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Abstract

On airfoils experiencing unsteady inflow conditions, leading edge vortices (LEV) can be observed.
During its growth phase, the LEV has a positive influence on the lift of the airfoil. To extend the growth
phase, dielectric barrier discharge plasma actuators are to be used to manipulate the vortex detachment.
In order to enable an efficient flow manipulation, the position of the LEV is intended to be used as input
to a closed-loop control. Therefore, in the context of the present study, investigations on how the LEV
affects the electric characteristics of the plasma actuator are elaborated to ultimately enable the actuator
usage simultaneously as a sensor in addition to its flow control task.

First, studies regarding the influence of pressure variation on electrical characteristics are carried out in
a vacuum chamber. Subsequently, the influence of the vortex itself on the plasma actuator is investigated
on a moving flat plate in a wind tunnel. In both studies, three discharge regimes of the plasma actuator
are tested. Measurements in the vacuum chamber show, that the small pressure changes generated solely
by the LEV have no significant effect on the electric quantities of the actuator. In contrast, measurements
in the wind tunnel indicate, that the LEV has a significant influence on electric characteristics of the
actuator in all three discharge regimes. Discrepancies of the results in the vacuum chamber and the wind
tunnel are attributed to the flow velocity, which only occurs in the wind tunnel.

1. Introduction

1.1 Background

The leading edge vortex (LEV), which occurs e.g. at plunging and pitching airfoils, is a phenomenon of particular
interest for applications in aviation [1,2]. This LEV migrates downstream on the suction side of the wing [3], while
providing increased lift as long as it is attached to the leading edge of the wing [4—6]. Due to the formation of further
(secondary) vortex structures, the LEV detaches and consequently the lift collapses [7-9]. In order to suppress these
secondary structures and expand the growth phase of the LEV to increase the lift, the flow must be actively controlled.
For this purpose, dielectric barrier discharge (DBD) plasma actuators (PA) are of interest [ 10]. The actuator is supplied
by a high alternating voltage, which causes a gas discharge. This discharge leads to a so called ionic wind, which
results in a directed body force [11,12]. This body force is used to suppress the secondary vortex structures and, thus,
the detachment of the LEV can be delayed [13]. DBD PAs are characterized by their low weight and size, which makes
them interesting especially for aviation. In addition, high-frequency operation and the absence of mechanical elements,
lead to particularly fast response times as required for advanced flow control approaches [14,15].

1.2 Objectives

To operate the actuator in a more efficient way in context of LEV-based lift augmentation, the actuator should be
operated in a way that it only suppresses the secondary vortex structures and not hinders the formation of the LEV.
Therefore, the device must be switched on and off during the migration of the LEV. Such a close-loop control needs
the time-dependent distance of the forming LEV to the actuator as input, which therefore has to be identified. This is
problematic, because possible sensors for the determination of the LEV position are constructively difficult to install
and/or are disturbed by the electric field of the PA. To overcoming this limit, the overarching goal of the present work
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is the application of the PA itself as a sensor for the LEV location, such that the device is able to simultaneously detect
the LEV as a sensor and to suppress the secondary vortex structures as an actuator.

The LEV induces a characteristic pressure profile on the suction side of the airfoil, as has been demonstrated in
previous studies [16], a pressure minimum was observed on the airfoil below the (travelling) LEV centre position. This
pressure profile could be used conversely to detect and track the position of the LEV.

Suitable with these findings, [17,18] were able to demonstrate a direct influence of the pressure on the electrical
quantities, especially the current. They showed that a decrease in pressure is accompanied by an increase in the root-
mean-square (RMS) of the current, which will be discussed later in more detail. In accordance with the paschens law,
[17] additionally shows that the ignition voltage of the actuator decreases with the pressure. However, in the work of
[17,18] pressure drops of more than 20 kPa were investigated, while the pressure decrease created by the LEV,
according to [16], are just 50 — 200 Pa. However, it remains yet to be investigated if the effects found by [17,18] also
occur at the lower pressure changes of the LEV, to use this effect for detecting the LEV via its pressure distribution.
Therefore — and to furthermore test the measurement setup — investigations in a vacuum chamber are carried out. The
LEV not only leads to a decrease in pressure but also to a change in the direction and magnitude of the flow velocity
above the airfoil [3]. Studies have shown that the flow velocity, which correlates with the pressure by the Bernoulli's
law, also has an influence on the plasma [19,20] and on the metrics of a plasma actuator [21-23]. Consequently, further
investigations on a plunging flat plate, creating a LEV, in a wind tunnel are planned.

2. Experimental Method

For the experiments in the pressure chamber a PA is glued onto a perspex plate, as pictured in Figure 1. Copper foil is
used for the two electrodes. The exposed electrode has an effective length of 150 mm. To reduce edge effects, the ends
of the exposed electrode are rounded and the covered electrode is both longer and wider. 5 layers of Kapton type CMC
70110 are used as dielectric. The AC voltage is applied to the exposed electrode and the covered electrode is grounded.
The voltage is provided by a DC voltage source and transformed into a high AC voltage with a Minipulse 2.1 from
GBS-Electronics GmbH. To set the required pressure, a Mensor Series 600 automated pressure calibrator is used,
which is connected to the pressure chamber via a tube. The pressure chamber is entirely made of perspex.

exposed electrode
covered electrode

|Die|ectric ! |

IACf  —

Figure 1: Schematic representation of a considered PA.

The electrical parameters investigated are the voltage drop across the PA V,.(t), the current I(t) and the charge Q(t).
In addition, the power of the actuator P, (t) is used as a measurand. To record the characteristics of the plasma
actuator, a Lecroy Wavejet oscilloscope was used with a maximum sample rate of 2 G/s, which can record 500.000
data points per measurement. V.. (t) is tapped across the PA. To determine the current, a resistor of type RNP50S with
R = 1.9994 Q is used. The current can be calculated from the voltage drop over the resistor with I(t) = R X V.5 (t).
If the charge is to be measured, the resistor is replaced by a capacitor of type VISHAV 1813 F0946 with the capacity
C = 21.7 nF. The charge is calculated using Q(t) = C X V,onq(t). Finally, P, (t) is determined by the area of the
Lissajous figure formed by the voltage V,.(t) and the charge Q(t), as described in [24].

In the pressure chamber, the electric characteristics at different pressures are investigated. The examined pressure
differences Ap = Apgmpient — Pchamber are Ap = [0,10,50,75,100,150,200,500,1.000] Pa. Also, the PA is
operated at different operating points, so called discharge regimes. The first of these discharge regimes is the
darkdischarge, in which a discharge takes place but no plasma is visible and practically no body force is created. This
operating point is considered promising for a control, because here the actuating part of the device is turned off and
only the sensing part is active. The second is the early glowdischarge, where plasma is visible for the first time. The
last operating point studied is the commonly applied regular glowdischarge at a peak-to-peak voltage of 12 kV, at
which the plasma is fully formed and induces a considerable body force. For this condition it is of interest when the
vortex needs to be detected upon actuator active operation.

For the wind tunnel investigations, a plunging and pitching flat plate was used. In this case, a PA is glued onto its
surface at 25 % chord length. By means of an actuation a plunging and pitching motion can be performed which leads,
as shown in Figure 2, to the formation of an LEV [13]. The flow velocity in the tunnel is u, = 2.85m/s + 10 %.
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The measurement setup used to record the electrical quantities is identical to that used for the pressure chamber. The
three discharge regimes described above are also investigated in the wind tunnel. In order to confirm that the effects
are caused to the flow mechanical conditions, further comparative measurements are carried out, in which the variables
are recorded for a stationary profile at quiescent-air conditions.

Figure 2: Flow visualization of the LEV-formation on a plunging and pitching flat plate in the wind tunnel.

3. Experimental results
3.1 Pressure Chamber

The following quantities are obtained in the pressure chamber: By smoothing the voltage signal V,.(t), the peak-to-
peak voltage V,,, is determined, which is then averaged for each measurement. Additionally, as in [17,18], the RMS of

the voltage V,..(t), the current I1(t), and the charge Q(t), is calculated according to

’1
XRMs = ;Zg=1|xn|2, (1)

where x is to be replaced by the respectively evaluated quantities in Equation (1) Subsequently, a mean value and a
standard deviation were formed from several measurements. Furthermore, for the power P, (t) of the actuator, the
mean value and the standard deviation were also determined. This procedure is applied for each pressure in each studied
discharge regime.

Although the experiments in the pressure chamber yielded only a few insights, nevertheless the measuring equipment
also used later in the wind tunnel was successfully tested here. It was possible to confirm that the RMS of the current
Irms increases with decreasing pressure, as seen in Figure 3. As in [17,18], this can likewise be attributed to the larger
current peaks, shown in Figure 4. However, the pressure changes Ap of 500 Pa and 1000 Pa studied here are
significantly higher than those expected by the LEV. The fact, that no significant results were found, can be attributed
to some adverse and uncertainty effects. These are the switching behaviour of the plasma actuator, deviations in the
manufacturing of the PA, the influence of the plasma ignition on the chamber pressure, and the uncertainty margin of
the chamber pressure itself. It can be assumed that the influence of these disturbance variables significantly affects the
desired measurement effect such that only trends can be derived from this campaign.
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Figure 3: RMS of the current signal at different pressure levels and operating at a peak-to-peak voltage of 12 kV.
Different PAs (PA1 & PA2) have been used to avoid the influence of degradation.
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Figure 4: Raw data of the current signal of the PA at different pressure levels and operating at a peak-to-peak voltage
of 12 kV. The red lines are for comparison only.

3.2 Wind tunnel

The post-processing carried out for the data of the wind-tunnel investigations differs from that of the pressure chamber
in the aspect that now the temporal course of the signals is relevant, since a dynamic system is present here. The
conducted data-processing procedure for the tests is exemplarily explained here by means of current signals as obtained
in the regime of darkdischarge. The time vector of the signal is normalized to the duration of the full motion period
T = 0.278 s. The raw data, which can be seen in Figure 5 (a), is smoothed with a moving RMS, leading to Ixys. The
RMS window size is 50,001 values and the result of this operation can be seen in Figure 5 (b). All measurements of
an ensemble are subsequently normalized to Irms/Irms,sp- In case of the darkdischarge, the Irys is normalized to its
maximum value Ipyssp at around t/T = 0.09, which corresponds to the moment where the saddle point (SP) of the
LEV is above the actuator. A whole ensemble, containing five measurements, is pictured in Figure 5 (c). Note that
early and standard glowdischarge instead are normalized to their respective initial values due to the more stable
character of these discharge signal histories.

Afterwards, the time-dependent mean value of the ensemble Igys/ I_RMS_Sp as well as the standard deviation is
determined. Here and in the remainder of the manuscript signal standard deviation is indicated as the blue shading; see
e.g., Figure 5 (d). In addition, the starting point of the movement ¢, as well as the time at which the LEV is above the
plasma actuator t;gy is marked with green and blue vertical lines, respectively. The charge data was treated
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Figure 5: Example post-processing of the current measurements of a PA operated in the regime of darkdischarge on
a plunging and pitching flat plate.

analogously. Since both the peak-to-peak voltage V,, and the power P, have only positive values, a moving mean

with a window size of 501 values is applied here.
The most relevant observations, and meaningful characteristics and/or effects of the electrical parameters are

summarized in Table 1, subdivided by discharge regime and parameter. Particularly useful results are highlighted in

green.

Table 1: Overview of the effects found, divided by electrical characteristic and discharge regime. The most
promising effects are highlighted in green.

Regime Vop.MM Irms Qrus Pact
L . Some measurements
. None significant ignificant decrease .
Darkdischarge one sig Sig o d No effect. show a maximum at
minimum at tygy. of 5 % at tygy.
L Ey.
Significant - Some measurements | Some measurements
. .. o None significant .
Early glowdischarge | minimum of 0.5 % . show a decrease at | show a maximum at
maximum at tLEV'
at typy. typy. tLgy-
Glowdischarge . S1gmﬁcant o Slgnlﬁcant 8 Decrease of 0.4 % at
V. =12 kV) minimum of 0.1 % maximum of 18 % ‘ No effect.
pp at tipy. at trpy. LEV
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In the darkdischarge regime, a significant effect on the moving RMS current Igys was found. In Figure 5 (d) can be
seen that as the LEV moves across the actuator, the Izyg decreases by 5 %. It is particularly noteworthy that this effect
can already be seen in the raw current data. In Figure 6 can be seen that in this case, in contrast to the pressure-chamber
results as shown in Figure 3 and Figure 4 or Refs. [17,18], the decrease of Izys can be contributed to smaller discharge
peaks when the vortex is present and the pressure is at its minimum. However, the influences of the tangential velocity
must be taken into account here as well as the fact that in the observed regime there is no stable plasma yet. The second
decrease appearing at t /T = 0.45 can be explained by further smaller vortices following the LEV.
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Figure 6: Current I of a PA in the regime of darkdischarge at different times of the LEV motion. The red lines are for
orientation purposes only.

As shown in Figure 7, a significant effect on the moving mean of the peak-to-peak voltage V,, mu is evident in the
early glowdischarge regime. Vpp,MM decreases by 0.5 % up to t;gy. As the LEV propagates further, Vpp,MM rises again
to its initial value. Remarkable, on the one hand, is the small standard deviation and, on the other hand, a second smaller
decrease of Vj,, v around t/T = 0.45, which again can be explained by smaller vortices following the LEV.
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Figure 7: Moving mean of I,,, of a PA on a plunging and pitching flat plate operated in the regime of early
glowdischarge.

Another interesting effect of the vortex motion was observed in the course of the Igys, i.€., several measurements
showed an increased RMS value of the current while the vortex center was above the plasma actuator. However, since
this effect was not observed in all measurements, it won’t be considered further in the following.
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Figure 8: Moving Igys of a PA operated in the regime of glowdischarge at V,, = 12 kV on a plunging and pitching
flat plate.

In the third regime studied, the glowdischarge at 12 kV, the effect already found in the early glowdischarge regime
was found strongly increased. The moving RMS of the current Izyg increases by 18 % as a result of the approach of
the LEV and decreases again as soon as the vortex moves away from the actuator; see Figure 8. When looking at the
raw current signal in Figure 9, it can be seen that the current peaks are increasing at the time ¢, gy. These
observations are in agreement with those of the afore-mentioned pressure-chamber results and the observations
reported in Refs. [17,18], so that it can be assumed that the pressure minimum of the LEV leads to the observed

increase of Ipys.
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Figure 9: I of a PA at 12 kV glowdischarge at different times of the LEV motion. The red lines are for comparison
only.

4. Conclusions

In this study the influence of effects induced by the LEV on the electrical characteristics of a dielectric barrier discharge
plasma actuator was investigated. The long-term objective is to simultaneously use the PA as a sensor to determine the
position of the LEV, while suppressing the formation of secondary vortices as an actuator. Such sensing use of the PA
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is expected to provide a real-time, high-frequency control of the actuator, to increase the efficiency of its flow
manipulation.

One approach to do so was to use the plasma actuator as a pressure sensor to detect the pressure profile induced by the
LEV. This approach seems particularly promising, since several earlier studies have already shown some effects of the
pressure on the electrical quantities of the plasma actuator. The major challenge of the presented work was the
evaluation of whether these effects are also observable for the much smaller pressure changes induced by the LEV. To
investigate this effect, first a vacuum chamber was used. Different pressure levels and discharge regimes of the plasma
actuator were tested, where only trends were extractable regarding vortex detection have been revealed.

To appraise the influence of the vortex itself on the electrical quantities of the plasma actuator, experiments in a wind
tunnel with a moving flat plate were carried out. In this case also the influence of the flow velocity at and on the PA
have to be considered. Again, different types of discharge of the plasma actuator were investigated. In this latter
campaign, some noteworthy effects in all three discharge regimes were found: In the dark discharge regime, where no
plasma is visible, a strong decrease in the RMS of the current at the transition of the vortex was observable. In the
regime of early glowdischarge, when plasma first becomes visible at the actuator, a minimum in the peak-to-peak
voltage was found at the time when the vortex centre was above the plasma actuator. In the third investigated regime
of glowdischarge at 12 kV peak-to-peak voltage, the vortex transition was accompanied by a sharp increase in RMS
current.

In continuation of the present work, future investigations are foreseen to relate the effects found here to the position of
the LEV in order to use this information as an additional input for closed loop control of the DBD PA.
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