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Abstract

The aim of this study is the characterization and quantification of dielec-
tric barrier discharge plasma actuators when applied to the generation of
stable vortices in laminar boundary layers for flow control. To this aim,
existing measurement and analysis strategies were applied and extended.
Using a specific actuator configuration the lower and upper operation limits
have been identified. Between these limits, a constant and two-dimensional
force distribution of the actuator can be expected. These operation limits
were used to define the parameter range for the description of the induced
body force in extent and magnitude. Alongside with this characterization
the time resolved force production was analyzed. Based on these studies,
the influencing parameters resulting from the actuator setup and the op-
erating conditions were analyzed and quantified. Empirically determined
scaling laws describing each influencing parameter were introduced. This
enabled an improved prediction of the induced force for varying operat-
ing conditions. In addition to this direct scaling of the induced force by
influencing the discharge, an indirect scaling method was presented by a
non-continuous operation. This reduces the time-averaged force production
and, therefore, allows decoupling of the force magnitude and its spatial ex-
tent. The analysis of the influencing parameters of the force production was
used as a basis for parameter identification during the generation of lon-
gitudinal vortices by plasma actuator arrays. The qualification of plasma
actuator vortex generators for transition control was demonstrated by the
damping of Tollmien-Schlichting waves in laminar boundary layers in two
different wind tunnels.
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Kurzfassung

Ziel dieser Arbeit ist die Charakterisierung und Quantifizierung von dielek-
trischen Barriereentladungs-Plasma-Aktuatoren im Hinblick auf die Erzeu-
gung stabiler Wirbel in laminaren Grenzschichten zur Strömungskontrol-
le. Bei den durchgeführten Untersuchungen wurden bestehende Mess- und
Auswertungsstrategien angewendet und erweitert. Am Beispiel einer Ak-
tuatorkonfiguration wurde der Arbeitsbereich identifiziert in dem eine kon-
stante und zweidimensionale Kraftverteilung des Aktuators angenommen
werden kann. Dieser Arbeitsbereich diente als Parameterraum um die er-
zeugte Volumenkraft in ihrer Ausdehnung und Magnitude zu beschreiben.
Dabei wurde auch die zeitliche Entwicklung der Kraft untersucht. Basie-
rend auf diesen Untersuchungen wurden Parametereinflüsse die aus dem
Aufbau und den Betriebsmodi des Aktuators resultieren analysiert und
quantifiziert. Empirisch ermittelte Skalierungsgrößen zur Beschreibung der
Parameter wurden eingeführt, um eine verbesserte Vorhersage der erzeug-
ten Kraft ermöglichen. Neben dieser direkten Skalierung der Kraft, die
durch eine Veränderung der Entladung erreicht wird, wurde eine indirekte
Skalierungsmethode vorgestellt. Hierbei wird durch einen nicht kontinu-
ierlichen Betrieb die Kraft im zeitlichen Mittel reduziert und somit er-
möglicht, die Magnitude der Kraft von ihrer räumlichen Ausdehnung zu
entkoppeln. Diese Parameteruntersuchung diente als Grundlage zu Identi-
fizierung der Einflussgrößen bei der Erzeugung von longitudinalen Wirbeln
mit Plasma-Aktuator-Wirbelgeneratoren. Die Qualifikation von Plasma-
Aktuator- Wirbelgeneratoren zur Transitionskontrolle wurde anhand der
Dämpfung von Tollmien-Schlichting Wellen in laminaren Grenzschichten
in zwei verschiedenen Windkanälen gezeigt.
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1 Introduction

Dielectric barrier discharge (DBD) plasma actuators are active flow control
devices that allow a body force to be imposed to gaseous fluids. Dielectric
discharges are known from industrial application such as ozone generation,
panel displays, lasers and surface treatments [78]. Since their introduction
in 1998 [129] for aerodynamic flow control, active flow control by means of
plasma actuators is a research topic of increasing interest.

For aerodynamic flow control applications the DBD plasma actuator
commonly consist of asymmetrically arranged electrodes separated by a
dielectric. By applying a high alternating voltage to the upper electrode,
the electric field, between the upper and the lower grounded electrode, ex-
ceeds the breakdown strength, which is required to ionize the air molecules.
The dielectric layer between the electrodes allows a diffuse discharge and
prevents it to collapse into an arc. The produced ions are accelerated in the
electric field, through collision with neutral air molecules this results in the
induced body force. Due to the asymmetric orientation of the electrodes,
the induced force is directed towards the covered, grounded electrode. Fur-
ther details on the actuator and its functionality are discussed later in
Chapter 2. A comprehensive overview of the actuator and flow control em-
ploying dielectric barrier discharges is presented by Corke et al. [21] and
Moreau [105].

First examples for aerodynamic flow control devices are given in the work
of Roth et al. [133] and Post et al. [122], demonstrating the potential of
DBD plasma actuators for boundary-layer separation control. Since then
the spectrum of applications has broadened considerably. Some examples
for the variety of the active flow control applications using DBD plasma
actuators includes separation control [114, 126], aircraft noise reduction
[64], reducing losses with compressor blades [90], wake control [39], bluff
body flow control [68, 69, 80, 103, 145], boundary-layer control in laminar
[53, 57] and turbulent flows [158], and influencing supersonic flow [65, 75].

However, the main focus of active flow control investigations with DBD
plasma actuators is on separation control.

In the next section an overview of literature with DBD plasma actua-
tors for separation control will be given, focusing on different separation
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1 Introduction

scenarios and various operation conditions and actuator configurations.
This leads to some general conclusions about the advantages and limi-

tations of different configurations for different applications. An outline of
the present study follows.

1.1 DBD Plasma Actuators for Separation
Control

DBD plasma actuators have been investigated for several separation sce-
narios and various operation conditions (continuous and pulsed mode) and
actuator configurations (streamwise and spanwise forcing). In the low
Reynolds number range below Re = 106 and with moderate free-stream
velocities, within the incompressible subsonic range, DBD plasma actua-
tors have proved to be an effective flow control device [69]. Separation
control with plasma actuators on airfoils have been demonstrated by Roth
et al. [126] at velocities up to U = 7.3 m

s . Corke and He [20] showed
an improvement in control performance with the actuator operated in the
unsteady/pulsed mode.

Further actuator configurations for separation control with plasma actu-
ators on airfoils were tested with different positions of streamwise forcing
actuators by Jolibois et al. [66] and arrays of spanwise forcing actuators
Jukes et al. [73]. The complexity of these flow-control experiments in-
creased with the extension to closed-loop control shown by Bernard et al.
[12] with a single spanwise actuator. The potential for feedback control
with arrays of spanwise forcing actuators was shown by Jukes et al. [72].

Flow control in a turbulent boundary layer across a hump was investi-
gated by He et al. [58] and Schatzmann et al. [136]. The plasma actuator
configurations used in both investigations were single streamwise forcing
actuators and arrays of spanwise forcing actuators. With both actuator
configurations (streamwise and spanwise forcing) He et al. and Schatzmann
et al. achieved comparable results for the flow control. Schatzmann et al.
used single spanwise actuators in continuous and pulsed mode and they ob-
served no sensitivity to the reduced frequency F + over a large range. An
explanation of this lack of sensitivity was given by flow instabilities which
the actuator did not exploit, as compared to laminar separation-control
applications.

Benard et al. [9] examined the attachment of naturally separated flow
and at the detachment of naturally attached flow in a diffusor. With span-
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1.1 DBD Plasma Actuators for Separation Control

wise arranged actuators Bernard et al. were able to influence an internal
flow with a core velocity of U = 10 to 30 m

s . Spanwise and streamwise forc-
ing configurations were investigated in Grundmann et al. [52] to recover
a fully turbulent separated flow in an asymmetric 3D diffuser. A stronger
effect was observed with arrays of spanwise forcing actuators. Another
demonstartion by Benard et al. [9], was adjustable diffuser performance
(improvement or degradation) depending on the actuation parameters.

Flow control around a cylinder in a moderate Reynolds number range
(Re = 2k − 30k) were investigated by Snyder et al. [145], Thomas et al.
[148] and Jukes et al. [68, 69] with streamwise forcing actuators. Thomas
et al. investigated the suppression of the vortex shedding, relevant for noise
reduction. Jukes et al. showed that depending on the actuation parameters
two different regimes of the wake behavior could be observed, a suppressed
vortex shedding and an amplified wake. In [69], Jukes et al. provided an
analysis of the effectiveness for the drag reduction. The effect of streamwise
and spanwise forcing on suppressing the vortex shedding was investigated
later by Kozlov et al. [80, 81] at a slightly larger subcritical Reynolds
number (Re = 85k).

Separation control on airfoils at higher velocities up to U = 62 m
s was

investigated by Little et al. [97], who demonstrated that the control au-
thority of a standard DBD driven by sinusoidal voltage decreases with
increasing free-stream velocity. In this work Little et al. compared a stan-
dard DBD driven by sinusoidal voltage with one driven by a nanosecond
pulse and demonstrated the larger control authority at higher velocities of
the latter. This is in good agreement with the earlier investigations of sepa-
ration control with the nanosecond pulse actuator at velocities of U = 30 m

s
from Sidorenko et al. [144]. Little et al. [97] also described the effect of
the DBD plasma actuator as an active trip at pre-stall angles of attack.
In Barckmann et al. [7], a pressure recovery in the wake of an airfoil at
a higher Mach number (Ma=0.42) and angles of attack of α = 13◦ − 17◦

was demonstrated using spanwise and streamwise forcing plasma actuators.
Separation control at high Mach numbers (Ma=0.05-0.8) with a nanosec-
ond pulse actuator was investigated by Roupassov et al. [134].

Controlling the separation on the flap of an airfoil is a much more de-
manding task than the control of leading-edge separation, according to
Melton et al. [104]. They observed that a higher momentum input with a
zero-net-mass-flux periodic excitation is required for the separation control
from a flap as compared to the control of leading-edge separation. Such a
control using plasma actuators has been demonstrated successfully by Lit-
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1 Introduction

tle et al. [94–96] at much lower velocities (U = 15 to 25 m
s ) compared to

their leading-edge separation control investigations. They also emphasize
that much stronger actuation is needed for this particular purpose than for
leading-edge separation control.

In Poggie et al. [115] flow control was demonstrated at a higher Reynolds
number of Re = 0.9 · 106 to 1.7 · 106 and at Ma = 0.05 to 0.1 with separa-
tion from an inclined flap using streamwise and arrays of spanwise forcing
plasma actuators. The single streamwise forcing actuator was found to
be much less effective than the other actuator configurations, where a lift
increase of 10% was achieved for the slower case. A decreasing control
authority for the case of the higher Mach number was observed, as a re-
sult they expressed the need for actuators with higher control authority to
further increase the Mach number.

Separation control with higher Reynolds numbers and moderate veloci-
ties is addressed by some other publications. Separation control from the
leading edge up to Re = 106 and U = 60 m

s was investigated by Patel et al.
[114]. There only a weak dependency on the Reynolds number was found
for the minimum required voltage for reattaching the flow. The dependency
on the leading-edge curvature and the angle of attack was more pronounced
for the leading edge separation. The aforementioned comparison of a stan-
dard DBD actuator driven by sinusoidal voltage with an actuator driven
by a nanosecond pulse for leading-edge separation by Little et al. [97] was
acquired at Re = 106 and U = 60 m

s and demonstrates the inferior control
authority of nanosecond pulse driven actuator.

These findings, especially in the higher Reynolds and Mach number
range, clearly demonstrate that the control authority of plasma actuators
is limited. DBD plasma actuators demonstrate efficient separation control
at a lower Reynolds numbers range and moderate velocities. In a lam-
inar flow the pulsed operation reveals an improved control performance.
In this range no significant difference in the performance with spanwise
or streamwise forcing plasma actuators can be seen. Whereas in a fully
turbulent flow a stronger effect could be achieved with the spanwise forc-
ing. At higher velocities and Reynolds numbers the spanwise forcing also
demonstrated better performance. A decreasing control authority was ob-
served with single streamwise forcing actuators with increasing velocities.
The advantage of spanwise forcing is the elongated force region in stream-
wise direction. This way the duration in which the force is acting on the
fluid elements is sufficiently longer than with a single streamwise forcing

4



1.2 Flow Control with Plasma Actuator Vortex Generators

actuator. Therefore the acceleration of the fluid element is stronger.

1.2 Flow Control with Plasma Actuator Vortex
Generators

With the spanwise forcing electrode arrangement of plasma actuators Roth
et al. [133] demonstrated the formation of unstable streamwise vortices.
They showed with smoke-wire visualizations that with increasing voltage
the development of the vortices starts earlier and is more compact. They
also demonstrated vortex break down and active vortex generation using
plasma actuators. The arrays of spanwise forcing actuators are hereinafter
referred to as plasma actuator vortex generators (PAVG).

Since their introduction, active vortex generation using plasma actuators
has recently experienced a growing interest for flow control applications.
Although numerous publications are available, they focus primarily on the
topic of separation control (Jukes et al. [72], Schatzman et al. [135, 136],
He et al. [58], Grundmann et al. [52], Barckmann et al. [7], Kozlov et al.
[80, 81] and Poggie et al. [115]) and parametric studies (Jukes et al. [70]
and Wicks et al. [162]) for this special application. One publication that
reports the use of plasma actuators for active vortex generation in laminar
boundary layers concerns the damping of streaks produced by roughness
elements (Hanson et al. [57]). Jukes et al. [71] investigated the formation
process of a single longitudinal vortex created by means of a single spanwise
forcing plasma actuator in comparison with a passive vane-type vortex
generator (VG). The formation was identified as twisting and folding of
the spanwise vorticity in the boundary layer of the oncoming flow. This
compares to the formation of a vortex with a passive VG due to the pressure
difference between the pressure and suction side of the device. With the
PAVG the vorticity is continuously increasing along the actuator length;
according to the elongated force region in streamwise direction.

Conventional vortex generators (active and passive) have demonstrated
to be robust and efficient flow control devices, that can be utilized for
several different flow control applications (as discussed in the next section).

1.3 Flow Control with Vortex Generators
Vortex generators have been applied for flow control investigations since
the late 1940s and are already used in several practical situations. A broad
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1 Introduction

review about the design, applications and investigations of passive vortex
generators for boundary-layer separation is provided by Lin [92]. Vortex
generators to control boundary-layer separation is extensively investigated
for the low-speed separation in adverse pressure gradients and also for the
control of shock wave induced separation. Dependent on the flow con-
trol approach different designs of passive vortex generators are available,
from cylindrical roughness elements, wishbones and the more standard vane
type elements. In an array of vortex generators, two general types of the
arrangements are differentiated: the co-rotating and counter-rotating VGs.

The robustness of the separation control with passive VGs was demon-
strated by Lögdberg et al. [100] according to the relative position of the
devices to the separation line. Lögdberg et al. also showed that the vortic-
ity of passive vortex generators scales with the flow velocity at the tip of
the devices. The advantages are, beside the robustness of the flow control,
the simple and cheap design and the possibility to retro-fit these devices if
required. But these advantages are accompanied by the drawback of par-
asitic drag. To reduce the device drag, with a height usually in the range
of the boundary-layer thickness, smaller devices were suggested, without
reducing the performance ([88, 92]). Another possibility to reduce the ad-
ditional drag, especially when a flow control is not required, is active vortex
generation. Active vortex generators like slotted or round jets were first
suggested by Wallis [156] in the late 1950s.

A thoroughly parameter investigation in an adverse pressure gradient
with active and passive vortex generators were performed by Godard et
al. [47–49], with the aim to improve the passive devices in terms of skin
friction and also to provide a comparison of the different types.

Beside separation control, longitudinal vortices created by passive or ac-
tive devices, have been investigated for a number of different flow-control
approaches. At transonic flow conditions Caruana et al. [18, 19] demon-
strated the control of shockwave induced separation with passive VGs to
suppress buffet around an airfoil. Dandois et al. [24], experimentally and
numerically, compared buffet control with passive and fluidic VGs.

Boundary-layer control with vortex generators is another flow-control ap-
proach involving the delay of transition from laminar to turbulent. Tran-
sition delay in a 2D boundary-layer with the attenuation of Tollmien-
Schlichting (TS) waves was demonstrated by Fransson et al. [41] and Gürün
and White [55]. With counter-rotating vortices the boundary layer is de-
formed, resulting in streaks of higher and lower velocity; these streaks affect
the growth of the TS waves.

6



1.4 Outline

The interaction of TS waves with streaks was investigated experimentally
and numerically by Bakchinov et al. [6], Cossu and Brandt [22], White et
al. [160], Fransson et al. [43] and Liu et al. [98, 99]. Further details on
the conclusions from these investigations are discussed in Chapter 6.

Another transition mechanism in 3D boundary layers controlled with lon-
gitudinal vortices is the suppression of cross-flow instabilities with rough-
ness elements. This has been successfully demonstrated by Saric [164] in
experiments and numerically investigated by Wassermann and Kloker [157].

Boundary-layer control with the aim of turbulent drag reduction with
large coherent structures was investigated numerically by Schoppa and Hus-
sain in [138]. They demonstrated that small scale vortical structures are
reduced by imposing counter-rotating vortices with moderate amplitude to
a turbulent boundary layer, using a spacing larger than the characteristic
streak spacing.

This brief overview of flow-control investigations by means of passive and
active vortex generators demonstrates the applicability of VGs for a large
variety of flow-control approaches. Plasma actuator vortex generators, so
far majorally investigated for separation control, demonstrated their ad-
vantages as compared to the streamwise forcing actuators: the elongated
force region in streamwise direction. This advantage could extend the lim-
itation of the control authority to a larger range of flow conditions and the
applicability of PAVGs for a larger variety of flow-control applications.

1.4 Outline
It is the aim of the present thesis to explore the working mechanisms and the
scalability of such devices for active vortex generation in laminar boundary
layers. The characterization of the influence of different parameters is in-
vestigated, as well the qualification of this active device for boundary-layer
control on flat-plate wind-tunnel experiments.

The second chapter describes briefly the classification of plasmas. The
involved modifications from the classical drift tubes to the gas-discharge for
flow control with DBD plasma actuators are described. In a second part
characterization methods are introduced to describe the features of DBD
plasma actuators.

The third chapter addresses the description and characterization of the
actuator configuration used in this study, involving the operating limits,
consumed power, the produced thrust and the relation of the force magni-
tude to the force field distribution, dependent on the input parameters of
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1 Introduction

applied voltage and operating frequency.
In the next chapter (Chapter 4) the direct scaling of the actuator force

production dependent on the operating conditions and the actuator setup is
discussed. Furthermore an indirect scaling method of the force magnitude
and the force field distribution are introduced.

The insights of the scaling are used to discuss the parameter influences for
the active vortex generation in Chapter 5. There, a qualitative parameter
study demonstrates the key features, necessary to generate stable streaks
with longitudinal vortices by means of PAVGs in a laminar boundary layer.

Active boundary-layer control is demonstrated with the attenuation of
TS waves in Chapter 6. Different array configurations to impose the streaks
on the laminar boundary layer are investigated.
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2 Dielectric-Barrier Discharges

In this chapter the working principle of DBD plasma actuators is discussed.
A brief overview is given in Section 2.1 concerning plasma characteristics
as an introduction to classify the DBD plasma actuator.

In Section 2.2 the measures for characterizing the standard actuator are
introduced.

2.1 Characterization of Atmospheric Pressure
Gas Discharges

Gas discharges have a long history as plasma sources in research and in-
dustrial applications. A broad introduction and overview into the topic
plasma reactors and their applications is provided by Roth in the first two
volumes of Industrial Plasma Engineering [127] and [128]. In the first vol-
ume Roth introduces the physical background and principle with the basic
information on plasma physics and the physical processes important for
industrial plasma sources. The physics and technology of constant/direct
current (DC) and radio-frequency (RF), usually in the range of kHz to
MHz, of the electrical discharge are introduced.

The gas-discharge of dielectric-barrier discharge (DBD) plasma actuators
is characterized as a weakly ionized and a non-thermal, non-equilibrium
plasma, dependent on the general classification of plasmas with the kinetic
temperature and the number of density of charge particles. Further infor-
mation about this classification can be found in Roth [127] and an overview
to this topic in literature is given in [82].

The second volume Applications to Nonthermal Plasma Processing [128]
provides a background to the principles and applications of low temper-
ature, partially ionized plasmas. As one application example of plasma
sources, electrohydrodynamic (EHD) flow control is introduced. EHD flow
control is the study of the behavior of electrically charged fluids in electric
fields, and it finds application in electrostatic paint spraying and electro-
static precipitators. In combination with glow discharges a paraelectric
EHD body force arises, when the applied electric field acts on the net
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2 Dielectric-Barrier Discharges

charge density of the plasma. This provides a body force capable of accel-
erating the neutral gas to velocities up to about 10 m/s according to Roth.
Different types of flow control actuators are introduced, besides the single
dielectric barrier plasma actuator Roth also presented in [129].

For the DBD plasma actuators the principles of atmospheric pressure
plasma sources are of importance. To describe the physical processes in-
volved in the gas discharge of DBD plasma actuators, comparisons to the
different regimes of gas discharges are made, as they occur in the well in-
vestigated classical DC intermediate-pressure electrical discharge tube, as
schematically sketched in Figure 2.1. Although DBD plasma actuators are
operated in atmospheric pressure and in a RF range, Raizer [124] and also
Gadri and Roth [44] showed that at any given phase of the RF cycle, the
discharge between the electrodes has the classical characteristics of a DC
normal glow discharge.

Cathode Anode

Figure 2.1: Example for the plate-to-plate electrode configuration of a clas-
sical drift tube.

The characteristics of a drift tube are complex, since many different types
of discharges can occur. The following discussion on the difference between
dark, glow and arc discharge (see Figure 2.2) are based on the description
of Roth [128].

Dark Discharge Very low voltages lead to a drift of the electrons produced
by background radiation (background ionization regime) and a nonlinear
rise in the current (A-B). The current is in the saturation regime (B-C)
once all charges reach the electrodes before recombination. Once the kinetic
energy of the primary electrons is sufficient for secondary electron knock-
out, avalanches (Townsend discharges) occur and an exponential increase
in current can be observed. Depending on the design of the electrodes, the
avalanches concentrate around areas of higher electric field strength, such
as sharp edges or tips in the electrodes. In this corona discharge regime
(D-E), a sub-regime of the Townsend discharge, most of the avalanches
concentrate in a disruptive area around the tips, since the voltage is not
sufficient for neutralization of ions by secondary electron emission. The
ions create a large space charge, shielding most of the electrode. Thus the
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Figure 2.2: The voltage-current characteristic of the classical DC
intermediate-pressure electrical discharge tube, according to
Roth [128].

electric field in-between the electrode and the space charge is enhanced,
whereas it is significantly reduced in-between the space charge and the
second electrode. The result is a small visible area of discharges in the area
of high gradients, either around the anode (positive corona) or the cathode
(negative corona). This regime is the first one that could emit visible light.
The discharge area is followed by a large drift zone, where either positive
(positive corona) or negative (negative corona) ions slowly move towards
the second electrode.

Glow Discharge Once the voltage for secondary electron emission is reached,
the discharge is self-sustaining. Thus a breakdown in voltage and a transi-
tion (E-F) to the glow discharge regime occurs. In this regime the current
is significantly increased over several orders of magnitude. The plasma be-
comes visible due to the high current, and starts to cover the cathode until
the latter is fully covered at point G. The abnormal glow discharge starts
just beyond that point: Since the cathode is fully covered, a strong increase
in voltage is necessary to create higher currents. Due to the high dissipated
power, the plasma is very bright and the electrodes are strongly heated.

Arc Discharge At even higher power levels (H-I) the glow to arc transition
occurs. This is caused by thermionic emission of electrons from the highly
heated electrodes. These extra electrons strongly decrease the voltage nec-
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2 Dielectric-Barrier Discharges

essary to maintain the discharge. Due to instabilities, the plasma forms in
the shape of a hot and bright arc. The plasma is first non-thermal (I-J),
since the gas temperature is still not as high as the electron temperature.
At higher power levels, the dissipated energy is high enough to heat the
gas towards a thermal arc at point J and a thermal equilibrium at point K.

At increasing pressure levels the regions F-G and G-H shrink such that
a direct transition to arc discharge is possible.

Breakdown Voltage The breakdown voltage (Vb) required for the transi-
tion to glow discharge with a classical DC intermediate-pressure electrical
discharge is a function of the pressure and electrode distance pd, as shown
by Paschen [113]. These V-pd-curves or Paschen curves (schematically dis-
played in Figure 2.3) show an increase in Vb at large pd, (high-pressure
insulation) and at some critical value of pd, Vb becomes infinite (vacuum
insulation), in between, there is an optimum where a minimum voltage is
required for a breakdown.

Vbmin

Vb

pd

High pressure insulation

Vacuum insulation

Figure 2.3: Schematic breakdown curve for a parallel plate according to
Braithwaite [16].

The gas breakdown voltages by RF electric fields at a lower frequency
range are very similar to those with the DC breakdown [16]. At high fre-
quenciy (HF) ranges (above 10MHz) the breakdown voltage decreases [112].
This is explained with a careful examination of the dominant electron loss
mechanism. The gas breakdown by high-frequency electric fields has been
studied in detail by Brown [36]. According to Brown, the gas breakdown
by HF fields occurs when the volume ionization equals the electron loss by
diffusion. Based on this diffusion theory, he derived the conditions for HF
breakdown similar to the Paschen curve.

By applying at least one dielectric layer in the discharge gap in-between
the electrodes in the parallel plate-to-plate configuration, shown in Figure
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2.1 Characterization of Atmospheric Pressure Gas Discharges

2.4(a), the breakdown voltage Vb is reduced as well, as discussed by Gibalov
et al. [45]. The influence is explained with the charge accumulated at
the dielectric surface, which is also dependent on the permittivity of the
dielectric. Gibalov et al. differentiate between the ignition voltage and the
required voltage for maintaining the discharge, similar to plasma display
panels.

2.1.1 Stable Atmospheric Pressure Gas Discharges
The discharge becomes unstable at higher pressure levels and turns into
a filamentary arc immediately after breakdown. Atmospheric pressure
plasma sources would be much more advantageous from the viewpoint of
the cost of apparatus and the construction of a large-scale system. Since
several material processing applications, such as surface treatment, etching,
deposition, and surface modification or sterilization, are usually processed
at low pressure. Thus several publications on the stability of atmospheric
pressure plasma sources are available [76, 102, 132, 142, 143]. A critical cur-
rent density is observed for all different plasma sources before the transition
to arc discharge occurs. A comparison of different atmospheric-pressure
plasmas, such as arcs, plasma torches, corona discharges, and dielectric
barrier discharges, is presented by Schütze [139]. This comparison involves
the voltage current-characteristics and the densities of oxygen species in
the plasma discharges with respect to the different applications.

Since the DBD plasma actuators for flow control should be operated un-
der atmospheric pressure and below, atmospheric pressure plasma sources
are also of importance for the understanding of this device. To sustain a
stable glow discharge up to atmospheric pressure some operating condi-
tions, as for example the operating gas, electrode geometry and tempera-
ture, applied frequency or an additional dielectric layer in to the gas gap,
could generate discharges in a diffuse glow regime. Von Engel [154] demon-
strated in 1956 that a DC atmospheric pressure glow discharge with bare
electrodes is possible. For this an intensive electrode cooling was required
to suppress the glow-to-arc transition.

The operation of plasma sources at a high RF range increases the stable
region of the glow discharge. Numerical investigation of the stability range
of RF atmospheric-pressure glow discharges by Shi et al. [142] demon-
strated an increase of the critical current density with increasing frequency.

Another possibility to increase the stable glow discharge region is to
apply a dielectric layer in the discharge gap. Here different configurations
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2 Dielectric-Barrier Discharges

are available as shown in Figure 2.4. Massines et al. [102] investigated
the stability of glow discharges theoretically and experimentally. Shi et
al. [143] showed numerically, that the DBD is stable to very large current
densities.

The dielectric barrier shields the electrodes and prevents a large current
flow. The transferred charge is accumulated at the surface of the dielec-
tric barrier and builds up a surface charge. This surface charge weakens
the external applied electric field until its compensation and the discharge
stops. This self-limiting behavior of dielectric barrier discharge requires the
actuator to be operatedwith a pulsed DC or with an AC voltage to allow
continuous plasma generation.

Besides the parallel plate-to-plate configuration with a dielectric layer
in between the electrodes (cp. Figure 2.4(a)), there is also a so-called
surface-discharge configuration available. With the surface discharge (SD)
the electrodes are not facing each other, but rather orientated next to
each other and again separated and shielded with a dielectric. Different
configurations of SD plasma sources are shown in Figure 2.4(b). In this
configuration one or both electrodes could be covered with a dielectric. The
discharge with the SD plasma source spreads on top of the surface between
the electrodes. The discharge with the plate-to-plate configuration occurs
in the gas gap between the electrodes, in contrast to the SD. Consequently
the plate-to-plate configuration is also referred as a volume discharge (VD).
In the next section the different DBD configurations (SD and VD) are
compared and discussed.

2.1.2 Dielectric-Barrier Discharges
An overview of dielectric-barrier volume discharges is presented by Ko-
gelschatz [78], involving the history of their development, the discharge
physics and industrial applications.

Usually this type of plasma source is operated at a lower RF range be-
tween 0.5 − 10kHz [45, 123, 143] and up to 10MHz [78]. Depending on the
operation condition, the discharge has a filamentary structure or appears
in a diffuse glow. Operated at atmospheric pressures, the discharge usually
emerges in the filamentary structure. According to Kogelschatz [78] the
discharge occurs in current filaments of short duration and large numbers,
also called micro discharges, as sketched in Figure 2.5. These filaments
are formed by growing electron avalanches, creating a high space charge
and resulting in self-propagating streamer. The discharge is inducted when
applying an electric field above the breakdown voltage. Due to the fast
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Dielectric

Electrodes

(a) Volume DBD

(b) Surface DBD

Figure 2.4: Different DBD configurations according to [45, 78, 128, 139,
155].

Figure 2.5: Schematic micro discharge according to [78]

moving electrons, the electrons are accumulated at the streamer head and
leaving behind a tail of the slower ions. Due to a space-charge induced field
enhancement between the head and the anode, further enhancement of the
field around the anode is caused. The process is very fast and the positive
space charge extends to the cathode very rapidly resulting in the formation
of a streamer.

The charges accumulating on the surface spread on the dielectric with a
substantial larger diameter compared to the discharge channel. This accu-
mulated surface charge reduces the local electric field to such an extent that
ionization stops within a few nanoseconds and the micro discharge termi-
nates. With a still increasing applied electric field new micro discharges can
develop, preferably at a location outside the accumulated surface charge,
where the local electric field is not affected. Thus the filamentary discharge
of VD is randomly distributed in time and space over the surface of the
electrodes. This process is described by Kogelschatz [78], and Gibalov and
Pietsch [45].
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2 Dielectric-Barrier Discharges

Gibalov and Pietsch [45] compared the VD and SD with experimental and
numerical results. The VD is referred to as a pulsed discharge by Gibalov
and Pietsch, whereas the SD is described as a stepwise discharge. The
charge transferred in a discharge gap with a VD arrangement is connected
to the design parameters, the size of the discharge gap, the thickness of the
dielectric layer and the relative permittivity, for a given operating gas. The
total charge during a half-period of the applied voltage will only grow in
discrete steps with increasing voltage. In contrast to the VD arrangement,
the charge spreads on the dielectric surface with the SD arrangement. The
spatial extent of the surface charge hereby is dependent on the polarity and
the amplitude of the applied voltage. While the current-voltage character-
istic is mainly linear in the VD case, it is nonlinear for SD arrangements.

This difference in the discharge characteristic is also visible in the so-
called Lissajous figures. The Lissajous figures for a VD and SD cycle are
sketched in Figure 2.6. In the following the characteristics of the Lissajous
figures and the differences with the VD and SD are discussed. In 1943 Man-
ley [101] introduced a method to calculate the power dissipated in DBDs.
Since the micro discharge current peaks are of short duration, it is difficult
to measure the time-resolved current. It is more appropriate to measure
the time-integrated current, the charge Q, with a probe capacitance Cp put
in series with the DBD experiment. The voltage Vp across this measuring
capacitor is proportional to the charge (Q(t) = CpVp(t)). The slope of the
voltage-charge cyclogram or Lissajous figure represents the capacitance of
the actuator [101]. For an ideal capacitor the Lissajous figure collapse to
one line and for a resistive component the Lissajous becomes an ellipse.

V [kV]

Q
max

V
max

V
min

dQ/dV=C
d

dQ/dV=C

Q [nC]

(a) Volume DBD

Q [nC]

V [kV]

dQ/dV=C
eff

dQ/dV=C

Q
max

V
max

(b) Surface DBD

Figure 2.6: Different DBD configurations according to [155].

Thus the form of a Lissajous figure, obtained from a DBD discharge cy-
cle, contains a lot of information. The VD electrode configuration with the
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2.1 Characterization of Atmospheric Pressure Gas Discharges

dielectric layer and gas gap can be seen as a series of capacitances of the
dielectric (Cd) and the gas gap (Cg), shown in Figure 2.7, as an equiva-
lent circuit diagram [78, 124, 141]. The spark gap in Figure 2.7 represents
the change in capacitance as well as the increase of the conductivity in
the gap with the micro discharges. Nersisyan and Graham [108] and Ko-
gelschatz [78] also propose a resistor, set in parallel with the gas gap, for
the equivalent circuit diagram.

After ignition of the discharge, the total capacitance of the actuator
changes. Thus the change in the slope of the Lissajous figure indicates the
ignition and decay of the discharge and the minimum required voltage Vmin.
The step-wise discharge with the SD arrangement, results in a continuous
change of the slope and thus a change in capacitance of the actuator . The
growth of the discharged area with the applied voltage results in growth
of the capacitance. With both electrode arrangements discharge activity is
limited to a certain fraction of the cycle and occurs twice during discharge
cycle with the doubled frequency of the operation. The discharge cycle
can be divided into the positive and negative half-cycle, starting at the
extremes of the applied voltage. The time before the discharge starts are
also referred to as dark periods (Manley [101]).

C
D

C
D

C
G

Figure 2.7: Schematic micro discharge equivalent circuit diagram according
to [78] and [155]

Besides the information derived from the form of a Lissajous figure, they
can be used to calculate the power dissipated in DBDs. The area of a closed
loop of the applied voltage vs. charge represents the energy consumed
during one period.

E =
∮

Q(t)dV. (2.1)
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The overall consumed power per discharge cycle of the actuator is propor-
tional to the applied frequency fp and the consumed energy E.

PA = fp · E = fp

∮
Q(t)dV (2.2)

With the VD electrode arrangement no differences can be seen in the
positive and negative half-cycle of the Lissajous figure. Also the asymmetric
electrode arrangement of the SD reveals no difference in the slope and
analysis of the effective capacitance Ceff, as demonstarted by Stanfield [146]
and also by Kriegseis et al. [84]. This indicates that the same charge is
transferred during the discharge in both half-cycles.

In the comparison of the VD and SD electrode arrangement carried out
by Gibalov and Pietsch [45] the difference at the anode and cathode pattern
on the dielectric is discussed.

Discharge patterns, derived with photographs in the visible spectrum
range on the dielectric surface of a VD arrangement reveal a diffuse, homo-
geneous discharge distribution at the base of a VD on a dielectric anode.
In contrast to this, discharge channels are visible on the surface at the base
of a VD on a dielectric cathode (cf. Figure 2.8).

Figure 2.8: Discharge pattern at the base of a VD on a dielectric cathode
and anode from Gibalov and Pietsch [45]

Similar patterns are visible for the SD electrode arrangement visualized
with dust figures by Gibalov and Pietsch. The patterns for a single positive
pulse and a single negative pulse on the dielectric surface also reveal a dif-
fuse, homogeneous discharge distribution for the negative pulse and single
discharge channels during the positive pulse. This structure is also iden-
tified by photographs taken by Enloe et al. [31], shown in Figure 2.9. In
the SD arrangement the two-dimensional pattern of the discharge is spread
over the upper electrode. In contrast to this, the patterns are symmetric
to a central point in the VD case.
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2.1 Characterization of Atmospheric Pressure Gas Discharges

Figure 2.9: Photograph of a discharge pattern during a positive (bottom)
and a negative half-cycle (top) with of a SD from Enloe et al.
[31]

The discharge structure in both half cycles is characterized by Enloe et al.
[31] and Orlov [111]. They distinguish a (diffuse) glow or Townsend-type
discharge for the negative half cycle and a (highly filamentary) streamer
type discharge for the positive half cycle.

Gibalov and Pietsch [45] pointed out, that since the distance between the
single discharge channels is smaller than its extensions a two-dimensionality
can be assumed, comparable to the VD case.

Push-Pull Theory versus Push-Push Theory Moreau [105] discussed the
non-uniformity of the discharges in positive and negative half cycles. The
question arising here is the influence of the different discharge modes on
the sign of the induced EHD force. Theories exist that the plasma strongly
pushes (accelerates) the flow downstream during one half cycle and weakly
pulls (decelerates) it upstream in the other half cycle. Other theories sug-
gest that the plasma pushes the flow downstream in both half cycles. Cor-
respondingly, the two opposing theories are referred to as the push-pull
theory and the push-push theory. Besides time-resolved optical measure-
ments and the analysis of the electrical characteristics only a few efforts
have been made to acquire time-resolved force measurements to answer this
question. Based on numerical simulations of the discharge cycle, Font et
al. [38] and Boeuf et al. [14] promoted the push-pull theory, which was
supported with experimental data by Porter et al. [119] using an accelerom-
eter to estimate the time-resolved thrust. On the other hand the push-push
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2 Dielectric-Barrier Discharges

theory is propagated by Font et al. [37] based on experimental and compu-
tational examinations. Also the numerical simulation by Likhanskii et al.
[91] support this theory. He concludes that the tangential force on the gas is
directed downstream in both cathode and anode half-cycles, and is created
by the downstream motion of the negative ions in the cathode half-cycle
and by the downstream motion of positive ions in the anode half-cycle.
Numerical simulations in electro-negative gas, performed by Boeuf et al.
[13], revealed a non-uniform force distribution in the negative half-cycle.
A small region of a negative force close to the upper electrode is accom-
panied with a force directed downstream in the positive direction. The
overall integrated force magnitude exhibits a downstream directed force in
both half-cycles. Time-resolved thrust measurements of Enloe et al. [30]
show that both half-cycles produces a downstream directed force, whereas
the negative-going half cycle produces a force sufficiently larger than the
positive-going half cycle.

Both cases, the push-push and the push-pull scenario, are possible ac-
cording to investigations of Debien et al. [25], depending on the geometry
of the upper electrode. A deceleration of the induced flow during the dark
periods is observed, similar to the finding of Enloe et al. [30]. This is also
supported by the work of Boucinha et al. [15].

Time-resolved measurements, as for example optical, electrical, and force
measurements, and numerical simulation of the discharge are important
for the understanding of the processes involved in the momentum coupling
and the general understanding of DBD plasma actuators. For flow con-
trol investigations and for the design of DBD plasma actuators for those
applications the force production can be considered as quasi-steady, since
the DBD plasma actuator is operated at a low RF range and the flow is
usually not receptive to those frequencies. Time-averaged optical and force
measurements and the electrical characterization are appropriate methods
to describe the actuator characteristic for flow control applications.
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2.2 Characterization Methods for DBD Plasma
Actuators

In the following section the characterization methods for the DBD plasma
actuator used in this work are introduced. The measurement procedures
and the processing of the acquired data are presented.

2.2.1 Electrical Characteristic
The electrical measurements were obtained using an oscilloscope (Agilent
DSOX2004A) to record the applied voltage V with a high-voltage probe
(Tektronix PN6015, 1000:1) and the voltage Vp across the charge-probe
capacitor Cp = 22nF with a low voltage probe (LeCroy PP006A, 10:1), as
depicted in Figure 2.10. The applied voltage V is generated by a high volt-
age generator (GBS Elektronik, Minipuls 6), which is driven by a regular
DC laboratory power supply and a function generator. The applied voltage
V is defined as the peak-to-peak value of the measured sine wave.

Figure 2.10: Schematic sketch of the actuator setup

The consumed power can be calculated via the well-known and estab-
lished method of the Lissajous figures as presented by [101] for volume
discharges. The Lissajous figure analysis allows, besides the calculation
of consumed power, an additional analysis of the electrical characteristics,
yieldingthe effective capacitance Ceff of the plasma actuator as introduced
by Wagner [155] for volume discharges. The transfer to surface discharges
was shown by Stanfield [146] and Kriegseis et al. [84]. This analysis method
employing the Lissajous figure requires intense and time consuming signal
processing and smoothing.

A more robust and faster analysis of the consumed power can be achieved
with a differential method as presented by Bürkle [17], since no filtering or
smoothing is required. Here, the power is directly calculated through the
charge Q(t) = Cp · Vp(t).
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PA(t) = V (t) · I(t) = V (t) · dQ(t)
dt

(2.3)

For a set of discrete voltage and charge measurements, the mean power over
N samples can be calculated using the midpoint rule for differentiation:

PA =
N∑

i=1
Vi · Qi+1 − Qi−1

2∆t
(2.4)

A comparison of results using both methods is presented in Figure 2.11.
It is impossible to distinguish a difference between the two methods; re-
vealing equivalent methods for estimating the power-consumption. The re-
duced complexity of the calculation of the power consumption reduces the
required computational power of online monitoring and control approaches.
The online monitoring and control for plasma actuators were introduced
by Kriegseis et al. [86]. Besides the reduced complexity, the differential
method offers the possibility to calculate the power consumption of an ac-
tuator operated in pulsed mode, which is the actual benefit of this method.
For further information on the differential method see Bürkle [17].
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Figure 2.11: Comparison of the differential and the Lissajous figure ap-
proach for the estimation of the power consumption.

2.2.2 Light Emission
The analysis of light emission from the gas discharge is a commonly ac-
cepted method to characterize the plasma actuator. Time resolved mea-
surements of the light emission were used to evaluate the plasma extension
by Enloe et al. [31, 32, 34], Orlov et al. [110] and Hoskinson et al. [63].
Allegraud et al. [4], Gregory et al. [51] and Kriegseis et al. [83] successfully
used the same approach with time averaged light emission measurements.

22



2.2 Characterization Methods for DBD Plasma Actuators

In the present study a CCD camera (FlowSense 2M ) with a resolution
of 1600 × 1220px and a frame rate of 15frames/s has been used to cap-
ture the luminosity of the discharge. With an exposure time of 30ms, the
time-integrated spatial light emission of the discharge is acquired, since
the chosen exposure time is two orders of magnitude longer than a single
discharge period.

The gray value distribution gi(x, z) of the raw image i (right diagram
in Figure 2.12) is averaged in spanwise direction with Nz = 1600 pixels,
yielding the streamwise development of the light emission intensity (gz

i (x)),
according to Equation (2.5). The streamwise development of the light
emission intensity is shown in the left diagram in Figure 2.12.

gz
i (x) = 1

Nz

Nz∑
k=1

gi(x, zk) (2.5)
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Figure 2.12: The gray value distribution gi(x, z) (right diagram) of one raw
image for a plasma actuator operated at V = 8kV and the
corresponding spanwise average gz

i (x) (left diagram)

The standard deviation of the spanwise average yields information about
the spatial homogeneity of the discharge. It is shown as red horizontal
error bars in the left diagram in Figure 2.12. For the case of V = 8kV,
the standard deviation of the spanwise average is negligibly small, such
that the end marker of the error bars appear as one line in Figure 2.12.
Since the exposure time is large compared to the duration of the discharge
cycle, the sequence of raw images contains information about the temporal
homogeneity with a low-pass filtered temporal evolution.

For the average I = 15 frames have been used resulting in a temporal
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and spanwise averaging gray value distribution:

G(x) = 1
I

I∑
i=1

gz
i (x). (2.6)

According to the analysis of the light emission of Kriegseis et al. [83] the
gray value distribution G(x) is used to estimate the plasma extension ∆x

and the peak intensity Ĝ. For the analysis the background gray value Gb

is subtracted from the gray value distribution (G(x).

∆x = xmax(G(x) > Gb) − xmin(G > Gb).

Ĝ = max(G(x)) − Gb
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Figure 2.13: Spanwise averaged gray-value distribution G(x)

Beside the peak value and the plasma extension, the integral gray value
GV of the light emission is used to describe the characteristics of the light
emission.

GV =
∆x∫

x=0

G(x)dx. (2.7)

Gregory et al. [51] attempted to estimate the number of ions in the
discharge with the integral gray value. These data have been normalized
with the light emission intensity, since it is a number with arbitrary units.
Gregory et al. showed that the integral gray value increases with the con-
sumed power but a close correlation of the integrated gray value and the
consumed power was not demonstrated.
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2.2.3 Thrust Measurements
For the determination of the produced force, the thrust of the actuator
was measured directly by means of a weight balance. This technique is
convenient and well established, it has been used in a number of studies
[1, 2, 28, 35, 51, 60, 61, 83, 118, 147, 151, 152]. The produced thrust
Ft should not be understood as the produced body force Fb, as already
described by Kriegseis et al. [83], as it is reduced by the wall-friction force
term. The wall-friction force term depends strongly on the velocity gradient
close to the wall and thus the induced wall-jet thickness. These might
be affected by a change of the actuator configuration. Nevertheless, the
produced thrust Ft corresponds to the utilizable part of the force, therefore
it represents a good measure of the effectiveness of an actuator.

The plasma actuator is mounted on an acrylic plate, which is connected
to a weight balance (WB) (KERN PCB 250-3 precision balance, accuracy
1 mg) using a rocker arm H1/H2 = 1 : 4 to amplify the actuator thrust, as
depicted in Figure 2.14. The balance and rocker arm were identical to those
used in Kriegseis et al. [83], except for the increased rocker arm ratio. The
increased ratio of the amplification of the produced thrust enables mea-
surements at lower voltage levels. The rocker arm ratio cannot be enlarged
indefinitely, since perturbations from the surrounding air and vibrations
will also be amplified, resulting in deterioration of the signal-to-noise ratio.

x

WB

H
1

H
2

Figure 2.14: Schematic sketch of the experimental setup for the thrust mea-
surements.

To estimate the produced thrust Ft, the actuators were repeatedly turned
on and off. The difference in the weight-balance signal (W (t)) between the
on and off periods was averaged over several iterations (∆W ). The thrust
term was calculated with the rocker arm ratio, the force of gravity and the
averaged difference in the weight-balance signal:
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2 Dielectric-Barrier Discharges

Ft = H2

H1
· g · ∆W, (2.8)

2.2.4 Indirect Force Measurements
An alternative to these direct measurements is provided by the estimation
of the momentum added to the flow by measuring the resulting velocity
distribution. The velocity distribution for this determination is measured
with Particle Image Velocimetry (PIV). The force acting on the flow is
calculated based on fluid mechanic balance equations. The plasma-actuator
force contributes an additional source term to the governing equations.

Integral Approach For this estimation different methods are available.
The first method is an integral approach resulting in a force magnitude and
the second is a differential approach yielding also the force field distribution
besides the force magnitude. The integral approach is based on a control
volume (CV) around the discharge region regarding the momentum balance
equation at the boundaries of the CV, as shown in Figure 2.15. Since the
force is assumed to be two-dimensional the force magnitude is calculated
per unit length L of the actuator.

top

wall

rightleft

ò dyu²r ò dyu²r

òuvdxr

ò dxWt

CV

Figure 2.15: Sketch of the control volume as used for the force estimation.

Fx/L = ρ

∫
right

u2 dy − ρ

∫
left

u2 dy + ρ

∫
top

uv dx +
∫

wall

τw dx (2.9)

The sum of the first three terms on the right side of Equation (2.9),
corresponds to the thrust induced by the plasma actuator. Together with
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2.2 Characterization Methods for DBD Plasma Actuators

the wall friction, the last term on the right side of Equation (2.9), the body
force magnitude can be calculated.

The relative share on the total force is not equal on all boundaries, the
major contribution is given by the friction term and the momentum at the
right boundary. This approach was successfully applied by several research
groups [27, 62, 79, 153], although some neglected the influence of one or
more boundaries.

Differential Approach The differential approach is based on the Navier-
Stokes equation, where the plasma-actuator force contributes an additional
source term. Wilke [163] demonstrated the procedure for the estimation
of the body-force distribution for DBD plasma actuator and the required
simplifications. Another differential approach for calculating the force field
is based on the vorticity equation, as shown by Albrecht et al. [3]. A
comparison of all the different approaches is given by Kriegseis [87].

In the present work the Navier-Stokes equation is used to estimate the
force field in its magnitude and distribution. The Navier-Stokes equation in
two directions with the additional source term contributed by the plasma
actuator force can be written as:

fx − ∂p

∂x
= ρ

(
u

∂u

∂x
+ v

∂u

∂y

)
− η

(
∂2u

∂x2 + ∂2u

∂y2

)
, (2.10a)

fy − ∂p

∂y
= ρ

(
u

∂v

∂x
+ v

∂v

∂y

)
− η

(
∂2v

∂x2 + ∂2v

∂y2

)
(2.10b)

These equations are not sufficient on their own, since only two equations
exists to determine the four unknowns, the force densities fx, fy and the
pressure gradients. Therefore further assumptions have to be made. Wilke
[163] assumed that the force term fi is of at least one order of magnitude
larger than the pressure gradients over the entire control volume, i.e.

|fi| ≫
∣∣∣∣ ∂p

∂xi

∣∣∣∣ . (2.11)

Consequently, the pressure gradients are neglected

∂p

∂xi
:= 0 (2.12)

and the two remaining unknowns fx and fy can be calculated according to
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fx(x, y) = ρ

(
u

∂u

∂x
+ v

∂u

∂y

)
− η

(
∂2u

∂x2 + ∂2u

∂y2

)
, (2.13a)

fy(x, y) = ρ

(
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+ v
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∂y

)
− η

(
∂2v

∂x2 + ∂2v

∂y2

)
. (2.13b)

This assumption has been verified by Wilke [163] with reverse numer-
ical simulation of the induced flow field, using the estimated body force
distribution as an input parameter.

For the determination of the velocity field, a commercial high-speed
PIV system comprising a Litron Nd:YLF (λ = 527nm) dual-cavity laser
and a Phantom V12 high-resolution camera (12 bit, maximum resolution
1280 × 800 pixels) was used, which was operated in single-frame mode at
a repetition rate of 10k frames per second (fps) and a pulse duration of
150ns.

The laser was synchronized with the operating frequency f of the plasma
actuator. Thus, the calculated velocity field resembles the induced veloc-
ity averaged over one discharge cycle. This could reduce the fluctuations
between the single estimated vector fields. Since a frequency shift between
the operating frequency of the plasma and the laser pulse frequency would
result in a different acceleration of the flow among the single estimated
vector fields. The mean velocity would not be affected with adequate large
number of images, but the standard deviation would be increased.

This high repetition rate with 10k fps demanded a reduction of the spa-
tial resolution and the bit resolution, down to 800 × 600 pixels and 8 bit,
respectively.

Additional measurements in double-frame mode were acquired to mea-
sure the temporal evolution of the flow field with a phase-locked average.
Thus a time delay of the two laser pulses of ∆t = 10 and 20µs were used
to divide the discharge cycle into 10 and 5 bins, alternatively. With the
double-frame mode it was required to reduce the repetition rate to 5k fps,
resulting in a phase-locked average of every other discharge cycle.

A reversely mounted 120mm SKR SYMMAR lens is used according to
the setup described in Kriegseis et al. [87], with 4 distance tubes of 75mm
length, giving a field of view (FOV) of 6.9 × 5.2mm2. To reduce reflec-
tions on the surface of the actuator, the laser sheet was aligned parallel to
the surface, as shown in Figure 2.16. The plasma actuator was operated
in a closed acrylic-glass containment (450 × 325 × 445mm3) with quartz-
glass windows to assure good optical accesses for the laser-light sheet and
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Figure 2.16: Sketch of the experimental PIV setup.

the camera. The containment was seeded with Di-Ethyl-Hexyl-Sebacat
(DEHS) aerosol (mean droplet diameter 0.9µm).

The influence of the electric field on the seeding particle was investigated
by Boucinha et al. [15]. A comparison of different seeding particles (olive
oil, DEHS and incense) with an intrusive measurements method to estimate
the velocity. Boucinha et al. demonstrated that olive oil and DEHS do not
show a significant difference, whereas the use of incense as seeding particles
lead to incorrect veocity values.

Studies by Kim et al. [77] with alumina particles as seeding showed no
difference with a direct experimental comparison of the seeding particle-
density distribution in the presence and absence of an applied electrical
field. They report a negligible influence of seeding particle charging on the
resulting velocity measurements. This conclusion is confirmed by theoreti-
cal estimations with DEHS particles of Wilke [163].

PIV Data Processing The velocity distributions were calculated from
the raw data using commercial software (Dynamic Studio v3.4). To reduce
the signal-to-noise ratio (SNR) in the images, the image mean was sub-
tracted from the raw images. Rectangular interrogation areas (IAs) with a
final/initial size of 32×8/256×64 and pixels 64×8/512×64 pixels, depen-
dent on the particle shift with the different applied voltages. The overlap
of the IA was chosen as 75%×50% in the vertical and horizontal directions
respectively. The size of the IAs were chosen to fulfill the requirements of
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2 Dielectric-Barrier Discharges

calculating a wall jet’s velocity profile with the strong wall-normal velocity
gradients (dui/dy, dui/dx) and high wall-parallel velocities (u ≫ v).

The flow fields were calculated with a multi-grid cross-correlation al-
gorithm (’adaptive correlation’). Outliers were eliminated using a range
validation with limits two times larger than the estimated range of the
mean velocity.

Kriegseis[82] demonstrated that at least 103 correlated flow fields are
required to assure statistical significance of the averaged data ui(x, y). Thus
a sufficiently large number (N=5-10k) of images were used for the flow field
estimation.
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3 Characterization of DBD Plasma
Actuators

In this chapter the plasma actuator as used in this work is characterized
using the previously described methods. The standard plasma actuator
is a single DBD plasma actuator comprising two copper electrodes and
a polyimide dielectric. The dimensions of the upper and lower electrodes,
which were made of self-adhesive copper tape, had a thickness of de = 35µm
and a width of w1 = 2mm and w2 = 10mm, for the upper and lower
electrode respectively. The actuator setup is shown in Figure 2.10. The
electrodes were arranged without a horizontal overlap or gap and were
separated by the dielectric layer with a thickness of d = 0.3mm. Cirlex, a
DuPont Kaptonr polyimide laminate, was used as dielectric material for
the standard configuration.

3.1 Operation Limits
The operating range of a plasma actuator, in which a constant two-dimensional
body force can be assumed, is limited. The lower limit is determined by the
discharge onset and the upper limit by the start of filamentary discharge.
Beyond both limits a spatially or temporally inhomogeneous discharge oc-
curs. Gibalov and Pietsch [45] regarded the filamentary structure of the
micro discharges as two-dimensional, in consideration that the spanwise
distances in the filamentary structure was substantially smaller than its
extension.

3.1.1 Lower Limit - Discharge Onset
For some flow control applications (e.g. boundary-layer control) small
forces are required. This requires operating the actuator just above the
discharge onset, when a spatially and temporally homogeneous discharge is
achieved. For the model development of numerical investigations it is also
essential to know when the discharge onset occurs.
The analysis of the voltage-power diagram reveals three discharge regions, a
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passive, a transition and a homogeneous-discharge region. These discharge
regions are characterized by different slopes in the logarithmic voltage-
power diagram, as shown in Figure 3.1. To identify the different regions the
standard actuator was operated over a large voltage range (V = 0 − 13kV).
Within the passive region the consumed actuator power is proportional to
the voltage with the power of two PA ∝ V 2. In the passive regime the
actuator does not produce a discharge and therefore behaves electrically
like a simple capacitor. The power losses for a capacitor operated at an
AC voltage is dependent on the frequency f , the phase-shift angle tanδ of
the voltage and current, the capacitance C and the square of the applied
voltage V 2 [59].

PL = V 2 · tanδ

2πf · C
(3.1)

Roth et al. [132] proposed a heating coefficient K, and described the
power losses as dielectric heating PL = KV 2f . To verify the passive ele-
ment behavior and to distinguish between the passive power losses in the
dielectric and the consumed power with the gas discharge, the same ac-
tuator was completely encapsulated with resin to prevent a gas discharge
and it was operated in the same voltage range. In Figure 3.1 the voltage-
power characteristics for the encapsulate actuator is shown in gray. In the
lower voltage region - or passive region - both actuators, the normal and
the encapsulate one, have the same power law PA ∝ V 2. The encapsu-
lated actuator follows this power law over the complete range of voltages.
A small parallel shift in the voltage-power characteristics is observable for
the encapsulate actuator. This is due to the change in the capacitance of
the actuator owing to the larger dielectric constant of the resin compared
to the air which usually surrounds the electrodes.

The transition region starts when the voltage-power characteristics of
the encapsulated actuator and the normal actuator diverge. This region is
characterized by a spatially and temporally inhomogeneous discharge, as
shown in Figure 3.2. The start of the visible discharge occurs at particular
points along the contact line between the two electrodes, where the electric
field is locally strong enough for a breakdown due to the spike effect of
imperfections at the upper electrode.

A single snapshot of the light emission gi(x, z) for an applied voltage
of V = 4.0kV is shown in Figure 3.2(a). With increasing voltage, the
number of the single discharge points increases and grows to a spatially
homogeneous discharge line. Within this region the exponent of the power
law is strongly increased due the shrinking part of the passive electrode
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Figure 3.1: Voltage-power diagram for an encapsulated and regular actua-
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Figure 3.2: Temporal and spatial distribution of the gray value at V =
4.0kV

area. In this state the discharge is very sensitive to small fluctuations of
the applied voltage and environmental conditions, resulting in a temporally
inhomogeneous discharge. This can be seen in the temporal evolution of
the spanwise averaged gray value gz,i(x) shown in Figure 3.2(b) for the
same applied voltage of V = 4.0kV. In this region a power-law correlation
is not useful, since the extension of the transition process strongly depends
on the geometrical precision of the actuator setup and the electrode edge.

In Figure 3.3 the voltage-power diagram and the corresponding sum of
the standard deviations of the light emission gi(x, z), from the spanwise
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average and the average over the set of raw images, normalized with the
maximum are shown. In the region of the transition a peak in the sum of the
standard deviations can be seen, whereas a local minimum can be identified
when the transition is complete. With a further increase of the applied
voltage the inhomogeneity of the discharge increases again, indicating a
growth of filaments in the discharge.
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Figure 3.3: Voltage-power diagram for the standard actuator at fp = 10kHz
(◦) and corresponding sum of the standard deviations of the
gray-value distribution gi(x, z) (red line)

Analogue to the identification of the onset of the homogeneous discharge
with the voltage-power diagram, the gray value distribution of the dis-
charge could be used to distinguish the completion of the transition. The
completion of the transition region is indicated with a dotted line in Figure
3.3; here the value of the standard deviation reaches a local minimum and
the slope voltage-power characteristic changes, followed by the last region,
the homogeneous discharge. The voltage-power characteristic in the homo-
geneous discharge region is described by the power law PA ∝ V 7/2 [132].
The discharge onset and the beginning of the transition region strongly de-
pends on the actuator setup and is shifted to higher voltages with increasing
dielectric thicknesses.

Besides the precision of the electrode alignment and the electrode edge,
the degree of wear influences tremendously the start of the discharge onset.
The voltage-power diagram in Figure 3.1 and voltage-power diagram in
Figure 3.3, with the corresponding spatial and temporal distribution of
the gray value in Figure 3.2, are acquired with the same actuator at a
different level of wear. With a longer duration of operation the exposed
copper electrode shows an increasing grade of oxidation on the surface and
dirt particles from the surrounding air are accumulated at the edge of the
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electrode. This oxide layer and accumulated dirt act like an additional
insulation. In Figure 3.4 a comparison of different voltage-power diagrams
at a different degree of wear for the standard actuator is shown. An increase
of the onset voltage with an increasing sign of usage is observed.

After polishing and cleaning of the upper electrode the original charac-
teristic of the actuator is restored.
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Figure 3.4: Voltage-power diagram for the standard actuator at fp = 10kHz
at different levels of wear.

For a clean or new standard actuator the transition starts at V = 3.2kV
and is complete at V = 3.9kV. With a certain degree of usage the transition
region can be shifted to a range of V = 3.5kV to 4.5kV.

This effect is not advantageous for the operation of an actuator just above
the discharge onset, when small forces are required. Since a different degree
of wear does not solely affect the force production at a low voltage level,
rather it influences whether a force will be produced or not. Thus careful
observation of the applied voltage and the consumed power are essential to
assure comparable and repeatable results, when the actuator is operated
close to the lower voltage limit.

3.1.2 Upper Limit - Filamentary discharge
A saturation of the wall-jet velocity to a maximum of U = 8m/s was re-
ported by Boeuf et al. [14] and Moreau et al. [106]. Thomas et al. [147]
reported a saturation of the produced thrust and referred this saturation
to the onset of a filamentary discharge with the maximum thrust and in-
creased power dissipation. The formation of those filaments is described
to be dependent on the local concentration of electric field lines, which is
comparable to the effect of a lower current density.
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Thomas et al. [147] and Durscher et al. [27] observed a shift in the onset
voltage of the filamentary discharge by changing the capacitance of the
actuator. This was as well referred to as a change of the local concentration
of electric field lines.

Roth et al. [130] described the onset of the saturation to be dependent on
the operating frequency f . Thus the formation of the filaments is not solely
dependent on the local concentration, but also on the consumed power.

Figure 3.5: Image of large-scale filaments in the glow discharge of a DBD
plasma actuator

From this it can be concluded that besides the actuator setup, the oper-
ating conditions, including the operating frequency, influence the formation
of filaments.

The filaments are not related to the micro-scale filaments involved in the
barrier discharge as described in Section 2.1.2, since micro-scale filaments
have a duration of only fractions of microseconds and a spatial extension of
a few hundred µm in width. They would thus not be visible for the unaided
eye. These filaments are referred to as large-scale filaments. An image of
the filamentary discharge can be seen in Figure 3.5. They are described as
a thermal instability by Bürkle [17], where a theory of the development of
thermal instabilities is formulated.

The onset of the filamentary discharge with the standard actuator op-
erated at f = 10kHz was determined to occur at an applied voltage of
approximately V = 11kV. This point can also be identified as a second
peak in the standard deviation of the temporal and spatial gray-value dis-
tribution shown in Figure 3.3. This second peak is less pronounced since
the contribution of temporal standard deviation is less distinctive in this
operation point.

Regarding the voltage-power characteristic of PA ∝ V 7/2 no change was
observed with the onset of the filamentary discharge (cp. Figure 3.1),
whereas a change in the temperature distribution, captured with an infra-
red camera (Optris PI160 ), was detected as shown in Figure 3.6. The
camera used in the temperature experiments had a resolution of ±1K. The
instabilities are visible in the heat distribution through a local increase
of the temperature. The spatial temperature distribution on the dielectric
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surface of the actuator gives good insight into the local power consumption,
since most of the electric power consumed by a plasma actuator is released
into heat, according to Roth et al. [131].

10.0 85.0 160.0

Figure 3.6: Steady state temperature distribution of the actuator surface
with a voltage amplitude of V = 14kV in quiescent air[17].

The evolution of the surface temperature with increasing applied voltage
is depicted in Figure 3.7. Between V = 4kV and V = 10kV, the glow is
stable and homogeneous; for higher voltages the temperature was recorded
in the filaments and in the region in-between. The temperature increases
strictly monotonically and the temperature of the filaments exceeds that of
the glow. With increasing voltage the temperature difference between the
instabilities and the glow region in-between grows. The surface temper-
ature of the stable glow is extrapolated towards voltage amplitudes with
filamentary discharges using an exponential fit in Figure 3.7.
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Figure 3.7: Temperature differences between the surface of the actuator
and the ambient quiescent air for different voltage amplitudes
[17].

The temperature within the filaments always exceeds the value of a hypo-
thetically undisturbed system, whereas the temperature in-between the fil-
aments is always lower. This indicates a larger local current density within
the filaments. In combination with the observations of the unchanged
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voltage-power characteristic within the filamentary discharge regime and
the decreased surface temperature between the filaments, a decreased local
current density between the filaments can be presumed.

The effect of the spatially inhomogeneous discharge on the induced ve-
locity distribution was measured with a pitot tube. The pitot tube was
positioned in the wake of one instability and downstream of the glow re-
gion in-between the instabilities separately. The pitot tube was made out
of glass to ensure electric insulation from the plasma discharge and was
connected to a differential pressure transducer (Setra Model 267 ). The
glass tube had an inner diameter of 0.6mm. The applied voltage was set to
V = 15kV at a frequency of f = 10kHz. The measurement was repeated
at different downstream positions in order to find the maximum flow veloc-
ity of both measurement positions. The measured velocity of the induced
wall-jet in the glow zone between the instabilities ranges from u = 5.2m/s
to 6.1m/s, whereas it ranges from u = 6.7m/s to 7.2m/s within the insta-
bilities. The induced velocity of the filaments clearly exceeds that of the
space in-between.

Regarding the definition of Gibalov and Pietsch [45] and the observed
distances between the filaments compared to the extension of the plasma
in Figure 3.5, the flow produced by a plasma actuator with a filamentary
discharge cannot be considered as two-dimensional.

Besides the three-dimensional flow induced by a filamentary discharge,
this operation point is not favorable for further reasons. The filaments
significantly damage the actuator due to massive heating and electro erosion
of the dielectric barrier. During electro erosion, molecules of the dielectric
barrier are detached from the solid state material due to ion collision.

3.1.3 Summary - Operation Limits

In this configuration, with a given dielectric material and thickness, the op-
eration range where a constant two-dimensional body force can be assumed,
associated with a spatially and temporally homogeneous discharge distri-
bution, is restricted to an applied voltage of V = 4.5kV up to V = 10kV.
The determination of the discharge onset and the start of a filamentary
discharge provide the lower and upper limit of the usable operating range.
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3.2 Induced Thrust

3.2 Induced Thrust
In Figure 3.8 the produced thrust Ft of the standard actuator operated at
fp = 10kHz is shown in its relation to the voltage (Figure 3.8(a)) and con-
sumed power (Figure 3.8(b)). The thrust is normalized with the actuator
length L.
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Figure 3.8: Evolution of the induced thrust in dependency of the electrical
characteristics, voltage and consumed power.

The actuator was operated in a range of voltages from V = 4kV up
to V = 13kV. For lower voltages V < 11kV, an increasing slope for the
thrust Ft is observed ending in a steeper slope at higher voltages, whereas
an almost linear dependency with the consumed power can be seen. The
polynomial fit (red) in Figure 3.8(a) is plotted with a correlation of Ft ∝ V 5.
At higher voltages, above V = 10kV, larger discrepancies between the
thrust measurements and the fitted curve can be seen. The linear fit (red)
in Figure 3.8(b) yields a correlation Ft ∝ PA.

A linear relationship of the produced thrust with the applied voltage
(F ∝ V ) was identified by Kriegseis et al. [83] at higher voltages (between
V = 8 and 12kV), whereas a dependency of F ∝ V 7/2 was identified by
Thomas et al. [147]. At higher voltages, above the onset of a filamentary
discharge, Thomas et al. described the relation as F ∝ V 2 3

10 .This discrep-
ancy between the observed thrust-voltage relations and data found in the
literature, might be irritating at the first glance; however the results of
the thrust-voltage relations might be related to the investigated range of
voltages. Secondly, the actuator setup and the size of the body-force region
might affect thrust-voltage relations, since the thrust Ft is reduced by the
wall-friction force term. This influence will be discussed more in detail in
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Section 3.4.
The relation of the produced thrust and the consumed power is identified

as a linear relation by Poon et al. [118] and Enloe et al. [29] and is in good
agreement with the present observation.

The fluid mechanic effectiveness (η∗
F M = Ft

PA
), according to the definition

of Kriegseis et al. [85], is shown in Figure 3.9 as a function of the applied
voltage.
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Figure 3.9: Fluid mechanic effectiveness η∗
F M of the standard actuator in

dependency of the applied voltage

The effectiveness increases with increasing voltage up to a maximum at
around V = 10−11kV, at higher voltages no further increase can be distin-
guished. This saturation of the thrust and the decreasing effectiveness, is
in good agreement with the start of the filamentary discharge as discussed
in Section 3.1.2 and with the described effect of the saturation by Thomas
et al. [147], Durscher et al. [27], and Roth et al. [130].

3.3 Velocity Field Distribution
The PIV based flow field measurements serves as the basis for the dif-
ferential approach of the force field estimation. For the PIV measure-
ments the standard actuator was operated at voltages ranging between
V = 4.5 − 12kV and a constant operating frequency of fp = 10kHz.

The induced flow field of an actuator operated at V = 7kV in quiescent air
is shown in Figure 3.10. The maximum achieved velocity for this operation
condition is umax = 2.58m/s.
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Figure 3.10: Velocity distribution of the induced flow field of a standard
actuator operated in quiescent air at V = 7kV.

With increasing voltages the maximum induced velocity increases lin-
early (c.p. Figure 3.11). This linear increase of the induced velocity was
also reported by Roth et al. [130], Abe et al. [1], Moreau et al. [106] and
Joilbois et al. [66], whereas others (Murphy et al. [107], Orlov et al. [111]
and Jukes et al. [67]) report an increase of the maximum induced velocity
following an power-law of umax ∝ V 12/5 to V 7/2.
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Figure 3.11: Maximum induced velocity of a standard actuator operated in
quiescent air.

The linear increase is observable up to a voltage of V = 10kV, at higher
voltages the maximum induced velocity decreases in these measurements.
This might be caused by the small FOV of 6.9mm in streamwise direction
and the long time between the frames taken in the single-frame mode.
The combination of higher spatial resolution and a long time between the
laser pulses results in a large particle shift around 50 pixel for the case of
V = 10kV. An even larger particle shift occurs at higher voltages.

Additionally the onset of a filamentary discharge, starting at V = 11kV
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3 Characterization of DBD Plasma Actuators

for this type of actuator, causes a spanwise velocity component. In combi-
nation with the large particle shift, this leads to a corresponding particle
loss out of the measurement plane. Therefore the measurements above
V = 10kV are not taken into account for characterizing the induced veloc-
ity field and the estimated force distribution based on these measurements.
This clearly demonstrates the limitation of this setup, since the advan-
tages of a small FOV and the synchronization of the laser and the plasma
discharge cycle are associated with the drawback, that the maximum re-
solvable velocity is limited.

The velocity distributions of the u velocity component are shown in Fig-
ure 3.12 for the applied voltages between V = 4.5 to 10kV.

The induced wall jet is accelerated close to the wall and up to the position
of the maximum velocity the wall jet does not separate from the wall.
Beyond that position the flow decelerates and the wall jet lifts away from
the wall.

In Figure 3.13 the wall-jet profiles at the position of the maximum in-
duced velocity are shown for these cases. It can be seen that the wall-jet
thickness increases with the applied voltage as well as the induced velocity.
In contrast to this, the wall-normal position of the wall-jet maximum do
not appear to be strongly influenced.

Further insights can be drawn from the streamwise position of the maxi-
mum induced velocity x|umax and the characteristics of the wall-jet profiles.
Both characteristics are analyzed more in detail in the next paragraphs.

Streamwise Position of the Maximum Induced Velocity The velocity
profiles evaluated at the position of the maximum induced velocity x|umax

are shown in Figure 3.14. Here a linear increase of the x-position with
increasing applied voltage can be seen. In comparison to the position of
the maximum induced velocity the plasma extent ∆x, derived from op-
tical measurements of the light emission as introduced in Section 2.2.2,
are shown. The similar characteristics of the plasma length ∆x and the
position of the maximum induced velocity x|umax is obvious.

The maximum velocity is expected to correlate with the extension of
the force field (∆xF ), since the fluid is accelerated within this region. In
Figure 3.14 the correlation is shown and corroborate the results of Kriegseis
et al. [87], who demonstrated that the plasma extent ∆x correlates with
the spatial extent of force field.

It can therefore be concluded that the plasma length ∆x and the posi-
tion of the maximum induced velocity x|umax serve as a measure for the
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Figure 3.12: Velocity distribution of the induced flow field of a standard
actuator operated in quiescent air at increasing voltages.

dimension of the force field.

Wall-Jet Profile Characteristics As has been demonstrated earlier the
wall jet is accelerated close to the wall. The wall jet thickens and the in-
duced velocity increases with increasing voltage. The wall jet is accelerated
up to the end of the discharge region. Further downstream the velocity de-
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Figure 3.13: Velocity profiles at the position of the maximum induced ve-
locity at different applied voltages.
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Figure 3.14: Downstream position of the maximum induced velocity in
comparison to the plasma extent derived from gray value dis-
tributions.

creases again and the wall jet lifts away from the wall. The question arising
here is whether the force field influences the characteristics of the wall-jet
profiles?

For better comparability the wall-jet profiles are normalized according
to the definition of Glauert [46]. The velocity is normalized with the maxi-
mum value of the wall jet, as expressed in Equation (3.2). The wall-normal
distance is related to the wall-jet thickness (cp. Equation (3.2)), which is
defined according to Glauert [46] as the position where the jet has 50% of
the maximum velocity (δ1/2 = y| 1

2 ·umax). Glauert differentiated between
the characteristics of a laminar and turbulent wall jet. According to this
definition, the typical wall-normal distance for a laminar wall jet is around
δ1/2 = 0.5. A turbulent wall jet typically has a position of the wall-jet
velocity maximum at δ1/2 = 0.25.
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3.3 Velocity Field Distribution

u∗ = u

umax
and y∗ = y

δ1/2
. (3.2)

The laminar nature of the induced wall jet of a DBD plasma actuator was
demonstrated by Roth et al. [131], by comparing the theoretical laminar
wall-jet profile of Glauert with experimental data. This is in good agree-
ment with the findings of Jukes et al. [67], Thomas et al. [147], Kriegseis
et al. [82] or Murphy and Lavoie et al. [107]. They demonstrated the
self-similarity of the non-dimensional wall-jet profiles. Some discrepancies
towards the laminar wall-jet profile and varying wall-normal distances of
the maximum velocity where identified for different applied voltages and
wall-jet profiles evaluated at fixed locations downstream of the upper elec-
trode.

In Figure 3.15(a) the non-dimensional wall-jet profiles at the position of
the maximum induced velocity are shown for different applied voltages.
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Figure 3.15: Scaled velocity profiles of different applied voltages.

The thickness of the wall jet-profiles and the maximum induced velocity
increase with increasing applied voltages, whereas the wall-normal distance
of the maximum induced velocities is more or less constant (cp. Figure
3.13).

This results in a decrease of the non-dimensional wall-normal distance,
when the wall-jet profiles are evaluated inside or at the end of the body-
force region. This can be seen in Figure 3.15(a) where the normalized
velocity profiles reveal a wall-normal distance of δ1/2 = 0.3 to 0.35 at the
position of the maximum induced velocity.
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3 Characterization of DBD Plasma Actuators

This is significantly smaller than the expected values for a laminar wall-
jet. Comparison with the non-dimensional wall-jet profiles, at a position
2.5mm downstream of the maximum velocity, reveal some differences. The
wall-jet profiles are developed without the influence of the body force and
the wall-jet starts to lift away from the surface. This can also be seen
in Figure 3.12. Figure 3.15(b) reveals a larger wall-normal position of
the velocity maximum of δ1/2 = 0.5. This clearly demonstrates that the
non-dimensional position of wall-jet maximum, when evaluated inside the
body-force region, is not an reliable indicator of the turbulent or laminar
state of the wall jet.

3.4 Force-Field Distribution
In this section the magnitude and the distribution of the force is ana-
lyzed, based on the velocity distribution of the standard actuator. First
the force-field distribution and the limitations of the force field estimation
is analyzed. This is followed by an analysis of the field magnitude com-
pared to the direct thrust measurements.

Force-Field Distribution Figure 3.16 shows the calculated force-field dis-
tribution for an applied voltage of V = 7kV. The black line in Figure
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Figure 3.16: Force-field distribution at V = 7kV.

3.16 indicates the iso-contour line of 10% of the maximum induced force
(fx|0.1·fx,max) and serves as an indicator for the force-field dimension. The
estimated force distribution spreads up to y = 0.5mm in wall-normal di-
rection and is elongated along the surface, reaching the expected extent

46



3.4 Force-Field Distribution

(∆xF = 2mm) of the force field. Further downstream a region with a neg-
ative force can be seen in Figure 3.16.

This negative force component is presumably not associated with the dis-
charge since its location exceeds the extent of the discharge. Also a remnant
in the time averaged force-field estimation related to the force contributions
during the positive and negative discharge half-cycle is questionable, since
Wilke [163] demonstrated that the maximum force-field extent during the
positive and negative half-cycles do not differ. The origin of the negative
force term has to be investigated more in detail.

An explanation for this force component can be drawn from the analysis
of the contribution of each term in Equation (2.13). The first term on the
right hand side of this equation resembles the convection term in the NS
equation and the second term gives the contribution of the diffusion.

fx − ∂p

∂x
= ρ

(
u

∂u

∂x
+ v

∂u

∂y

)
︸ ︷︷ ︸
Convection term,

fx,Conv

− η

(
∂2u

∂x2 + ∂2u

∂y2

)
︸ ︷︷ ︸

Diffusion term,
fx,Diff

In Figure 3.17 the distributions of the convection term and the diffusion
term are shown. The iso-contour line of the total force is shown to give
an orientation of the local contributions of the convection and the diffusion
term. The relative share of the total force is given by 77% of the convection
term and 23% is contributed with the diffusion term.

The convection term (shown in Figure 3.17(a)) dominates because of the
acceleration of the fluid. The positive component of the convection is dis-
tributed inside the iso-contour line of the total force. Further downstream a
negative region appears, indicating a deceleration of the fluid. In contrast
to this, the major contribution of the diffusion term occurs close to the
surface and spreads over a long distance in streamwise direction (shown in
Figure 3.17(b), with a different colormap). The diffusion term is dominated
by the second derivative of the u velocity component. Thus an exact deter-
mination of the velocity gradient and curvature close to the wall is essential
to estimate the correct distribution and magnitude of the diffusion term.
Dependent on the size of the IA and due to strong velocity gradients and
the decreasing particle density in the near-wall region, the particle shift
close to the wall is biased, as described by Kähler et al. [74].

These effects could lead to a falsely determined curvature of the velocity
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Figure 3.17: Distribution of the convection and diffusion term at V = 7kV.

profiles in the near-wall region and this could cause an incorrectly estimated
force.

To support this assumption a comparison with a second set of data, mea-
sured with the same actuator with an applied voltage V = 7kV emphasizes
the necessity of correctly measuring the near-wall region of the wall-jet.
The measurements above are further on referred to as measurements M1,
whereas the second set of data is labeled M2. By comparing the wall-jet
velocity profiles for the measurements M1 and M2 (in Figure 3.18) at the
location 2.5mm downstream of the upper electrode (corresponding to the
position of the negative force in Figure 3.16) good agreement can be seen
for the maximum induced velocity and the general slope of the wall jet
further away from the wall.

Below the wall jet’s maximum a straight slope towards the wall and also a
negative curvature, for both measurements M1 and M2, can be identified.
This indicates an overestimated velocity close to the wall, with a falsely
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Figure 3.18: Comparison of the wall jets at x = 2.5mm for measurement
M1 and M2 .

determined curvature of the velocity profiles in both measurements. The
force-field distribution for the second measurement is shown in Figure 3.19.
For M2 a region with a negative force can be seen as well. The extent of
the negative force is restricted to a smaller region, as compared to the
force field distribution for the measurement M1 shown in Figure 3.16, but
exhibiting a larger magnitude.
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Figure 3.19: Force-field distribution for the second measurement M2 at
V = 7kV .

These differences can be explained by the contribution of the convection
and the diffusion terms to the force fx. The convective term for the mea-
surement M2, shown in Figure 3.20(a), compares well the convective term
for M1 (cp. Figure 3.17(a)) in extent and magnitude. Thus, the differ-
ence in the force field distribution is not related to the convective term.
A difference between the measurement M1 and M2 can be recognized in
the diffusion term (Figure 3.17(b) and Figure 3.20(b) respectively). For
M2 the magnitude of the diffusion term is larger, whereas the extent of
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the positive component is comparable with the measurement M1. Thus,
the negative component from the convection term is more strongly com-
pensated for measurement M2. Except for a small region close to the wall
(at x ≈ 2.8mm), strong negative values in the diffusion term are present
for the measurement M2, due to the deviated wall-jet profile. Thus it can
be concluded, that the source of the negative force can be found in the
underestimation of the diffusion term.
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Figure 3.20: Distribution of the convection and diffusion term for the mea-

surement M2 at V = 7kV.

By adding zero-velocity at the wall as shown in Figure 3.21, it can be
shown that the curvature of the profiles is not entirely corrected, but avoids
values of the curvature with a negative sign.

Results of the force field estimation with the corrected velocity at the
wall for the measurements M1 and M2 are shown in Figure 3.22. The
negative contribution of the convection term to the force is almost entirely
compensated by the diffusion term with the modified velocity profiles.
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Figure 3.21: Comparison of the corrected wall jets at x = 2.5mm for mea-
surement M1 and M2 .
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Figure 3.22: Comparison of the force-field distribution with the corrected
velocity fields for measurement 1+2.

This indicates that the region of the negative force is not related to the
discharge or induced by the body force of the actuator itself. It is much
more related to the experimental limitation for the estimation of velocities
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with strong gradients close to the wall. Thus the negative force component
is neglected in the determination of the force magnitude.

In addition to the force field distribution, the force-field extent and its
magnitude can be derived with the indirect force measurements. As defined
earlier and demonstrated by Kriegseis et al. [87], the contour lines of 10%
of the maximum induced body force serve as an indicator of the force-field
extent.

The contour lines for different applied voltages are shown in Figure 3.23.
There, the position of each maximum induced force is marked with an x.
The position of the maximum induced force is increasingly shifted away
from the edge of the upper electrode with increasing voltage. The relative
position of the maximum force is around 0.25 − 0.3 · ∆xF , compared to the
force-field extent.

x [mm]

y 
[m

m
]

 

 

−1 0 1 2 3 4 5

0

0.5

1

1.5

2
4.5kV
5kV
5.5kV
6kV
6.5kV
7kV
7.5kV
8kV
9kV
10kV

Figure 3.23: 10% isolines of the force distribution fx(x, y) for different ap-
plied voltages V (f = 10kHz).

With increasing applied voltages the extent of the force field (∆xF )
grows, as already demonstrated by Kriegseis et al. [87]. This is shown
in Figure 3.24, where the downstream position of the maximum induced
velocity is compared to the plasma extent as derived from gray value dis-
tributions (cp. Figure 3.14) expanded with the extent of the force field
∆xF .

Force Magnitude The force magnitude is determined by integrating the
force distribution as shown in Equation (3.3).

Fi/L =
ymax∫

ymin

xmax∫
xmin

fi(x, y) dxdy. (3.3)
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Figure 3.24: Downstream position of the maximum induced velocity in
comparison to the plasma extent derived from gray value dis-
tributions and the extent of the force field ∆xF .

In Figure 3.25 the x-component of the force magnitude Fx is plotted as a
function of the applied voltage. The red curve is plotted with a dependency
of Fx ∝ V 3 7

8 . This dependency is slightly higher as compared than the
findings of Valerioti et al. [151] who identified a dependency of V 7/2 for
different plasma actuators. This discrepancy in the dependency of the
produced force with the applied voltage is discussed alongside with the
comparison of the different force measurements.

4 5 6 7 8 9 10 11 12 13

10
0

10
1

V [kV]

F
x/L

 [m
N

/m
]

 

 

Figure 3.25: Force field magnitude Fx in dependency of the applied voltage.

The produced thrust Ft should not be understood as the produced body
force Fb, because it is furthermore reduced by the wall-friction force term.

By comparing the direct thrust measurements with the differential and
integral approaches, calculated with Equation (2.13) and Equation (2.9)
respectively, the different outcomes of the thrust/force-voltage relation can
be explained.
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For this comparison, the different terms that contribute to the thrust are
analyzed at the three sides of the control volume (integral thrust) and are
compared to the direct thrust measurements. For the total force (integral
force), all sides of the control volume are considered and compared to the
force magnitude of the differential approach.

In Figure 3.26 the different approaches for the force estimation are shown
in a logarithmic scale. The dissimilar relations for the direct thrust mea-
surements (+) and the force magnitude of the differential approach (◦) can
be seen in the different slopes in this diagram. The integral force esti-
mation is shown with solid lines in red and blue, for integral thrust and
the total integral force respectively. With the integral thrust and integral
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Figure 3.26: Comparison of the induced plasma forces estimated with dif-
ferent approaches.

force, similar relations can be seen as for measurements of thrust and force
magnitude. For the integral force a similar relation of Fx ∝ V 7/2 can be
seen, agreeing well with the findings of Valerioti[151]. A slightly different
slope in Figure 3.26 can be seen in the comparison of the integral force
to the differential approach, resulting from underrated force magnitudes in
the lower voltage range. This discrepancy can also be related to resolu-
tion of the near-wall regions of the velocity fields. This shows, that the
estimated force magnitude with the indirect force measurements should be
cross-checked with both approaches, the integral and differential approach,
to assure the reliability of the results.

Both, the direct measured and integral thrust reveal a much steeper slope
in the diagram. This indicates, that the relative share of the wall friction
term to the total force is more pronounced at smaller applied voltages and
smaller induced forces. The different relations of the applied voltage to the
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induced force and thrust are therefore consistent.

3.5 Temporal Evolution of the Velocity Field
Based on PIV measurements in double frame mode the phase-averaged
velocity distributions are calculated for an actuator operated at a volt-
age of V = 7kV and an operating frequency of f = 10kHz. In different
experiments the discharge cycle was divided into 5 and 10 bins per cycle,
according to the time between the laser pulses of ∆t = 20µs and ∆t = 10µs
respectively. The maximum velocities of the phase-averaged velocity fields
uϕ(x, y) over the phase angle of the discharge cycle are shown in Figure 3.27.
Two measurements are shown for the 10 bin case and one measurement is
shown for the 5 bin case. The different measurements yield similar tempo-
ral evolutions (in amplitude and phase) of the maximum induced velocity,
revealing some fluctuations of the velocity data between the single measure-
ments. It should be noted at this point, that each phase position in Figure
3.27 represents an independent experiment. In-between each measurement
the actuator was turned off and was cleaned to remove depositions from the
upper electrode. To assure comparable results, the actuator operating con-
ditions, such as applied voltage and consumed power, were monitored and
controlled with less than 1% deviation between the single measurements.
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Figure 3.27: Time evolution of the maximum induced velocity in the flow
field of an actuator operated at V = 7kV and f = 10kHz with
different temporal resolution.

The mean values of the maximum velocity uϕ,max is shown for the ∆t =
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20µs and 10µs cases in Figure 3.27 as horizontal lines. Both values are
in good agreement with each other, but exceed the maximum velocity of
time-averaged PIV measurements acquired in the single-frame mode as pre-
sented Section 3.3. This is due to the fact that the horizontal position of
the maximum induced velocity varies during the discharge cycle, as shown
in Figure 3.28. During the strong acceleration with the ∆t = 20µs mea-
surement, the position of the maximum induced velocity moves closer to
the upper electrode.
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Figure 3.28: Variation of the horizontal position of the maximum induced
velocity in comparison with the maximum induced velocity
during the discharge cycle.

The average of the velocity field of the uϕ(x, y) over the discharge cycle
reveals a similar distribution compared to the time-averaged PIV measure-
ments as presented Section 3.3. This can be seen in the comparison of
velocity profiles at the position of maximum induced velocity for the mean
velocity fields of the phase averaged measurements uϕ(x, y) and of the time
averaged velocity measurements in Figure 3.29.

The force-density distribution, based on Equation (2.13) and the aver-
aged velocity field uϕ(x, y), are calculated. The mean force of the discharge
cycle is in good agreement with the estimated force as presented in Sec-
tion 3.4, the difference in the force magnitudes is around 0.5%. Thus the
comparability of the phase-averaged and the time-averaged measurements
is assured.

The results of the normalized time evolutions of the maximum induced
velocity are compared to data of Debien et al. [25] in Figure 3.30.

The velocity uϕ,max is normalized with its maximum value within the
discharge cycle. Even though the operating conditions and the actuator
setup used in Debien et al. [25] differ considerably, a similar time evolution
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Figure 3.29: Velocity profiles at the position of maximum induced veloc-
ity for phase averaged measurements uϕ(x, y) and the time
averaged velocity measurements (u(x, y)).
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Figure 3.30: Time evolution of the maximum induced velocity in the flow
field of an actuator operated at V = 7kV and f = 10kHz
with different temporal resolution in comparison with data of
Debien et al. [25].

can be seen.
The velocity fluctuation during a discharge cycle is restricted to the region
of the discharge. This can be seen in Figure 3.31, where the velocity profiles
uϕ(y) for the different phase positions at two downstream positions are
shown. At x = 1mm downstream of the upper electrode in the middle of
the discharge region (V = 7kV) a strong fluctuation of the velocity profile
can be observed. Only 2mm farther downstream, outside of the discharge
region, at x = 3mm, no difference between the different phase angles can
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3 Characterization of DBD Plasma Actuators

be recognized in the velocity profiles.
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Figure 3.31: Temporal evolution of the velocity profiles at x = 1mm and
x = 3mm for V = 7kV and f = 10kHz.

To derive the force field evolution at different instants of a discharge cycle
the time-dependent term ρ ∂ui

∂t has to be considered in the calculation, as
shown in Equation (3.4) and (3.5).

fx(x, y, t) = ρ
∂u

∂t
+ ρ

(
u

∂u

∂x
+ v

∂u

∂y

)
− η

(
∂2u

∂x2 + ∂2u

∂y2

)
(3.4)

fy(x, y, t) = ρ
∂v

∂t
+ ρ

(
u

∂v

∂x
+ v

∂v

∂y

)
− η

(
∂2v

∂x2 + ∂2v

∂y2

)
(3.5)

With the strong acceleration and deceleration of the flow during a dis-
charge cycle as shown in Figure 3.27, the force is dominated by the time-
dependent term. Beside this strong effect of the acceleration and decel-
eration on the temporal evolution of the force, small fluctuations in the
velocity field results in a large change in the transient term ρ ∂ui

∂t . A veloc-
ity change of only ∆u = 0.1m/s between two measurements changes the
body force by 6020N/m3 at this position due to the very short ∆t = 10µs
between two PIV raw images. Since the velocity fields of all phase angles
are measured in single experiment extreme accuracy is required.

To reduce the error in the estimation of the temporal force-field evolution,
the phase-averaged measurements with the coarser temporal resolution (5
bins) are used. The force-density distributions for the different phase angles
are shown in Figure 3.32. The negative half-cycle starts with a strong
acceleration of the flow at the second phase angle. The extent of the body-
force increases until the third phase angle at ϕ = 180◦, followed by a short
period of deceleration with the phase positions ϕ = 252◦ and 324◦. The
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Figure 3.32: Time evolution of the force field distribution.

last force-density distribution indicates the beginning of the next discharge
cycle, starting again with a small acceleration of the flow.

On top of the upper electrode x < 0mm small regions with a large body-
force amplitude can be seen in Figure 3.32 for the first two phase angles.
These areas are presumably the results of the velocity fluctuation due the
accuracy of different experiments and are not induced by the EHD force
of the discharge. Outside of the discharge region, areas with a positive or
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3 Characterization of DBD Plasma Actuators

negative body-force are present. This can be compared to the first and the
last force-density distribution shown in Figure 3.32. These force-density
distributions resemble the same phase angle of the discharge cycle and
significant differences can be seen. In the last force-density distribution
the spatial extent of the positive body force is smaller and closer to the
upper electrode. No negative component of the body force can be seen in
the field. Nevertheless, the phase-averaged force-field distribution provides
insight into the force production and its distribution during the discharge
cycle.

To reduce the uncertainty of the estimation of the force magnitude, the
area for the force integration is reduced to only enclose the spatial extent
of the discharge (0 < x < 2.2mm and 0 < y < 1.5mm). The time-averaged
force magnitude, derived from the phase-locked averaged measurements,
only exceeds the force magnitude based on the time-averaged measure-
ments by 7.3%. This shows a good agreement between both measurement
approaches.
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Figure 3.33: Time evolution of the force magnitude by comparison with
previous literature (Debien et al. [25], Wilke [163] and Benard
et al. [10]).

The force magnitude for each phase angle is shown in Figure 3.33 in
comparison with results from Wilke [163], Bernard et al. [10] and Debien
et al. [25]. The amplitude of the body force is normalized (divided by
its maximum value) for better comparison between very different plasma
actuators: different dielectric thicknesses, applied voltages and operating
frequencies. All results show that the horizontal force magnitude Fx is

60



3.6 Summary of the Characterization of DBD Plasma Actuators

positive during the negative going-cycle and negative during the positive
going-cycle. No significant differences can be distinguished in the temporal
evolution of the force during a discharge cycle, even though the actuator in
the present work was operated at a significantly higher frequency and with
a thinner dielectric, resulting in a smaller force field extent.

3.6 Summary of the Characterization of DBD
Plasma Actuators

In this chapter the operation limits of the plasma actuator, as used in
this work was, were defined. The operation range with the upper and
lower limit is determined with a spatially and temporally homogeneous
discharge region. This was defined with the analysis of the voltage-power
characteristics and optical measurements of the discharge light emission.

The induced velocity fields of the actuator operated in quiescent air were
analyzed. The non-dimensional wall-jets showed good conformity at differ-
ent applied voltages, when a length scale related to the discharge region, is
taken into account. The non-dimensional wall-jets yield a form characteris-
tic of laminar wall-jets, when the velocity profiles are examined downstream
of the force field.

Different approaches to estimate the produced force with direct and indi-
rect force measurements are compared. The evolution of the force in depen-
dency of the applied voltage and consumed power exhibit a good agreement
with the different approaches and in comparison with dependencies found
in the literature. Time resolved velocity field measurements and force field
distributions derived from this, demonstrated that the discharge character-
istics during the discharge cycle is comparable with DBD plasma actuators
with a significantly different setup and operating conditions.
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4 Scaling Laws for the Induced Body
Force

There are two options for directly or indirectly influencing the induced
body force in its magnitude and distribution.

The direct influence is related to the change of the discharge intensity
by changing the operating conditions and the actuator setup. With the
operating conditions (operating frequency (f) and applied voltage (V )),
the electric field strength is influenced and the actuator force magnitude
and its distribution are affected. The actuator setup, such as changes in the
thickness of the dielectric layer or its dielectric constant, the electric field
density and thus the discharge intensity and distribution are influenced.
The force magnitude and distribution are coupled and are dependent on
the operating conditions and for a given actuator setup.

The indirect scaling of the induced body force is achieved with a discon-
tinuous operation of the actuator. With the pulsed mode the actuator is
repeatedly turned on and off. Usually this pulsed mode is used to excite or
actively damp disturbances in the flow; however operated at a sufficiently
high modulation frequency, the time averaged force production is also re-
duced. Since the discharge during the on-pulse of the modulation period is
not affected, the discontinuous operation of the actuator is referred to as
indirect scaling of the time averaged force.

4.1 Direct Scaling of the Induced Force
In the following section, the actuator setup is described and the influence
of changes in the operating condition and the actuator setup are discussed
separately. Kriegseis et al. [83] demonstrated that the simultaneous and
independent measurements of the produced thrust, electrical characteris-
tics and light emission cover the main required quantities to evaluate the
actuator performance. Consequently, these three measurements are used
to analyze the actuator performance in the dependencies of the influencing
parameters.
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4 Scaling Laws for the Induced Body Force

The parametrical studies of the actuator performance are numerous.
Only a small overview will be given here, beneficial for the following dis-
cussions about changes in operating conditions and actuator setup.

The first group of parameters discussed is the operating conditions. The
voltage-power characteristic was identified by Enloe et al. [33] who demon-
strated a dependency of PA ∝ V 7/2. Porter et al. [121] showed the in-
fluence of the frequency on the power consumption which proved to be
linear PA ∝ f . This dependency is confirmed by several research groups
(e.g.[1, 8, 26, 40, 116, 119]), also describing the power-frequency function
as a linear. In [119], Porter et al. discussed the dependencies of the body
force and the effectiveness with varying frequency and constant voltage
or constant power. The effectiveness describes the ratio of the consumed
power of the actuator and the produced thrust. Thrust measurements with
varying frequencies were also performed by Poon et al. [118], Ferry et al.
[35], Van Dyken et al. [152], and Thomas et al. [147]. A dependency
of the produced thrust with the plasma extent was described as linear by
Durscher et al. [28], Poon et al. [118], and Kriegseis et al. [83]. Roth
et al. [130] investigated the influence of changes in operating condition
and of different dielectric materials regarding power losses due to dielectric
heating compared to the produced thrust, as a measure of the actuator
performance.

The second group of parameters in this work addresses the actuator
setup, as with the actuator setup a large variety in geometrical parame-
ters is available. To clearly separate between the influences of the different
parameters only changes in the dielectric material and thickness are con-
sidered herein. Further geometrical parameters such as electrode thickness,
size, geometry and electrode arrangement, acting on the actuators perfor-
mance, are not discussed in this work, but a number of publications on the
topic are available and further information can be found in [1, 2, 117].

Influences from dielectric material and thickness were investigated by
Thomas et al. [147], Poon et al. [118], Durscher et al. [27] and Van Dyken
et al. [152]. There, the influence of different materials and thicknesses
on the actuator performance was identified and described qualitatively. A
decreasing thickness of the dielectric layer and an increase in dielectric
constant both result in larger power consumption. A force increase with
increasing thickness for a given power consumption was observed, result-
ing in an increase in effectiveness with thicker dielectrics. The effect of a
lower dielectric constant was described with a lower power consumption
and smaller induced force, but no precise description on the influence of
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4.1 Direct Scaling of the Induced Force

the effectiveness has been made.

4.1.1 Actuator Setup
The plasma actuator was mounted on an acrylic glass plate as sketched in
Figure 2.10. The dimensions of the upper and lower electrodes are kept
constant for all measurements, whereas the dielectric thicknesses as well
as the dielectric materials were varied. The electrodes of all actuators are
made of self-adhesive copper tape with a thickness of de = 35µm and a
width of w1 = 2mm and w2 = 10mm for the upper and lower electrode
respectively. An overview of the different actuator configurations is given
in Table 4.1. The actuators D1 − D4 are composed of several layers of self-
adhesive polyimide tape with different thicknesses of the polyimide layer
(dp = 0.025mm, 0.051mm and 0.127mm corresponding to 1mil, 2mil and
5mil). The thickness of the silicone adhesive is ds = 0.0381mm for each
layer. The total thickness of the dielectric layer is composed of the thickness
of the polyimide layer and the thickness of the adhesive (d = dp + ds).

Label d ϵ Material Dielectric Parameter
D1 0.317 3.04 Kapton 5x1mil f , V
D2 0.279 3.07 Kapton 2mil+3x1mil V
D3 0.241 3.12 Kapton 2x2mil+1mil V
D4 0.165 3.26 Kapton 1x5mil V
D5 0.38 10 Al2O3 - V

Table 4.1: Overview of investigated actuator configurations

The total thickness of the polyimide layer was keep constant at dp =
0.127mm (5mil) for the actuators D1 − D4 by varying different tapes,
whereas the total thickness of the dielectric changed. The dielectric con-
stant ϵ in Table 4.1 is calculated using the relative share of the total thick-
ness of the silicone adhesive and polyimide, with a dielectric constant of
ϵ = 2.8 and ϵ = 3.4 1 respectively. The D5 actuator is made of an alumina
plate with a dielectric constant ϵ = 10.

In the following two sections, the influence of the plasma operating con-
ditions and actuator setup on the three measures: thrust, electrical char-
acteristics and light emission are discussed as well as their dependencies.

1http://www2.dupont.com
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4 Scaling Laws for the Induced Body Force

In Section 4.1.2 the influence of the plasma operation is discussed using
actuator D1 at different operating frequencies and voltages. In the follow-
ing Section (4.1.3), all actuators D1 − D5 are used at a fixed operating
frequency to compare the influence of the actuator setup.

4.1.2 Influence of Plasma Operation

For the investigation of the dependencies and the characteristics of plasma
operation and force production, the actuator D1 was operated at different
frequencies (f = 8, 10, 11, 12 and 14kHz) with varying voltages. In the
next three paragraphs the influence of plasma operation on the electrical
characteristics, produced thrust and the light emission analysis will be dis-
cussed.

Electrical Characteristics The voltage-power characteristic is known to
follow the dependencies of the voltage with the power law PA ∝ V 7/2. The
operating frequency f influences the consumed power linearly, as mentioned
above. Porter et al. [121] assumed the dissipated energy per discharge cy-
cle to be constant. The consumed power is calculated with the dissipated
energy per discharge cycle and the operating frequency, thus the consumed
power increases linearly with operating frequency. Also, the power con-
sumption is influenced linearly by the length L of the plasma actuator,
as demonstrated by Kriegseis et al. [83]. All this leads to the following
correlation:

PA/L

f · V 7/2 = const. (4.1)

The unscaled voltage-power diagram in Figure 4.1(a) and the voltage-
power diagram scaled with the frequency f in Figure 4.1(b) reveal that this
correlation is well met. The solid lines in Figure 4.1(a) are measurements
of constant frequency. When the dependency of the frequency is taken into
account in the scaled voltage-power diagram, all measurements collapse
onto one line, as shown in Figure 4.1(b).

This corresponds to the assumption of Porter et al. [121] and indicates
that the dissipated energy per discharge cycle is constant.
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Figure 4.1: Unscaled and scaled voltage-power diagram for actuator D1
with varying voltages and frequencies.

Force Measurements The change of the produced thrust on the oper-
ating frequency and applied voltage was addressed in several publications
(e.g. Van Dyken et al. [152], Enloe et al. [29], Thomas et al. [147], and
Poon et al. [118]). The correlation between the power consumption and
the produced thrust with varying frequency was qualitatively described,
revealing a decrease in effectiveness with increasing frequency.

In this work the force, more specific the produced thrust of an actuator,
is estimated with the direct thrust measurement as described in Section
2.2.3. To determine the the influence of the operation conditions on the
thrust production, the produced thrust is analyzed with the dependencies
of the electrical characteristics. Comparing the diagram Ft/L over PA/L
with varying frequency in Figure 4.2(a), the dependency of the produced
thrust with the frequency clearly becomes obvious; with a constant power
consumption a higher force is achieved with a lower frequency. The force
power diagrams for the different measurements, shown in Figure 4.2, con-
firm that the effectiveness decreases with increasing frequency. While the
consumed power is linearly coupled to the operating frequency (c.p. Equa-
tion (4.1)), the produced force does not exhibit the same dependence, which
yield the change in effectiveness.

Curve fitting analysis of the experimental data reveals an empirical scal-
ing law: The consumed power is proportional to the produced force and
the frequency with the power of −3/4.

Ft · f3/4 ∝ PA (4.2)

This relation is shown in Figure 4.2(b), where the thrust per meter Ft/L
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Figure 4.2: Unscaled and scaled power-thrust diagram for actuator D1 with
varying voltages and frequencies

is plotted over the scaled power consumption PA/L ·
(

fref

f

)3/4
. The ref-

erence frequency fref = 10kHz is chosen arbitrarily, to keep the scaling
non-dimensional. All lines in the scaled thrust-power diagram collapse.
The scaled thrust-power diagrams correspond to the reference frequency.
A measurement at a constant voltage level (V = 9kV) with varying fre-
quencies between f = 7 − 17kHz is shown in Figure 4.3. The scaled and
unscaled thrust-power diagrams are compared directly, also showing the
standard deviation of the thrust measurement as error bars for both cases.
The deviation shown with the error bars just represent the variation within
the thrust measurements. Errors originating from changes in the actuators
performance or a systematic errors with the thrust measurement are not
taken into account in this consideration. The two outliers in the lower
frequency range must have suffered from some unsteadiness in the plasma
operation or a systematic error, since the standard deviation is small com-
pared to the difference.

The curve is almost horizontal for the scaled thrust Ft/L ·
(

f
fref

)3/4
.

The dependency of the voltage-thrust behavior with varying frequency is
less pronounced than that of the power-thrust characteristics. Nevertheless,
with increasing frequency the produced thrust is slightly enhanced with
constant applied voltage, as Figure 4.4(a) clearly shows.

The relation of the produced force and the voltage can be described by:

Ft/
(

L · f1/4
)

∝ V 7/2, (4.3)
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Figure 4.3: Unscaled and scaled power-thrust diagram for a constant ap-
plied voltage of V = 9kV and varying frequency
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Figure 4.4: Unscaled and scaled voltage-thrust diagram for actuator D1
with varying voltages and frequencies

derived through the relation of the voltage-power characteristic PA/L ∝
V 7/2 and the relation in Eqn. 4.2. This relation is shown in Figure 4.4(b)

with the scaled thrust of Ft/L ·
(

fref

f

)1/4
. In the scaled diagram all mea-

surements for different frequencies collapse to one line, representing the
reference frequency fref . The effectiveness of the momentum transfer is
reduced at higher operating frequencies.

To validate the correlation derived in this investigation, the scaling-laws
are cross-checked using force measurements with varying frequency found
in literature. Measurements by Poon et al. [118] and Thomas et al. [147]
are shown in Figures 4.5(a) and 4.5(b) respectively. In the left part of each
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4 Scaling Laws for the Induced Body Force

figure, the unscaled thrust-power diagrams are shown. In comparison to
this, the diagrams with the correlation from Equation (4.2) are shown in
the right part of each figure.
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(a) Power-thrust diagram based on the data of Poon et
al. [118] (fref = 5kHz)
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Figure 4.5: Unscaled and scaled power thrust diagrams, based on the data
of Poon et al. [118] and Thomas et al. [147], with varying
voltages and frequencies,

In the thrust-power diagram of Thomas et al. [147], a saturation of the
produced thrust can be seen. Thomas et al. related the saturation to
the onset of a filamentary discharge associated with a maximum achievable
thrust and still increased power dissipation. Thomas et al. showed that the
onset of the saturation is dependent on the operating frequency f . With
the change in the slope of the thrust-power diagram in Figure 4.5(b), the
onset of thrust saturation can be seen for higher power levels. A saturation
of the wall jet to a maximum velocity was also reported by Boeuf et al.
[14] and Moreau et al. [106].

70



4.1 Direct Scaling of the Induced Force

All lines of the scaled thrust-power diagram and thrust-voltage diagram
show a good agreement with the reference case with the scaled data, based
on the empirical scaling laws in Equation (4.3) and Equation (4.2). These
scaling laws yield robust and general dependencies before the saturation of
the discharge starts.

Light Emission The determination of the light emission and the mea-
surement of the gray-value distribution and plasma extension ∆x provide
additional and independently-measured parameters for the characterization
of the actuator and its performance. The interrelation of the light emission
with electrical characteristics are shown by Enloe et al. [32] and Orlov et
al. [109], with a dependency of V ∝ ∆x.

Kriegseis et al. suggested the dependency Ceff ∝ ∆x in [83] and also
showed the interrelation of plasma extent ∆x and the extent of the esti-
mated force-field distribution in [87].

During the measurements at constant voltage with varying frequency
the plasma extent remained constant ∆x ≈ const as shown in Figure 4.6.
This is in good agreement with the findings of Orlov et al. [109] who
also demonstrated the plasma extent to be independent of the operating
frequency. This can also be seen for the different measurements in Figure
4.7(a).
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Figure 4.6: Gray-value distribution (G(x)) for a constant applied voltage
of V = 9kV and varying frequency

For the given actuator setup and varying operating conditions, the corre-
lation in Equation (4.4) of the consumed power and the integral gray value
is shown in Figure 4.7(b). Independent of the operating frequency a close

71



4 Scaling Laws for the Induced Body Force

correlation of the consumed power PA and the light emission intensity GV ,
the integral of the gray value, can be found.

PA/L ∝ GV (4.4)
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Figure 4.7: Interrelation of the applied voltage (V ) and the plasma extent
∆x (a) and the consumed power (PA) and the integral gay-value
(GV ) for actuator D1 with varying voltages and frequencies

The thrust over the light emission intensity GV is shown in Figure 4.8(a),
here a similarity to the thrust-power diagram in Figure 4.2(a) can be seen.
This confirms the correlation given in Equation (4.4). With the linear
correlation of PA and GV , the interrelation of integral gray value and thrust
can be written as F ∝ GV/f3/4 (shown in Figure 4.8(b)).

The correlation given in Equation (4.4) completes the interrelation tri-
angle between the measures of the gray-value distribution, the electrical
measurements and the force measurements. It demonstrates the robust-
ness and the generality of equations (4.2) and (4.3) as a scaling law for de-
scribing the force dependency on the operating conditions of DBD plasma
actuators. With an equivalent description of this dependency, derived with
independent measurements of the gray value distribution as given in Equa-
tion (4.4).

The influence of the operating conditions on the thrust production can be
described and quantified by the procedures and realtions discussed in this
chapter. The correlations in the equations (4.2) and (4.3) were confirmed
with data published by other research groups [118, 119, 147].
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Figure 4.8: Unscaled and scaled power-integral gray-value diagram for ac-
tuator D1 with varying voltages and frequencies

4.1.3 Influence of the Actuator Setup
For the investigation of the force production in dependence of the actuator
setup, the actuators D1 − D5 (see Table 4.1) were operated at a constant
frequency (f = 10kHz) with varying voltages. With the change in dielec-
tric material and thickness the actuator performance is influenced. This
was described qualitatively by several researchers. Roth et al. [130] dis-
cussed the properties of different materials, e.g. dielectric constant, dielec-
tric strength, loss factor, etc., concerning power losses due to the dielectric
heating. Besides the actuator performance, the requirements on the mate-
rial are manifold and often opposing each other with the different available
materials. The influence of the degradation on the actuator performance
in terms of electro erosion [56] on one hand makes the durability of the
material important. On the other hand, flexibility and weight might be
essential for some applications. The final choice for a certain material or
setup often stems from a compromise between the different requirements
and makes the choice of the optimal dielectric material and thickness cru-
cial. The large variety of different materials and geometrical parameters
makes it even more difficult to compare different experimental results, ac-
tuator performances or numerical with experimental results.

Alongside with the results in this section, the findings in literature about
the influences of the actuator setup on the performance will be discussed.
In the following paragraphs, the effect of actuator setup will be analyzed
quantitatively, equivalent to the previous section, based on the electrical
characteristics, produced thrust and the light emission measurements.
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4 Scaling Laws for the Induced Body Force

Electrical Characteristics Thomas et al. [147] described the effect of a
lower dielectric constant as a reduction of the effective capacitance of the
actuator and a subsequent reduction of the local concentration of electric
field lines. According to them, the formation of filaments and, thus, the
beginning of the saturation is influenced, since the decrease in the concen-
tration of electric field lines is comparable to the effect of a lower current
density. This is in good agreement with the description of the nonuni-
form/filamentary discharge by Roth et al. [130].

Durscher et al. [27] observed the same; higher voltages were sustainable
for low dielectric constant compared to other materials of similar thickness,
before a nonuniform/filamentary discharge starts.

The voltage-power diagram shown in Figure 4.9(a) reveals an increase in
power consumption with a decreasing dielectric thickness d for the actua-
tors D1 − D4 and a larger dielectric constant ϵ for the actuator D5. For
both of the parameters, the influence is linear. This leads to the following
correlation:

PA/L

V 7/2 · d

ϵ
= const. (4.5)

In Figure 4.9(b), the scaled voltage-power diagram is shown, related to
a reference setup with the dielectric thickness of dref = 0.3mm and a di-
electric constant of ϵref = 3.4. The voltage-power diagram in Figure 4.9(b)
reveal some outliers for the actuators D4 and D5 at higher voltages and
thus higher power consumption. A possible explanation for the outliers is
the dielectric heating on the one hand. The change in temperature, for
instance, influences the dielectric constant, which is a function of the tem-
perature ϵ(T ) and dependent on the material [149]. The change in the
dielectric constant is more pronounced for the alumina dielectric (Al2O3)
with the D5 actuator. On the other hand the degradation [56] of the poly-
imide dielectric influences the actuator characteristics. It was demonstrated
([56] ) that the degradation is more pronounced with thinner dielectrics,
as for example of the actuator D4. Both effects would yield a larger power
consumption.

The power losses, such as the dielectric heating of the passive element are
correlated with V 2 over the entire range of operation, while the linear corre-
lation of the power consumption with d and ϵ in Equation (4.5) is connected
with V 7/2. The overall power consumption scales with PA ∝ V 7/2,whereas
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Figure 4.9: Unscaled and scaled voltage-power diagram for actuator D1 −
D5

the passive power losses of the actuator, correlated with PL ∝ V 2. Accord-
ingly the difference between PA and PL is the consumed power by the gas
discharge, described by Roth et al. [130] as plasma maintenance power PD.
Thus the consumed power of the plasma actuator is composed of the power
losses and the plasma maintenance power PA = PL + PD. Consequently,
the variation in the dielectric thickness and material does not solely influ-
ence the dielectric heating, but also the power consumption connected with
the discharge.

Force Measurements Since the overall power consumption of the plasma
actuator scales linearly with the thickness and dielectric constant of the
dielectric, the discharge is influenced as well. The change and scaling of
the induced thrust and the effectiveness of the different actuator setups is
the arising question now.

The unscaled force-power diagram (Figure 4.10(a)) shows good agree-
ment with the findings of Poon et al. [118], as an increase in thickness leads
to an increase in effectiveness with the actuators D4 to D1. The effect of
the dielectric thickness was described by Poon et al. [118] as an increase
in effectiveness with thicker dielectrics. Van Dyken et al. [152] observed
a force increase with increasing thickness for a given power consumption.
Furthermore, the strong effect of the dielectric constant becomes obvious,
which shows a decrease in effectiveness with an increase of the dielectric
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4 Scaling Laws for the Induced Body Force

constant with the actuator D5.
Curve fitting analysis of the experimental data reveals empirical scaling

laws for the force in dependence of the dielectric constant and thickness
either for the consumed power or the applied voltage. The correlation of
the force with the dielectric constant and its thickness in dependence of the
consumed power PA or the applied voltage V can be described as followed:

F ∝ PA · d1/2

ϵ7/10 (4.6)

F ∝ V 7/2 ϵ3/10

d1/2 (4.7)

The scaled force-power diagram (Figure 4.10(b)) is based on the corre-
lation given in Equation (4.6) and is related to a reference setup with the
dielectric thickness of dref = 0.3mm and a dielectric constant of ϵref = 3.4
(resembling the dielectric constant of Kapton). The lines in this scaled
force-power diagram for the actuators D1 − D5 collapse and the influence
of the dielectric thickness and the dielectric constant are compensated.
Some outliers with the actuator D4 at higher consumed power can be seen
(Figure 4.10(b)). The limitation in the produced thrust is due to the be-
ginning of the saturation with the thinnest dielectric. This also shows that
the scaling law is restricted to the homogeneous discharge region.
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Figure 4.10: Unscaled and scaled power-thrust diagram for the actuators
D1 − D5

In Figure 4.11(a), the force-voltage diagram is shown for the actuators
D1 − D5. An increase of the produced thrust at constant applied voltages
for thinner dielectrics or higher dielectric constants can be seen. The effect
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4.1 Direct Scaling of the Induced Force

of the changed dielectric is less pronounced as compared to the force-power
diagram shown in Figure 4.10. The correlations in Equation (4.7) and
Equation (4.6) are linked with the correlation given in Equation (4.5). By
comparison of the unscaled scaled force-voltage diagram with the scaled
force-voltage diagram, shown in Figure 4.11(b), it can be seen that the
different measurements in the scaled force-voltage diagram agree well the
the references case and the influence of the dielectric thickness and the di-
electric constant are compensated. Again some outliers for actuator D4 at
higher applied voltages can be seen, again related to the beginning of the
saturation, but the overall agreement with this correlation is good. The
influence of the dielectric thickness and the dielectric constant is compen-
sated by the correlation in Equation (4.7).
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Figure 4.11: Unscaled and scaled voltage-thrust diagram for actuator D1−
D5

To validate the correlation in Equation (4.6) and Equation (4.7), the
scaling laws are used to compensate the influence of the dielectric thick-
ness and the dielectric constant in data found in the work of Poon et al.
[118], Thomas et al. [147] and Van Dyken et al. [152]. Poon et al. [118]
varied the thickness by using several layers of polyester film for the di-
electric. In Figure 4.12(a), the scaled and unscaled force-power diagram
is presented based on data found in [118]. A discrepancy can be found
in the scaled force-power diagram with the thinnest dielectric. This could
be caused by the dielectric heating, degradation of the dielectric, nonuni-
form/filamentary discharge or other influences, yet unknown. The scaled
force-power diagram on the right side of Figure 4.12(a) is related to the
reference thickness of dref = 0.762mm. All lines resemble this reference
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4 Scaling Laws for the Induced Body Force

case and show good overall agreement with the correlation (4.6).
A further study, varying the dielectric thickness by several layers of Kap-

ton tape was carried out by Van Dyken et al. [152]. In Figure 4.12(b), the
unscaled (left) and scaled (right) force-voltage diagram is shown. In both
diagrams a clear start of saturation can be seen, as also described by Van
Dyken et al. [152]. In the region of the homogeneous and filament free
discharge, the lines collapse to the reference case of dref = 24mil, thus
revealing a good agreement with the correlation in Equation (4.7). Again,
the stronger influence of the change in the actuator setup can be seen in
the force-power diagram, as shown in Figure 4.12(c), with the data derived
from Van Dyken et al. [152]. The scaled force-power diagram (right side
of Figure 4.12(c)) collapse to one line corresponding to the reference case
of dref = 24mil based on the correlation in Equation (4.6).
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Figure 4.12: Unscaled and scaled power or voltage-thrust diagrams, based
on the data of Poon et al. [118], Thomas et al. [147] and Porter
et al. [119], with varying dielectric constants and thicknesses

A larger variety of parameters was carried out in the work of Thomas et
al. [147], where the dielectric thickness d, the dielectric constant ϵ and the
frequency f were varied. The scaled and unscaled force-voltage diagrams
of the data from Thomas et al. [147] are shown in Figure 4.12(d). The ref-
erence case for the scaled force-voltage diagram is given with their actuator
configuration A6, a 6.35mm thick Teflon dielectric operated at f = 2.1kHz.
The dielectric thickness d was varied in the range of d = 0.15−6.35mm and
the dielectric constant within ϵ = 2.0 to 6.0 (see [147]). The force-voltage
diagram in right part of Figure 4.13d shows a good agreement for the dif-
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4 Scaling Laws for the Induced Body Force

ferent actuator configurations and collapses to the force-voltage diagram of
the reference case.

The correlations in Equation (4.6) and (4.7) are able to compensate the
influence of the dielectric thickness and the dielectric constant with data
found in the work of Poon et al. [118], Thomas et al. [147] and Van Dyken
et al. [152]. This clearly shows, that the scaling is reasonable over a large
range of different dielectric materials and thicknesses as long as the dis-
charge is still in a homogeneous and non-filamentary regime.

Light Emission The plasma extent ∆x exhibit a linear correlation with
the applied voltage as mentioned above with the plasma operation for the
different actuators, as shown in Figure 4.13(a).
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Figure 4.13: Interrelation of the applied voltage (V ) and the plasma extent
∆x (a) and the consumed power (PA) and the integral gay-
value (GV ) for actuator D1 − D5

An influence of the dielectric thickness and constant on the plasma extent
∆x is not very clear, especially with the influence of the dielectric thickness
in the investigated range. Due to the different reflectivity of the dielectric
material the luminosity of the discharge differs. With the white material of
the alumina (Al2O3) dielectric of the actuator D5, the discharge appears
brighter as compared to the darker dielectric surface with actuator D1−D4.
An almost parallel shift for the actuator D5 in the diagram of the plasma
extent over applied voltage can be seen in Figure 4.13(a). Whether this
shift is due to the reflectivity of the dielectric surface or the influence of
the dielectric constant, cannot be clearly distinguished. Thus a scaling will
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4.1 Direct Scaling of the Induced Force

not be attempted, also in respect to the measurement uncertainty.
The gray value-power diagram is shown in Figure 4.13(b). The differences

for the actuators D1 − D4 in the power-gray value diagram are marginal,
whereas the actuator D5 differs a lot. This might again be due to different
reflectivity of the dielectric material. Regarding the actuators D1 − D4,
the correlation in Equation (4.4) is valid. The slope of actuator D5 is also
linear in Figure 4.13(b). This implies that the correlation in Equation (4.4)
is valid for a certain type of dielectric material.

With the correlation in Equation 4.6, the interrelation of the integral
gray value and the produced thrust of the actuator can be determined.

GV ∝ Ft
ϵ7/10

d1/2 (4.8)
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Figure 4.14: Unscaled and scaled power-integral gray-value diagram for ac-
tuator D1 − D5

The relation of the force and the integrated gray value GV (Equation
4.8) is compared to the unscaled diagram with the scaled diagram in Figure
4.14(a). With the unscaled force-integral gray value diagram, an influence
of the dielectric thickness for the actuators D1 − D4 and of the dielectric
material for actuator D5 becomes obvious. Applying the correlation in
Equation (4.8) to the results of the integrated gray values GV , the lines
collapse for the actuators D1−D4 in the scaled force-gray value diagram in
Figure 4.14(b). The influence of the dielectric material with the actuator
D5 is reduced, but due to the overestimation of the integral gray-value,
the lines of actuator D5 and the actuators D1 − D4 do not collapse. The
unclear influence of the reflectivity of the dielectric surface needs to be
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investigated further. Nevertheless, the results for the actuators D1 − D4
imply that the Equation (4.4) is resonable for variation in the dielectric
thickness.

4.1.4 Summary of the Direct Force Scaling
The two options of directly influencing the induced body force in its mag-
nitude and distribution: operating conditions and geometry respectively,
are investigated with three independent and simultaneously applied anal-
ysis methods. Electrical characteristics, light emission of the discharge,
and direct thrust measurements are used to characterize the different pa-
rameter influences. With the three measures the influence on the actuator
performance is quantified and more universal scaling laws are developed.
These empirical scaling laws were derived for the relation of the electri-
cal characteristics, such as applied voltage and power consumption, and
the interrelation of the produced thrust with the electrical characteristics.
These scaling laws allow to compensate the influence of the above men-
tioned parameters. The robustness and the generality of these scaling laws
were demonstrated with data found in literature and with an alternative
expression of this scaling laws using the plasma luminosity instead of the
consumed power.

The scaling law for the electrical characteristics could be summarized
to one general relation of the consumed power, applied voltage, operating
frequency and the influence of the thickness and material constant of the
dielectric layer.

PA/L

fV 7/2 · ϵ

d
= const (4.9)

Analogue to this, the interrelation of the produced thrust with the elec-
trical characteristics, dependent on the actuator setup and the operating
conditions, could be summarized to the following equations:

V 7/2 ∝ Ft
1

f1/4
d1/2

ϵ3/10 (4.10)

PA ∝ Ft · f3/4 · ϵ7/10

d1/2 . (4.11)

These scaling laws allow to predetermine changes in the performance of
an actuator, based on one known configuration. Changes in the produced
thrust and consumed power can be estimated. The layout and the design
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4.2 Indirect Scaling of the Induced Force

of the actuator for an experimental setup can be based on a target configu-
ration. Premised on robust and general valid scaling laws, a more universal
development of empirical actuator models for numerical simulations is pos-
sible. This allows a better comparability of experiment and simulation.

Even though these new scaling laws (4.9), (4.11), (4.11) seem promising
to describe and classify the consumed electrical power and produced thrust
of DBD plasma actuators for varying operating conditions and changes
in the dielectric, these correlations do not include any information about
changes of the electrode arrangement. For a better comparability of ex-
periments of different research groups, it is also necessary to quantify the
influence of those additional geometrical parameters.

4.2 Indirect Scaling of the Induced Force
The pulsed operation of DBD plasma actuators is usually referred to the
unsteady force agitation as it is used for the excitation or the active damp-
ing disturbances in the flow for the control of separated flow [20, 69, 94] or
the damping of disturbances in the boundary layer [54, 89]. But, the pulsed
operation also yields the possibility to reduce the time-averaged force pro-
duction, as shown by Porter et al. [120]. There, the plasma actuator was
operated at duty cycles (DC) of 10%, 50% and 100%, this reduced the
mean force production significantly, but no direct proportional relation of
the reduced force and the applied duty cycle is apparent.

To determine the reduction rate of the produced force, the differential
force estimation is used to analyze the influence of the pulsed operation.
The standard actuator operated at f = 10kHz and an applied voltage of
V = 6kV and V = 7kV is modulated at a frequency of fmod = 250 and
500Hz with different duty cycles. As a requirement to assume a quasi-
steady time-averaged force production by the pulsed operation, the actu-
ator has to be operated at a sufficiently high modulation frequency con-
cerning the time scales of the flow under investigation. Thus; the plasma
operating frequency f has to be chosen high enough, since at least a certain
number of discharge cycles has to be within the on-pulse of the modulation.
The relationship between the modulation frequency fmod = 1

Tmod
and the

operating frequency of the plasma f is explained in Figure 4.15. The higher
frequency is the plasma operating frequency. In this sketch two periods of
the modulation frequency are shown with a duty-cycle of 50%

This ideal signal shape cannot be directly transferred to the high-voltage
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Figure 4.15: Schematic sketch of the driving voltage for the pulsed opera-
tion

signal, since the plasma actuator and the high voltage generator resemble
an oscillating circuit with a certain transient behavior. An example of
the transient behavior is shown in Figure 4.16 for the standard actuator
operated at a frequency of f = 10kHz modulated at fmod = 500Hz with
a duty cycle of DC = 50%. Due to this transient oscillation some periods
of the plasma operating frequency are required to reach the maximum
amplitude of the high voltage signal and after the shut down of the actuator,
during the off period, a post-pulse oscillation of the system is observable.
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Figure 4.16: Measured driving voltage for the pulsed operation

This transient oscillation, observed with the high-voltage generator, re-
quires operation of the actuator at the resonance frequency of the whole
electric circuit. When the actuator is modulated the operation at the res-
onance frequency prevents an overshoot in the high-voltage signal and re-
duces the transient behavior.
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4.2.1 Force magnitude
The plasma actuator operated at V = 7kV and a frequency of f = 10kHz
shows a reduction in the consumed power when it is modulated at fmod =
250Hz with varying duty cycles (DC = 20%-100%). The relative consumed
power, shown in Figure 4.17, reveals a linear relation with the duty cycle
of the modulation, but no direct proportional scaling is observed. The red
line in Figure 4.17 shows a linear fit with a slope of 4.3% change in the
relative power consumption with a change of 10% in the duty cycle.
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Figure 4.17: Relative consumed power PA at varying DC with the modu-
lation frequency of fmod = 250Hz.

This can be explained with the post-pulse oscillation of the system. The
duration of this oscillation is dependent of the characteristics of the oscillat-
ing circuit, of high-voltage generator and plasma actuator. Therefore the
relation of the pulse duration and the duration of the post-pulse oscillation
changes with varying duty cycle. As long as the amplitude of the post-pulse
oscillation is below the onset voltage, the pulse width of the modulation is
not affected and the consumed power in the post-pulse oscillation is referred
to passive power losses.

Some discharge cycles are required for the amplitude of the voltage to
achieve the maximum of V = Vmax. This transient oscillation in the begin-
ning of the modulation pulse could also affect the force production.

The relative force magnitude Fx/Fx,DC = 100% (based on Equation (3.3))
for different duty cycles is shown in Figure 4.18 and is normalized with the
force at the continuous operation (DC = 100%). The actuator was operated
at an applied voltage of V = 7kV and the operating frequency (f = 10kHz)
was modulated with a frequency of fmod = 250Hz and fmod = 500Hz. It
can be seen that the force magnitude Fx is not linearly scaled with the
chosen duty cycle. A quadratic fitting is applied to the mean force and is
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Figure 4.18: Relative force magnitude Fx at varying DC with the modula-
tion frequency of fmod = 250Hz and fmod = 500Hz.

shown with the red line in Figure 4.18. It clearly shows, that a smaller
duty cycle is less efficient in accelerating the flow.

The fluid mechanic effectiveness η∗
F M is shown in Figure 4.19, for different

duty cycles and at a modulation frequency of fmod = 250Hz.
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Figure 4.19: Fluid mechanic effectiveness η∗
F M for a modulated actuator

(fmod = 250Hz) in dependency of the duty cycle

For a small duty cycle of DC = 20% the effectiveness of the actuator
is approximately one order of magnitude smaller than for the continuous
operation. The effects of the transient and post-pulse oscillation with the
oscillating circuit, the reduced force production at the beginning of the
pulse and the passive power losses after the pulse, are not influenced by
the pulse duration. Thus the relative share becomes more pronounced with
a reduced duty cycle, resulting in a decrease of the effectiveness.
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4.2 Indirect Scaling of the Induced Force

Velocity-Field Evolution During a modulation period the flow is accel-
erated and with the plasma turned off the flow decelerates . Boucinha et
al. [15] performed time-resolved velocity measurements with an actuator
operated in pulsed mode in quiescent air. The actuator was operated at a
low frequency of f = 500Hz and pulsed at 10 Hz. There, it can be seen
that a time of 10ms was required to achieve a constant velocity during the
on-pulse. In the investigation of Benard et al. [11] time-resolved velocity
measurements with an actuator operated at a frequency of f = 1500Hz
and varying modulation frequencies where performed. There, a time of
5ms was required to achieve a constant velocity during the on-pulse. This
time is presumably dependent on the operating frequency and decreases
with increasing frequency.

With PIV based velocity-field measurements, acquired at a frequency
of 10kHz synchronized to the plasma operating frequency, phase-averaged
velocity fields could be obtained for the velocity evolution during a mod-
ulation period. Since the operating frequency is 20 times larger than the
modulation frequency of fmod = 500Hz, the modulation period could be
divided into 20 bins. The phase-averaged velocity-field measurements yield-
ing the fluctuation of the velocity-field distribution with the discontinuous
force production.
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Figure 4.20: Phase-averaged evolution of the maximum velocity in the flow
field (◦) and the maximum velocity at x = 0.9mm (∗) and
x = 3mm (�) downstream of the upper electrode.

In Figure 4.20 the maximum velocity of the flow field (◦) and the maxi-
mum velocity at two downstream positions at x = 0.9mm (∗) and x = 3mm
(�) are presented for a duty cycle of DC = 50%. At the beginning of the
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4 Scaling Laws for the Induced Body Force

pulse the maximum velocity in the flow field (◦) shows a still decreasing ve-
locity. This demonstartes that the induced velocity is not convected down-
stream or dissipated completely. With the maximum velocity in the flow
field and the maximum velocity at the downstream position of x = 0.9mm
(∗) it can be clearly seen that no constant velocity is achieved during the
on-pulse. The position x = 0.9mm resembles the position of the maximum
velocity at t = 0.5 · Tmod. Here the largest velocity fluctuations could be
expected.
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Figure 4.21: Flow field distributions for different phase angles of the mod-
ulation period at fmod = 500Hz and V = 7kV at DC = 50%.
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4.2 Indirect Scaling of the Induced Force

The velocity fluctuation is restricted to an area close to the upper elec-
trode, since the maximum velocity at x = 3mm (�) downstream of the
upper electrode does not reveal any significant fluctuations. This behavior
can also be seen in the evolution of the flow field distribution. In Figure
4.21 the flow field distributions for different phase angles of the modulation
period are shown. At t = 0.1 · Tmod the pulse starts, and a small spot of
a low velocity arises. This spot is continuously growing in intensity until
t = 0.5·Tmod when the pulse stops. Between t = 0.6·Tmod and t = 1.0·Tmod

this spot is convected downstream and reduced in magnitude. It is still vis-
ible as a second maximum in the flow field when the next pulse starts at
t = 0.1 · Tmod. Further downstream no fluctuations in the induced wall-jet
can be distinguished.

With the modulation frequency fmod = 250Hz the number of bins in-
creases to 40 bins per modulation period. In Figure 4.22 the maximum ve-
locity in the flow field (◦) and at two downstream positions at x = 1.5mm
(∗) and x = 3mm (�) for a duty cycle of DC = 50% and the lower modu-
lation frequency are presented.
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Figure 4.22: Phase-averaged evolution of the maximum velocity in the flow
field (◦) and the maximum velocity at x = 1.5mm (∗) and x =
3mm (�) downstream of the upper electrode, for an actuator
operated at V = 7kV and modulated at fmod = 250Hz aand
DC = 50%.

The induced velocity does not reach a constant value with the lower
modulation frequency either. But in comparison with the higher modula-
tion frequency, shown in Figure 4.20, the deceleration of the flow during
the off period reduces the velocity to a larger extent. Thus the maximum
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4 Scaling Laws for the Induced Body Force

induced flow velocity does not exceed the velocity with the higher modu-
lation frequency. The position of the maximum velocity at t = 0.5 · Tmod

moves downstream to x = 1.5mm for the lower modulation frequency, due
to the longer acceleration period. Compared to the position of the max-
imum velocity with the continuous operation, as discussed in Section 3.3,
a longer acceleration period would be required to produce the position of
the maximum velocity at x = 2mm.

Regarding the fluctuation, still visible in the velocity plot for x = 3mm
(�) in Figure 4.22, the flow field modulated at fmod = 250Hz has a more
unsteady character as compared to the higher modulation frequency.

With a larger duty cycle DC = 70% the maximum velocity at two posi-
tions at x = 2mm (∗) and x = 3mm (�) is analyzed and presented in Figure
4.23. With the longer acceleration period a constant velocity was achieved
during the on-pulse of the modulation. Here, with a operating frequency of
f = 10kHz a time of t = 2ms was required to achieve a constant velocity.
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Figure 4.23: Phase-averaged evolution of the maximum velocity at x =
2mm (∗) and x = 3mm (�) downstream of the upper electrode,
for an actuator operated at V = 7kV and modulated at fmod =
250Hz and DC = 70%.

The more unsteady character of the wall-jet can also be seen in Figure
4.24, where the flow field distributions for different phase angles of the
modulation period are shown. The wall-jet appears in a wavy structure in
the entire field of view.

At the beginning of the pulse (t = 0.1 · Tmod) a small region with higher
velocity appears close to the upper electrode due to the beginning of the
discharge. The second maximum is already convected farther downstream
as compared to the flow field in Figure 4.21. The flow is accelerated until the
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Figure 4.24: Flow field distributions for different phase angles of the mod-
ulation period at fmod = 250Hz and V = 7kVat DC = 50%.

end of the pulse (t = 0.5 · Tmod) and starts to decay during the off period
between t = 0.6 · Tmod to 1.0 · Tmod. The distances between the single
spots of higher velocity reach a larger extent at the modulation frequency
fmod = 250Hz.

With the time-dependent force field calculation as introduced in Equa-
tions (3.4) and (3.5), the development of the body-force can be estimated
during modulation period Tmod. The time-dependent force magnitude is
calculated by the integration of the force distribution, as described in Equa-
tion (4.12).
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4 Scaling Laws for the Induced Body Force

Fi(t)/L =
ymax∫

ymin

xmax∫
xmin

fi(x, y, t) dx dy. (4.12)

The normalized force magnitude F ∗
x (t) during the modulation period

for a duty cycle of 50% and a modulation frequency of fmod = 500Hz
is shown in the upper diagram of Figure 4.25. In the lower diagram the
corresponding normalized voltage signal is depicted. The force magnitude is
normalized with the mean magnitude of the plasma-on phase (cp. Equation
(4.13)].

F ∗
x (t) = Fx(t)/Fx,on (4.13)

Assuming an ideal behavior of the force modulation, a constant force
during the plasma-on phase could be expected as depicted with dotted
lines in Figure 4.25. The real behavior shows that at least three discharge
cycles are required to reach the maximum induced force.
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Figure 4.25: Evolution of the normalized force magnitude F ∗
x (t) during a

modulation period with fmod = 500Hz and DC = 50%.

This correlates with the transient oscillation of the applied voltage, where
also three discharge cycles are required to reach the maximum voltage.
The temporal evolution of the force implies a linear scaling with the cho-
sen duty-cycle of the modulation, but the mean force magnitude during
the plasma-on pulse is smaller as compared to the force magnitude with
the continuous operation. In the case of 50% duty cycle, the mean force
magnitude reaches less than 0.8 · Fx of the force magnitude of continu-
ous operation. In combination with the reduced force at the beginning of
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4.2 Indirect Scaling of the Induced Force

the plasma-on pulse this results in a strong reduction of the mean force
magnitude averaged over the entire modulation period.

The cause of the reduced force magnitude has to be investigated further,
since it cannot be distinguished with this investigations if the discharge is
affected due to a reduced surface charge or if the reduced dielectric heating
influenced the force production. Therefore further measurements with the
gray value distribution of the light emission could give more insights.

Force-Field Distribution Beside the force magnitude of the pulsed op-
eration, the force-field distribution and its extent are of interest for the
approach of the indirect force scaling. In Figure 4.26 the contour lines for
10% of the force field maximum are shown for V = 6kV (dotted line) and
V = 7kV (solid line) for the modulation frequency fmod = 500Hz. The
black line shows the 10% contour of the force field for a duty cycle of DC
= 50% and the 100% duty cycle is display in red.

The extent of the force field is constant for varying duty cycles at a given
applied voltage.
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Figure 4.26: Contour lines with 10% of the force field maximum at V = 6
and 7kV for a DC = 50% and 100% duty cycle

4.2.2 Summary of the Indirect Force Scaling
It was demonstrated, that the time averaged force can significantly be re-
duced in its magnitude by operating the actuator in pulsed mode, whereas
the force extent remained constant. The discontinuous force production
or pulsed mode offers the possibility to decouple the force field magnitude
and its extent to the greatest possible extent. To assume a time averaged
constant force the plasma actuator has to be modulated at a sufficient high
frequency. Which frequency is appropriate depends on the flow control
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approach, the relevant time scales of the targeted flow and on the elec-
trode arrangement. Operated in quiescent air at a modulation frequency
of fmod = 500Hz the actuator induces a fluctuating velocity field. The
fluctuation of the velocity field is restricted to a small area close to the
upper electrode. At a smaller modulation frequency (fmod = 250Hz) the
oscillation of the wall-jet sustain over a longer distance. This is correlated
with the convective speed of the wall jet.

4.3 Summary - Scaling of the Induced Body
Force

In the first part of this chapter the direct scaling of the force was introduced.
Dependent on the parameters, plasma operating conditions and actuator
setup, the influence on the produced thrust and power consumption was
analyzed using three independent measures, such as electrical characteris-
tics, direct thrust measurements and the light emission of the discharge.
Empirical scaling laws were derived, to compensate the influence of the
above mentioned parameters. These scaling laws were verified with data
found in literature and with an alternative expression of this scaling laws
using the plasma luminosity instead of the consumed power.
With the direct scaling of the force, by changing the actuator setup, the
magnitude of the force is influenced mainly. The extent of the plasma or
the extent of the force field grows linearly with the applied voltage, but
this is coupled with an increase of the force magnitude. With a variation
of the operating frequency the extent of the plasma is kept constant, but
the force magnitude is influenced only in narrow range.

Adjusting the force magnitude and the force field extent independently
for a certain actuator setup is only possible by indirect scaling.

The indirect scaling was addressed with second part of this chapter.
The differential force field estimation, based on PIV measurements, was
used to analyze the influence of the discontinuous operation on the force
magnitude and the extent of the force field. It was demonstrated, that the
time-averaged force magnitude can be adjusted in a wide range without
changing the time averaged size of the force field. This is an essential
perquisite for the experiments and investigations of the following chapters.
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5 Plasma Actuator Vortex Generators
The aim of this section is the parameter identification of plasma actuators
for active vortex generation in laminar boundary layers. The main intention
here is the prolonged generation of longitudinal vortices over a significant
streamwise distance. One promising application for arrays of streamwise
vortices is to delay transition by spanwise modulating the streamwise ve-
locity in a laminar boundary layer, as demonstrated by Fransson et al. [41]
and Gürün and White [55]. Therefore, the experiments presented here fo-
cus on the streaks and their streamwise development that result from the
vortices produced by the plasma actuators.

To generate stable streaks in a laminar boundary layer the spanwise
modulation of the velocity inside the boundary layer must not exceed a
certain amplitude. Direct numerical simulations performed by Andersson
et al. [5], showed that there exists a critical streak amplitude around 26%
of the free-stream velocity, above which the streaky base flow becomes
unstable. With a strong forcing, the plasma actuators would themselves
trigger the transition to turbulence. Thus the forcing of the plasma actuator
has to be carefully adjusted to meet this requirement. It turns out that
creating a low enough force magnitude is one of the major challenges. This
is in contrast to the usual problem of plasma actuator research, where the
actuator is in most cases not strong enough for achieving the desired effects.

In the following section the parameter influences are identified and dis-
cussed.

5.1 Parameter Influence: Identification
With the body force oriented perpendicular to the main flow direction, a
longitudinal vortex begins to form. Measurements by Jukes et al. [70]
have shown that a certain streamwise distance is necessary for the flow to
develop a vortex under the influence of the transverse body force. Farther
downstream the vorticity increases linearly until the end of the electrode is
reached. Thereafter the vortex starts to decay. Several parameters influ-
ence the size, vorticity and the vertical and horizontal position of the vor-
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tex cores, and these can be grouped into geometric parameters (electrode
spacing, width and length and dielectric thickness ), operating con-
ditions (voltage, frequency and consumed electric power) and flow
conditions (free stream velocity and boundary-layer thickness). The bold
printed parameters are investigated qualitatively in this chapter. Before
the the experimental setup and the results are presented, the influencing
parameters are discussed based on the characterization and the scaling of
the plasma actuator as introduced in Chapter 3 and 4.

Geometry

• Actuator spacing: In an array of actuators the distance between
the active electrodes has a comparable effect to the spacing of pas-
sive devices, such as vane type vortex generators. However, the direct
scalability of plasma actuators is limited concerning the independent
choice of size and length of the discharge region and the forcing mag-
nitude. Additionally, the electrodes cannot be placed arbitrarily close
to each other without promoting an interaction between the discharge
regions and the electric fields of two adjacent actuators. The distri-
bution of the body force has its maximum at a distance from the
active electrode of approx. 0.25 − 0.3 · ∆xF in direction of the in-
duced force. The size of the discharge region is correlated with the
magnitude of the generated force. Both effects need to be considered
for small actuator spacings.

• Electrode width: In an arrangement that produces counter rotating
vortex pairs, the width of the upper electrode primarily influences the
distance between the vortex pairs and thus the shape of the streaks,
similar to the distance between the two vanes of a passive vortex
generator producing a pair of counter-rotating vortices. By varying
the width of the upper electrode at a constant spacing, the spanwise
position of the vortex cores can be adjusted such that the vortices are
distributed equally, i.e. the distance between two vortices of a pair
have the same distance as the corresponding neighboring vortex.

• Electrode length: Usually the plasma actuator is considered as a
2D device and is applied for 2D problems. The force production is
therefore usually quantified by force per meter length. This force
(N/m) certainly is an important feature for the creation of vortices.
However, in contrast to passive devices the vortex is created gradually
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along the streamwise direction, therefore the vorticity of the result-
ing vortex directly depends on the electrode length in the streamwise
direction, i.e. the electrode-parallel length of the discharge region.
For a given plasma actuator (electrode dimension and dielectric ma-
terial), the streak amplitude mainly depends on the force integrated
along the electrode length. This implies, that for longer electrodes
the forcing magnitude (applied operating voltage) must be reduced
for producing a vortex of a given vorticity.

• Thickness of the dielectric : One major parameter simultaneously
affecting the magnitude and size of the discharge region is the dielec-
tric between the electrodes. Changes of its thickness and its material,
directly influence the electric-field lines and their dependence on the
applied voltage. The discharge only occurs where the electric field
exceeds the breakdown-field strength. Both, the permittivity of the
material and the distance between the electrodes affect the position
of the breakdown-field line. Thinner dielectric layers increase the lo-
cal electric field strength at a chosen voltage. The thickness of the
dielectric therefore constitutes a further parameter for adjusting the
forcing magnitude and discharge-region size.

Plasma Operation

• Voltage: The applied voltage has to exceed a certain level for a given
device setup for the discharge to begin. Starting with this threshold
voltage the discharge region grows in size and the integral force (N/m)
increases. The applied voltage and the consumed power of the device
are closely correlated. When operated near the threshold voltage, the
discharge is very sensitive to imperfections concerning the distance
of the electrodes, permittivity of the dielectric and the geometric
accuracy of the electrodes. Variations of these parameters lead to a
nonuniform discharge along the electrodes and from one actuator to
the neighboring ones and, therefore, lead to non-constant growth of
the vorticity along the length of the actuator. It is observed that
this sensitivity is reduced when the actuator is operated well beyond
the above mentioned threshold voltage. However, higher operating
voltages stand in contrast to lowering the forcing magnitude. Since
the operating voltage is closely coupled to the force magnitude and
more important here; to the extent of the body-force region.
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• Operating Frequency: Similar to the effect of the operating volt-
age, the plasma operating frequency is also closely correlated with
the consumed power of the device and with the produced force mag-
nitude. The consumed power increases linearly with increasing fre-
quency, whereas the produced force magnitude is only scaled with
f1/4

• Continous/pulsed mode: The plasma actuator is operated at a
high frequency high voltage usually of the order of tens of kHz and
kV. During a discharge period the body force is not constant. How-
ever, this operating frequency can be chosen high enough such that
the flow can be assumed to not be susceptible to this frequency. Fur-
thermore, the amplitude of the operating frequency can be modu-
lated at chosen frequencies. For example, the operating frequency
can rapidly be turned on and off, leading to a force pulsed at the
modulation frequency with a chosen duty cycle. Given that this am-
plitude modulation is of high enough frequency not to trigger any
further instabilities, the option to operate the plasma actuator in
pulsed mode is an interesting means to decouple the forcing magni-
tude and the size of the discharge region. By adjusting the duty cycle
of the modulation, the time averaged force can be reduced without
changing the size of the discharge region.

Additionally the outer flow conditions affect the vortex scaling, by means
of control authority and the relative vortex size. For completeness these
parameters are discussed at this point, but not included in the subsequent
investigation.

Flow Conditions
• Free-stream velocity: As known from other flow control exper-

iments with plasma actuators the ratio between the momentum of
the free stream and the induced momentum (momentum coefficient
Cµ) is an accepted measure for the dimensionless quantification of
active flow-control actions. Usually the applicability of plasma actu-
ators for flow control is very limited due to the limited force magni-
tude,resulting in low value of Cµ. It turns out that the generation of
longitudinal vortices requires very low forcing magnitudes in the case
that actuators with a significant streamwise length are to be used.

• Boundary-layer thickness: The penetration depth of the body-
force region into the boundary layer in wall-normal direction is lim-
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ited and cannot be easily varied or adjusted, due to the wall-normal
thickness of the discharge region and the resulting distribution of the
body force. The effect of the ratio of discharge region thickness to
boundary-layer thickness on the vortex formation should be identified
and certainly has an effect on the vortex formation.

5.2 Experimental Setup
The aim of the present investigation is the qualitative parameter iden-
tification for active vortex generation using plasma actuators in laminar
boundary layers. The experiments presented here focus on the streaks and
their streamwise development that result from the vortices produced with
the plasma actuators.

The experimental data have been acquired in the large scale speed wind
tunnel (NWK1) at the TU Darmstadt. This is a Göttinger-type tunnel
with a vertical arrangement. The closed test section has a length of 4.8m
and a cross section of 2.2m by 2.9m with a maximum velocity up to 68m/s.
The turbulence level is approximately 0.2% at test speeds above 20m/s.

Figure 5.1: Experimental setup of the flat plate mounted in the test section.

The flat plate is made of acrylic glass with an elliptic leading edge and a
length and width of 1.08m and 0.44m respectively. It was mounted verti-
cally into the test section with end plates (see Figure 5.1). The plate has an
exchangeable insert over the range x = 170mm to 290mm measured from
the leading edge, allowing flush mounted actuator arrays to be positioned
between x = 175mm and 275mm. The plasma actuator arrays were made
of self-adhesive Kapton and copper tape. The copper tape has a thickness
of 35µm and Kapton tapes of different thicknesses were available.

The standard actuator configuration is defined as an array of plasma
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Figure 5.2: Sketch of experimental setup: a) flat plate; b) plasma actuator
array, with a given electrode length L, electrode width w and
spanwise spacing λ

actuators with a single large lower electrode and seven upper electrodes
with a width of w = 2mm, a length of l = 100mm and with a λ = 10mm
spanwise spacing. The dielectric layer has a thickness of d = 0.33mm.
Plasma is generated on both sides of the active upper electrodes. Thus, each
upper electrode produces a pair of counter-rotating vortices. The discharge
length lp is defined as the sum of the lengths of all active edges of the
upper electrodes. For the standard configuration the total discharge length
is lp = 1.4m. The operating conditions for the standard configuration was
an operating voltage of V = 4kV and a carrier frequency of f = 8kHz.
Figure 2 shows the setup on the flat plate including the coordinate systems
origin (a) and the geometrical definition of a vortex generator array (b).

The velocity data were acquired with a Dantec StreamLine CTA system
placed downstream of the plasma actuator at a sufficient distance to the
active electrodes (x > 300mm) to prevent arcing between the actuator and
the CTA probe, and also to reduce the electronic noise due to electromag-
netic disturbances. In the post-processing the data were smoothed using a
Savitzky - Golay smoothing filter.

5.2.1 Base Flow

For all experiments the flow velocity was set to U∞ = 8 m
s . Using the

deflection of the trailing edge flap, the pressure gradient along the plate
was adjusted to be close to zero. In Figure 5.3 the measured boundary-
layer thickness δ99 is compared to the Blasius solution and the downstream
development of the shape factor H12 of the base flow configuration is shown.

100



5.2 Experimental Setup

100 150 200 250 300 350 400 450
2

3

4

5
Boundary layer thickness

y[
m

m
]

 

 

Blasius solution
Base flow

100 150 200 250 300 350 400 450
1

1.4

1.8

2.2

2.6

33
Shape factor

x[mm]

H
12

Figure 5.3: Boundary-layer thickness and shape factor of the base flow con-
figuration. The dotted lines show the size of the exchangeable
insert in which the actuators can be mounted.

5.2.2 Measurement Procedure

There are several reasons to minimize the measurement time for any one set
of operating conditions. Over long periods of operation the performance of
the plasma actuators can change due to deterioration of the Kapton tape,
in some cases eventually leading to breakdown and failure of the actuator.
Since the actuators are handmade, they differ slightly from one another and
therefore it is preferable to perform all measurements for one configuration
with a single actuator. Any remaining performance variation over one set
of measurements can be largely compensated using a closed-loop control
circuit as demonstrated by Kriegseis et al. [86].

To maintain short measurement times only selected profiles of the stream-
wise velocity component were measured. At all selected downstream po-
sitions one spanwise (wall-parallel) traverse and one wall-normal traverses
were performed. The spanwise distribution of the streamwise velocity com-
ponent was measured at the wall-normal position where the base flow
reached 50% of the freestream velocity. This measurement procedure is
sketched in Figure 5.4, where the green curve represents the spanwise ve-
locity profile. Using this information the exact positions of the high-speed
streak and the low-speed streak could be determined. In a second step the
velocity profile normal to the wall was measured for each of the high-speed
(umax(y)) and low-speed (umin(y)) streaks (displayed in Figure 5.4 in blue
and red respectively). From these wall-normal profiles the streak amplitude
was expressed with respect to the outer, freestream velocity as:
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Ast = max
y

{
umax(y) − umin(y)

2

}
/U∞. (5.1)

xz

y

Figure 5.4: Schematic diagram of the measurement procedure. Wall par-
allel measurements marked in green, boundary-layer profiles in
the high-speed (red) and low-speed streak (blue)

The evolution in streamwise direction of the estimated streak ampli-
tude Ast according to equation (5.1) is shown in Figure 5.5(a). The nor-
malized, spanwise modulation of the streamwise velocity derived from the
wall-parallel measurements is shown in Figure 5.9.

Before presenting the results, the influence of the different parameter is
discussed. The relevant parameters can be grouped into geometry, plasma
operation and flow conditions. All parameters are to some extent linked,
and there is a connection between effects from the geometry parameters
and those from the parameters of plasma operation. For generating equally
distributed streaks in a laminar boundary layer, it is necessary to adjust
all parameters carefully.

5.3 Results: Streak Generation
In the preliminary experiments the parameter combinations shown in Table
5.1, were investigated:

Parameter: Electrode Length and Spanwise Spacing Figure 5.5 shows
a comparison of the streamwise development of the streak amplitudes, as
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Label L λ d w Dielectric V DC Parameter
PA1 100 10 0.33 2 Kapton 4 17 Basis
PA2 75 10 0.33 2 Kapton 4 17 Electrode length
PA3 100 8 0.33 2 Kapton 4 17 Spanwise spacing
PA4 80 8 0.33 2 Kapton 4 17 Electrode length
PA5 100 10 0.33 2 Kapton 4.8 17 Voltage
PA6 100 10 0.33 2 Kapton 4 13 Duty Cycle
PA7 100 10 0.165 2 Kapton 4 17 Dielectric thickness
PA8 100 10 0.165 3 Kapton 4 17 Electrode width
PA9 90 8 0.38 2 AL2O3 4 17 Dielectric material

Table 5.1: Overview of the investigated parameter combinations. Geomet-
rical parameters have the dimension [mm] the voltage V is given
in [kV]

defined in equation (5.1) and shown in Figure 5.4, for four different cases:
Two cases with 10mm spacing (Figure 5.5(a)) and two cases with 8mm
spacing (Figure 5.5(b)). Two different electrode lengths were tested for
each spacing.
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Figure 5.5: Evolution of the streak amplitude and spanwise velocity modu-
lation with varying electrode length for (5.5(a)) 10mm spanwise
spacing (PA1 and PA2) and (5.5(b)) 8mm spanwise spacing
(PA3 and PA4).

For the shorter actuator array, another detail requires attention: The
75mm actuator in Figure 5.5(b) consists of two arrays of 37.5mm length
separated by 25mm in streamwise direction (Figure 5.6(b)), whereas the
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5 Plasma Actuator Vortex Generators

80mm array is a single piece, as sketched in Figure 5.6(d). The end position
for the array with the 80mm electrodes is located at x = 255mm. A small
part of the difference in the amplitudes in Figure 5.5(b) results from the
different end position of the arrays.

c)a)

b) d)

175 255 275
x

175 275
[mm] x [mm]

Figure 5.6: Sketch of actuator positions for the configurations a) PA1; b)
PA2; c) PA3; d) PA4

The two-piece array demonstrates the possibility to energize vortices with
separated and/or cascaded actuator arrays to cover a longer downstream
distance.
The preliminary conclusions that can be drawn from this comparison are
the following: A smaller spacing leads to stronger decay rates of the streak
amplitudes, independent of the streak amplitude at the first measurement
position; A reduced actuator length with constant operating voltage leads
to lower streak amplitudes, qualitatively according to the reduction in
length and therefore to the applied power per electrode or vortex; Ac-
tuators may be composed of several segments in streamwise direction and
a significant gap between two parts does not seem to cause difficulties. It
is easily possible to re-energize an already existing vortex.

Parameter: Operating Voltage Increasing the operating voltage yields a
higher streak amplitude at the first measurement position as shown in Fig-
ure 5.7. Clearly, the operating voltage is the primary means for adjusting
the vorticity and thereby the streak amplitude. It appears that increasing
the operating voltage does not affect the decay rate. The mean consumed
power was P

lp
= 0.73W/m and P

lp
= 0.81W/m for the 4kV (PA1) and 4.8kV

(PA5) experiment, which correlates to the increase in streak amplitude.
The range of applicable operating voltages is very limited for this type

of plasma actuator. On the one hand a minimum voltage is required for
the discharge to occur and a maximum voltage must not be exceeded to
avoid triggering transition. Generating low forcing magnitudes was a major
issue in this investigation. This is in contrast to many other applications
of DBD plasma actuators, where often higher forcing magnitudes are desir-
able. This challenge of maintaining a discharge a low voltage levels can be
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Figure 5.7: Evolution of the streak amplitude and spanwise velocity mod-
ulation with varying applied voltages (PA1 and PA5)

met by reducing the thickness of the dielectric layer between the electrodes.

Parameter: Pulsed Operation As already mentioned it can be difficult
to operate plasma actuators with very low forcing magnitudes. Simultane-
ously the size of the discharge volume shrinks with lower operating voltages.
This can be detrimental for the generation of vortices of certain dimen-
sions. An operation of the arrays in pulsed mode at a certain modulation
frequency and duty cycle offers the possibility to reduce the time averaged
force production while keeping the size of the discharge volume constant
as demonstrated in Chapter 4. In the case shown in Figure 5.8 a standard
actuator configuration was operated in burst mode at a plasma operation
frequency of fp = 8kHz modulated at a frequency of fmod = 300Hz with
two different duty cycles (PA1 DC = 17% and for PA6 DC = 13%).
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Figure 5.8: Evolution of the streak amplitude and spanwise velocity mod-
ulation with varying duty cycles (PA1 and PA6)
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Ideally the modulation of the carrier frequency is rectangular, yielding
an idealized square-wave shaped body-force time trace. For duty cycles
other than 100% the time averaged produced force is reduced. In the
experiments shown in Figure 5.8 the mean power per discharge length was
reduced from P

lp
= 0.73 W

m at 17% duty cycle to P
lp

= 0.45 W
m at 13% duty

cycle. Concerning the resulting drop of the initial streak amplitude for
both cases, no good correlation could be found so far.

The reason for this nonlinear behavior can be found in the reduce fluid
mechanic effectiveness (η∗

F M ) for a smaller duty cycle as discussed in Chap-
ter 4.

Figure 5.9 shows the direct comparison of the normalized, spanwise mod-
ulation downstream of the streamwise velocity for the standard actuator
array (PA1) and the same array operated at a different duty cycle (PA6)
is shown.
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Figure 5.9: Normalized, spanwise modulation of the streamwise velocity for
different duty cycle (PA1 with DC = 17% (solid line) and PA6
with DC = 13% (dotted line)), measured at x = 300mm and
y(u = 4 m

s ); electrode positions marked in grey

Due to this normalization the difference in amplitude, as seen in Figure
5.8, is not visible in Figure 5.9. In contrast to the streak amplitude the
spanwise distribution of PA1 and PA6 do not reveal large differences. This
clearly shows that the streak amplitude can be adjusted without influencing
the spanwise distribution of the streaks and confirms the possibility to
adjust the desired force magnitude and the size of the body force region
independently.

Parameter: Thickness of the Dielectric In Figure 5.10 the evolution
of the streak amplitudes for the standard configuration (PA1) and an ar-
ray with half the thickness of the dielectric (PA7) is shown. The applied
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voltage is the same for the two configurations. For the thinner dielectric
the breakdown field strength is reached for a lower applied voltage and the
consumed power is higher compared to the standard configuration with the
same applied voltage. For the configuration with the thinner dielectric less
than 50% of the streak amplitude is achieved as compared to the standard
array, even though the applied voltage is the same.
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Figure 5.10: Evolution of the streak amplitude and spanwise velocity mod-
ulation with varying dielectric thickness (PA1 and PA7)

The effect of the dielectric thickness on the actuator performance is
shown in Section 4.1.3. It was demonstrated that the force increases with a
thinner dielectric layer at a constant applied voltage, whereas the consumed
power increases antiproportional with the dielectric thickness. It could also
be seen that the plasma extension is also affected in a small range.

In the present investigation smaller streak amplitudes were achieved with
the thinner dielectric. Even though a stronger force can be expected for
the thinner dielectric the achieved streak amplitude is smaller than for the
thicker dielectric. This can be explained by the fact that not only the force
increases but simultaneously the size of the body force volume shrinks also
in wall-normal direction. This could be seen in the work of Benard et al.
[10], where the force-field distribution was evaluated with a significantly
lager dielectric thickness. The thinner dielectric leads to smaller and more
concentrated vortices which do not interact strong enough to create a single
large streaks between the vortices.

Parameter: Width of the Upper Electrode Next, the electrode width
was increased from w = 2mm (PA7) to w = 3mm (PA8) for the config-
uration with the thin dielectric d = 0.165mm. The normalized, spanwise
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modulation A
max(|A|) is presented in Figure 5.11 for the two different elec-

trode widths.
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Figure 5.11: Normalized, spanwise modulation of the streamwise velocity
for different electrode widths (a) w = 2mm PA7 and b) w =
3mm PA8), measured at x = 300mm and y(u = 4 m

s ); electrode
positions marked in grey

The relative widths of the high-speed and low-speed streak for the wider
electrodes (w = 3mm) in Figure 5.11(b) are more equalized than with nar-
rower electrodes (w = 2mm) in Figure 5.11(a). A double minimum is visi-
ble in the low-speed streak with narrower electrode (w = 2mm) in Figure
5.11(a), presumably caused by the larger separation of the small vortices.
On the one hand it is desired that the interaction of single vortices quickly
produces a single low speed streak; on the other hand equal widths of the
high speed and the low speed streaks are required. Both features can be
influenced by the width of the upper electrode as Figure 11 shows.

Regarding the evolution of the streak amplitudes and spanwise modu-
lation in the streamwise direction for these thin dielectric configurations
(PA7 in Figure 5.10 and PA8 in Figure 5.12), they seem not to be appro-
priate to create sufficiently strong amplitudes. The streak amplitudes Ast

derived from the boundary-layer profiles and the amplitudes of the wall-
normal measurements for A50% range from 6% to 3% in Figure 5.12. The
evolutions for the streak amplitude Ast and the spanwise modulation A50%
for both configurations do not show a good correlation. This reveals that
measuring such weak streaks is a very difficult task with the current setup.

Parameter: Dielectric Material As mentioned before, the durability of
the plasma actuators is limited due to the aging and wear of the chosen
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Figure 5.12: Evolution of the streak amplitude and spanwise velocity mod-
ulation with varying electrode width (PA7 and PA8)

dielectric material. It is necessary to use higher quality material for such
actuators. Thus, ceramic plates were tested as dielectric material (PA9) to
compare their performance concerning durability and operation.
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Figure 5.13: Evolution of the streak amplitude and spanwise velocity mod-
ulation with different dielectric material (Kapton PA3 and Ce-
ramic PA9)

Alumina plates (Al2O3) of 0.38mm thickness were used with w = 2mm
wide electrodes and a spanwise spacing of λ = 8mm and a length of
l = 90mm. The applied voltage was set to V = 4kV, although the consumed
power per meter was nearly two times larger than with the corresponding
Kapton configuration. Since the power consumption scales linearly with the
dielectric constant and the force is slightly increased with increasing dielec-
tric constant, the effectiveness is reduced. Figure 5.13 shows the streak
amplitudes for the ceramic material and the configuration with Kapton
material. The amplitudes are different due to the different induced forces,
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but the general features are the same.
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Figure 5.14: Normalized, spanwise modulation of the streamwise velocity
for different dielectric materials (a) Kapton dielectric (PA3)
and b) Alumina dielectric (PA9)), measured at x = 300mm
and y(u = 4 m

s ); electrode positions marked in grey

Figure 5.14 shows the normalized distribution of the low-speed and high-
speed streaks for the Kapton and for the ceramic actuators at a streamwise
position of x = 300mm. Note that the configuration PA3 and PA9 with
a spanwise spacing of λ = 8mm and an electrode width of w = 2mm
are compared here. The distribution, amplitudes and the shape of the
streaks are more uniform compared to the distribution in Figure 5.11. If
the actuator is operated close to the lower voltage limit, the discharge is
very sensitive to imperfections of the dielectric, to the alignment of the
electrodes and to the level of wear of the actuator, which causes additional
difficulties due to the non-uniformity of the discharge. The non-uniformity
of the discharge as can be seen in the streak distribution in Figure 5.11 could
be reduced considerably considering the level of wear of the actuators.

5.3.1 Summary
This qualitative investigation of plasma actuators for active vortex genera-
tion shows the complex interaction of numerous parameters. For evaluating
the performance of the actuators, hot-wire measurements were conducted
to capture the high-speed and low-speed streaks in the boundary layer gen-
erated by the vortices. The investigations clearly show that the geometry of
the plasma actuator array, such as electrode spacing and electrode width,
have an influence on the spatial distribution of the streaks, similar to the
corresponding parameters of passive vortex generators. Furthermore, ex-
tending the electrode length in streamwise direction at constant operating
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voltage yields higher streak amplitudes, which implies that the applied
power per electrode or vortex is the governing parameter for the result-
ing vorticity. This conclusion is further supported by the increasing streak
amplitudes with increasing operating voltages. However, modifying the
operating voltage is only possible in a narrow range: with a minimum volt-
age required for the discharge to occur and a maximum voltage at which
transition is directly triggered. With the pulsed operation of the vortex
generator array a new possibility for the independent adjustment of force
magnitude and force region has been introduced, representing an important
parameter for the scalability of plasma actuator vortex generators.
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5 Plasma Actuator Vortex Generators

5.4 Vortex Identification with PAVGs
To gain more insight into the vortex formation with an array of plasma
actuator vortex generators, optical PIV measurements with a stereo camera
configuration were carried out.

Jukes and Choi [70] investigated the vortex formation with a single
plasma actuator vortex generator at a free-stream velocity of U∞ = 2.04m/s
and a strong actuation with a velocity ratio of the induced velocity of the
plasma actuator with the free-stream velocity of 0.1 < Up/U∞ < 1.2. Dif-
ferent angles of the upper electrode towards the flow direction and differ-
ent streamwise extensions of the upper electrode were investigated. They
demonstrated that the vortex circulation increases with the ratio of the in-
duced velocity and the free-stream velocity and with actuator length. The
vortex circulation was maximized when the electrode was orientated par-
allel to the flow. A comparison of the circulation conducted with a single
PAVG and arrays of co-rotating and counter-rotating PAVGs with differ-
ent ratios of 0.1 < Up/U∞. In [71] Jukes and Choi extends the parametric
study of Jukes and Choi [70] to provide a more in-depth understanding
of the mechanisms of streamwise vortex generation by PAVGs. As men-
tioned earlier they investigated the formation process of a single longitudi-
nal vortex created by means of a single spanwise forcing plasma actuator in
comparison with a passive vane-type vortex generator. The formation was
identified as twisting and folding of the spanwise vorticity in the boundary
layer of the oncoming flow. The comparison of the vortex trajectories of the
plasma actuator vortex generator with the one of passive vane-type vortex
generator reveal, that the vortices created by means of the plasma actuator
experience a larger spanwise shift.

The focus in the following investigation is the vortex formation in an
array of PAVGs with a small spanwise distance operated at small power
consumption to create stable streaks in a laminar boundary layer.

5.4.1 Experimental Setup
The experiments were conducted on a flat plate in the low-speed wind
tunnel facility (NWK2) of the TU Darmstadt. The NWK2 is small open
return wind tunnel with a cross section of 450 × 450mm and a length of
2m, it is designed in the traditional Eiffel configuration. The contraction
has an area ratio of 24:1, allowing for a maximum flow speed in the test
section of 68 m/s.
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The same flat plate as used in the previous section was originally designed
to span the test section of the NWK2 without the end plates as used before.

The plasma actuator array was mounted onto the exchangeable insert
of the flat plate as shown in Figure 5.2(a). The actuator was made of
0.3mm thick Cirlex and 17µm thick copper electrodes fabricated using PCB
manufacturing techniques. For the masking material a photo resist was
used which has been patterned by photolithography. The plasma actuator
array was composed of 10 lower electrodes and 9 upper electrodes, resulting
in 18 discharges: two on each side of the 9 upper electrodes. The width
of the upper electrodes was w = 2mm each, with a streamwise length of
L = 45mm and a λ = 7mm spanwise spacing. The streamwise position of
the plasma actuator arrays is between x = 235mm and x = 280mm.

The laser sheet illuminated the y,z-plane from the side of the test section.
The laser light was aligned parallel to the surface of the flat plate to reduce
reflection from the electrodes. The cameras were positioned upstream and
downstream of the laser sheet capturing the backward scattered light of the
DEHS seeding particles. Six measurement positions in streamwise direc-
tion were distributed along plasma actuator array starting at the leading
edge of the electrodes. Five measurement positions were distributed with
the comparable streamwise distance in the wake of the actuator array as
shown in Figure 5.15. The distances between the measurement positions
are 10 mm, whereas the distance between measurement positions 5,6 and
7 is reduced to 5mm and the last measurement position is slightly further
downstream with a distance of 15mm.

Flow

1 2 4 5 7 8 9 10 1163

x=235mm

Actuator array

Figure 5.15: Schematic sketch of the measurement positions.

The velocity was acquired using a commercial PIV system, comprising
a 15 Hz dual cavity flash-pumped Nd:YAG laser and two CCD cameras
(FlowSense 2M ) with a resolution of 1600 × 1220px with Nikon f=100mm
lenses. The PIV system was operated in the double frame mode with a
repetition rate of 10Hz with a total number of images of N = 700. Laser-
sheet thickness was set to 3mm thus the time between the laser pulses
was adjusted to ∆t = 50µs. PIV processing was performed using Dantec
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DynamicStudio v3.4. Velocity vectors were computed on a 16 × 16 pixel
grid with 50% overlap using an averaging cross-correlation technique.

With a reduced image size of 1600 × 610px the obtained FOV spans a
region of 50mm×10mm in spanwise and wall-normal direction.

5.4.2 Base Flow
The free-stream velocity was again chosen to U∞ = 8 m

s for the experiments.
The normalized boundary-layer profiles u/U∞ at the wall-normal position
η, where y is normalized with the Blasius length scale δ(x) =

√
(νx)/U∞ ,

in comparison to the theoretical Blasius solution in Figure 5.16 are shown.
Considering the streamwise evolution of the shape factor H12 in Figure
5.16, an almost unaccelerated flow can be assumed.
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Figure 5.16: Base flow characteristics

5.4.3 Plasma Actuator Vortex Generation
The plasma actuator array was operated at two different voltages of V =
5kV and V = 5.5kV at a plasma operating frequency of f = 10kHz. To
reduce the time averaged force production the plasma actuator was modu-
lated at fmod = 500Hz with a duty cycle of DC= 30% with a corresponding
power consumption of P = 0.425W and P = 0.53W per vortex pair, re-
spectively.

The modulation of the streamwise velocity component is shown in Figure
5.17 for position of x = 280mm and the higher power level (V = 5.5kV).
The wall-normal direction is normalized with the boundary-layer thickness.
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In spanwise direction two wave lengths of the modulation are shown. As
demonstrated before in the previous section an evenly distributed modula-
tion of the streamwise velocity could be achieved with the smaller spacing
of 8mm) between the upper electrodes instead of 10mm. This can also
be seen in Figure 5.17 with a further reduction of 1mm in the spanwise
spacing.
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Figure 5.17: The modulation of the streamwise velocity component at x =
280mm, V = 5.5kV an λ = 7mm

The streak amplitude of the spanwise modulation of the streamwise ve-
locity component was estimated using Equation (5.1).

The streamwise evolution of the streak amplitude is plotted in Figure 5.18
for both investigated power levels. The streamwise direction is normalized
with the length of the actuator array L. As can be seen the streak amplitude
increases gradually along the electrodes. With the higher power level the
amplification of the streaks is increased and larger maximum amplitude is
achieved.

As stated in the previous section the streak amplitude scales with the
power consumption. In Figure 5.19 the streak amplitude as defined in using
Equation (5.1) is related the consumed power per vortex pair. The slopes
of the power related streak amplitudes for both cases show a very good
agreement. For both cases the same maximum amplitude is achieved. This
confirms the previous assumption that the streak amplitude scales with the
power consumption.

Besides the spanwise and wall-normal distribution of the modulation for
the streamwise velocity component, the longitudinal vortices causing the
modulation can be identified.
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Figure 5.18: Streamwise evolution of the streak amplitude Ast for the volt-
age V = 5kV and V = 5.5kV at DC=30%
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Figure 5.19: Streamwise evolution of the power related streak amplitude
Ast/P for the voltage V = 5kV and V = 5.5kV at DC=30%

Vortex Identification The vortex identification functions introduced by
Graftieaux et al. [50] are applied. The vortex identification functions Γ1
and Γ2 identify the locations of the center and boundary of the vortex on
the basis of the velocity field.

The vortex center identification algorithm Γ1 returns a dimensionless
scalar.
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Γ1(P ) = 1
N

∑
S

(PM ∧ UM ) · e⊥

∥ PM ∥ · ∥ UM ∥
= 1

N

∑
S

sin(ΘM ) (5.2)

The variables in Equation (5.2) are discussed in the following. P is an
arbitrary point in the measurement plane. The plane is divided into spaces
S of the same size which contain a certain number N of measuring points
M . P is the central point of S. PM represents the radius or the distance
between P and measuring points M and e⊥ is the surface normal unit
vector. ΘM represents the angle between the radius vector PM and the
velocity vector UM at the measurement point M . In the vortex centers
Γ1 reaches the value 1. In practice, values are used around 0.9 for the
identification of a vortex center. The smaller this limit is set, the more
turbulent, small vortices are identified.

The vortex cores are identified with the Γ2 method (Equation (5.3)).
This method is similar to the Γ1 method. In addition, with this method
the S averaged velocity over the surface is subtracted from the velocity at
the measuring point UM . Thus, the effect of convective speeds is eliminated.

Γ2(P ) = 1
N

∑
S

[PM ∧ (UM − ŪP )] · e⊥

∥ PM ∥ · ∥ UM − ŪP ∥
(5.3)

Based on the vortex center identification algorithm Γ1 the wall-normal
and spanwise position of the vortices are analyzed for the two applied volt-
ages V = 5kV and V = 5.5kV.

In Figure 5.20 the wall-normal positions are shown in their streamwise
development. The wall-normal distance is increased until the end of the
upper electrode at the normalized streamwise distance x/L = 1. Farther
downstream the increase of the wall-normal distance is slightly reduced.

In Figure 5.21 the spanwise positions of a pair of vortices created by the
discharge along one upper electrode are shown in normalized streamwise
direction for the two applied voltages V = 5kV and V = 5.5kV. The nor-
malized spanwise extension of the upper electrode is indicated with a gray
shaded zone on the left side of the diagram. Additionally the plasma ex-
tensions for the two applied voltages V = 5kV and V = 5.5kV are indicated
on both sides of the upper electrode with a light and dark purple shaded
zone, respectively.

The spanwise positions remain more or less constant in streamwise direc-
tion for the two different cases. Whereas the position for the larger power
level is slightly shifted outwards. This correlates well with larger plasma
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Figure 5.20: Streamwise development of the wall-normal positions of the
vortex center.

extension in this case. This confirms the findings in the previous section.
With a very small force the vortices are formed above the discharge region.
Generated in an array of PAVGs the vortices do not experience a significant
spanwise motion.
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Figure 5.21: Streamwise development of the spanwise positions of the vor-
tex center.

This clearly indicates that the spanwise distribution of the vortices is
correlated on the one hand with the width of the upper electrode. Secondly
the plasma extension has to be considered for the spanwise distribution.
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Vorticity The circulation around the streamwise vortex, Γ normalized
with the free-stream velocity and the boundary-layer thickness, was mea-
sured by integrating the streamwise vorticity over the vortex cross sec-
tion, determined by vortex core identification algorithm Γ2, according to
Equation 5.4, where yV and zV are the coordinates inside the vortex core
determined with the identification algorithm Γ2.

ΓV ort =
∑

ωx(yV , zV ) · ∆y∆z (5.4)

The vorticity in streamwise direction, normalized with the electrode
length L, is shown in Figure 5.22. The vorticity reveal a linear increase
along the electrode as also identified by Jukes and Choi [70]. This also
agrees well with the increase of the streak amplitude Ast. The difference
between the investigated cases for the different power levels, are less pro-
nounced as compared to the evolution of the streak amplitude. The maxi-
mum vorticity is reached slightly downstream of the actuator array, before
the vorticity starts to decay rapidly in the further course.
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Figure 5.22: Streamwise development of the non-dimensional vortex circu-
lation for the voltage V = 5kV and V = 5.5kV at DC=30%.

These investigations with the 3C PIV measurements provide some com-
plementally findings to the qualitative parameter investigation in the first
part of this chapter. The scaling of the streak amplitude with the consumed
power per vortex pair was demonstrated. Based on the vortex identifica-
tion functions it was shown that with a very small forcing the vortices
are created above the discharge region and are intensified at this spanwise
location, without a significant spanwise shift.

119



5 Plasma Actuator Vortex Generators

5.5 Summary of Parameter Influence on PAVG
Based on the qualitative investigation and the 3C PIV measurement the
parameter influences can be summarized as follows:

Geometry: The geometry of the plasma actuator array (electrode spacing
and electrode width) influence the spatial spanwise distribution of the
streaks.

Power per electrode: With increasing electrode length, the generated vor-
tices and thus the created streaks are intensified. The same could be
achieved with a higher applied voltage or adjusting the duty cycle

Plasma extent: The spatial distribution of the vortices/streaks are deter-
mined by the combination of the plasma extent and the electrode
width

Pulsed operation: The independent adjustment of force magnitude and
spatial extent of the force with the pulsed operation offers the possi-
bility to adjust the streak amplitude without influencing the spatial
distribution.

Based on the identification of the parameter influences a plasma actuator
vortex generator could be designed with an equal streak distribution as
required for the boundary-layer control, as presented in the next chapter.
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6 Boundary-Layer Control with Plasma
Actuator Vortex Generators

In this chapter the qualification of plasma actuator vortex generators for
boundary-layer control is demonstrated. The term boundary-layer control
is here understood as the control of transition from laminar to turbulent
flow.

The transition from laminar to turbulent is known as a stability prob-
lem. It is based on the idea that the laminar flow always experience small
disturbances. For small Reynolds numbers the damping effect of viscos-
ity ν is high enough to damp the small fluctuations. At a sufficiently large
Reynolds number the damping effect of viscosity is relatively less, such that
the disturbances are amplified and initiate transition to a turbulent flow
state.

Dependent on the disturbance level of the oncoming flow and the char-
acter of the developing boundary layer, several transition scenarios are
possible ([125]). Here the flow over a flat plate with the linear growth
of two-dimensional disturbances, also known as Tollmien-Schlichting (TS)
waves, is of interest. The transition process of an unaccelerated boundary-
layer is schematically sketched in Figure 6.1. At the beginning of the flat
plate the boundary layer is laminar and stable against disturbances, origi-
nating from roughness of the surface or small fluctuation in the oncoming
flow. At a certain downstream distance (Recrit) the boundary layer be-
comes unstable and two-dimensional disturbances are linearly amplified
(primary instability) and grow in amplitude. These disturbances are also
referred to as Tollmien-Schlichting waves. Above a certain amplitude the
disturbances become three-dimensional and the linear growth is no longer
valid (secondary instability). This is accompanied by an increase in span-
wise vorticiy (cp. Figure 6.1). With a further increase of the disturbance
amplitude the vortices break down and turbulent spots arise, developing
into a fully turbulent boundary layer.

When the two-dimensional disturbances do not exceed a certain ampli-
tude and have not entered the 3D state, they are damped further down-
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Figure 6.1: Schematic sketch of the transition process of a flat plate flow,
according to White [161]

stream. The beginning of the amplification of the TS and the end of this
region constitute the unstable region.

Thus the purpose of the boundary-layer control, focusing on the 2D dis-
turbances, is to reduce the amplitude of the TS waves. Different approaches
exist to reduce the amplitude of the TS waves: the stabilization of the
boundary-layer profile, the active wave cancelation, or imposing of a span-
wise modulation of the streamwise velocity component inside the boundary
layer.

The latter control mechanism was numerically and experimentally inves-
tigated by Bakchinov et al. [6], Cossu and Brandt [22, 23], White et al.
[160], Fransson et al. [43] and Liu et al. [98, 99]. With counter-rotating
vortices the boundary layer is deformed, resulting in streamwise streaks of
higher and lower velocity, these streaks affect the growth of the TS waves.

The transition delay in a 2D boundary-layer by the attenuation of Tollmien-
Schlichtig (TS) waves was demonstrated by Fransson et al. [41] and Gürün
and White [55].

The interaction of TS waves with the streaks was investigated exper-
imentally and numerically. Cossu and Brandt [23] numerically demon-
strated that the TS waves are modified by the presence of the streaks.
They showed that the waves evolve from two-dimensional TS waves into
three-dimensional varicose fundamental modes, revealing identical phase
speed but lower growth rates than the TS waves. They show characteris-
tics with a M-shaped structure in their streamwise velocity fluctuation. A
physical explanation for the observed stabilization is provided by consider-
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6.1 TS Wave Attenuation I

ing the kinetic energy production. The stabilizing mechanism is related to
the additional turbulence production term, which turns out to be a nega-
tive contribution ( Cossu and Brandt [22]) to the kinetic energy production
for the most unstable waves.

Fransson et al. [43] demonstrated experimentally that an increase in
streak amplitude was directly correlated with less growth of the TS waves.

A secondary instability analysis given by Liu et al. [99] of boundary
layers distorted by streaks and TS waves. Two opposing effects were iden-
tified: a stabilizing effect due to a reduction in the growth rate of the
primary two-dimensional TS waves, and a destabilizing effect on secondary
instabilities. Liu et al. demonstrated, that depending on the spacing of
the streaks, transition can be promoted with low streak amplitudes and
delayed with higher amplitudes.

The active vortex generation by means of plasma actuator vortex gener-
ators in a laminar boundary layer is a new approach for the attenuation of
TS waves, which has alreadybeen successfully demonstrated using passive
elements.

6.1 TS Wave Attenuation I

Different configurations of arrays for the streak generation with PAVG are
the focus of this section. In the previous chapter the possibility to energize
vortices with separated and/or cascaded actuator arrays to cover a longer
downstream distance was demonstrated. The first approach to generate
streaks is to use four cascaded arrays. Thus the streaks are repeatedly
reenergized and intensified. This approach is investigated with respect to
an intensification of the attenuation and the sustained generation of the
streaks. This approach is compared to the vortex generation with a single
array. The interaction of artificially exited TS waves with the streak is
investigated and compared for the different approaches.

The experiments were conducted in the low-speed wind tunnel facility
(NWK2) of the TU Darmstadt using the flat plate as described in the
previous section.

The acrylic glass plate segment, containing the exchangeable insert, was
replaced with single plate to reduced roughness on the surface of the plate.
The new segment had a cavity milled on the surface to flush mount the
plasma actuator arrays onto the surface.
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6 Boundary-Layer Control

6.1.1 Experimental Setup
Four actuator arrays were cascaded in the streamwise direction between
x = 150 and x = 400mm with a streamwise distance of 50mm between
each array, as shown in Figure 6.2.

Hot wire probe

Staggered array of
Vortex Generator

x

z

y

440

1080

Single spanwise Actuator

(a) flat plate

lower Electrode

upper Electrode

w

l

L

(b) Actuator array

Figure 6.2: Setup of the flat plate with cascaded plasma vortex generator
arrays

A single actuator-array configuration is defined as an array of plasma
actuators with a large single lower electrode and nine upper electrodes
with a width of w = 2mm each, a streamwise length of L = 25mm and a
λ = 8mm spanwise spacing. The spacing corresponds to the local spanwise
wave number of optimal disturbances β = 0.45 according to Tumin and
Reshotko [150] related to the streamwise position of the upstream edge
of the first array. The plasma actuator arrays were made of Cirlex and
self-adhesive copper tape. The copper tape and the dielectric layer have
thicknesses of 35µm and 300µm respectively. Upstream of the array a single
spanwise actuator was placed at x = 100mm, serving as a disturbance
source for exciting TS waves of 100Hz frequency.

The velocity data were acquired using Laser Doppler Velocimetry (LDV)
(Dantec FlowExplorer). The measurement positions were downstream and
in-between the plasma actuator arrays. In the case of phase-averaged mea-
surements 60k samples were acquired per measurement position and sorted
into 60 bins per cycle. For non-phase locked measurements 20k samples
were acquired per measurement position.

6.1.2 Base Flow
The free-stream velocity was chosen to U∞ = 8 m

s for all experiments. The
normalized boundary-layer profilesu/U∞ at the wall-normal position η =
y/δ(x) normalized with the Blasius length scale δ(x) =

√
(νx)/U are shown
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6.1 TS Wave Attenuation I

for different streamwise positions in comparison to the theoretical Blasius
solution in Figure 6.3(a).
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Figure 6.3: Base flow characteristics

The corresponding streamwise evolution of the shape factor H12 is shown
in Figure 6.3(b). The theoretical shape factor of H12 = 2.58 is depicted
as a dotted line. The measured data revealing a good agreement with the
theoretical solution. Considering the normalized boundary-layer profiles
and the streamwise evolution of the shape factor, an almost unaccelerated
flow can be assumed.

6.1.3 Steak Generation
When operating only the first actuator array, the downstream evolution of
the streaks behaves comparable to conventionally created streaks (White[159],
Fransson et al. [42]) with passive vane type vortex generators. After the
initiation of the vortices within the electrode length of L = 25mm, the
streak amplitude still grows a bit downstream of the actuator before it
starts to decay due to diffusion.

In contrast to this, the streamwise development of the streak amplitude
with all four arrays operated differs significantly. The comparison of the
streamwise development of the normalized streak amplitude for both cases,
one array and all four arrays, is shown in Figure 6.4, where the positions of
the single actuator arrays are shaded in gray. For the latter case the evolu-
tion of the streak amplitude shows an almost linear increase in streamwise
direction.

125



6 Boundary-Layer Control

150 200 250 300 350 400 450 500
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

x[mm]

A
s
t/(

A
s
t) m

a
x

[-
]

Figure 6.4: Streamwise development of Ast/(Ast)max; Black - one actua-
tor array, grey - four actuators arrays: shaded zones indicate
downstream position of actuators

When the four cascaded arrays are operated with different parameters,
such as increasing the power consumption by increasing the applied volt-
ages or the duty cycle, the maximum streak amplitude Ast increases, as
shown in Figure 6.5. The different operating conditions reveal an almost
linear increase of the streak amplitude across the cascaded arrays in the
streamwise direction. Thus, the single and the cascaded arrays behave
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Figure 6.5: Streamwise development of Ast with four actuators arrays and
different operating conditions: shaded zones indicate down-
stream position of actuators

similar. The maximum induced streak amplitude increases with increasing
power consumption.
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6.1 TS Wave Attenuation I

6.1.4 Disturbance Source
The single spanwise actuator, subsequently referred to as the disturbance
source, was operated at very low voltages and in pulsed mode at a mod-
ulation frequency of fmod = 100Hz and a duty cycle of 50% to excite TS
waves.

The measured phase-angle dependent velocity fluctuation ûϕ(η) = Uϕ−U
of the TS waves, shown in Figure 6.7(a), was calculated by subtracting the
phase-averaged velocity Uϕ from the time averaged velocity U .
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Figure 6.6: TS waves at x = 500mm or Reδ1 = 920

The normalized TS wave amplitude distribution AT S(η) =| max(ûϕ) −
min(ûϕ) |η /(2 · U∞) is shown for the base line case in Figure 6.7(b).
The operating power of the disturbance source was adjusted to achieve
a TS wave amplitude AT S of approximately 1% free-stream velocity at
x = 500mm.

The streamwise development of the TS wave amplitude AT S is shown in
Figure 6.7. The amplitude decreases after the excitation until x = 150mm
(Reδ1 = 530) before it is amplified. Comparing this to the stability features
of a Blasius profile (e.g. Schlichting [137]), shows that this location is close
to Branch I of the stability curve for the TS wave frequency of fmod =
100Hz, corresponding to a disturbance frequency of βr · δ1/U∞ = 0.073 or
a reduced frequency of F = 2πfν/U2

∞ = 136 · 106.

6.1.5 Interaction of TS Waves and Streaks
The artificially excited TS waves interact with the streaks generated by the
plasma actuator arrays. At the position of the first plasma actuator array
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Figure 6.7: Development of TS wave amplitude in the streamwise direction

the TS waves have an amplitude AT S of approximately 0.25%.
To evaluate the interaction of the TS waves with the streaks, their ampli-

tude was calculated according to Equation (6.1) as suggested in Fransson
et al. [41].

Ay
T S =

∫ η=8

η=0
AT Sdη (6.1)

In order to provide a single value for the TS wave amplitude in the streaky
boundary layer, Ayz

T S is calculated by averaging the amplitudes measured
in the spanwise centers of the high-speed streak and low-speed streak.

Four Arrays For the four arrays Figure 6.8 shows the phase averaged
velocity fluctuation amplitude AT S measured in the low-speed streak (blue
line) and high-speed streak (red line) at x = 500mm compared to the base
configuration (black line). The corresponding normalized boundary-layer
profiles are included.

Figure 6.8(a) and 6.8(b) show the interaction of the TS waves with the
streaks of different amplitudes AST . In Figure 6.8(a) all four PAVG were
operated at V = 4.9kV and DC = 20% with a corresponding power con-
sumption of P = 0.58W per vortex pair. A streak amplitude of AST = 6%
at x = 500mm was the result. A streak amplitude of AST = 13.5% results
from slightly modified operation parameters: V = 5.1kV at DC = 20%
with a corresponding power consumption of P = 0.64W per vortex pair
(Figure 6.8(b)). In both cases (4.9 and 5.1kV) an amplification of the TS
wave inside the low speed streak could be observed. Whereas an atten-
uation of AT S in the high speed streak can be identified. For the higher
streak amplitude the wave attenuation inside the high speed streak and the
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Figure 6.8: Boundary-layer profiles (dotted lines) and TS waves (solid lines)
in low-speed streak (blue) and high-speed streak (red) com-
pared to the case without actuation (black)

amplification in the low speed streak are stronger. With stronger forcing
than with a voltage of 5.1kV the transition location moves upstream of the
last measurement position.

Instead of the desired amplitude reduction, the TS wave amplitude Ayz
T S

experiences an amplification of 8% and 36% for the V = 4.9 and the 5.1kV
cases respectively.

One Array The results on the interaction between streaks and TS waves,
with only the first array operated, are presented in Figure 6.9. In Figure
6.9(a) a TS wave attenuation in both, the high and low speed streak can
be observed for the operation conditions V = 4.9kV and DC = 40% with
a power consumption of P = 0.81W per vortex pair and a resulting streak
amplitude at x = 500mm of Ast = 4%. In this case the amplitude Ayz

T S

is damped by 27%. For the case shown in Figure 6.9(a) and 6.9(b), the
attenuation in high and low speed streak is even more pronounced in Figure
6.9(b). In this case a higher operating voltage (V = 5.1kV, P = 0.95W
per vortex pair) was applied, resulting in a higher streak amplitude. The
damping rate in this case (V = 5.1kV) is around 53% for a streak amplitude
at x = 500mm of Ast = 5%.

Again the effect becomes stronger with increasing streak amplitude.
An explanation for the amplification of the TS wave with the four array

configuration can be derived from the secondary instability analysis given
by Liu et al. [99] of boundary layers distorted by streaks and TS waves. Liu
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Figure 6.9: Boundary-layer profiles (dotted lines) and TS waves (solid lines)
in low-speed streak (blue) and high-speed streak (red) com-
pared to the case without actuation (black)

et al. demonstrated transition can be promoted with low streak amplitudes
and delayed with higher amplitudes.

6.1.6 Summary

The active and sustained vortex generation in a laminar boundary layer
using spanwise acting plasma actuators was presented. Using four cas-
caded arrays, streaks were repeatedly reenergized and intensified. This
approach is compared to the vortex generation with a single array. The
streamwise development of the streak amplitude of the case with four arrays
demonstrates the possibility of actively creating and reenergizing stream-
wise streaks in a laminar boundary layer. Tollmien-Schlichting waves of 1%
amplitude were excited artificially with a single streamwise forcing plasma
actuator. The interaction of the TS waves with the generated streaks re-
veals that an amplification and/or damping of the TS waves, depending on
the approach for the streak generation and their streamwise development,
is possible. It is shown that all effects scale with the forcing magnitude
of the plasma actuator. With a single array a damping rate of up to 53%
could be achieved.

130



6.2 TS Wave Attenuation II

6.2 TS Wave Attenuation II
Additional measurements investigating the attenuation of TS waves by
means of PAVGs were performed.

6.2.1 Experimental Setup
The experiments were conducted at the BL tunnel (BLT) at the Royal Insti-
tute of Technology (KTH) in Stockholm. The BLT is a closed-loop, closed-
test-section, low-speed and temperature controlled wind tunnel, which in-
cludes a 4.2m long test section with a cross-sectional area of 0.5×0.75m2 at
its upstream end. The maximum speed with empty test section is 48m/s,
and the contraction has an area ratio of CR=9. The turbulence intensity
in the test section was evaluated to be less than < 0.04%. Further details
on the flow quality can be found in Lindgren and Johansson [93].

The vertically arranged flat plate, made out of 20mm thick acrylic-glass,
spanned the height of the test section with 750mm. The tip of the leading
edge was located 85mm downstream from the outlet of the contraction
section. The total length of the plate was 3915mm, including the trailing
edge flap with a length of 580mm in streamwise direction. The flap was
inclined with an angle of 6.9◦ to adjust the position of the stagnation point
at the leading edge. The leading edge with a super-elliptic profile had a
semi-major axis of 200mm.

The disturbance slot was positioned 135mm downstream of the leading-
edge. With an extension of 270mm in the z-direction the disturbance slot
spanned more than one third in width of the flat plate. The 0.6mm wide
disturbance slot was connected via 36 tubes (1.2m in length) to a loud-
speaker.

The flat plate consisted of exchangeable segments between the positions
x = 225mm and x = 950mm. They carry the inserts with the plasma
actuator arrays, as depicted in Figure 6.10. The exchangeable segments
with the plasma actuator arrays could be replaced with segments made of
acrylic-glass of different sizes. Thus the position of the plasma actuator
arrays could be chosen arbitrarily.

The exchangeable segments with the plasma actuator arrays, were made
of aluminum. Resin inserts with pockets were used to flush mount the
plasma actuators to the segments and to ensure electrical insulation to the
aluminum part as shown in Figure 6.11. Wires for the high voltage and the
grounding were connected from the bottom side to ensure a smooth surface
on the upper side of the experimental setup.
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Figure 6.10: Schematic sketch of the experimental setup at KTH

Figure 6.11: Photograph of an exchangeable segment with the resin inserts
and mounted plasma actuator array.

A single actuator-array configuration with one spanwise array of plasma
actuators with a large single lower electrode and 28 upper electrodes of
w = 2mm width each, a streamwise length of L = 25mm and with a
λ = 8mm spanwise spacing.

The plasma actuator arrays were made of Cirlex with a thickness of
d = 0.3mm and 17µm thick copper electrodes fabricated by etching. For
the masking material a photo resist was used which has been patterned
by photolithography. After the etching process the electrodes were coated
with a 6µm thick layer of tin and gold, to prevent the electrodes from
corroding. Two different actuator configurations were investigated. The
first configuration was a single actuator array placed at x = 350mm re-
lated to the electrode’s trailing edge. The spacing corresponds to the local
spanwise wave number of β = 0.6 according to Tumin and Reshotko [150]
related to the streamwise position of the upstream edge of the first array.
This represents narrower streaks at this location, which are beneficial for
the attenuation of TS waves according to the findings of liu et al. [99].
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The second configuration consists of four cascaded arrays with a stream-
wise distance of ∆x = 50mm, with the first array located at the same
position as compared to the single array configuration. All measurements
were conducted at a free-stream velocity of U∞ = 8m/s and a controlled
temperature of T = 18◦C.

The velocity was acquired using a commercial high-speed PIV system
comprising a New Wave Pegasus-PIV diode-pumped Nd:YLF laser system,
which offers 10mJ of λ = 527nm light at 1000Hz, and a FASTCAM SA5
high-resolution camera (12 bit, maximum resolution 1024 × 1024 pixels)
with a Nikon 200mm f/4 Macro lens. The flow was seeded with Di-Ethyl-
Hexyl-Sebacat (DEHS) aerosol.

Two different PIV camera configurations were used during these mea-
surements. The first configuration comprises one camera positioned un-
derneath the test section and the laser sheet orientated in the wall-normal
x,y-direction as shown in Figure 6.17. These 2D measurements yield the
velocity information of the two in-plane velocity components (2C). With
a reduced images size of 1024 × 512 pixels a field of view of 30 × 15mm
in streamwise and wall-normal direction were captured. The second con-
figuration comprises two cameras facing the wall-normal y,z-plane, illumi-
nated with the laser located underneath the test section. To assure the
largest possible traversing distance in streamwise direction, the cameras
were tolted around two axes towards the measurement plane. A double
Scheimpflug configuration was used to adjust the focal plane. With a dis-
tance of 800mm between the cameras and the measurement plane and the
resulting overlap of the images, a field of view of 35 × 30mm in spanwise
and wall-normal direction was achieved. Theses measurements yield the
velocity information of all three velocity components (3C) in the 2D mea-
surement plane. With both camera configurations the laser was operated in
the double frame mode with a repetition rate of 840Hz and a time between
the laser pulses of ∆t = 40µs and ∆t = 50µs with a total number of images
of N = 5040 and N = 10080 for the 2C and 3C measurements, respectively.
The velocity distributions were calculated from the raw data using com-
mercial software (LaVision). To reduce the signal-to-noise ratio (SNR) in
the images, the image mean was subtracted from the raw images. The PIV
processing with the 2C measurements an adaptive correlation was applied
with 3 refinement steps and interrogation areas (IAs) with a final/initial
size of 8 × 8/64 × 64 and pixels. The overlap for the IAs was set to 50%
for all three refinement steps. Outliers were detected with an RMS based
filter
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6.2.2 Base Flow
The streamwise development of the undisturbed base flow is analyzed with
the 2C measurements at 11 positions between x = 200 and 1150mm.
The normalized boundary-layer profiles u/U∞ at the wall-normal posi-
tion η = y/δ(w), which were normalized with the Blasius length scale
δ(x) =

√
(νx)/U in comparison to the theoretical Blasius solution, are

shown in Figure 6.12. The streamwise evolution of the shape factor H12 is
shown in Figure 6.13.
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Figure 6.12: Normalized boundary-layer profiles between x = 200 and
1150mm.
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Figure 6.13: Shape factor H12 in streamwise direction.

The shape factor (H12) is presented for the two different actuator con-
figurations, since the setup slightly changed due to the different number of
exchangeable segments. The junctions between the segments were adjusted
to be in the order of less than 0.1mm in roughness. As can be seen in Figure
6.13 the shape factor H12 shows good agreement for both configurations

134



6.2 TS Wave Attenuation II

with each other and with the theoretical solution for a unacceleated bound-
ary layer. Only further downstream (x > 950mm) do the curves diverge
slightly.

6.2.3 Disturbance Source
The TS waves were excited at a frequency of 70Hz. The amplitude was
adjusted such that the boundary layer does not reach a turbulent state,
at the position of a stationary CTA probe inside the boundary layer at
x = 1250mm. With a repetition rate of the laser pulses 12 times higher than
the disturbance frequency, a phase-averaged analysis of the disturbance,
dividing the period into 12 bins, is possible.

The velocity fluctuation uϕ(x) = Uϕ(x) − U(x) at the measurement po-
sition xp = 950mm is shown in Figure 6.14 for one phase position. The
streamwise position x′ = x − xp is related to the measurement position xp.
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Figure 6.14: Velocity fluctuation uϕ(x) at the measurement position xp =
950mm.

It can be seen in Figure 6.14, that the FOV of the PIV measurement
captures less than one wavelength of the excited TS wave.

The amplitude AT S(η) of the disturbance was determined according to
the definition in Section 6.1.4 and is shown in Figure 6.15 (solid line). The
corresponding boundary-layer profile is plotted with a dotted line.

The maximum of the TS waves (AT S(η)) at several streamwise measure-
ment positions yielding the evolution and the growth of the disturbances
as shown in Figure 6.16.

The amplitude saturates after the excitation until x = 350mm, before it
is amplified until x = 1050mm. Further downstream it starts to decrease.
Comparing this to the stability features of a Blasius profile (e.g. Schlichting
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Figure 6.15: TS wave AT S(η) at the measurement position xp = 950mm.
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Figure 6.16: Streamwise evolution of the exited TS waves.

[137]), with a reduced frequency of F = 2πfν/U2
∞ = 94 · 106, shows that

x = 350mm is close to Branch I of the stability curve for the TS wave
frequency of fT S = 70Hz and x = 1050mm is close to Branch II.

6.2.4 Results 2C Measurements
To evaluate the influence of streaks on the TS waves the 2C measurements
were performed at two spanwise positions: z = 0mm and z = 4mm. The
first spanwise position started between two upper electrodes at the location
of a low-speed streak (z = 0mm) and traversed downstream between x =
350 and x = 1150mm. The second spanwise position (z = 4mm) started
downstream of an upper electrode at the spanwise location of a high-speed
streak.

One Array The initial streak amplitude at x=350mm downstream of the
actuator array was determined to be 16.5% of the free-stream velocity.
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6.2 TS Wave Attenuation II

Figure 6.17: Photograph of the experimental setup with the 2C PIV camera
configuration and the four cascaded arrays.

The actuator was operated at an applied voltage of V = 4.6kV and at
an operating frequency of f = 10kHz, modulated with fmod = 500Hz
and a duty cycle of DC= 30%. The average power consumption of the
actuator was in total PA = 4.9W with a corresponding power consumption
of P = 0.175W per vortex pair.

In Figure 6.18 the TS waves at two downstream measurement positions
(xp = 750 and xp = 1150mm) are shown for the base flow (black lines)
and at the two spanwise positions. The measurements at the spanwise
position of the high-speed streak are shown with red curves, whereas the
measurement of the spanwise position of the low-speed streak is represented
in blue.

At the measurement position xp = 750mm only a small influence on the
TS wave can be seen in Figure 6.18(a). The effect is more visible within
the high-speed streak. Further downstream at xp = 1150mm (cp. Figure
6.18(b)) the influence of the streaks on the TS waves is more pronounced.
Here the TS waves yield the typical M-shaped character of the velocity
fluctuations of the streaky TS waves([23]).

To evaluate the interaction of the TS waves with the streaks, their am-
plitude was calculated according to Equation (6.1). In order to provide a
single value for the TS wave amplitude in the streaky boundary layer, Ayz

T S

is calculated by averaging the amplitudes measured in the centers of the
high-speed streak and low-speed streak.

For a better comparison of the interaction, the ratio of the undisturbed
TS waves and the TS waves of the streaks at several streamwise positions
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Figure 6.18: Boundary-layer profiles (dotted lines) and TS waves (solid
lines) in low-speed streak (blue) and high-speed streak (red)
compared to the case without actuation (black) at the mea-
surement positions xp = 750mm and xp = 1150mm

are shown in Figure 6.19 with the damping factor. With the definition of
the damping factor DF = (Ayz

T S,P AV G/Ay
T S,base)−1, values of DF > 0 give

an amplification of the TS waves, whereas values of DF < 0 indicate an
attenuation.

200 400 600 800 1000 1200
−0.5

0

0.5

1

x [mm]

D
F

 [−
]

Figure 6.19: Downstream evolution of the damping factor
DF = (Ayz

T S,P AV G/Ay
T S,base) − 1 for the one array configura-

tion

The steamwise position of the single actuator array is indicated with a
shaded gray zone in Figure 6.19. At the first two measurement positions
downstream of the actuator array, an amplification of the mean TS wave
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6.2 TS Wave Attenuation II

amplitude Ayz
T S can be seen. This is related to an amplification within

the low-speed streak, whereas the damping in the high-speed streak is less
pronounced. Further downstream (xp > 550mm) the TS waves are reduced
in amplitude in both the high and low-speed streaks resulting in a negative
damping factor. This initial growth was also observed by Shahinfar et al.
[140]. They assume a correlation between the maximum TS wave amplitude
with the streamwise location of the maximum streak amplitude.

Four Arrays For the configuration with the cascaded arrays, the actuator
arrays were operated at lower power levels than in the previous case. The
actuator was operated at a voltage of V = 4.2kV and an operating frequency
of f = 10kHz, modulated with fmod = 500Hz and a duty cycle of DC= 20%.
The average power consumption of the actuator was in total PA = 14.5W
with a corresponding power consumption of P = 0.52W per vortex pair.

In Figure 6.20 the TS waves at two downstream measurement positions
(xp = 575 and xp = 650mm) are shown, comparing the base flow configu-
ration (black line) with the TS waves measured inside the high-speed and
low speed streak (red and blue lines, respectively). At the first measure-
ment position xp = 575mm right downstream of the last actuator array a
strong amplification of the TS wave in the low-speed streak can be seen
in Figure 6.20(a), in comparison to this the TS wave inside the high-speed
streak is reduced in its magnitude. Further downstream at xp = 650mm,
shown in Figure 6.20(b), the TS wave in the low-speed streak is reduced
in its magnitude again whereas the TS wave in the high-speed streak is
amplified.

In Figure 6.21 the comparison of the streamwise evolution of the TS
waves for the base flow with the TS waves in the high-speed and low-speed
streak is shown. After the first array the TS wave amplitude AT S is slightly
amplified within the low-speed streak. With every additional array the
TS wave in the low-speed streak grows in amplitude. Downstream of the
last array at xp = 575mm the amplification within the low-speed streak
is strongly increased and the TS wave reaches an amplitude of 1.45% of
the free-stream velocity. The initial growth of the TS wave as observed
with the single array configuration. With the cascaded arrays this initial
growth is repeated with every additional array. This growth of the TS
wave is accompanied by an almost linear increase of the streak amplitude
across the cascaded arrays. This agrees well with the assumption that the
maximum TS wave amplitude is correlated with the streamwise location of
the streak amplitude
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Figure 6.20: Boundary-layer profiles (dotted lines) and TS waves (solid
lines) in low-speed streak (blue) and high-speed streak (red)
compared to the case without actuation (black) at the mea-
surement positions xp = 575mm and xp = 650mm
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Figure 6.21: Comparison of the streamwise evolution of the TS waves for
the base flow (◦) with the TS waves of the high-speed (◦) and
low-speed streak(◦).

In contrast to this, the TS waves in the high-speed streak seem less
affected in its amplitude, but as seen in Figure 6.20(a) the TS waves are
strongly influenced in its shape. This results in a reduction of the amplitude
Ay

T S,P AV G.
This can also be seen in the downstream evolution of the damping factor

shown in Figure 6.22. The damping factor after the first actuator arrays
reveal a small positive value, smaller as compared to the amplification as
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6.2 TS Wave Attenuation II

can be seen with the single array configuration, associated with the lower
streak amplitude after the first array. With the second and third additional
actuator array the damping factor is reduced, due to the averaged influence
of increased reduction of the TS wave amplitude in the high-speed streak
and the amplification within the low-speed streak. Downstream of the
last array at xp = 575mm the damping factor is strongly increases due to
the strong increase of the TS wave in the low-speed streak. No further
compensation by an attenuation of the TS wave amplitude in the high-
speed streak can be seen.
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Figure 6.22: Downstream evolution of the damping factor
(DF = (Ayz

T S,P AV G/Ay
T S,base) − 1) for the four array configu-

ration

The damping factor reaches a maximum at xp = 650mm and further
downstream the damping factor decreases. As mentioned before, the TS
wave reaches an amplitude of 1.45% of the free-stream velocity at xp =
575mm. Amplitudes larger than 1% of the free-stream velocity are usu-
ally referred to disturbances that exceed the linear stability regime. The
streamwise velocity fluctuation does not reveal the typical eigenform of the
TS wave as can be seen in Figure 6.23. The velocity fluctuation uϕ(x) is
shown for one phase position at xp = 1150mm for the unmodulated base
flow (Figure 6.23(a)) and the measurement in the low-speed streak at this
streamwise position (Figure 6.23(b)). The velocity fluctuation uϕ(x) in
Figure 6.23(a) shows the typical features of TS waves including a phase
shift close to the boundary-layer edge (η = 3). In contrast to this, the
velocity fluctuation uϕ(x) in Figure 6.23(b) dose not reveal these features.
The wall-normal extension of the fluctuation is reduced and a second max-
imum with a phase shift is not visible. Regions with positive and negative
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component of the fluctuation are not arranged next to each other, they are
surprisingly small and imbricating each other.
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Figure 6.23: Comparison of the velocity fluctuation uϕ(x) at the measure-
ment position xp = 1150mm for the base flow (a) and the
measurement within the low-speed streak at xp = 1150mm
(b).

The results obtained by the measurements at KTH are in good agreement
with the preliminary investigations performed in the low-speed wind tunnel
facility (NWK2) at the TU Darmstadt.

With the measurement of the streamwise evolution more detailed insights
of the interaction of the TS waves and the streaks, created with single and
cascaded plasma actuator vortex generators, could be obtained.

With the single array configuration an initial growth of the TS waves
is observed in the low-speed streak. This agrees well with the findings
of the TS wave attenuation by passive VGs ([140]). Farther downstream
TS waves are reduced in amplitude in both the high-speed and low-speed
streaks resulting in a negative damping factor. This initial growth occurs
repeatedly with the four cascaded arrays. This amplification seems to be
related to the growth of the streak amplitude. With this configuration the
TS wave amplitude exceed an amplitude where the linear growth of the TS
waves is not valid anymore. Father downstream at the last measurement
position, the streamwise velocity fluctuation does not reveal the typical
eigenform of the TS wave.
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6.2.5 Results 3C Measurements
The 3C PIV measurements reveal the benefit of simultaneous measurements
of spanwise modulation and velocity fluctuation.

Using the 3C measurements configuration the interaction of the exited
TS waves and the streaks created with one actuator array was investigated.
A photograph of the experimental setup is shown in Figure 6.24.

The actuator array was operated at a slightly lower power consumption,
as compared to the 2C measurements configuration. The actuator was
operated at a voltage of V = 4.2kV and at an operating frequency of
f = 10kHz, modulated with fmod = 500Hz and a duty cycle of DC= 30%.
The average power consumption of the actuator was in total PA = 2.96W
with a corresponding power consumption of P = 0.11W per vortex pair.

The 3C measurements were performed first in the chronological order,
thus the lower power consumption with the 3C measurements originate
from the careful treatment of the equipment during the first measurements.

Figure 6.24: Photograph of the experimental setup with the 3C PIV camera
configuration and one plasma actuator arrays.
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Another benefit of the 3C measurements in the y,z-plane is the more
exact evaluation of the streak amplitude in comparison with the 2C mea-
surements in the x,y-plane. Since the 2C measurements compares single
experiments, obtained at the spanwise position of the high-speed and low-
speed streak small variations in the determination of the wall normal dis-
tance lead to a falsely determined velocity difference. Thus smaller streak
amplitudes further downstream are resolvable with the 3C measurements.
The maximum streak amplitude is 4.23% of the free-stream velocity with
the present operating condition. This is significantly smaller than with the
larger applied voltage as presented for the single array configuration in Sec-
tion 6.2.4. The streamwise evolution of the streak amplitude downstream
of the actuator array is shown in Figure 6.25.
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Figure 6.25: Downstream development of the streak amplitude Ast .

It can be seen, that downstream of the actuator array the streak am-
plitude is still increasing, before it starts to decay. This is in good agree-
ment with the measurements obtained at the low-speed wind tunnel facility
(NWK2) at the TU Darmstadt with one actuator array.

In addition to the spanwise modulation of the boundary layer, the phase-
averaged velocity fluctuation ûϕ and v̂ϕ (in streamwise and wall normal di-
rection respectivly) can be calculated from these measurements. To reduce
the noise, the phase-averaged velocity fluctuation is spanwise averaged in
spanwise direction along the whole FOV with the number (Bz) of calculated
velocity profiles for the PIV data processing:

uz
ϕ(η) = 1

Bz

Bz∑
z=1

ûϕ(η, z), vz
ϕ(η) = 1

Bz

Bz∑
z=1

v̂ϕ(η, z). (6.2)
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The phase-averaged velocity fluctuations in streamwise (uz
ϕ) and wall-

normal (vz
ϕ) direction at a streamwise position of x = 850mm are shown in

Figure 6.26.
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Figure 6.26: Velocity fluctuation uϕ and uϕ at the measurement position
x = 850mm.

The normalized TS wave amplitude distribution Az
T S(η) =| max(ûz

ϕ) −
min(ûz

ϕ) |η /(2 · U∞) is evaluated at several streamwise measurement
positions. In Figure 6.27 the TS wave amplitude distribution (Az

T S(η)) is
shown for the streamwise position x = 850mm. It can be seen that the
distribution is more noisy compared to the 2C measurements.
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Figure 6.27: TS wave amplitude distribution (Az
T S(η)) and boundary-layer

profile.

The streamwise development of the maximum TS wave amplitude is
shown in Figure 6.28 revealing a stronger uncertainty in the determined
maximum TS wave amplitude as compared to the data obtained with the
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2C measurements.
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Figure 6.28: Development of maximum TS wave amplitude in the stream-
wise direction.

However, the growth of the TS waves is in general good agreement with
the 2C measurements. Since the data is noisy (cp. Figure 6.27) the damp-
ing factor DF3C = (max(Az

T S,P AV G)/max(Az
T S,base))−1 is evaluated with

the maximum value of the spanwise averaged TS wave amplitude Az
T S(η).

The development of the damping factor DF3C is shown in Figure 6.29.
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Figure 6.29: Downstream evolution of the damping factor (DF3C) for the
one array configuration with the 3C measurements.

Even though the damping factor DF3C obtained with the 3C measure-
ments is not directly quantitatively comparable with the damping factor
DF of the 2C measurements from the previous section, it reveals the same
tendencies. The TS waves are amplified just downstream of the actuator
array. Further downstream they develop with a reduced growth.
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6.2.6 Summary
In this section 2C PIV measurements in the x,y-plane and 3C PIV mea-
surements in the y,z-plane were performed.

Investigations of the one array and four array configurations with the
2C PIV measurements yield comparable results obtained with the mea-
surements at the TU Darmstadt. More detailed information of the down-
stream development on the interaction of the TS waves and the streaks
were obtained depending on the approach for the streak generation. With
the streak generation with one single array the TS waves exhibited an am-
plification in the low-speed streak just downstream of the array. Farther
downstream the TS waves developed with a reduced growth in the high-
speed and low-speed streak. Yielding the characteristic M-shaped form of
the velocity fluctuations of the streaky TS waves([23]).

With the streak generation with four arrays the amplification of the TS
waves in low-speed streak is increased with every additional array. TS waves
within the low-speed streak reaching high amplitudes exceeding the range
of the linear growth of the TS wave. At the last measurement position the
TS waves don’t reveal the typical shape of the velocity fluctuations of the
2D disturbances.

The 3C PIV measurements demonstrate the benefit of simultaneous mea-
surements of spanwise modulation and velocity fluctuation. To provide a
higher statistical significance of the velocity information a larger number of
images with the PIV measurement is required. Nevertheless, the 3C PIV
measurements shown a good agreement with the 2C PIV measurements
obtained with the single array configuration.

6.3 Summary TS wave Attenuation
This chapter demonstrated the qualification of PAVG for boundary-layer
control. In the first section the streak generation with a single actuator
array in comparison with four cascaded arrays was demonstrated. The
interaction of TS wave and streaks, depending on the approach of the streak
generation, was shown. The different approaches of the streak generation
reveal that an amplification and/or damping of the TS waves is possible.
It is shown that all effects scale with the forcing magnitude of the plasma
actuator.

Complementary measurements were performed at KTH, investigating the
interaction of TS wave and streaks with the two different configurations for
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the streak generation. Here, the streamwise development of the TS wave
and the streaks, generated with the two different configurations, could be
investigated. With the single array configuration an initial growth of the
TS waves is observed in the low-speed streak. This agrees well with the
findings by passive VGs ([140]). Farther downstream TS waves are reduced
in amplitude in both the high-speed and low-speed streaks resulting in a
negative damping factor. This initial growth occurs repeatedly with the
four cascaded arrays, resulting in a strong amplification of the TS wave
amplitude downstream of the last actuator array. This amplification seems
to be related to the growth of the streak amplitude.

Future work should focus on the effect of the gradually increasing streak
amplitude. Another interesting topic is the investigation of cascaded arrays
with a larger streamwise distance, to reenergize the streaks when the TS
waves are already decaying and a combination of both approaches: abrupt
generation of strong enough streaks for attenuating the waves and subse-
quent repeated reenergization of the otherwise decaying streaks.
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The present study focuses in the first part on the characterization and
quantification of dielectric barrier discharge plasma actuators. These in-
sights were used to evaluate the parameter influences for the generation of
stable vortices in laminar boundary layers and to qualify the plasma actu-
ator vortex generators for flow control.
For the characterization and quantification of dielectric barrier discharge
plasma actuators various existing and established strategies have been uti-
lized and were extended by novel approaches. Both time averaged and
time resolved analysis methods were applied. Based on this characteriza-
tion empirical scaling laws for describing the influences of the operating
conditions and the actuator setup were derived. The direct scaling of the
induced body force is achieved by influencing the discharge intensity with
the operating conditions and actuator setup. Besides this direct scaling an
indirect method for decoupling the spatial extent and the magnitude of the
force was introduced. This is achieved by non-continuous operation of the
plasma actuator, allowing adjustment of the the time-averaged force pro-
duction. The scaling methods were the prequisite creating stable vortices
in a laminar boundary layer.
Based on the quantification and the scaling of the induced body force the
parameters for the vortex generation by means of plasma actuator was
identified and discussed. Qualitative and quantitative investigations on
the vortex generation were performed to evaluate these influences.
In a last step the qualification of plasma actuator vortex generators boundary-
layer control was demonstrated. The longitudinal vortices created by the
plasma actuator deform a boundary layer and the streamwise velocity com-
ponent is modulated in streaks of higher and lower velocity. The interaction
of Tollmien-Schlichting waves with these streaks was investigated in two dif-
ferent wind tunnels. Two different approaches of creating streaks (abrupt
creation and gradually increasing the streak amplitude) were investigated,
revealing an attenuation or an amplification of the Tollmien-Schlichting
waves. The amplification of the TS waves reveal a relation to the increase
of the streak amplitude. In the following sections the main findings and
conclusions of the different investigations are briefly summarized.
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7.1 Characterization of DBD Plasma Actuators

The lower and upper operation limits were identified using electrical char-
acteristic and optical measurements of the discharge. This provides a range
for the operation of the plasma actuator in which a temporally and spa-
tially homogeneous discharge and, thus, a two-dimensional force distribu-
tion along the upper electrode exists. The relation of the electrical measures
agree well with previous literature, a relation between operating voltage V
and consumed actuator power of PA ∝ V 7/2 as well as the relation of the
operating frequency and the consumed power of PA ∝ f was observed.
Analysis of the velocity field measurements exhibit good agreement with
the assumption that the induced wall-jet in quiescent air is a laminar flow.
Additionally, it was demonstrated, that the laminar wall jet is deformed
inside the discharge region due to the acceleration close to the wall. An
improved self-similarity of the induced wall jet was demonstrated, when the
discharge related length (e.g. the plasma extension) is taken into account
for the evaluation.

The force production was analyzed in the previously defined operation
range and was characterized by different measurement techniques. The
relations of the force magnitude and the electrical measures: voltage V
and power consumption PA, reveal a good agreement with the previous
literature and the relation of F ∝ V 7/2 and F ∝ PA.

Phase-averaged velocity measurements and the time dependent evalua-
tion of the force-field density and magnitude showed a good consistency
with data found in literature, although the actuator was operated at a
significantly higher frequency. This demonstrates that plasma actuators
exhibit similar characteristics over a larger operation range.

7.2 Scaling of the Induced Body Force

The two options of directly influencing the induced body force in its mag-
nitude and distribution: operating conditions and geometry, were investi-
gated with three independent and simultaneously applied analysis methods.

The scaling law for the electrical characteristics could be summarized to
one general relation between the consumed power, applied voltage, operat-
ing frequency and the influence of the thickness and material constant of
the dielectric layer.
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PA/L

fV 7/2 · ϵ

d
= const

Analogue to this, the interrelation of the produced thrust with the elec-
trical characteristics, dependent on the actuator setup and the operating
conditions, could be expressed with the following equations:

V 7/2 ∝ Ft
1

f1/4
d1/2

ϵ3/10

PA ∝ Ft · f3/4 · ϵ7/10

d1/2

These scaling relations allow determination of changes in the performance
of an actuator, based on one known configuration.

The indirect scaling of the induced body force is achieved with a discon-
tinuous operation of the actuator. An analysis of the force field was used
to describe the influence of the discontinuous force production on the force
magnitude and the extension of the force field. It was demonstrated, that
the time averaged force magnitude can be adjusted in a wide range without
changing the time averaged size of the force field.

7.3 Governing Parameters of on Plasma
Actuator Vortex Generators

For generating stable vortices in a laminar boundary layer the forcing mag-
nitude of the plasma actuator has to be carefully adjusted. The qualitative
investigation of plasma actuators for active vortex generation shows the
complex interaction of numerous parameters. Based on 3C PIV measure-
ments vortex identification methods were applied to analyze the vortex
formation in an array of plasma actuator vortex generators at very low
forcing.

The geometry of the plasma actuator array (electrode spacing and elec-
trode width) influences primarily the spatial spanwise distribution of the
streaks; however the spatial distribution of the vortices/streaks was also
determined by the combination of the plasma extension and the electrode
width. With increasing electrode length, the generated vortices and thus
the created streaks were intensified. The same can be achieved with a
higher applied voltage or by adjusting the duty cycle. The independent
adjustment of force magnitude and spatial extent of the force by pulsed
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operation offers the possibility to adjust the amplitude without influencing
the spatial distribution.

Based on this knowledge a plasma actuator vortex generator was de-
signed with an equal streak distribution, as required for the boundary-layer
control.

7.4 Boundary-Layer Control with PAVG
For the qualification of the plasma actuator vortex generator for transition
control, the interaction of Tollmien-Schlichting waves with these streaks
was investigated in two different wind tunnels. Two different approaches
of creating streaks (abrupt creation and gradually increasing the streak
amplitude) were investigated, revealing an attenuation or an amplification
of the Tollmien-Schlichting waves.

With the first approach (abrupt creation) an initial amplification was
observed, before the Tollmien-Schlichting waves developed with a reduced
growth farther downstream. With the gradually increasing streak ampli-
tude this initial amplification was repeated. Thus the amplification of the
TS waves reveal a relation to the increase of the streak amplitude.

7.5 Outlook
Based on the characterization of the plasma actuator, that shows a good
agreement with the previous literature, empirical scaling laws were derived
allowing to predetermine changes in the produced thrust and consumed
power. The layout and the design of the actuator for an experimental
setup can be based on an initial configuration. Premised on robust and
generally valid scaling laws, a more universal development of empirical
actuator models for numerical simulations is now possible. This allows a
better comparability of experiment and simulation.

Even though these new scaling relations appear promising to describe and
classify the consumed electrical power and produced thrust of DBD plasma
actuators with varying operating conditions and changes in the dielectric,
these correlations do not yet include any information about changes of
the electrode arrangement. For a better comparability of experiments of
different research groups, it is necessary to quantify the influence of these
additional geometrical parameters.

For the active vortex generation of stable vortices in laminar boundary
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layers with plasma actuators complementary investigations are necessary
to allow a quantification of the parameter influences. An extension of the
investigations to higher free-stream velocities would allow to investigate the
qualification of plasma actuator vortex generation for different boundary-
layer control scenarios.

Future work on the attenuation of Tollmien-Schlichting waves with plasma
actuator vortex generators should focus on the effect of the gradually in-
creasing streak amplitude. In this context an increase of the streamwise
distance of cascaded arrays, to reenergize the streaks (when the TS waves
are already decaying) could improve the attenuation or a combination of
both approaches: abrupt generation of strong enough streaks for attenu-
ating the waves and subsequent repeated reenergization of the otherwise
decaying streaks.
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Nomenclature

Latin letters
upper case

symbol SI unit description

Ast – streak amplitude
AT S – Tollmien-Schlichting wave amplitude
C, C(t) F capacitance
Cd F dielectric capacitance
Ceff F effective capacitance
Cg F gas capacitance
Cp F charge-probe capacitance
C0 F pure passive-component capacitance /

cold capacitance
Ek W s consumed energy per discharge cycle k

F N = kg m/s2 steady force
F , Fi, Fi(t) N plasma force
Ft N thrust
Fb N body force
Ff N friction force
G(x, t) – gray value as a function of chord and time
G(x) – spanwise averaged light intensity
GV – integrated graz value
H1, H2 m lengths of rocker
H12 – shape factor
I, I(t) A electric current
Ii Ns = kg m/s momentum
KTH – Kungliga Tekniska högskolan
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Nomenclature

(Royal Institute of Technology)
L m actuator length
M – Mach number
N – number of images
Nz – spanwise number of gray-value informations
PA W power consumption / actuator power
PA,k W consumed power per discharge cycle k

PL W power loss
PS W power saving
Q, Q(t) C electric charge
R Ω electric resistance
Re – Reynolds number
T s period of periodic function
T K temperature
Ui m/s flow fields snapshot
umax m/s maximum wall-jet velocity
U∞ m/s free-stream velocity
V , V (t) V operating voltage (peak-to-peak)
Vb V breakdown voltage (ignition potential)
Vp, Vp(t) V charge-probe voltage (peak-to-peak)
W (t) kg weight balance signal
W n kg average of balance signals

lower case

symbol SI unit description

d m thickness of dielectric
f Hz = 1/s operating frequency
fmod Hz = 1/s modulation frequency
fi kg/m2s2 volume-force density
fres Hz natural resonant frequency
fx kg/m2s2 chordwise force density
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Nomenclature

fy kg/m2s2 wall normal force density
g m/s2 acceleration of gravity
gj(x, z) – jth spatial gray-value distribution
g(x, z) – average spatial gray-value distribution
i – spanwise location (i ∈ Nz)
i, j, k – control variables of the coordinates
j – raw-image number (j ∈ J)
m kg mass

charge number density
p bar = kg/m s2 gas/static pressure
p0 bar ambient pressure
t s time
u m/s velocity component in x-direction
ui m/s velocity (free index i)
umax m/s maximum velocity
u∗ – normalized velocity
ûϕ m/s phase-averaged velocity fluctuation
v m/s velocity component in y-direction
w1 m dimension upper electrode
w2 m dimension lower electrode
x m chordwise coordinate
xmax m maximum x-coordinate
xmin m minimum x-coordinate
y m wall normal coordinate
ymax m maximum y-coordinate
ymin m minimum y-coordinate
y∗ – normalized wall normal distance
z m spanwise coordinate
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Nomenclature

Greek letters
upper case
symbol SI unit description

∆t s exposure time
∆t s computation sequence of control circuit
∆x m chordwise plasma length

(light-emission based)
∆xF m chordwise penetration length

(force-determination based)

lower case

symbol SI unit description

δ m wall-jet thickness
δ m Blasius length scale
δ1/2 m wall-normal distance of 50% wall-jet velocity
η Pa s=Ns/m2 dynamical viscosity
η – normalized wall-normal distance
η∗

FM
N/W fluid-mechanical effectiveness

τw Pa=N/m2 wall-shear stress
ρ, ρ(x⃗, t) kg/m3 density
ϕ(t) – phase angle
ω , ωk , ωz 1/s vorticity
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Nomenclature

Abbreviations
symbol description

AC Alternating current
CAM camera
CCD Charged Coupled Device
CMOS Complementary Metal Oxide Semiconductor
CTA Constant Temperature Anemometry
CV control volume
DBD Dielectric Barrier Discharge
DC Direct current
DC Duty cycle
DEHS Di-Ethyl-Hexyl-Sebacat
EHD electro hydro dynamic
FG function generator
FOV fields of view
fps frames per second
HV high voltage
IA interrogation area
LDA Laser Doppler Anemometry
max maximum
min minimum
NSE Navier-Stokes equations
PAVG Plasma Actuator Vortex Generator
PIV Particle Image Velocimetry
RF Radio frequency
SD Surface discharges
TU Technische Universität
VD Volume discharges
VG Vortex Generator
WB weight balance
2D two-dimensional
3D three-dimensional
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Nomenclature

2C two component
3C three component
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