy [15] these
vortices can lead to the generation of boundary layer streaks, a type of transient instability mechanism capable of
achieving large energy growth over finite time scales, which are initiated by streamwise vorticity. It is suggested by
the authors that these streaks can be used to provide a means of flow control or to induce transition from laminar to
turbulent flow.
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Figure 6-4: Average Velocity Contour for Pinch Location (m/s).
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Figure 6-5: Average Velocity Contour for Spread Location (m/s).
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6.4 CONCLUSION

The present investigation examines the application of a three-dimensional serpentine plasma actuator, as an
active flow control device, to manipulate the flow over a backwards facing step. The serpentine actuator is
characterized by two regions, namely the pinch, and the spread. At the pinch location, the induced jet from
opposing sides collide and a strong upwards jet is created. At the spread location, because there is
no cancelling effect of the induced jet from opposite sides of the actuator, a greater streamwise influence
is achieved.

Further studies are underway to understand in greater detail the influence of such three-dimensional actuators on
the flow properties, such as the flow reattachment downstream of the step as well as the vertical structures inside
the recirculation bubble.
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Chapter 7— EVALUATION OF DIELECTRIC BARRIER
DISCHARGE ACTUATOR SUBSTRATE MATERIALS
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ABSTRACT

A key, enabling element of a Dielectric Barrier Discharge (DBD) actuator is the dielectric substrate material.
While various investigators have studied the performance of different homogeneous materials, most often in the
context of related DBD experiments, fundamental studies focused solely on the dielectric materials have
received less attention. The purpose of this study was to conduct an experimental assessment of the body-force-
generating performance of a wide range of dielectric materials in search of opportunities to improve DBD
actuator performance. Materials studied included commonly available plastics and glasses as well as a
custom-fabricated polyimide aerogel. Diagnostics included static induced thrust, electrical circuit parameters
for 2D surface discharges and 1D volume discharges, and dielectric material properties. Lumped-parameter
circuit simulations for the 1D case were conducted showing good correspondence to experimental data provided
that stray capacitances are included. The effect of atmospheric humidity on DBD performance was studied
showing a large influence on thrust. The main conclusion is that for homogeneous, dielectric materials at
forcing voltages less than that required for streamer formation, the material chemical composition appears to
have no effect on body force generation when actuator impedance is properly accounted for.

7.1 INTRODUCTION

Alternating current Dielectric Barrier Discharge (DBD) actuators are flow control devices that convert electrical
to kinetic energy within a weakly ionized plasma over a dielectric surface. An illustration of a typical device
operated with sinusoidal AC voltage is shown in Figure 7-1. The cyclical interaction between the alternately
charged electrodes, dielectric surface and ionized air at the excitation frequency produces a zero-net-mass
surface jet and a corresponding opposing mechanical reaction force on the model. Various other modes of
operation are possible based on short duration, high amplitude voltage pulse technology [1], [2], and DC bias
fields [3] but are not discussed further in this report. The alternating current DBD actuator, henceforth referred to
as simply a DBD actuator, has shown promise for a variety of flow control applications, particularly in the
boundary layer separation and aeroacoustic noise control areas. Excellent reviews of the DBD actuator are
available and provide more detailed background information [4], [5].

With nearly two decades of in-depth study of the DBD actuator since its first modern study in aeronautics in
1995 [6], operation of the DBD actuator is now largely understood. The basic functioning of the electrical and
fluid mechanical energy conversion mechanisms, actuator geometry requirements, sensitivities to gas
composition and thermodynamic properties, electrical operating characteristics, numerical modelling methods,
and much of the fundamental plasma chemistry is reasonably well understood. What is currently lacking are
details of plasma chemical processes and dielectric surface interactions that are either difficult to access
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experimentally or are currently beyond the reach of practical numerical simulation capabilities. The current
effort is a step towards identifying specifically where such knowledge gaps exist with the long-range goal of
providing seed information for improvements in DBD technology.

Plasma Induced velocity
L
V . .
> Dielectric <
Thrust

—

Figure 7-1: Conventional Alternating Current.

The extent to which DBD performance can be improved is based on its underlying physics. The DBD is a
threshold device in the sense that energy must be expended initially simply to ionize the working gas, usually air.
No direct flow control benefit is derived from that initial energy expenditure, at least in a momentum
augmentation sense. Only after ionization has occurred, are charged particles available to do work on the
surrounding non-ionized gas via the local electric fields. It has been shown from measurements of electrical
input power and induced momentum flux that the thermodynamic efficiency of the DBD actuator is actually
very small, by at least one estimate less than 0.1% [7]. This finding should be viewed with respect to the desired
aeronautical applications. For high Reynolds number flight, the area of primary interest to NASA, a rough order
of magnitude energy analysis shows that for a typical large transport aircraft, the average power required to
overcome viscous drag is only about 1/4 watt/cm? of total wetted surface area. (Estimate based on Boeing
737-200 at cruise conditions, operating weight 31600 kg, total wetted area 769 m?, viscous drag assumed to be
one-half of total drag, speed 216 m/s, and L/D = 18). Due to the low DBD thermodynamic efficiency, the
required total energy input could easily exceed the object of the control, at least in the viscous drag case, if
applied on an area wide basis. Proposed applications of the DBD are, therefore, generally discrete, local inputs
such as those applicable to separation or noise control.

Another often cited metric of DBD performance is the interaction parameter [8] based on energy density
available in a DBD electric field compared to that in the flow:

Z _ SOE:aﬂl
HD 9 pU?

where g is the permittivity of free space, Ecam electric field at the cathode, p air density, and U induced velocity.
For expected electric field values, Ref. [8] estimates maximum induced velocities in the approximate range of
2-10 m/s, consistent with numerous laboratory observations. This estimate, along with the low electrical to
kinetic conversion efficiency, further restricts DBD flow control options. Therefore, widespread application of
DBD technology on high Reynolds number aircraft will require a significant increase in thermodynamic
efficiency or discovery of creative applications for which energy input is not an overriding issue.

(7-1)
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In the DBD actuator, the fundamental role of the dielectric is to enable a self-limiting discharge by preventing
formation of conductive, gaseous, discharge channels between the electrodes that would circumvent the DBD
electrohydrodynamic (EHD) forcing property. In terms of classical DC, low-pressure discharge tube
terminology, the desired discharge is in the glow discharge region between corona formation and glow-to-arc
transition [9]. The externally imposed voltage causes dielectric polarization resulting in the appearance of
surface charge on the exposed dielectric. The instantaneous magnitude of this charge depends upon the relative
permittivity of the dielectric, the ionization physics in the gap including charge deposition on the surface and the
time history of the excitation. This is illustrated in Figure 7-2 for the classical, one-dimensional case of a
partially filled capacitor. Under the influence of the external power supply, Vi, the dielectric material of relative
permittivity & polarizes forming alternating positive and negative charge layers on its surfaces.

lons o
® | N
Polarized [(00000 —— G
Dielectric |0 0000

Figure 7-2: lllustration of Limited Breakdown lonization Gap with Dielectric
Material of Relative Permittivity &r and Capacitor Probe Cp.

The electric field due to the surface charge is responsible for the initial ionization of the air gap and the
subsequent motion of the charge particles. The magnitude of the initial surface charge is determined by the
relative permittivity of the dielectric material and the applied voltage. For the one-dimensional case shown, the
surface charge prior to gas breakdown can be derived [10] in terms of capacitance and applied voltage:

Co Y _ g A
V t 4+ 1 (7-2)
“ g

where C is capacitance, Q charge, V applied voltage, A plate area, #, air gap thickness and #; dielectric thickness.
For a fixed geometry (i.e., #,, s and A), for the pre-breakdown case, the charge on the capacitor plates is solely
dependent upon the relative permittivity. Following breakdown, charge deposition onto the surface [11], [12]
and remnant polarization from the previous AC cycle (memory effect [13]) also contribute to the surface charge.
In addition to polarization and charge deposition, dynamic charged particle effects, such as Secondary Electron
Emission (SEE) due to ion bombardment are also a possibility although for the energy levels encountered in
atmospheric DBD work, this may not be a significant effect. The Stoletow constant for air, the minimum energy
required to create an ion-electron pair, is 81 eV/ion-electron pair [9]. SEE data for glasses [14] indicate a
secondary electron yield of 2 or 3 electrons per incident electron with energy in the range of 300-450 eV. It is
not clear whether this is close enough for a measurable effect in typical DBD work. The preface to the SEE data
table in Ref. [14] states that the SEE data is very sensitive to surface contamination so various controlled
dielectric surface coatings could be an effective way to examine the relative importance of the SEE effect. Other
possible effects include those related to:
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*  Surface energy (hydrophilic vs. Hydrophobic materials);

e Surface conductivity (including semiconductor effects [15]);
» Catalytic coatings [16];

*  Humidity and water absorption [17], [18];

*  Material electronegativity; and possibly others.

The dielectric loss tangent plays an important role in dielectric heating, energy efficiency and physical durability of
the material. This is an important research area for DBD material engineering. The data for small signal
measurements will be reported in Section 7.2.

A related topic is partial discharges in high voltage dielectrics wherein the gas within microscopic voids in the
material and breaks down leading to excessive heating and material failure [19]. The subject of nanoporous
dielectrics (aerogels) and micro-porous dielectrics (foams) is also discussed.

The goal of this study was to attempt to explain performance differences among various, common dielectric
materials. Where the data cannot be readily explained, opportunities exist for research and discovery with the
potential for improvement of DBD actuator materials and/or actuator performance. The materials investigated in
this study were those commonly found in DBD literature such as polymer plastics, glass and one case of boron
nitride ceramic. We also had the unique opportunity to study newly developed polyimide aerogel materials [20],
[21], for DBD application. Aerogels have dielectric constants close to unity and, as such, limit dielectric heating.
Silica aerogel was previously examined in Ref. [22] and it was found to have a potentially very high saturation
thrust associated with formation of plasma streamers. In the current experiments, however, we did not have
sufficient power supply voltage to reach the plasma streamer saturation state.

In addition to the basic dielectrics, we also initially intended to look at various surface coatings. The most notable
example in that category is the work reported by Fine and Brickner [16] which showed that a coating of
photocatalytic nanoparticle titanium oxide can greatly increase the thrust of a DBD actuator. However, that work
could not be replicated in two different laboratories (NASA Langley under the current study, and Princeton
University by Profs. R. Miles and M. Post (personal communication)). What was found, however, is that
atmospheric humidity can have a large, variable effect on DBD surface coatings, thus, the focus was shifted to
study of humidity effects? Future investigations of surface coatings or infused layers with electrical properties may
nonetheless be useful as suggested by their role in static charge elimination on dielecric surfaces [23]. Numerous
coating options are available including anionic and cationic surfactants such as Sodium Dodecyl Sulfate (SDS),
sodium dodecylbenzenesulfonate (SDBS) and cetrimonium bromide (CTAB), and antioxidants such as o-
tocopherol (vitamin E) and 2,2-diphenyl-1-picrylhydrazyl (DPPH).

7.2 DIELECTRIC MEASUREMENTS

Real and imaginary permittivity measurements in the frequency range 10 — 10° Hz and temperature range
30 — 120°C were carried out using the combination of a Novocontrol Broadband Dielectric Converter (BDC)
and Solartron SI1260 Impedance Gain / Phase Analyzer with a Novocool temperature controller. Data capture
was managed by Novocontrol WinDETA software. Measurement samples were mounted in a Novocontrol BDS
1200 sample cell. Room temperature measurements were also made for samples mounted in a custom built
PTFE lined cell to help determine and correct for sample cell related stray capacitances. All dielectric
measurements were small signal measurements with an excitation voltage on the order of 1 V.
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Figure 7-3(a) shows the basic setup for a dielectric measurement.
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(a) Dielectric Constant Measurement.

x

Abrupt rise in the current
Electric Field
Waveform

Custom measurement
control software
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(b) Dielectric Breakdown Test.

Figure 7-3: Schematic of the Circuit for: (a) the Dielectric Constant Measurements
and (b) the Setup for the Dielectric Breakdown Strength Measurements.
Dielectric breakdown was established by monitoring
the rise in the current through the dielectric.

An excitation signal produced by the generator is applied to the sample and the complex voltage U* and the
current I* as well as the phase shift between the current and the voltage are measured. The complex parallel
capacitance of the sample Cj, is then:
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CP =- wlU* - Cedge (7-3)

where C,q,. denotes the edge effects. For accurate measurements of the relatively low dielectric constants of the
porous dielectrics, the edge correction was carried out using:

Ceorr = Crneas — (Cstray + Cedge) 74

Csiray Was estimated by carrying out the measurements in different sample cells. Ceqc Was determined using
the following:

(7-5)

2d 1. 8mD
Cedge = CO E [1]’17 -3+ Z(X)]

2
where Cy = €om (0{12) is the empty cell capacitance and z(x) = (1 + x) In(1 + x) — xInx with x = t/d, D

the sample diameter, d the sample thickness, ¢ the electrode thickness, and €, = 8.85 X 10™2F/m the

CCOlT

permittivity of free space. The corrected dielectric constant is then €., = o
0

7.2.1 Porous Dielectrics

The dielectric breakdown strengths were measured for the porous dielectrics, polyetherimide microfoam and
polyimide aerogels. The setup for dielectric breakdown testing consisted of a Philips PM5138A function
generator, TREK 10/10B voltage amplifier (10 kV, 10 mA), Keithley 2000 digital multimeter current monitors,
and Hipotronics TF-2-50 2 (50 mm) diameter brass electrodes. Data capture was made using custom LabVIEW
based dBt software. The tests were carried out according to ASTMD149 [24]. Mechanical tests were also carried
out for the robust polyimide aerogel. Tensile tests were conducted using an Instron 5848 Microtester. The tensile
test specimens had a gauge length of 10.00 mm, 5.08 mm width (~30 um thickness) and were strained at 10
mm/min. The tensile test was based on ASTM D638 [25] and ASTM D1708 [26].

Table 7-1 is a full listing of the dielectric materials studied including their chemical composition information. The
materials chosen included some commonly used dielectrics as well well as novel formulations and porous
materials. Recently it has been shown in the literature that silica aerogels can act as dielectrics for DBD actuators
with high saturation thrusts [22]. More robust polyimide aerogels were used in the current study.

Table 7-1: Dielectric Materials. (Aerogel: 50% ODA / 50%
DMBZ and BPDA with POSS crosslinks.)

Trade (Common) Name Chemical Name or Class Unit Formula
Glass Silica, Silicon Dioxide SiO,+Na,O+CaO
Teflon® (PTFE) Polytetraflouroethylene CoF,

Plexiglass® (Acrylic, Polymethylmethacrylate CsO2Hs

PMMA)

Lexan® Polycarbonate C15H2005
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Trade (Common) Name Chemical Name or Class Unit Formula
ULTEM™ Polyetherimide C37H2406N;

PEEK Polyetheretherketone C21Hi1503

Kapton® Polyimide C24H20N>Os

Boron Nitride Ceramic BN

Nylon-6,6 Polyamide Ci2H2N>O»

FVMQ Fluorosilicone Elastomer CoH2,05F3Si3
Microfoam (PEI) Polyetherimide C37H2406N>
Aerogel Polyimide (see caption)

Figure 7-4(a) and Figure 7-5(a) show the dielectric constants of the materials studied at 30 and 120°C,
respectively and the frequency range of interest for DBD actuators. The aerogel and microfoam have very low
and non-dispersive dielectric constants that are close to 1. Glass has the highest and most frequency dependent
dielectric constant. The remainder of the dielectrics show largely non-dispersive dielectric constants between the
porous dielectrics and the glass. At 120°C, the dielectric constants of the aerogel and microfoam remain largely
unchanged while those of PMMA and glass change very significantly. The aerogel and microfoam are
polyimides, polymers with high glass transition temperatures (Ty) and thus have low sensitivity of the dielectric
constant to the temperature. lon mobility in the glass is expected to be the main contributor to the very high and
dispersive dielectric constant [27]. Figure 7-4(b) and Figure 7-5(b) show the loss tangents of the materials.
Again, the glass shows the highest loss while the PI aerogel and PTFE show the lowest. It should be noted
though that the loss of the microfoam is slightly higher than that of both PTFE and the PI aerogel which
indicates a slightly conductive matrix for the microfoam.
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Figure 7-4: Small Signal Dielectric Constant and Loss Tangent at 30°C.
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Figure 7-5: Dielectric Constant and Loss Tangent at 120°C for Materials Studied.

Figure 7-6 shows the leakage current as a function of applied electric field for the high voltage breakdown tests
of the porous dielectrics. The leakage current for the microfoam rises rapidly with the increasing electric field
making it unsuitable for DBD applications. This is a result of the slight conductance of the foam matrix and
internal breakdown within the relatively large pores. For the aerogels, the pore size is small enough such that
internal breakdown does not occur [28] allowing the current to rise steadily. Two formulations of aerogel were
tested, a flexible aerogel containing hydrophilic chemical groups (ODA and BPDA with POSS crosslinks) and a
more hydrophobic composition (50% ODA / 50% DMBZ and BPDA with POSS crosslinks). For the aerogel
with the hydrophilic groups, dielectric breakdown occurs at an electric field of about 10 kV/mm as indicated by
the abrupt rise in the leakage current (Figure 7-6, PI Aerogel 1). The hydrophobic aerogel remained insulating to
the limit of the breakdown testing and this formulation was used in subsequent mechanical and DBD testing.
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Figure 7-6: Leakage Current vs. Applied Electric Field from the
Dielectric Breakdown Testing of the Porous Dielectrics.
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Figure 7-7 shows the tensile properties of a series of the hydrophobic aerogel specimens. It can be seen that unlike
the highly brittle and friable silica aerogels used in Ref. [22], this material is highly robust with the strain at break
of 10%. Thus, this material can act as a high saturation thrust, low mass and robust DBD dielectric.
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Figure 7-7: The Stress-Strain Curves from Mechanical Tests of the Polyimide Aerogel.

7.3 STATIC THRUST STAND MEASUREMENTS

7.3.1 Test Apparatus and Models

Performance characterization of the dielectric materials was conducted using two methods: static thrust
measurements discussed in this section (7.3) and, one-dimensional volume-discharges using the charge transfer
method discussed in Sections 7.2 and 7.5. A photograph of the thrust stand is shown in Figure 7-8.

An electronic mass balance was used to measure DBD thrust force. It had a full scale rating of 310 grams and a
resolution of 0.1 milligram. The device body was of all metal construction and was electrically grounded
(including the metal platen). No additional shielding was required to avoid EMI effects from
the high voltage power supply and plasma. The acrylic plastic enclosure’s volume was 61 x 61 x 71.1 cm
(24 x 24 x 28 inch) with 9.5 mm (3/8-inch) wall thickness and allowed adequate distance between the DBD
actuator and sidewalls of the enclosure to avoid significant electrostatic induction force errors. The red corner
posts shown in Figure 7-8 are electrical grade GP03 fiberglass 90-degree structural angle assembled with nylon
machine screws. The floor is 19 mm (3/4 inch) thick wood Medium Density Fiberboard (MDF). The ground
plane was aluminium foil bonded to 3 mm (0.12 inch) thick acrylic plastic sheet. Its main function was to
provide additional protection for the grounded force balance in the event that the energized model would fall. Its
effect on the electric field distribution within the enclosure was not examined. The model standoff post was 12.5
mm (0.492 inch) square acrylic mounted in a plastic foam block.
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Figure 7-8: Photograph of DBD Thrust Measurement Apparatus.

A photograph of a typical DBD actuator used for thrust measurement is shown in Figure 7-9(a) and critical
dimensions are described in Figure 7-9(b) and Table 7-2. The dielectric thickness varied with material as
supplied by the manufacturer. Only manufacture’s stock thicknesses were used and no attempt was made to alter
the thickness out of concern for modifying the surface properties. The electrodes were 0.075 mm (0.003 inch)
copper adhesive tape (including adhesive). The exposed electrode was 5 mm (0.197 inch) wide and the buried
electrode 15 mm (0.591 inch) wide with zero overlap. Scotch™ 130C electrical splicing tape was used to
prevent plasma breakdown on the backside of the models. Power leads, consisting of #3 yellow brass ball chain
(3/32 inch diameter, 94 balls/foot) or #27 AWG (American Wire Gage) (7 twisted strands of #35 AWG tinned
copper wire with a flexible, soft plastic jacket of unknown material) were soft-soldered to the copper electrodes.
The ball chain exhibits very high impedance, on the order of 500 MOhm, when measured with a typical low
voltage bench resistance meter. In operation, however, there is little or no discernible difference in the charge
transfer cyclogram between the ball chain and solid wire indicating a similar lack of difference in the induced
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thrust. The reason is most likely that the multiple contact resistances due to the individual brass balls and
connecting wire links breakdown microscopically under high voltage thereby substantially lowering the overall
resistance. This could be verified by measuring the high voltage impedance of the chain under vacuum however
such test was not conducted. It does, however, raise a caution if the ball chain were to be used for comparing
thrust data at different ambient pressures.
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(a) (b)
Figure 7-9: (a) Photograph of Typical DBD Thrust Measurement
Model; (b) Dimensional Schematic.
Table 7-2: DBD Thrust Model Dimensions.
Model Material H \%% t hl | h2 | h3 L S Plasma Initiation
kVpp /kHz
S108 Acrylic (PMMA) 124 | 197 (20 |5 15 |61 | 150 |0 | 6.3/5
S109 Polycarbonate 120 | 203 (23 |5 15 160 | 150 |0 | 6.6/5
(Lexan)
S110 Ultem 120 | 153 (32 |5 15 |60 | 124 |0 | 6.9/5
S111 PEEK 116 | 153 (3.1 |5 15 |58 | 120 |0 | 7.6/5
S113 Glass 104 | 153 (12 |5 15 |57 | 120 |0 | 5.6/5
S114 PTFE (Teflon) 120 | 153 (33 |5 15 160 | 113 |0 | 8.6/5
S118 Boron Nitride 102 | 152 |73 |5 15 |50 | 120 |0 | 7.3/5

Supply voltage was recorded with a Tektronix model P6015 high voltage probe mounted inside of the test
enclosure on the left-hand tether post in Figure 7-8. Current was measured using two methods. One was with a
current monitor transformer (Pearson Electronics, Model 2100) with a high frequency cut off rating of 20 MHz
(-3dB) and a sensitivity of 1 volt/amp. It was situated on the left side of the test enclosure in Figure 7-8 where
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the power lead passes through the acrylic wall. The second method was to use the probe capacitor and charge
transfer method described in Section 7.4.

Accuracy of DBD thrust measurements using a mass balance was a concern throughout the test process.
Ashpis and Laun [29] have identified numerous sources of error that can alter thrust measurements and need to
be accounted for including: new model plasma burn-in duration, time between measurements (i.e., model rest
period), data settling time after a voltage change, exposed electrode distance upstream from model edge, dielectric
polarization remnant effects, mechanical forces due to lead wire elasticity, ion wind effects from corona on lead
wires, electrostatic induction forcing due to capacitive coupling surroundings, electrode size and placement
inaccuracies, measures to prevent undesired regions of plasma breakdown (corona dopes and tapes), power supply
impedance matching issues, and variable, uncontrolled atmospheric humidity.

7.3.2 Humidity Effects

The last item, humidity, is of particular concern since it can affect DBD performance via multiple pathways, i.e.,
through charge effects on polar water molecules, charge effects on water impurities, plasma chemistry reactions
involving water, modification of air density (binary gas), water adsorption/absorption effects on the dielectric,
surface condensation, and dielectric surface conductivity. Also, depending on how the humidity is created, an
airborne dispersion of microscopic water droplets can be created with uncertain effects on the plasma and DBD
thrust measurements. Humidification methods, other than naturally occurring atmospheric humidity, include
thermal evaporation and various methods of atomization including jet nebulizers and ultrasonic humidifiers.
Kwok [30] has shown that a small charge can be imparted even to distilled water droplets depending on the
atomization method used.

To demonstrate the difficulty with humidity, two dielectric materials were tested having widely different water
retention properties, PTFE and Nylon 6,6. PTFE has an extremely low water absorption rate, < 0.01% weight
gain for 24-hour immersion per ASTM D-570 [31]. It’s also has one of the lowest surface energies of all
polymer plastics. Nylon 6,6 on the other hand is known for its hygroscopic nature with an ASTM D-570 water
weight gain of about 3% and a surface energy at least double that of PTFE. Figure 7-10(a) shows the PTFE DBD
thrust response for five levels of humidity created by ultrasonic humidification in the test enclosure (Figure 7-8).
The 0% relative humidity case was obtained by displacing the room air in the test enclosure with a steady flow
of dry air from a dual regenerative desiccant drier (Hankison Model DHW7) with a specified output dew point
temperature of -70 deg F. Prior to thrust measurement, the dry airflow was stopped and the enclosure sealed. For
the conditions described in the caption, the thrust levels are seen to increase with increasing humidity. The
erratic appearance of the 92% case is most likely related to surface condensation. Figure 7-10(b) shows the
Nylon 6,6, case for the same electrical input conditions. In this case, increasing humidity tends to reduce thrust
except for the RH = 21% case. Also note that the pre-run and post-run 0% cases did not repeat well for reasons
most likely related to insufficient drying time. The continual rise in thrust with time for the Nylon dielectric is an
additional notable difference and no explanation can be offered at this time. The lesson from this test, besides the
fact that Nylon is probably a poor DBD dielectric choice, is that humidity has a major impact on DBD
performance affecting both trend and amplitude. Control of humidity in DBD testing is an essential requirement
where high accuracy results are required.
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Figure 7-10: DBD Model Thrust Data with Variable Humidity. Both models excited
with step input of 20 kVpp, 1 kHz (sine). (a) 1.07 mm thick PTFE dielectric;
(b) 0.97 mm thick nylon 6,6 dielectric. For the nylon case only, 0-1
denotes the pre-run 0% humidity and 0-2 post-run 0% humidity.

7.3.3 Thrust Measurements

Thrust measurements, scaled with respect to electrode length, are shown in Figure 7-11 for eight different
dielectric materials covering nearly an order of magnitude in thickness and permittivity as indicated in the
legend. (These data were acquired prior to the humidity testing discussed above and accurate humidity data was
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not recorded. Testing was conducted in a climate-controlled laboratory with seasonal relative humidity variations
typically in the range of 30 — 50 %.) In log-log coordinates, the curves are approximately parallel to each other.
This suggests that the plasma and surface charge growth responsible for the increase in thrust behave in the same
fashion independently of the chemical composition of the dielectric material.

—_
o

Thrust (mN/m)

—4—Lexan (2.3,2.7)

—&— Acrylic (2.0, 3
——Glass (1.2, 7
- &—Teflon (3.3, 2.
--o- Boron Nitride (7.3, 4.0)

--=— Aerogel (0.5,1.05)

1

10° V. (volt pp) 210 310°

Figure 7-11: DBD Thrust Data for Dielectric Materials. Frequency = 5 kHz (Sine Input).
The number pairs in the legend refer to the material thickness in millimeters
and dielectric coefficient respectively. Solid line T«V48 is for reference.

Figure 7-12 shows a cross plot of the thrust data in Figure 7-11 at a constant voltage of 18 kV with respect to the
1D effective thickness, ta/e, in semi-log coordinates. The 18 kV is simply convenient value that vertically intersects
all of the thrust curves. Figure 7-12 shows that the thrust varies as the inverse log of the effective thickness, to/€:.

The most probable cause of this semi-logarithmic behavior is the variation in circuit impedance with dielectric
thickness and permittivity. This conjecture can be assessed by examining theoretical formulations of the pre-
breakdown impedance of an asymmetric actuator or the closely related symmetric case. A simple and exact
solution is available for the canonical case of a small diameter cylinder above a conducting plane in a region of
constant dielectric constant using the method-of-images [32], [35], a graphical method for solving Poisson’s
equation. The relevant physical case would be that of a circular wire on an aerogel dielectric with unity dielectric
constant. As will be shown below, this model captures the semi-logarithmic behavior shown in Figure 7-12
thereby largely proving the circuit impedance effect.

Figure 7-13 shows a symmetric, two-dimensional slice of the electric field distribution along a wire suspended
above a plane obtained using the method-of-images [35]. A rectangular, shaded region of thickness tq is shown
to demarcate the physical boundaries of a dielectric with unity dielectric constant (g = 1), for example an
aerogel. Since such a dielectric does not bend the electric field lines at the air-dielectric interface, as would
higher valued permittivity materials, it does not affect the solution.
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Figure 7-12: Cross Plot of Thrust in Figure 7-11 at a Constant Input Voltage,
Vs = 18 kV, with Respect to the Effective Dielectric Thickness, td/er.
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Figure 7-13: Method of Images for a Cylinder Above a Ground Plane.

The top, exposed electrode of radius r is shown as a filled circle on the upper surface of the dielectric. The image
electrode is shown below the line of symmetry by an equal distance as an open circle. The E-field flux lines are
represented by circles with centers on the line of symmetry and passing through the top electrode and its image.

Figure 7-14 shows one-half of the method-of-images geometry portrayed in Figure 7-12 with the flux lines
removed for clarity. The potential at any point with respect to the symmetry plane (V = 0), in this case V, on the
upper surface of the dielectric, can be obtained by integrating the electric fields emanating from the two
electrodes and using the principle of superposition. Both Attwood (Ref. [32], pages 85-88; 141-145) and Hyatt
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(Ref. [35], pages 150-155, 390-393) present the derivation in detail. Assuming that the electrodes’ diameter and
the distance to the evaluation point P are each much less than the dielectric thickness, the surface volatge at point
P is approximated by the expression:

V = ps]n ps ln(2td
P 2me 1 " 2ne

(7-6)

where ps is the lineal charge density on the electrode due to the applied voltage, Vs, and ¢ is the permittvity of
the medium, assumed to be unity in this case.
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Figure 7-14: Expanded View of Right Side of Figure 7-13 Without Field Lines.

Equation 7-6 shows that for a fixed location on the dielectric surface close to the upper electrode (1), the voltage V,
increases logarithmically with dielectric thickness. As V, increases, however, the voltage difference AV = V-V,
decreases. Since the voltage difference, AV, drives the momentum transfer between the ionized gas particles and
the neutral gas, a thicker dielectric tends to reduce induced thrust logarithmically at constant input votage.
Following Attwood’s development [32], the origin of the logarithmic response is ultimately the integration of the
Eoc1/r radial electric field required for derivation of the potential field. Figure 7-12 clearly shows an inverse
logrithmic response to the dielectric thickness. While this derivation has been for the case of unity dielectric
constant, the results clearly apply to the general case of non-unity dielectric constant as shown by the correlation to
the effective thickness td/e; in Figure 7-12. The effective thickness term appears explicitly in the expression for the
capacitance of parallel plate capacitor, Coc & /tq or the capacitive impedance Zoc1/Cecty/e; and appears to be a
useful correlating parameter in the general case. . This result establishes that thrust level variations shown in
Figure 7-11 are due to pre-breakdown circuit impedance. More specifically, it shows that the thrust variation at
constant input voltage is due to dielectric polarization, the physical mechanism for the impedance variation. Ref.
[34] presents a derivation of the exact solution for the potential between concentric cylinders that also shows the
logarithmic radial variation.

Wheeler [33] has investigated the characteristic impedance of printed circuit board traces, also referred to as strip
lines or microstrips that could also function as symmetric DBD actuators. Some of the original DBD work used
exactly that construction technique [6]. Wheeler developed a lengthy, approximate expression for the
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characteristic impedance of the microstrip in terms of its geometry and the dielectric constant of the circuit board
material. Based on equations 10, 13 and 21 in Ref. [33], the characteristic impedance is:

zZ_0113 (41, (1‘” \(41‘ (1‘” ,\1(41,,\2 1+ 1
e e | JLWQ,J | ()
( \
(7-7)
(1+L\
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where Z is the characteristic impedance, Zy impedance of free space (377 ohm), & dielectric constant, tq
dielectric thickness, wer microstrip effective width, w actual microstrip width, t microstrip thickness and
e natural logarithm base.

Figure 7-15 shows a plot of Wheeler’s charateristic impedance ratio, Z/Zy, with respect to effective dielectric
thickness, ta/er, for a constant electrode width and thickness of the materials tested in this study. The
plot shows that the actuator impedance is linearly related to the effective thickness for the range of
values studied so that the same logarithmic thrust response to dielectric thickness would be expected.
A similar, approximate agrument can be made for the characteristic impedance of a planar transmission line
(Ref. [35], p. 392). At constant inductance and neglecting the resistivity and conductance of the dielectric
material, the capacitance is proportional to the reciprocal of the square of the characteristic impedance
(Ref. [35], p. 385). For an asymmetric DBD actuator, the capacitance would be one-half of that value. This
supports the finding that the effective dielectric thickness properly correlates the thrust differences due to pre-
breakdown impedance variation.

Another approach to assessing the thrust curves in Figure 7-11 is to consider the DBD actuator as a capacitive
voltage divider [34] and as shown in Figure 7-16. The plasma is modelled as lumped-parameter capacitive and
resistive elements, C, and R, that will assume different values depending on whether the plasma is on or off. The
high AC voltage is denoted by V. In the current discussion, the plasma is assumed to be on.

The capacitance Cq represents the capacitor formed by the exposed and buried electrodes across the dielectric
material. Vyq is the voltage on the virtual electrode of the exposed dielectric surface and the difference AV = V-
Va is the potential difference that drives the plasma particles to produce the DBD thrust. Capacitance C, is a
constant and is used for charge transfer measurements. For the current discussion, it is considered it to be a short
circuit, i.e., Cp = oo, that effectively removes it from the circuit. Solving the voltage divider for V4 yields:
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- (7-8)
V. X.t+X,

where X4 and X, are the complex impedances of the dielectric and air plasma respectively. Xa can
be expressed algebraically in terms of the parallel components C, and Ra but for current purposes, that step
is not necessary. The key observation is that, if the role of the diclectric in thrust production is desired,
that implies a relationship between the surface potential (Vq) and the air plasma impedance (Xa,) with the supply
voltage (V;), and the dielectric impedance (Xq), held constant. In other words, to prove or disprove a plasma-
surface interaction effect on thrust, data must be compared at constant dielectric impedance and supply voltage.
This is essentially the same conclusion arrived at using the impedance arguments based on the method-of-images
and Wheeler’s characteristic impedance formula.
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Figure 7-15: Wheeler Impedance Formula [33] vs. Effective Thickness at Constant Electrode
Width (w = 5 mm) and Electrode Thickness (0.1 mm).
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Figure 7-16: Simplified Circuit Representation of DBD Actuator.
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7.4 ONE-DIMENSIONAL VOLUME DISCHARGE

7.4.1 Electrical Measurements

As noted in the Introduction, the 1D volume discharge may offer a simple alternative to the asymmetric DBD
geometry in a search for DBD plasma-surface interaction effects. The goal of the current 1D work was to
develop such experimental capability, along with related data analysis methods, in order to explore its diagnostic
value for DBD materials study. Figure 7-17 illustrates the similarities between 1D and 2D cases. As in the 2D
case, when the 1D geometry is operated at a sufficiently high voltage, ionization occurs in the air gap and the
resulting plasma is commonly referred to as a volume discharge. For the surface discharge, the plasma initiates
at the exposed electrode edge and sweeps across the dielectric surface above the buried electrode, varying the
overall device capacitance due to both spatial and temporal plasma mechanisms [12]. The volume discharge has
a much faster temporal variation associated with multiple, discrete microdischarges [36] but a much smaller
spatial variation restricted to one dimension as the plasma expands and contracts within the small air gap.

The 1D case has a simple, exact solution to Poisson’s equation describing the pre-breakdown electric field in the air
gap that simplifies analysis (e.g., Ref. [35], and other basic textbooks under partially filled capacitor). The
disadvantage of the 1D case is that, due to symmetry, there is no mean, induced momentum flux to use as a
diagnostic indicator. In addition, the equilibrium plasma chemistry conditions in the confined space may differ
from the asymmetric 2D case where a steady supply of fresh replenishment air is available. Furthermore, the
confined space geometry is subject to various plasma instabilities leading to patterned discharge phenomena [36].
Nonetheless, the electron and ion energies for the 1D and 2D cases should be similar for same frequency and
voltage. By comparing voltage and current relationships for the 1D case for different dielectric materials, it may be
possible to detect plasma-surface interaction effects. Also, the 1D case can be readily modelled using commonly
available analog circuit simulation software as will be discussed below.

For the 1D case in Figure 7-17(a), an algebraic expression for voltage on the exposed dielectric surface can be
easily derived using Laplace’s equation and a capacitive voltage divider. The capacitance of the partially filled
capacitor is a commonly used example in many electrical engineering textbooks (e.g., Ref. [35], page 148) and
the pre-breakdown voltage on the dielectric surface can be shown to be:

v, 1
Vs 14la (7-9)
tﬂ.ﬂ’

where ter i the effective thickness, ter = ta/er , ta is the dielectric thickness, & is the relative permittivity of the
dielectric material.

A schematic representation and photograph of the 1D test apparatus is shown in Figure 7-18. The large brass
electrodes were re-purposed components from the dielectric breakdown tester (Section 7.2.1) and are not the
optimal design for this application due to the extensive fringe electric fields at the edges. As shown below,
however, the rapid radial decline in electric field outside of the electrodes effectively confines the plasma to the air
gap. Lower profile electrodes with guard rings to minimize edge fringe effects may be an improvement but were
not investigated. The levelling platen used to create a uniform height air gap is an essential requirement. In order to
avoid plasma breakdown in small backside gaps due to thickness non-uniformities of the dielectric material, the top
surface of the lower brass electrode was coated with silicone dielectric grease (Permatex Dielectric Tune Up
Grease, p/n 22058) and pressed firmly into place to act as a temporary viscous adhesive and fill any gaps. A pin on
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the bottom of the lower electrode maintains its coaxial relation to the upper electrode. A 1 mm pitch threaded
adjusting nut was rotated around the stationary threaded rod to raise and lower the upper electrode in order to
precisely set the air gap. Electrical power was applied through the quick-connect cables shown in Figure 7-18. An

example of the device in operation is shown in Figure 7-19.

Vsin(wt)
Vsin(wt) E(x,y)
| e
ta LEly)
tU E ET
| GND
GND

(a) (b)

Figure 7-17: (a) One-Dimensional Volume Discharge
vs. (b) Two-Dimensional Surface Discharge.

Figure 7-18: 1-D Volume Discharge Apparatus Schematic and Photograph. (a) Acrylic plastic
frame; (b) and (c), brass electrodes; (d) set screw leveling platen; (e) brass threaded rod;
(f) test specimen; (g) smooth bore alignment block; (h) rotation knob; (i) threaded nut and

rotation position indicator. The brass electrodes are 50.8 mm in diameter.
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Figure 7-19: Example of a Volumetric DBD Discharge Viewed on Edge. The dielectric is 1 mm
thick acrylic plastic and the air gap is 1 mm. f =1 kHz, V = 20 kVp,.

An effective way to characterize the 1D volume discharge is to use the charge transfer method, described in
Ref. [37] and the basis of the circuit simulations to follow in this section. This method allows transfer
of charge from a physically inaccessible location, in this case on the dielectric surface, to an accessible location,
a series probe capacitor. The method is based on the principle that the total charge in a circuit of
series-connected capacitors is constant and is given by the simple relation Q = CV where C and V are the
relevant capacitance and voltage respectively. A simplified DBD actuator circuit including the charge transfer
probe capacitor is shown in Figure 7-16 as previously discussed. The parallel elements Ca and Ra represent the
plasma and vary periodically with time as the plasma ignites and extinguishes twice per cycle. Charges on
capacitors Ca and Cq are not easily accessible to measurement. By adding series capacitor, CP, however, the
charge is transferred to an accessible location and easily measured by recording voltage Vp across known probe
capacitor Cp. In the current case, Cp is a large-valued (i.e., low impedance) capacitor relative to the actuator
capacitances Ca and Cq. For the actuators used in this study, Ca and Ca are typically in the low tens of picofarads
and the probe capacitor, Cp, was selected as 22 nanofarads or approximately 2000 times lower impedance than
the actuator so as not to significantly load or alter the DBD circuit.

An example of the resulting charge transfer waveform for the volume discharge case is shown in Figure 7-20. The
cyclogram is plotted from phased-averaged voltage waveforms over 128 oscilloscope sweeps. The charge value is
linearly related to the probe voltage by Q = C,V, where C; has a fixed value of 22 nF. The capacitance of the
actuator can easily be determined from the slope of cyclogram charge-voltage waveform for the plasma-on and
plasma-off segments of the cycle, C = dQ/dV = d(C,V)/dV;. Slope values, S1 and S2, as shown in the figure, are
provided in the caption. The area enclosed by the cyclogram is equal to the energy dissipated per AC activation
cycle. The product of the energy per cycle and the excitation frequency is the dissipated power.

The 1D and 2D DBD discharges differ somewhat in charging characteristics. In both cases, charge transfer
occurs by three methods:

1) Dielectric polarization, i.e., the usual capacitor charging mechanism irrespective of plasma formation;

2) Discrete microdischarges [36];

3) Charge deposition to and from the plasma to the dielectric surface and exposed electrode [12].
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Figure 7-20: Example of 1D Charge Transfer Method Cyclogram (PTFE, t¢«= 1.07 mm,
ta=1.00 mm, f =1 kHz, Cp = 22 nF, S1 =12.63, S2 = 27.63 nC/kV or pF).

The role of the microdischarges is much more evident in the 1D case than in the 2D case. Figure 7-21
and Figure 7-22 show brief segments of the total current and charge history for a rising input voltage. In the
1D case, charge transfer due to discrete microdischarges is clearly evident as small steps in the accumulated charge
and, furthermore, are seen to exactly coincide with the spikes in the total current measured with a current
transformer on the high voltage side close to the actuator. This observation is consistent with prior investigations of
the 1D volume discharge [36]. In the 2D actuator case, the influence of the discrete microdischarges is not as
evident although some stepwise features in the charge curve seem to be related to spikes in the total current. The
microdischarge phenomenon is relevant to plasma behavior in the presence of water vapor (humidity) as described
by Falkenstein and Coogan [38]. They show by photographic observation of discrete microdischarges in a volume
discharge that the dielectric capacitance increases with the addition of water. Since the surface discharge does not
exhibit the same discrete microdischarge behavior, it is not clear that same mechanism applies. From Figure 7-12,
an increase in dielectric capacitance equates to a reduction in effective thickness and one would expect the thrust to
increase. As shown in Figure 7-10, however, change in thrust with water vapor depends upon the dielectric
material’s water absorption rate.

A series of 1D tests with different dielectric materials in a variety of thicknesses, air gap widths, input voltages
and frequencies was conducted as an adjunct to the 2D actuator thrust measurements to see if any unexplained
differences between materials existed that could be the basis for future DBD dielectric material studies.

Figure 7-23 shows a plot of the ratio of cyclogram plasma-oft segment (S1) and plasma-on (S2) segment with
respect to computed surface voltage ratio from Equation 7-9 for a range of materials. Since the cyclogram slopes
are proportional to capacitance, taking the ratio of the plasma-off and plasma-on slopes effectively removes the
influence of the pre-breakdown circuit impedance and displays only the increase in capacitance due to the plasma.
As seen, such procedure correlates all of the materials and thicknesses into a single power law. From Equation 7-9,
an increase in abscissa, Vq/ V; corresponds to an increase in the effective thickness, tq / &. Therefore, increased
effective thickness leads to reduce plasma induced capacitance. This is the same mechanism responsible for the
reduction in thrust in the 2D case with increasing effective thickness as shown in Figure 7-11. Based on these
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results, it can be concluded, therefore, that changes in capacitance due to plasma formation in either the 1D or 2D
cases occurs independently of the chemical composition of the different materials. When actuator impedance is
properly accounted for, there is no evidence of any surface-plasma interaction such as secondary electron emission
or catalytic effects that contribute to plasma induced capacitance. The chemical composition and structure of the
material appear to have little or no impact on charge transfer characteristics when the overall circuit impedance is
accounted for.
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Figure 7-21: PTFE ta = 1.07 mm, ta = 1.00 mm, f = 3 kHz, Vs = 16 kVpy.
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Figure 7-22: PTFE ta= 1.07 mm, f = 3 kHz, Vs = 16 kVpp.
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Figure 7-23: Cyclogram Slope Ratio vs. Computed Surface Voltage (Equation 7-9)
for Different Permittivity Materials. ta = 1.00 mm, f =1 kHz, Vs = 20 kVpp.

7.4.2 Circuit Simulations

To further analyze the 1D test data, circuit simulations were made to model the dielectric materials, test
environment and plasma. Figure 7-24 shows the two circuits used to model the 1D experiments. These are based
on the simple circuit in Figure 7-16 with additional elements added to account for the interaction of the test article
with its surroundings as well as for the plasma formation. Dielectric breakdown of the air in the 1D gap
was modelled with the 2 back-to-back zener diodes. The reverse breakdown voltages started at 3 kV x gap in mm.
In the circuit in Figure 7-24(a) (4-diode model), two additional diodes SWITCH_P and SWITCH_N were used to
model asymmetry of the discharge and plasma properties in the forward and reverse directions, the reverse
breakdown voltage of these diodes was set to 100 kV, higher than the voltage range of the experiments. The plasma
resistance is allowed to be different in the positive and negative going half cycles of the ac waveform. The circuit
in Figure 7-24(b) (2-diode model) assumes the discharge is symmetrical and thus only a single plasma resistance
is used and the values of the dielectric breakdown voltages (Bvar pand Bvar n) are made the same. The voltage
across the probe capacitance and total current in the simulations were compared to experiment. Optimization of
the values of the circuit elements to match the calculated data to the experiments was made using CIRCOPT,
a Python-based program developed for this work, that uses the simulation engines in the Quite universal circuit
simulator (Qucs) [39] and LTSpice [40] as back ends. In the simulations, the measured (small signal) properties of
the dielectric and air gap were used as starting inputs. The procedure for the optimization as implemented by
CIRCOPT was as follows:

1) Obtain template netlist.

2) Substitute current parameter values into the template.

3) Pass it to the circuit simulator.

4) Wait on the result or kill the circuit simulator if there is no convergence in a set time.
5) Parse the data, if any, from the circuit simulator.

6) Calculate the merit function.

7) Set the next set of parameter values.
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8) Repeat the above until the termination criterion has been reached. There were two termination criteria:
no changes in the merit function or a fixed number of iterations being reached.

9) To compare fitting of the data by models with different numbers of parameters (the 2- and 4-diode
models), the Akaike information criterion (AIC) [41] was used. The AIC deals with the trade-off
between the goodness of fit of the model and the complexity of the model.

10) Standard deviations of the best-fit parameters were estimated using the Bootstrap method [42].
11) The parameter value optimization in CIRCOPT was made using the Scipy algorithms Nelder-Mead [43]

and Powell [44].
BVAIR_P BVAIR_P
SWITCH_N SWITCH_P
= CARR == CAR RPLASMA
RPLASMA_N RpPLASMA_P @ SOURCE
(/\ SOURCE BVAIR N BVAIR_N
1 T == CPARALLEL L CDIELECTRIC
= CPARALLEL ICDIELECTRIC I
I CSERIES I CSERIES
—l— CPROBE T CPROBE
(a) 4-Diode Model. (b) 2-Diode Model.

A

7 SIS~ N
o 2

/-'—-\ /‘\

(c) 1D Geometry with Stray Capacitances Indicated.

Figure 7-24: The Circuits Used to Simulate the 1D Experiments. The circuit elements were
chosen to represent the dielectric material (F) as well as the test fixture (B, C)
and its surroundings (A). These extraneous capacitances are captured
as the circuit elements CparaLLeL and Cseries.

7.4.3 Circuit Simulation Results

Best-fit curves and AIC values showed that, in the 1D case, there is no significant asymmetry and both the
2- and 4-diode models appeared to fit the data equally well. Therefore, only results from the simpler 2-diode
model will be discussed further.

Figure 7-25 shows experimental and calculated voltages and current at 1 kHz, Figure 7-25(a), Figure 7-25(c),
Figure 7-25(e); and 5 kHz, Figure 7-25(b), Figure 7-25(d), Figure 7-25(f), for the polyimide aerogel. It can be seen
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that the model fits both the current and the voltage quite well at both frequencies. Similar results were also
observed at the other test frequencies. The contribution of the various circuit branches to the total current is shown
in Figure 7-25(¢) and Figure 7-25(f). A steady sine current, with amplitude similar to the current through the air,
flows through the parallel capacitance. The current through the air capacitance rises and falls with the formation of
the plasma. This is due to changes in the impedance of the plasma branch upon breakdown.
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Figure 7-25: Typical Fitting Results Showing the Experimental Voltage
and Current for the Polyimide Aerogel at 1 and 5 Khz and Values
Calculated Using the 2-Diode Model Figure 7-24(b).
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A full set of the best-fit parameters values from the circuit simulations and optimization is given in Table 7-3.

Table 7-3: The Best Fit Values Obtained from the Circuit Simulations.

Material Frequency BV (kV) Rrrasma (kQ2) CoieLecTric(pF) CPARALLEL CSERIES

(td mm) (kHz) /E€DIELECTRIC (pF) PF)

1 2.90 107 51.1/1.26 12.6 104

Aerogel 2 2.84 36 48.5/1.20 13.2 109
0.43) 4 2.77 37 48.9/1.21 11.4 130
5 2.64 0.03 48.6/1.20 9.5 138

1 2.26 1.77 34.7/2.08 134 86

PTFE 2 2.18 2.53 33.8/2.03 13.1 105
(1.04) 4 2.18 0.02 33.2/1.99 11.8 175
5 2.18 0.44 33.2/1.99 11.0 226

1 2.84 0.51 59.4/3.22 13.1 122

Acrylic 2 2.60 0.03 59.6/3.23 12.4 123
0.94) 4 2.38 21.4 51.8/2.80 13.5 166
5 2.26 1.13 55.0/2.98 12.0 139

1 3.13 6.90 68.7/5.83 8.9 173

FYMQ 2 292 12.5 72.1/6.12 7.5 165
(1.47) 4 2.61 16.1 68.5/5.81 33 195
5 2.49 0.45 68.6/5.82 0.017 197

1 3.27 37.8 108/8.57 33 185

Glass 2 2.70 0.06 101/8.01 5.2E-6 218
1.37) 4 2.26 0.029 103/8.17 10.11 212
5 2.18 0.006 104/8.20 2.8E-4 205

Note: Kept fixed in the analysis and optimization were the diameter of the air gap and dielectric (50.8 mm), the
thickness of the air gap (t. = 1.0 mm) and hence the capacitance of the air gap Car = 17.38 pF (ear= 1). The probe
capacitance was allowed to vary slightly in the region around the 22 nF nominal value 21 nF < Cproge < 23 nF.
No significant deviation was observed, and the best fit values were within a few percent of the nominal value.

Figure 7-26 shows the best-fit reverse breakdown voltage of the zener diodes, Figure 7-26(a), and the plasma
resistance, Figure 7-26(b). The breakdown voltages lie in a narrow range and all decrease slightly with
increasing frequency as expected. The plasma resistances vary by several orders of magnitude. This is in spite of
the very small standard deviations in the best-fit parameter values calculated using the Bootstrap method and
which may be in part due to the symmetry of the waveforms. Values of Rprasma above 500 kQ caused
significant rounding of the voltage cyclograms that is inconsistent with the experimental observations thus
placing an upper bound. Figure 7-27 shows the ratios of the capacitances Cpararier and Cseries to Car and
CDIELECTRIC respectively. CpararLeL 18 about 0.6 x Car while Csgrigs 1S mostly ~2 x CpreLectric. Note that there
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were no values of Car and Cpierecrric that could be used to absorb Cpararrer or Cseries thus simplifying the
circuit while remaining consistent with the known properties of the materials. The capacitance Csgries may be a
combination of the contributions of the test setup as well as nonlinearity of the permittivity of the dielectric at the
1D test voltages which are much greater than the 1V where the material dielectric constants were measured.
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Figure 7-26: The Best-Fit Diode Breakdown Voltages and Plasma Resistances Obtained
from the Circuit in Figure 7-24(b). Estimates of the standard deviations of the
parameters computed using the Bootstrap method were very small.
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Figure 7-27: Trends in the Capacitances CraraLLEL and CskriEs.

7.5 SUMMARY AND CONCLUSIONS

A cross-disiplinary study of DBD actuator dielectric materials was conducted in search of material optimization
opportunities to improve DBD actuator performance. The rationale was to study a variety of existing dielectric
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materials, along with new polyimide acrogels, seeking to explain differences in performance based on both
volume and surface properties. The primary diagnostic methods employed were static thrust stand measurements
of asymmetric, surface-discharge actuators and charge transfer studies on one-dimensional volume-discharge
actuators. Low voltage dielectric property measurements (permittivity and loss tangent) were conducted in
accordance with ASTM standards. Open-source circuit simulation software was configured to find optimal,
lumped-parameter values for simplified circuit represenations of the 1D volume discharge showing good
correspondence to experiment data provided that stray capacitance is accounted for.

The induced thrust for a range of relative dielectric permittivities and thicknesses covering nearly an order of
magnitude was found to scale semi-logarithmically with the effective dielectric thickness (ratio of thickness to
dielectric constant) at constant input voltage. The semi-logarithmic behavior was shown to be predicted by an
approximate, method-of-images analysis of the pre-breakdown capacitance from which it was concluded that
thrust depends primarily on DBD circuit impedance, all other factors held constant. For the range of input
voltages tested (< 20 kV,,p) , this finding effectively rules out any significant role of plasma-surface interactions,
such as secondary electron emision from the dielectric or surface catalytic effects, in DBD thrust production.
Based in this finding, it is concluded that chemical composition and structure of the material has no significant
effect on DBD performance, at least for the range of input energies tested.

In the course of the studies, it became apparent that normal levels of atmospheric humidity can have a significant
effect on DBD performance when accurate thrust measurements are required, as, for example, in the case of
CFD code-validation studies. This became most apparent in our observation of a wide variation of DBD thrust
readings when testing surface coatings such as photocatalytic titanium oxide and various surfactants and
antioxidants. This necessitated the postponement of the surface coating portion of the study pending
development of proper humidity control and testing protocol. Humidity tests on uncoated PTFE and Nylon were
conducted showing large variations in both thrust levels and trends. This behavior is presumably due to the large
difference in water absorption rate for the PTFE and Nylon and helps to identify requirements for future research
in this area.

An extensive study of one-dimensional volume discharges was conducted, both experimentally and analytically,
using the charge transfer cyclogram (Lissajous) method. The charge transfer method circumvents error-prone
thrust measurements at the expense of a different model geometry (1D vs. 2D), lack of mean, directed
momentum transfer, and possibly creating different microdischarge physics within the air gap (patterned
discharges, discharge instabilities). It provides, however, a simple, alternative method by which to study
dielectric materials, surface coatings, and ambient gas properties under discharge energy levels very close to the
2D surface-discharge case. The key finding of the current study was that the cyclogram plasma-on to plasma-off
slope ratio (S,/S:), indicative of the increase in air gap charge due to the plasma, varies logrithmically with the
effective dielectric thickness (to/s;) and independently of the chemical composition of the dielectric material.
This finding shows that the charge increase depends only on the effective dielectric thickness, and not the
dielectric material’s chemical composition and that the the slope variation is solely a pre-breakdown capacitive
impedance effect.

The 1D cyclogram data was analyzed using analog, SPICE3-based [39], [40], open-source, circuit simulation
software in order to find the effective plasma resistances and capacitances that best fit the experimental waveforms.
In order to match the simulations to the experiment, it was necessary to include iteration on stray capacitance
between the 1D electrodes, and between the individual electrodes and the laboratory surroundings. The search
procedure resulted in good reproduction of experimental waveforms. This finding suggests that the fitting method
can become the basis for devlopment of a semi-empirical plasma actuator design method. The requirement for
inclusion of stray capacitance has implications for the 2D surface-discharge thrust measurement case. It is likely
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that different laboratory apparatuses will have different stray capacitances and, therefore, different thrust readings
based on the overall circuit response to the excitation voltage. This represents a source of uncertainty when
comparing 2D surface-discharge thrust data between different laboratories, even on identical models with
important implications for acquisition of CFD code-validation data.
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Annex A — A SUMMARY OF PAPERS ON THE TOPIC OF SPECIAL
SESSION: NATO-RTO-AVT-190: STANDARDIZATION
OF DBD ACTUATORS, DELIVERED AT THE
2014 AVIATION CONFERENCE (AIAA)

A special AIAA session devoted to NATO-AVT-190 DVD Actuators was held during the 2014 Aviation
Conference held in Atlanta, Georgia. Six papers were presented at that time and summaries are included here
in numerical order for completeness and for the reader’s convenience. Copies of the papers may be obtained
from the AIAA.

ATAA 2014-2668

In the paper, Development of a Multilevel Plasma Generator for Dielectric Barrier Discharge Actuators,
ATAA2014-2668, Carlo A. Borghi et al., University of Bologna, Italy, describe the development and the testing of
a high voltage — high frequency (HVHF)plasma generator to supply Dielectric Barrier Discharge (DBD) actuators
for control of aerodynamic flows. The generator provides a wide set of arbitrary voltage waveforms with peak-to-
peak electrical tension up to 30 kV at frequencies up to 20 kHz. Operating frequencies are independent of the load
characteristics and are not subject to requirements on impedance matching.

In still air, the flow induced in the region above the surface of a DBD actuator has been investigated and the
Electro-Hydro-Dynamic (EHD) efficiency determined. A sinusoidal voltage waveform, simulated by the HVHF
generator, and a sinusoidal voltage waveform by a conventional generator obtained comparable EHD effects and
efficiencies. Of the wave forms investigated, the sinusoidal and the inverse saw-tooth voltage waveforms had the
best efficiencies with regard to the EHD interaction.

ATAA 2014-2807

In the next paper, Characterization of the Time-Dependent Behaviour of Dielectric Barrier Discharge Plasma
Actuators, AIAA 2014-2807, Rogerio Pimentel, DRDC Valcartier, Canada, a phase-locked PIV is used to
investigate the time-dependent behaviour of a Di-electric Barrier Discharge (DBD) plasma actuator. Excited by a
sine-wave signal with peak- to-peak amplitudes between 7.2 kV and 10 kV, at frequencies of 2.5 kHz and 4 kHz.
The results indicate that the maximum induced velocity and body force occur during the negative half-cycle of
the excitation signal, with a phase lag relative to the excitation signal that grows when excitation voltage or
frequency is increased. A smaller, secondary peak is observed in the induced body force, occurring during the
positive half-cycle of the excitation signal. The results suggest that this peak is due to formation of a secondary
high-velocity region due to local discharges near the grounded electrode. Analysis of the induced body force,
estimated using momentum balance in a control volume surrounding the actuator, indicates the significant role of
the shear force acting on the actuator surface for the present configuration. The variability in the results of
different methods for determining the shear force, the difference observed in certain conditions between the
estimated body forces and those measured directly using a balance, highlight the need for further methodology
improvements for body force prediction based on PIV measurements.
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AIAA 2014-2808

In the third paper, Numerical Simulation of sinusoidal driven DBD actuators and Comparisons with
Experiments, AIAA 2014-2808, F. Rogier et al., ONERA, France, present their numerical investigation of the
body force induced by DBD actuator on the standardized configuration proposed by the AVT-190 group. Their
simulated total body force results are in good agreement with measured forces for a large range of operating
voltages and for some values of the working frequency. The body force variations in time and in space obtained
by numerical simulation shows a good correlation with the observations noticed in other experimental works.
However, some differences such as the presence of a negative force for a 14 kHz SDBD actuator, are noted that
lead to some discrepancy on the induced velocity results. Further experimental and modeling studies are
recommended to improve the accuracy-range of the results and thereby increase confidence in the simulation as
a prediction tool.

ATAA 2014-2809

In the paper Electromagnetic and Ozone Emissions from Dielectric Barrier Discharge Plasma Actuators
(RTO), Nicole M. Houser et al., University of Toronto, Canada, evaluate the electromagnetic and the ozone
emissions generated by typical plasma actuator operation for flow control and the effects on human health. A
significant implementation challenge is the high voltage signal required for their operation and the effects of
high voltage exposure on humans. A second risk is posed by the ozone produced during plasma discharge. To
asses these effects, the electric and magnetic fields were characterized and the locations surrounding an active
plasma actuator at which the maximum safety exposure were met or exceeded known limits. The rate of ozone
production was determined in an enclosed area and compared to safety standards for human exposure to ozone.
Operating voltages and frequencies were used within the range of values commonly reported in plasma actuator
research. The dielectric barrier discharge (DBD) plasma actuator was made of conventional materials (copper
electrodes on acrylic dielectric). It was shown that electromagnetic field strength increases with operating
voltage and proximity to the active device. Field strengths were independent of operating frequency. Ozone
production, however, increased with both applied voltage and frequency. The results reinforce the importance of
developing safe operating procedures for plasma actuator research.

ATAA 2014-2810

In the contribution Evaluation of Dielectric-Barrier-Discharge Actuator Substrate Materials, Stephen P.
Wilkinson et al., NASA LRC, United States, material characteristics for actuators are discussed. An enabling
element of a dielectric barrier discharge (DBD) actuator is the dielectric substrate material. While many
investigators have studied the performance of different homogeneous materials, often in the context of related DBD
experiments, fundamental studies focused solely on the dielectric materials are few. In an attempt to fill this
shortcoming, the authors performed a cross-disciplinary study of DBD actuator dielectric materials with the
objective of improving DBD actuator performance. A variety of existing dielectric materials and new polyimide
aerogel were tested. Differences in actuator performance attributed to each dielectric material were assess on
volume and surface properties that included static induced thrust, electrical circuit parameters for
2D surface discharges and 1D volume discharges. Lumped-parameter circuit simulations for the 1D case
corresponded well to experimental data provided that stray capacitances are included. After extensive testing,
it was determined that the chemical composition and the structure of the material had no significant effect on DBD
body force generation when actuator impedance is properly accounted for over the range of input energies tested.
The secondary test outcome of the study was the observation that normal levels of atmospheric humidity has a
strong influence on DBD thrust measurements. This represents a source of uncertainty when comparing 2D
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surface-discharge thrust data between different laboratories, even on identical models, and has important
implications for acquisition of CFD code-validation data.

AIAA 2014-2811

In the paper Understanding SDBD Actuators: An Experimental Study on Plasma Characteristics,
R. Geuns, Pénélope Leyland et al., Ecole Polytechnique Federale de Lausanne, Switzerland, the authors
investigated the working mechanisms of surface dielectric barrier discharge (SDBD) plasma actuator, as
aerodynamic control devices, on the NATO-AVT-RTO-190 common test platform. It is through this testing
done at multiple locations that a better understanding of the working principle and characteristics of SDBD may
lead the way for more efficient and safer use of these devises in aerodynamic applications. In this study, the
experimental plasma characterization is done by current measurements, fast-camera plasma imaging and force
measurements. Advanced plasma characterization, such as reduced electric field and excited species population,
are found by Optical Emission Spectroscopy. Study results indicate that the force generated by the actuator
increases as the driven frequency or voltage increases. An optimal condition for operating the SDBD plasma
actuator was found eliminating the need for higher voltage levels. Detailed fast-camera imaging and
spectroscopy facilitates understanding of the plasmas’ transitions and their temporal evolution with respect to
different operating conditions of voltage, frequency and ambient pressure. Optical emission spectroscopy
detected the excited species in the plasma allowing reduced electric field calculations. These results are in
agreement with trends noticed during current measurements and plasma imaging. The collective goal of the
collective AVT190 task group research is to contribute to a database which can also be used for numerical
varication and validation by varying the key parameters such as frequency and voltage.

AIAA 2014-2812

The last paper of this session was Flow Control at Subsonic Speeds using Serpentine Plasma Actuators,
K. Kontis et al., University of Glasgow, United Kingdom. The authors examine the use of a three-dimensional
serpentine plasma actuator design to improve the relatively low flow speeds induced by surface dielectric barrier
discharges. It is used as an active flow control device to manipulate the flow over a backwards facing step. A
serpentine actuator is characterized by two geometric features, namely the pinch, and the spread. PIV was used
to examine the influence of the actuator on the separated shear layer. At the pinch location, the induced jet from
opposing sides collide and a strong upwards jet is created. At the spread location, because there is no cancelling
effect of the induced jet from opposite sides of the actuator, a greater stream wise influence is achieved due to
the three-dimensional flow and shear layer induced by the actuator. Further studies are underway to understand
in greater detail the influence of such three-dimensional actuators on the flow properties, such as the flow
reattachment downstream of the step as well as the vortical structures inside the recirculation bubble.
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