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ABSTRACT

This paper describes the experimental investigatibthe properties of Dielectric Barrier Dischari2BD)
actuators aimed at transition delay techniques.idewange of geometrical configurations are testedvell as
several electrical operational conditions. For itiegority of the measurements statistical data tierinduced flow
field are obtained and for a limited selection ofuators, high sample-rate time resolved measuren@e also
conducted. All measurements are made in still fioworder to eliminate free-stream effects on thduoed
velocities. Results show the formation of a thiameall jet which could be used as a flow contrevide.
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INTRODUCTION

Delft University of Technology has recently laundhtae multidisciplinary project “CleanEra” with
the goal of developing new technologies to meetheVision 2020 requirements for the next generatio
environmentally friendly transport aircraft. Sevddy topics are being developed including aerodyina
drag reduction. The current work lies within thee of drag reduction through boundary layer ttzorsi
delay techniques. More specifically the chosen outls based on the direct wave cancellation of
Tollmien-Schlichting (TS) modes with the use of gute actuators as “counter-waves” introduction
devices. This paper describes the experimentastigagion of the performance of plasma actuatodeun
various geometrical configurations and electriga¢rational conditions. The aim for this investigatis
to identify the “key parameters” of the plasma atbu for the intended application of TS wave
cancellation. To this goal an experimental paraimetiudy is conducted to map the behavior of the
plasma actuator under various parameters sucleesagle width, dielectric thickness, applied vodtagc.
Furthermore an investigation into the pulsed opemabf the actuator is done to simulate the actual
“counter-wave” introduction process and study #gsponse of the flow under it.

In this paper, a brief introduction into the contceppwave cancellation and plasma actuators isrgive
Next an account of previous work on the subjegiresented. An explanation of the experimental setup
and of the experimental matrices is given in thetreection. Last the results are presented, with
discussion on the conclusions and future work.
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Wave cancellation for transition delay

Transition from laminar to turbulent flow occursnmodern subsonic airliners at approximately 40%
of the chord distance and it is primarily basedtwn mechanisms. These involve the development,
amplification and final breakdown of two boundaay¢r instability modes known as crossflow
instabilities and Tollmien-Schlichting waves redpady. The dominance of each mechanism over the
entire transition process is a function of the gwemgle. With increasing sweep angle, crossflow
instabilities dominate over TS waves while for dnsaleep angles, TS is the dominant mode. The focus
of this work is placed on TS waves, although aremsibn of the theory can be applied to crossflow as
long as the linearity of the system is preserved.

Schlichting & Gersten (2000) report that turbuldioiv is responsible for skin friction values of
almost an order of magnitude larger than laminaw.flThe large potential in skin friction drag retian
has led to considerable efforts in addressing thesition problem both with passive and active
techniques. Passive or hybrid techniques such agald aminar Flow (NLF) or Hybrid Laminar Flow
Control (HLFC) have proven successful although,eemdly for HLFC, maintenance and reliability
issues have kept them from full scale commercigliegtions. This has led to continuous research on
alternative active flow control techniques whichmimstrate equal performance as HLFC although with
increased robustness and, eventually, a largenipaitéor a “real-world” application.
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Figure 1. Concept of active TS wave cancellation

Apart from HLFC, other active flow control techn&gi have been successfully investigated. One
particularly interesting method is the active cdlatien of TS waves (Figure 1). This relies on thigial
linearity of the growing TS waves and uses a sumaosed artificially generated “counter-wave” to
dampen the instability mode. In cruise conditiohe TS modes develop in wavetrains within the
boundary-layer that contain a spectrum of frequesidin order to cancel them an integrated closegd-lo
feedback system has to be used employing senstusitars and processors. The sequence of actions in
the feedback loop is based on sensing the incomstgbility with a reference sensor. The signaddst
to a processor which uses a transfer function timel¢he frequency and phase of the wave and genera
the “cancelling” signal. This activates the actuatdich creates the “counter-wave” and introduc¢en i
the laminar boundary-layer. An error sensor is useghonitor the resulting dampened wave and give a
feedback signal back to the transfer function. &hkre process is based on the initial linear aficplion
of the TS waves but the complete cancellation ef#laves is not possible due to the unstable nafure



the boundary layer. Nevertheless, as long as theetwan is kept in this linear stage, the canceliat
process can continue with the use of downstreammeglactuators prolonging the transition area even
further.

Plasma actuators

The insight that has been gained through HLFC rebkdadicates that active flow control techniques
have to be at least as robust as passive techniquasler to be applied on commercial aircraft.sThi
translates directly to the need of more robustvadiow control systems, namely sensors and aatelato
As previously mentioned, the main concept of th@lkninvolves the direct cancellation of convective
instabilities that grow within the laminar bounddayer, namely TS waves. To this end a new dewce i
proposed for application, the Dielectric Barries€harge (DBD) actuator or plasma actuators.

Plasma actuators are a fairly new type of airfloantool device, albeit with very attractive
characteristics. There are two main types of actgaivhich have been extensively studied for flow
control. These are the DBD actuator and the codiszharge actuator. The working principle is based
the ionization of air through high voltage (HV).rHOBD the geometrical configuration consists of two
thin electrodes separated by an also thin diete¢tyer which acts as an insulator (Figure 2). The
electrodes are placed flat on the wall of the agmathic surface (for example the wing). Normally the
covered electrode, which lies below the dielecisadept at ground potential while the alternatifig is
applied to the exposed to air upper electrode gh leilectric field is then created with maximum irgigy
near the inner edges of the electrodes and iottieeair. The ionized air consists of negative aositive
ion as well as free electrons. These move undeintheence of the electric field and through cadisal
processes transfer momentum to the neutral pataflair. Due to the asymmetric shape of the actuat
and the presence of the dielectric which actslaeriaer for charged species, the transfer of moorans
not equal between the two cycles of the alternatialjage. This is macroscopically perceived as a
directional body force vector acting on the framfl In general the body force accelerates the fiothe
direction from the exposed electrode towards the e electrode.
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Figure 2. The DBD actuator and its operation

PREVIOUS WORK

Transition delay through cancellation of instapilitaves could be a promising field for low power
actuators. Such technique was introduced by Tho(h883) were vibrating ribbons were used to
introduce and cancel single frequency TS wavesuierical investigation of the same technique was
carried out by Bower et al. (1987) with similarults. The waves were cancelled by simulated blowing
suction at the wall. These initial studies were camirated on monochromatic waves mainly for
validating the concept. This is only a very specade which is far from the actual flight condigomere
a spectrum of frequencies randomly develop and igmphe problem of naturally occurring TS waves



was recently attacked by Sturzebecher & Nitsch@®@3p@nd Engert et al. (2007). Both experimental
studies used vibrating membranes as actuators emupla closed-loop feedback system. Considerable
delay of transition of up to 18% of chordwise digta compared to no actuation was achieved. Fimally
very recent investigation using plasma actuators waried by Grundmann and Tropea (2008). This
study, which is comparable to the aspects of ttoskywdealt with single frequency waves and initial
results were successful. One of the goals of thleoasi is to extent this concept to naturally odogyr
multi-frequency TS waves.

Plasma actuators have been studied extensivelgcient years as flow control devises. In an early
study Roth et al. (2000) used various flow diagiesstor different configurations of electrodes. Yhe
report a significant amount of thrust for asymnuatiliy placed spanwise actuators. Post and Corka4)20
showed successful separation control on airfoilsigtt angles of attack at subsonic speeds withiseeof
leading edge spanwise actuators. They show thatplhema operation accelerates the flow in the
boundary layer and thus making it more resiliergeparation. Jacob et al. (2004) and Huang e2@06)
studied the effects of plasma actuators on bountigmr flow with considerable acceleration of the
near-wall flow. This led to complete reattachmehflaw over low pressure turbine blades. The gehera
consensus of these separation control studiesiighh plasma actuators, although capable of poistgo
separation at low Reynolds numbers, might not beffastive in higher velocity regimes. This has ted
the investigation of other techniques which potdhyti will be also applicable in higher Reynolds
numbers flows. Jukes et al. (2006) investigatedctreept of induced spanwise flow oscillations tigio
chordwise actuators. They proposed a physical nmsmawhich is analog to spanwise wall oscillations
and registered considerable reduction in turbuléction drag. Seraudie et al. (2006) studied tfieots
of DBD discharges on a laminar boundary layer. Treport sufficient acceleration with simultaneous
reduction in thickness. It is also evident that #fiects diminish with increase in freestream viies.
Finally, a parametric study was conducted by Fettal. (2007) in order to optimize the plasma actua
for airflow control.

EXPERIMENTAL SETUP

The DBD actuator

The actuators (Figure 3) consist of thin rectangulepper electrodes made out of self-adhesive
copper tape. The thickness of the electrodes isnd@vhile the width varies between 5 mm and 25 mm.
Their effective length (along which plasma is geted) is 200 mm. The electrodes are separated by
several Kapton tape layers depending on the tsst ddne thickness of each layer is 2 mil (508. The
electrodes and dielectric are supported a 10 mok,tBD0x100 mm rectangular POM plate. The free ends
of both electrodes are folded around the POM plBte. plate is then fixed on a rectangular POM base
carrying two aluminum connectors which contactélextrodes. The connector of the upper electrode is
connected to the HV output cable of a TREK® 20/20Camplifier (20 kV, £20mA, 1000W) while the
connector of the lower electrode is grounded. Is tay the voltage is applied to the upper eleerod
while the lower remains grounded at all times. Taeign of the actuator was specifically choseneo b
modular for the easy interchange of different agunfations of electrodes. Also the POM base was
designed to fit special slots in the Boundary Lalennel (BLT) of the TU Delft for the experimenta o
transition which are currently under way.

The entire actuator operation is controlled renyoth a computer workstation. The driving signal is
created via software and is sent to the amplifiaravDigital/Analog (D/A) converter. The amplifieas a
fixed gain of 2000V/V and also provides direct riegd of the output voltage and current throughriraé
measurement probes. When the actuator is activatedma appears near the inner edge of the two



electrodes with decreased intensity towards theereal electrode. The ionization region appears to be
uniform and constant along the length of the etelets although it is known that it consists of nulti
nanosecond discharges of high current flow.

tu symbol parameter

t ly upper electrode length

I lower electrode length

ty upper electrode thickness
- f lower electrode thickness
tq dielectric barrier thickness
ts substrate thickness

t g horizontal electrode gap

Figure 3. The main geometrical parameters of the DBD actuator

Thetest box

To reduce the effect of freestream velocity théstase ran in still air. This approach has the athge
of increasing the accuracy of the measurement® dime induced velocities are expected to be of the
order of 1 m/s as well as giving more insight te thure” induced velocity field. On the other hahe
major drawback of this approach is the lack ofghsiinto the interaction process of the actuatat an
given external flow. Although this is not a majestie for the parametric study of this work, experita
in the BLT are planned to this goal. For ensuringeavironment of still air a box is constructednfro
clear Plexiglas. The box has the shape of a cube avb0OO mm long side. The base of the box has a,
identical to the BLT, rectangular slot were theuatdr fits in. In this way the actuator face issfied with
the base of the box thus minimizing any effectsramfghness on the induced velocities. The box is
equipped with ventilation due to the large amowfitszone produced from the ionization process.

For the flow diagnostics Hot Wire Anemometry (HWA)used. HWA has been found best suited for a
parametric study as it combines sufficient accunaith relative ease of use. For this study a Canista
Temperature Anemometer (CTA) (TSI Inc. Model IFAB@used with two single wire sensors. Based on
an initial two-dimensionality study the flow hasepeidentified as uniform and constant along thgtlen
of the electrodes. Based on this, any velocity comept in the spanwise direction is considered
negligible and the probes are placed in order tasmee vertical velocityy and total velocityU. The
horizontal velocity component, is derived fronJ andv.

Experimental matrices

Since this study is aiming at mapping the plasntaator’s behavior as a wave-cancelling device, the
goals of a parametric and optimization study aresaatrivial. Unlike separation control techniquds
maximization of the induced velocity is not necedgahe main objective here. Instead, the induced
velocity, its spatial extent and more importantlg temporal response of the flow have to be taken i
account. The relatively simple construction of Bi8D actuator enables a large number of geometidc an
material configurations that can be developed astetd. The same principle applies for the eledtrica



operating conditions. These increase the DegreEsealdom (DoF) in a parametric study dramaticédly,
a point that a careful selection of control pararehas to be made in order to remain within reatsien
limits of experimental time and resources consuomptiThe experiments are divided in three main

groups.

Experiment group #1: geometrical properties

In experiment group #1 a parametric study is cotetlon several geometrical variations. Statistical

data (i.e averaged velocities) are obtained fqpadial mesh of points covering most of the dowrastre
area of the actuator as well as a small part otigstream area. Due to the nature of the ionizaiggion,
a small area cannot be approached by the hot-direso short-circuiting hazard. The mesh (Figure 4)
consists of 89 non-uniformly positioned nodes fettér resolution of the flow-field near the wallhasll
as near the actuator itself. The coordinate sygtexsented here will be used throughout this papes.
origin is located 8 mm upstream from the inner eofgiae upper electrode.
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Figure 4. Measurement mesh for the experiment groups #1 and #2 (coordinates in mm)

Table 1. Parameters for experiment group #1

Experiment group #1: geometrical properties (adbtés in mm)

experiment # (control par.) 1.1§1 1.2 (1) 1.3 (9 1.4(Jd
parameter

upper electrode length ()| 5,10,15,20 10 10 10
lower electrode length ()| 25 5,10,15,20,25 25 25
horizontal electrode gap (Q) 0 0 -5,-2.5,0,1 0
dielectric barrier thickness {)t 0.058 0.058 0.116 0.058,0.116,0.1
electrode thickness ( f,) 0.06
electrode material copper
dielectric material Kapton polyimide (relative pettmity 3.5)
applied voltage (V) 8 KVpp
applied voltage frequency (F) 2 kHz
duty cycle (D) 100%
voltage waveform sine

» Experiment group #2: electrical properties

74

Experiment group #2 involves the investigation ¢ electrical operational values. These include
voltage, frequency, pulsed frequency and duty cytle three best performing actuators, in terms of
maximum induced velocity and spatial extent of wkeéocity field, of experiment group #1 are selected



for investigation of voltage and frequency. ThethEsforming actuator from these three is seletbed
investigation of the waveform and pulsed operatiddditional high sample rate measurements of the
voltage and current are done for waveform invesigaFor the discharge current the amplifier'smtal
probe is not responsive enough to capture the riigharges. To this, the voltage across a resistan
between the grounded electrode and the grouncdsaed converted to current.

Table 2. Parameters for experiment group #2

Experiment group #2: electrical properties (allgns in mm)
experiment # (control par.) 2.1 ¢\ 22 (F 2.3 (D) 2.4 § 2.5
(waveform)
parameter
upper electrode length )| e experiments 2.1 and 2.2 were done for three agtiato
lower electrode length ()| [l,=5, \= 10],[l,= 10, |= 10],[l,= 5, |= 15]
e experiments 2.3, 2.4 and 2.5 were done for oneatartu
[l=5, = 15]
horizontal electrode gap (g 0
dielectric barrier thickness 0.116
(to)
electrode thickness ( f,) 0.06
electrode material copper
dielectric material Kapton polyimide (relative pettmity 3.5)
applied voltage (M (KVp) | 6.8,10,12 8 8 8 8
applied voltage frequency 2 1,1.52,2.53 2 2 2
(F) (kHz)
duty cycle (D) (%) 100 100 12.5,25,50,100 25 100
pulsed frequency {f (Hz) 0 0 100 50,100,150,2Q0 0
voltage waveform sine sine sine sine w1, w5,

* experiment group #3: time resolved pulsed operation

Due to the high importance of the pulsed operaiiorthe conceptual process of active wave
cancellation, a closer look is taken at. High sampte (100000 samples/sec) measurements areftaken
one actuator. A sub-matrix (Table 3.) of variousnbmations of duty cycles and pulsed frequencies is
constructed and data are acquired for two downstiasitions (x = 7 mm & x = 15 mm). Nevertheless,
a considerable amount of points in the verticathte wall direction (y direction) is taken for each
downstream position. The HV amplifier voltage outpwonitor is also used for the simultaneous reading
of the voltage supply. The actuator used is idahti the third actuator (g 5, |= 15]) of experiment 2.1
along with the same applied voltage (8,g\and frequency (2 kHz).

Table 3. Pulsed frequencies and duty cycles for experiment group #3

Experiment group #3: time resolved pulsed operation

pulsed frequency (¥ 20 50 100 150 200
(Hz)

duty cycle (D) (%) | 5,10,15,20,50 5,10,15,20,30  5%(®0,50 | 5,10,15,20,505,10,15,20,5(




RESULTS

Experiment group #1: geometrical properties

For experiment group #1 parameters are shown iteThbrhe HWA measurements are done with a
sample rate of 10000 Hz. The sample time is 1 Fke.data acquisition sample rate and time remain
constant for experiment group #1 and #2. Typicahsneed flowfields for two different lengths of uppe
electrode are shown in (Figure 5). The induced fappears in the form of a thin near-wall jet in the
direction of the lower electrode. Also evident isl@avnwash flow behind the actuator although due to
limitations in the use of HWA this could not be faiéntly resolved. Future PIV measurements are
planned to this goal. The general behavior of tbe figrees with previously reported experimental an
numerical studies reviewed by Corke et al.(200d) Jayaraman & Shyy (2008) respectively.
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Figure 5. Typical flowfield for upper electrode length of (left) 5 mm (right) 20 mm

The induced flow under the variation of the lengththe upper electrode,)lis shown in Figure 6. It
is apparent that the induced velocity is slightbeibasing with increasing IThe sudden drop fof £ 15
mm is attributed to a probable manufacturing emathe actuator. For the variation of the lengththed
lower electrode () it is apparent that a threshold length existsvabwhich there is no significant
influence in the induced flow (Figure 7). The plasnegion is physically limited by the length of the
grounded region below the dielectric. As soon asléingth of the lower electrode exceeds the thtdsho
electron-ion recombination processes limit the pkasegion independently of any further increask.in
Similar behavior is observed for the horizontalctlede gap (g) in Figure 8. It is apparent that for
increasing gap the intensity of the electric fidiecreases with respective decrease in inducedityeloc
For negative gap (overlapping electrodes) no deanit change in the flowfield is observed although
considerable increase in travelling current hasibbegistered. The dielectric thickness (Figuresdalso
directly related with the distance between the éhaxtrodes which has a clear impact on the intgsit
the electric field and the induced velocity. In geal the induced flow appears to be more sensitive
variations of the distance of the inner edge ofdleetrodes (i.eqtand g).
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Experiment group #2: electrical properties

The influence of the applied voltage (Y is presented in Figure 10. The induced velogcityréases
with Vg, although it is reported by Forte et al. (2007 thglateau is reached above 20,k\A larger
voltage than 12 k), is not investigated as maximizing the induced ei@yowas not in the scope of this
research. The increase in frequency of appliedagelt(F) has similar effects (Figure 11). LargeisF i
expected to provide further increase of inducedaigt although the life of the dielectric barries i
severely reduced. Tested waveforms are presenteyime 12 with the corresponding current from the
amplifier’s internal probe as well as the dischamgrent through the grounded electrode. For the
variation in waveform of the applied voltage (Figur3) it is clear that the increase in induced ciglds
a function of the gradient of voltage. Square waxmafappears to give the best results in terms of pu
velocity. Nevertheless, the energy consumptiorigsificantly larger than sine or triangle signatsthe
discharge current is more. For pulsed operationiritieced velocity increases with increase of thty du
cycle (D) (Figure 14). It is interesting to notathhis behavior is not linear. For larger D thduoed
velocities are not as large as expected. One ofethgons for investigating the pulsed operatiomane

detalil is to clarify this phenomenon. The pulsextjfrency appears to have no influence.
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Figure 13. Maximum velocity and velocity profiles for waveform variation
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Figure 14. Maximum velocity for (left) D variation and (right) f, variation

Experiment group #3: time resolved pulsed operation

The investigation for the time resolved operat®dane at x-positions of 7 mm and 15 mm. A total of
14 points is measured in a direction perpendictdathe wall to accurately resolve the near-wall jet
formation. At these positions data are taken anapde rate of 100 kHz in order to sufficiently riescthe
induced velocity fluctuations from the plasma ogfiera The response of the flow for different duty
cycles is shown in Figure 15. For all cases extiepb% duty cycle the pulsed operation of the ptan
directly translated to a pulsed flowfield. Also @&nt is the extremely fast response of the flowcwhi
builds up to a quasi-steady state in only a feviopsr Furthermore, an interesting phenomenon wisich
observed in mainly low D is the existence of twalgeat each velocity pulse. This could be attriéhuce
the formation of a starting vortex. For the vadatiof the pulsed frequency (Figure 16) the pulsed
behavior of the flow is retained although the atople of fluctuations becomes lower with highgrThe
flow is less sensitive to faster fluctuations daeviscous and diffusive effects. In freestream cioms
the fluctuations are expected to be larger sineartluced flow and the boundary-layer flow are radid;.
In general the flow responds well to the pulsedragpen especially at lowyfand D an essential
requirement for an efficient flow control actuator.
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Figure 15. Flow response to variation of D (x =7 mm, y = 1.5 mm)
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Figure 16. Flow response to variation of f, (x =7 mm, y = 1.5 mm)

CONCLUSION

The production of a small localized body force wath actuator that employs virtually no moving
parts seems ideal for flow control applicationseesglly in terms of robustness. This is especially
important in the case of TS wave cancellation wthiee actuator has to be small, non-intrusive and
responsive. The DBD actuator combines these claistits with additional ease of manufacturing and
energy efficiency. A parametric study has been ootedl in order to investigate the influence of
geometrical and electrical properties of the DBRuator on the induced velocity flowfield. Additidna

4 The grey shaded areas denote operation of thealastuator.
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high sample-rate investigations on the pulsed ajerandicate favorable properties for TS wave
cancellation. Future experiments are planned tdats the concept of active cancellation of aiafiand
random TS waves using the DBD actuator.
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