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Abstract: The aim of this study is to modify, by using surface plasma
actuators, the laminar-to-turbulent transition location of a Blasius boundary
layer developing on a flat plate mounted in an opened wind tunnel.
Measurements of flow velocities were performed by hot wire anemometry.
Results show that an actuator placed upstream the natural transition zone
enables the promotion or the delay of the transition onset, depending on the
location, the voltage amplitude, and the frequency of the high voltage electrical
parameters.
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1 Introduction

Plasma actuators have been used for several years to modify flows around a wide range
of geometries. Most of these results are reviewed by Moreau (2007) and Corke et al.
(2009). The main goal of the majority of these studies is to improve the aerodynamic
characteristics of the studied geometries by drag reduction and/or lift enhancement. They
can be achieved by modifying the location of the laminar-to-turbulent transition of the
natural boundary layer. Transition delay can induce a reduction of skin-friction drag and
transition advancement can increase stall incidences by promoting a turbulent boundary
layer more resistive to large positive pressure gradient occurring around airfoil leading
edge for example.

The transition occurs according to several forcing disturbances in the environment as
surface roughness or free stream turbulence for example. Two main scenarios can be
distinguished in transition onset in which free stream turbulence is a key parameter. At a
low free stream turbulence level (below 0.2%), the classical (or natural) scenario is
effective. Natural instabilities occur inside the laminar boundary layer. These instabilities
are first, two-dimensional Tollmien-Schlichting waves (Schubauer and Skramstad, 1948;
Schlichting, 1979), which then turn into secondary instabilities (Herbert, 1988), leading
to the transition onset. If the secondary instabilities take the shape of single or double
‘spikes’ inside the laminar boundary layer (Klebanoff et al., 1962), the transition scenario
is named K-type transition. The spikes multiply, leading to the formation of turbulent
spots (Emmons, 1951). A good review of the K-type transition can be found in Kachanov
(1994). For a higher free stream turbulence level (above 0.5% to 1%), perturbations of
the external flow induce three-dimensional instabilities inside the boundary layer,
triggering the transition which is named bypass transition. An overview of the numerous
pathways by which the laminar boundary layer becomes turbulent is given by Saric et al.
(2002).

Surface DBD plasma actuators producing a mean 2D wall jet have been successfully
applied to transition control over a flat plate geometry. The actuators generally consist of
two metallic electrodes separated by a dielectric material. One electrode is connected to a
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high voltage power supply, while the second one is grounded, thereby creating an intense
electric field at the surface of the actuator. The surrounding air is then ionised and a
non-thermal plasma is created in which the charged species drift along the electric field
and collide with the neutral species. Momentum is thus transferred from these ionised
species to the air, inducing a flow of a few m.s™' called ‘ionic wind’. The ionic wind is
created at the actuator frequency, and has the properties of a wall-jet: its maximum is
close to the wall near the plasma region and it diffuses downstream.

The ability of such actuators to modify a boundary layer has been clearly
demonstrated by numerous studies. In Séraudie et al. (2006), Porter et al. (2007) and
Magnier et al. (2009), the laminar-to-turbulent transition is promoted because plasma
actuators induce an increase in the mean and fluctuation streamwise velocities just
downstream the actuator. Other authors have shown that it is also possible to delay
transition using plasma actuators producing a stabilising effect on the velocity profiles. In
works of Grundmann and Tropea (2007, 2009), Boucinha et al. (2008) and Séraudie
(2008), plasma actuators induce a higher level of fluctuation velocity downstream the
actuators. However, this higher level of fluctuation of velocity remains constant
downstream whereas previously it increases without control up to the onset of transition.
In Grundmann and Tropea (2008, 2009), plasma actuators are used on a boundary layer
where 2D perturbations are artificially generated. These disturbances could be similar to
TS-waves and are induced at a particular frequency of 55 Hz. By acting in a pulsed mode
(on-off) at the same frequency, plasma actuators damp these fluctuations. This damping
of artificial TS-waves is clearly illustrated on the energy spectra reported by the authors.

Numerical investigations on transition modification by plasma actuators had also
been performed. Quadros (2009) calibrated a model of the body force produced by a
plasma actuator in quiescent air from experimental measurements (PIV). This
semi-empirical model was used to simulate the ionic wind effects in the near wall region
of actuator. LES of a flat plate showed that it was possible to delay the transition with a
continuous action, inducing a drag reduction of around 20%. Moreover, Quadros (2009)
demonstrated that TS-waves could be cancelled by an anti-phase sinusoidal modulation
of the body force. He showed in particular that the amplitude of the TS-waves was
damped of about 90%, leading to a delay of the transition. Duchmann et al. (2009)
highlighted the ability of plasma actuators to manipulate the boundary layer profiles since
the linear stability analysis showed that the boundary layer was stabilised with actuator
ON. The authors concluded that the stabilising effect of the plasma actuator is an
important factor in transition manipulation, and that the wave damping is an additional
and effective effect which can be superimposed to the stabilising one.

The objective of the present study is to find out the respective conditions for which a
single plasma actuator can either delay or promote the natural transition of a flat plate
boundary layer. Several parameters were tested in order to demonstrate their influence on
the transition onset: actuator position, voltage amplitude, and working frequency.

2 Experimental details

2.1 Plasma actuator setup

The plasma actuator consists of two metallic electrodes separated by a dielectric material.
The electrodes are made of adhesive copper foil tape with a thickness of 86 pum
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(including the adhesive). The dielectric panel is composed of three layers of two
dielectric materials. A 500 pm thick Mylar sheet is set between two Kapton sheets
(55 pm thick). Thus, the overall thickness is about 610 pm. The multi-layer disposition of
the dielectric panel was chosen to ensure a good resistance to the dielectric breakdown
with a thickness as thin as possible. The electrodes are asymmetrically positioned on the
two sides of the dielectric panel as shown on Figure 1. A 3 mm gap is set between the
upper and lower electrodes. For the actuator configuration presented here, this gap
prevents the untimely appearance of the filamentary regime as mentioned by Forte et al.
(2006). Both electrodes are 150 mm in length and 6 mm in width. The electrodes have
rounded tips and are placed in an asymmetrical arrangement in the spanwise direction.
The tips of the upper electrode are shifted by 20 mm relative to those of the lower
electrode, as shown on Figure 1. Rounded shifted tips are used here to prevent spark
ignition. Several Kapton layers are placed below the actuator in order to inhibit plasma
formation on this side. Encapsulation does not affect ionic wind generation on the upper
side, as checked by Laurentie et al. (2009). The upper electrode is connected to an AC
power supply. This actuator setup has been previously characterised in Boucinha et al.
(2008).

In the present setup, the running actuator operates in steady mode for driving voltages
(Vyy) ranging from 8 to 12.7 kV and frequencies (fy) ranging from 250 to 1,500 Hz. The
electrical consumption for such electrical parameters is approximately ranging from 1.6
to 6.7 W. A high voltage probe (Tektronix Series P6015A, 75 MHz, 3.0 pF) is used to
measure the voltage applied to the actuator. A Rogowski-type current probe (Bergoz CT
1.0) is used to measure the discharge current through the actuator. Voltage and current
signals are monitored on a digital oscilloscope (LeCroy WaveSurfer Series, 64 Xs-A,
600 MHz, 2.5 Gs/s, 8 bits).

Figure 1 Schematic of a single plasma actuator, (a) side view and (b) top view (see online
version for colours)
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2.2 Wind tunnel and flat plate

The 30 mm thick flat plate is placed horizontally inside the test section of an open wind
tunnel with a 16:1 contraction ratio. The working section is 50 cm % 50 cm and 2 m long.
The plate is mounted at 50% of the test section height between two lateral vertical plates
made of see-through PMMA (each 2 cm thick). The vertical plates have sharp leading
edges in order to prevent flow disturbances near the flat plate surface. The flat plate does
not span the entire width of the test section but only 60%, and is therefore 30 cm in
width. A schematic of the flat plate mounted inside the test section is shown in Figure 2.

The flat plate is composed of several parts made of dielectric material. The 60 mm
long leading edge of the plate consists of the first 30% chord length of a NACA 0015
profile. The actuator insert is placed thanks to two lateral mounts, each 84 cm long. The
actuator insert is made of a 20 cm wide and 1 m long acrylic plate. Single plasma
actuators can be mounted on its surface depending on experimental requirements. The
surface on the insert where no actuators will be mounted is covered with a dielectric
panel (the same materials as for the actuator). The flat plate trailing edge consists of the
30% to 100% chord length NACA 0015 profile (140 mm long). The trailing edge angle is
not adjustable and is set at 0° as for the leading edge. In order to consider the leading
edge curvature, the curvilinear abscissa (s) is used herein.

Figure 2 Schematic of the flat plate, (a) side view and (b) top view (see online version
for colours)
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In this study, three single plasma actuators are mounted on the plate (4,, 4, and A3).
The first one is placed at s4; = 117 mm, the second at 54, = 157 mm and the third at
s43 = 197 mm. These positions correspond to the end of the upper electrode where the
plasma begins to spread over the actuator surface. The electrical connections are
independent of each other and non-intrusive with respect to the boundary layer
development over the flat plate surface. As the actuators are fired one by one, the
non-working upper electrodes are removed in order to minimise disturbances on the
boundary layer. The removed electrodes can be easily put back in place.
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2.3 Hot wire measurements

Measurements of the flow velocity are made using a one-dimensional hot-wire probe
(Dantec Dynamics, 55P15). The longitudinal component of the velocity is measured in
this study. The probe is calibrated from 0.5 to 35 m.s' using a Dantec calibration unit.
The hot-wire signal is recorded with a National Instruments A-D data acquisition card
connected to a PC. The software used to perform these measurements is StreamWare.
Each velocity measurement consists of the average of 327,680 samples, sampled at
30 kHz (acquisition frequency of 60 kHz low-pass filtered). The velocity measurement
duration for each point is therefore about 11 s. A temperature correction is applied to the
hot-wire data.

The probe is mounted on a moving three-axis traversing system (Isel Automation LF5
Series). The resolution step of each axis is 0.1 mm with a precision of 0.02 mm on each
position. The hot-wire position close to the wall is determined with a webcam (Logitech
QuickCam Pro 9000) associated to a spyglass. A test pattern of graph paper is placed just
ahead of the probe and the optical device is pointed at the hot-wire prongs. By visualising
the prongs’ reflection on the wall, the hot-wire position can be precisely determined. This
mirrored image technique is presented more fully in the review by Orlii et al. (2010). The
uncertainty of the wall location versus the hot wire is found to be within £0.1 mm.

It was checked the high voltage did not induce strong perturbations onto the hot-wire
signal. The velocity signal was studied for a position 40 mm downstream the actuator 4,
which was fired. Fluctuations generated by the DBD appeared on the velocity signal.
Two mean velocities were calculated from the signal, one with the perturbations and one
without (the 1 kHz activity due to the DBD was removed numerically). It was concluded
these fluctuations did not induce differences on the calculated velocities since the error
was less than 1%.

3 Baseline flows

In this section, the natural and the non-manipulated boundary layers are studied in order
to confirm what the type of transition is, and to check that the active electrode does not
affect the boundary layer development. The boundary layer was first mapped with no
upper electrodes mounted. This is the natural flow case. This case was then compared
with non-manipulated cases which correspond to an upper electrode mounted (4;, A, or
Aj3) on the flat plate with the actuator non-running.

3.1 The natural flow

The free stream velocity was set at 20 m.s ' in order to have the transition regime
downstream the actuators and near the middle of the flat plate. First of all, the mean
velocity variation comparing to the free stream velocity of the first measurement point
was plotted (Figure 3). Measurements were taken at a constant height y = 80 mm. An
increase of a few percent in the mean velocity was noted and is relative to a favourable
pressure gradient of —20 Pa.m'. No peak level of mean velocity is observable above the
leading edge (s < 80 mm) because of the height of the measurement points. Turbulence
intensity (Tu) is defined as Tu = u,, / U, and is about 0.26% along the flat plate. This
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turbulence level is quite low and indicates that transition may be of the natural type, not
bypass.

Figure 3 Relative mean velocity fluctuation (+) and turbulence intensity (open symbol) along the
flat plate at y = 80 mm (see online version for colours)
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The boundary layer was mapped by performing velocity profiles at different longitudinal
positions. Each profile consists of velocity measurements of 30, 40 or 50 wall-normal
positions (along the y-axis). The number of measurement points depends on the boundary
layer thickness. In order to check the distance between the surface and the first y-position,
a linear interpolation of the near-wall part of the profile was performed. This technique
allows to check whether the hot-wire is affected by heat conduction of the wall. Free
stream velocity U, was determined outside the boundary layer for each s-axis position.
The boundary layer thickness dog is defined as the height from the wall where velocity
corresponds to 99% of U..

Figure 4 Mean velocity profiles at different longitudinal positions, (a) Re; = 1.5 x 10° to
4.9 x 10° and (b) Re, = 5.4 x 10° to 8.9 x 10° (see online version for colours)
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Note: Dashed lines are Blasius profiles and solid lines are Prandtl profiles.
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Figure 4 shows mean velocity profiles for the natural flow along the flat plate. The
boundary layer is clearly laminar for the first positions since the mean velocity profiles
are superimposed on the theoretical Blasius curve. Downstream velocity profiles begin to
deviate from the Blasius solution to tend towards the Prandtl profile. The boundary layer
is transitional and then becomes fully turbulent. Transition occurs downstream position
s = 437 mm where Re, = 5.4 x 10°, which is consistent with the range defined by
Schlichting (1979).

Figure 5 Velocity fluctuation profiles at different lon%itudinal positions, (a) Re,= 1.5 x 10° to
(see online version for colours)
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In order to have more information into the nature of the transition, velocity fluctuations
u,ns were studied at several downstream positions. Figure 5(a) shows profiles of u,,,, for
the laminar boundary layer. The maximum level of u,,, / U, is constant and about 1.3%
for the first four positions. For the next positions, the velocity fluctuations start to grow
with a maximum remaining at the same height (y / dg9 = 0.4). This continuous growth of
u,ns means the onset of the transition. Figure 5(b) shows u,,, profiles for the second
part of the flat plate. Whereas previously the shape of u,,, profiles exhibited only one
maximum, a second one now appears close to the wall. This near-wall maximum is due
to the turbulence motion inside the boundary layer, indicating the onset of turbulence
(Arnal and Juillen, 1978). In this study, the downstream variation of velocity fluctuation
profiles is similar to that reported in Schubauer and Klebanoff (1956).

Streamwise distributions of the maximum value of wu,,, / U, found across the
boundary layer, and u,,, / U, at a constant wall-normal position of y / dog = 0.4 are
reported in Figure 6. The shapes of the curves are similar and exhibit three main parts. In
the first one, velocity fluctuations are weak. Then the laminar flow breaks down and the
transition region begins. As u,,,, grows, the near-wall maximum appears, explaining why
the two curves deviate from each other. Velocity fluctuations at y / dg9 = 0.4 reach a peak
level above 10% of the free stream velocity where the boundary layer is transitional,
typically reported in Klebanoff et al. (1962). Then u,,, levels decrease slightly until they
reach a plateau where the flow is fully turbulent. This particular shape of the u,,,
streamwise distribution is classical (Fransson et al., 2006) and relative to the K-type
transition scenario (Kachanov, 1994).
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Figure 6 Velocity fluctuation distribution along the flat plate at a constant non-dimensional
height of y / 899 = 0.4 (+) and at variable height where u,,,, / U, is maximal to a given
longitudinal position (open symbol)
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Figure 7 (a) Power spectral density of velocity fluctuation and (b) instantaneous velocity signal
inside the boundary layer and just above it, at s-position s = 117 mm (Re, = 1.5 x 10°)
(see online version for colours)
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In the laminar part of the boundary layer, the low level of velocity fluctuations means that
TS-waves are present inside the boundary layer. Indeed a maximum fluctuation level of
about 1% is ordinarily associated with the fact that two-dimensional TS-waves exist and
are going to shortly turn into three-dimensional secondary instabilities (Herbert, 1988).
The energy spectra of u,,, [Figure 7(a)] show a frequency activity around 1 kHz. This
activity could be associated with TS-waves. Indeed, u,,,, profiles filtered on the frequency
band 800-1,200 Hz show the distinctive shape of a u,,, profile of a boundary layer in
which TS-waves are present (Figure 8). The detection of TS-waves is difficult due to the
turbulence intensity level which is about 0.3%: this value may be considered as a
detection threshold for TS-waves (Kendall, 1990). This explains why the bi-modal shape
of the u,,,, profile with the typical footprint of TS-waves (Schlichting, 1979) is not visible
on Figure 5(a), but only on Figure 8. The spectrum inside the boundary layer is
dominated by low-frequency contributions [f; and f, on Figure 7(a)] which are not
TS-waves (Arnal et al., 1977). These low-frequency motions are due to the response of
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the boundary layer to external disturbances in the free stream flow. These contributions
are clearly visible on the instantaneous velocity for a wall-normal position inside the
boundary layer, which shows a low-frequency oscillation [Figure 7(b)]. Amplitude of
TS-waves is weak in comparison to the overall fluctuation level.

Figure 8 Contribution of the velocity fluctuations in the frequency band 800-1,200 Hz for the
positions above actuator 4 (s, = 117 mm, Re, = 1.5 x 10%), actuator 4, (s4, = 157 mm,
Re;=1.9 x 105), and actuator A3 (s43 = 197 mm, Re; = 2.4 x 105) (see online version
for colours)
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In the second part of the boundary layer, u,,, begins to grow and the instantaneous
velocity profiles exhibit single and double spikes (Figure 9). These spikes are responsible
for the final laminar boundary layer breakdown and the onset of transition (Klebanoff
et al., 1962). They correspond to the three-dimensional secondary instabilities induced by
unstable TS-waves. Spikes are more and more present in the velocity signals until
turbulent spots appear (at s = 397 mm, i.e., Re, = 4.9 x 10%), leading to a fully turbulent
boundary layer.

Figure 9 Instantaneous velocity signal near the middle of the boundary layer (v / dg99 = 0.4) at an
s-position where spikes appear (i,,; / U, = 4%, s =317 mm, i.e., Re, = 3.9 x 10°)
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Figure 10 Streamwise distribution of (a) the boundary layer thickness dgg and (b) the shape factor
H,, (see online version for colours)
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Note: Natural flow without electrode mounted (+) and non-manipulated cases with upper
electrode of actuators 4, (diamond), 4, (delta) and 4; (circle) are reported.

3.2 The non-manipulated flow

In order to act on the transition position, one upper electrode has to be mounted on the
flat plate surface corresponding to the active plasma actuator (4;, A, or A3). It must
therefore be ensured that this electrode does not induce any disturbances on the boundary
layer development. The non-intrusivity of the electrode was checked by studying
the streamwise distributions of the boundary layer thickness and shape factor H,
(Figure 10). They were compared to those of the natural boundary layer (i.e., without an
upper electrode mounted). The data show that the position of transition is slightly
affected by the high-voltage electrode. From now on, the boundary layer development
along the flat plat is considered the same whatever the case: natural or non-manipulated.
Thus the natural case (without electrode) is taken as the baseline flow in order to compare
the actuators.

4 Acting on transition: two approaches

The present section discusses the results obtained on transition control using
plasma actuators. Two approaches were considered, depending on which parameter
was constant. Firstly, action position and high voltage amplitude were changed
with a constant frequency of f;y = 1 kHz. Then, a plasma actuator was selected in
order to determine the sensitivity of transition to the actuator frequency fyy. In this
case, the ionic wind velocity was maintained constant by adjusting the high voltage
amplitude Vyy for each frequency tested.
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Figure 11 Shape factor (H,) distribution along the flat plate for the cases where transition is
(a) promoted, (b) delayed, and (c) not changed (see online version for colours)
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4.1 Parametric study: voltage amplitude and action position

The parametric study is dedicated to studying the influence of the action position and
voltage amplitude. The following parameters were used: s, = 117 mm, s4, = 157 mm and
543 = 197 mm for the position; and Vg, = 8, 10 and 12 kV for the amplitude. Depending
on these parameters, the plasma actuator does not have the same effect on the transition
position. It is possible to delay the transition position [Figure 11(a)], to promote it
[Figure 11(b)] and even to leave it unchanged [Figure 11(c)]. The effect of the ionic wind
on the boundary layer development was determined using the shape factor Hi,. Actuators
Ay and A4, allow to promote the transition. For actuator 4,, only the lowest amplitude
induces a promotion of transition. For the actuator A3, the greatest voltage amplitude
induces the highest transition delay. It is also reported here that actuators 4, and 45 seem
to produce the same effect on the boundary layer transition for different voltage
amplitudes.

The effects of plasma actuators on the transition position are summarised in Table 1.
In the top row, the maximum velocity of the ionic wind U,. is reported under the voltage
amplitude. It corresponds to the ionic wind velocity at the end of the plasma area just
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over the dielectric surface (Boucinha et al., 2011). This velocity can be estimated using
the following empirical law: Um* = ofy(Vay — Vo) + P(Vuy — V), where o = 0.17 mkVv!
and = 0.38 mkV s are two constants, f;; is the actuator frequency in kHz, and
Vo = 4 kV is the ignition voltage of the actuator. This law was proposed by Boucinha
(2009) with the same actuator design. The three actuators induce different effects on
the transition even when they are driven with the same voltage amplitude (e.g., for
Viy =10 kV). Thus, it is not only the ionic wind velocity which is important here but the
shape of the boundary layer where the momentum is added in the flow (i.e., the position
of the actuator). In addition, when the actuator A4, is selected, it is possible to obtain the
three effects on the transition position, for three different ionic wind velocities. In this
particular case, the boundary layer shape is the same, meaning that it is the momentum
added in the flow that is important.

Table 1 Summary of plasma actuator effects on the transition position
Vyr=8kV Viyr=10kV Vyr=12kV
Upr =22 m.s™! Up; =33 m.s™ Upi =44 ms™
Actuator 4, Promoting Promoting Promoting
su =117 mm, Re,= 1.5 x 10° ~170 mm ~170 mm ~130 mm
Actuator 4, Promoting No effect Delaying
S42= 157 mm, Re,= 1.9 x 10° ~110 mm +20 mm +140 mm
Actuator 4; No effect Delaying Delaying
$43=197 mm, Re, = 2.4 x 10° +30 mm +140 mm +240 mm

Note: The number under the effect (promoting, no effect, delaying) indicates change in
the transition position (fyy = 1 kHz)

In summary, for a given frequency (here f;y = 1 kHz), the effect of the ionic wind on the
transition depends on the momentum, and the place where it is added. The effect of the
plasma actuator on the transition can be summed up as follows. First, the closer the
actuator is to the transition point, the greater the transition delay, for a given amplitude
voltage. Second, the greater the ionic wind velocity is, the greater the transition delay, at
a given action position.

In order to determine what is changed inside the boundary layer when the actuator is
fired, the velocity fluctuation distributions were studied (Figure 12). For a given voltage
amplitude of ¥y = 10 kV, the three effects are shown. An early increase of u,,,, means
that the transition onset is promoted; this is the case for actuator 4;. Indeed, from the
first measurement point, the u,,, / U, level is greater than in the natural flow.
Then, it increases until reaching its maximum level and tends to a plateau.
This distribution has a similar pattern as the natural flow except that it occurs earlier.
In this case, the plasma actuator seems to excite the boundary layer sufficiently to
trigger the transition onset. For the neutral case, the manipulated and natural
boundary layers have almost the same u,,, distributions. Transitional and turbulent
parts are close but for the part where the boundary layer is laminar, the u,,, / U, levels
are higher than those in the natural case. Thus, the boundary layer is excited downstream
the actuator, but not enough to shift the position of the transition.
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Figure 12 Velocity fluctuation distributions along the flat plate at a constant non-dimensional
height (y / dg9 = 0.4) for the natural and manipulated boundary layers (V= 10 kV)
(see online version for colours)
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This higher level of u,,, / U, in the laminar part is also present when the transition is
delayed. The u,,, level is about 2% of the external velocity U,, downstream actuator 43,
whereas it is close to 1% in the natural case. The boundary layer is excited when the
plasma actuator is fired, which is similar to the measurements by Séraudie (2008) and
Grundmann and Tropea (2009). Thus, it appears that if the boundary layer is excited by
external perturbations (here, the ionic wind) of a particular level, depending on the action
position, the transition onset can be delayed. If excitation of the boundary layer is too
high, the transition is promoted. This is the case for actuator 4. Otherwise, if the velocity
fluctuation level is slightly increased by the ionic wind, the transition onset is delayed.

Figure 13 Power spectral density of velocity signals for actuator 4, and natural flow, at a
constant non-dimensional height (y / dgo = 0.4) and s = 207 mm (Re, = 2.6 x 10°)
(see online version for colours)

0 200 400 600 800 1000 1200

Downstream each actuator, the spectra show a higher level of energy than in the natural
boundary layer, no matter what the effect on transition is (Figure 13, only for the actuator
Ay). The mean level of velocity fluctuations is increased over a wide frequency range
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although the plasma actuator is fired at a frequency of f;; = 1 kHz. The effect of a plasma
actuator is to add momentum inside the boundary layer. Nevertheless a stabilising effect
of the velocity profiles, leading to the delay of the transition onset, can be obtained
depending on the ionic wind velocity. In this study, the free stream velocity is probably
too high to observe this addition of momentum on the mean velocity profiles for the first
measurement point downstream the plasma actuator. Indeed, the hot-wire probe has to be
kept far enough to the actuator (i.e., the high voltage discharge) in order to avoid sparks.
However, previous studies clearly reported this fact (e.g., Boucinha et al., 2008; Séraudie,
2008).

In order to determine what changes in the boundary layer under control, the
instantaneous velocity signals are studied. A constant non-dimensional height of
y / d99 = 0.4 is considered, and velocity signals are plotted for a non-dimensional u,,,
level of approximately 2% (Figure 14), 4% (Figure 15), and 8% (Figure 16). The level of
u,ms | U, for each case defines the s-position.

Figure 14 (a) Measurement points of velocity fluctuation distributions along the flat plate at a
constant non-dimensional height (y / dg9 = 0.4) for the instantaneous velocity
signals at a s-position where u,,,; / U, ~ 2% for (b) the natural case (s = 277 mm,
Rey,=3.4 % 105), (c) a neutral case, actuator 4, (10 kV, 1 kHz) at s =207 mm
(Re, = 2.6 x 10°), and (d) a delay case, actuator A5 (10 kV, 1 kHz ) at s =277 mm
(Re, = 3.4 x 10°) (see online version for colours)
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Just before the transition onset (u,,,, / U, ~ 2%), the natural and the neutral cases show
that first spikes are present [Figures 14(b) and 14(c)]. They are not yet intense because
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the velocity drop remains quite weak. Their occurrence means the transition is going to
begin shortly after. The signal for the neutral case is noisier because it shows the first
measurement position downstream the actuator 4, (due to the addition of momentum, not
to electrical perturbations). For the delay case, a modification of the velocity signal is
observed: it seems that the spikes do not yet appear [Figure 14(d)].

Figure 15 (a) Measurement points of velocity fluctuation distributions along the flat plate at a
constant non-dimensional height (y / dg9 = 0.4) for the instantaneous velocity
signals at an s-position where u,,,; / U, ~ 4% for (b) the natural case (s =317 mm,
Re, =3.9 x 10°), (c) a neutral case, actuator 4, (10 kV, 1 kHz) at s =357 mm
(Re, = 4.4 x 10°), and (d) a delay case, actuator A5 (10 kV, 1 kHz ) at s = 437 mm
(Re, = 5.4 x 10°) (see online version for colours)
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For the positions where u,,,; / U, ~ 4% the velocity signals show a transitional pattern. For
the natural and delay cases, no important differences are observed [Figures 15(b) and
15(c)]. Spikes are more present and more intense than previously, leading to the increase
of the u,,, level. For the delay case, a major difference is reported. Indeed, the first
turbulent spots are present in the velocity signal besides spikes [Figure 15(d)]. In
addition, the spike stage seems to be also modified: spikes are less numerous and less
intense (i.e., the velocity drop is lower).

For the positions where u,,, / U, ~ 8% the velocity signals show a fully transitional
pattern. Spikes, turbulent spots and laminar parts are observed for the natural case
[Figure 16(b)] and the delay case [Figure 16(c)]. As for the previous non-dimensional
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level of u,,,, the velocity signals exhibit differences. Spikes are more numerous in the
neutral case, and seem more intense than in the delay case. Turbulent spots are present in
both velocity signals. Thus, for a transition delay case, the modifications of the transition
pathway by the plasma actuator can be observed from the beginning of the transition
onset to the position where the boundary layer becomes fully turbulent. The plasma
actuator does not modify only the location of the transition onset; it equally affects the
transition process itself.

Figure 16 (a) Measurement points of velocity fluctuation distributions along the flat plate at a
constant non-dimensional height (y / dg9 = 0.4) for the instantaneous velocity
signals at an s-sposition where u,,,; / U, ~ 8% for (b) the natural case (s =397 mm,
Re;=4.9 x 10°), and (c) a delay case, actuator 45 (10 kV, 1 kHz) at s =517 mm
(Re, = 6.4 x 10°) (see online version for colours)
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4.2 Transition sensitivity to the actuator frequency

The second way chosen to act on transition consisted in varying the actuator frequency
fur- Previously, it has been shown that actuator 4, is capable of inducing three effects on
the transition. This actuator was therefore used to study the sensitivity of transition to the
actuator frequency fxy-

First, the voltage amplitude was set to V= 12.7 kV in order to be sure that the ionic
wind was high enough to delay the transition (Table 1). Two close frequencies were
considered for fz (750 and 850 Hz). The maximum velocity of induced ionic wind was
estimated at 4.4 m.s' and 4.6 m.s"' respectively. So, the difference between these two



Transition control using a single plasma actuator 43

velocities remains therefore weak, which means that the efficient parameter is mainly the
actuator frequency. Velocity profiles were recorded for these two frequencies at a same
s-position s =437 mm (Figure 17). The non-manipulated boundary layer exhibits a mean
velocity profile that does not fit with the Blasius profile: the boundary layer is
transitional. This is confirmed with the u,,,, level close to the wall that almost reaches its
maximum value: 16% of U,. When actuator 4, is fired at 750 Hz, the mean velocity
profile is closer to the Prandtl profile. The transition onset is promoted. At 850 Hz, the
mean velocity profile matches with the Blasius profile, and the maximum u,,, level
remains low (about 5% of U,). Since the boundary layer transition is either promoted or
delayed on the frequency band 750-850 Hz, a critical frequency seems exist around
800 Hz.

Figure 17 Mean (a) and fluctuation (b) velocity profiles at s-position s =437 mm
(Rey = 5.4 x 10°) for actuator 4, V= 12.7 kV (see online version for colours)
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Note: Dashed line is Blasius profile, and solid line is Prandtl profile.

Figure 18 Variation of shape factor H;, for actuator 4, with iso-ionic wind (Uac,* =33ms')at
s-position s =437 mm (Re; = 5.4 x 10%) (see online version for colours)
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Note: Long-dashed line is the H}, value of natural flow, dashed line is the laminar value,
H\,=2.59, and solid line is the turbulent value, H;, = 1.4.
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In order to confirm that a critical frequency exists, the maximum ionic wind velocity was
maintained at a constant value of U,., = 3.3 m.s ', varying both voltage amplitude and
frequency. Actuator 4, was used, and fy, ranged from 250 to 1,500 Hz, and respectively
from 11.8 to 9.2 kV for V. Variation in the shape factor Hj, confirms that around
800 Hz, the boundary layer quickly passes from a laminar state to a turbulent one
(Figure 18). Thus, to a given ionic wind velocity, which is high enough to induce an
effect on the transition, it is the frequency by which the momentum is added inside the
boundary layer that is important. This critical frequency could be related to the neutral
frequency provided by the linear stability theory (Schlichting, 1979). According to this
theory, the particular value of the critical frequency may vary, depending on several
parameters such as the action position or the free stream velocity.

5 Conclusions

Experiments were performed in a wind tunnel on a flat plate geometry in order to test
transition control by plasma actuators. The surface of the flat plate can be equipped with
three surface DBD plasma actuators in the first part of the geometry, where the boundary
layer is laminar. The free stream velocity was set at 20 m.s' in order to have the
transition onset downstream the actuators, near the middle of the plate. The natural and
manipulated boundary layers were mapped using a single hot-wire probe. By recording
velocity profiles, the natural flow was characterised and the effects of the plasma
actuators on the transition onset were highlighted. Two approaches were considered in
order to act on the transition: a constant frequency of 1 kHz or the same ionic wind
velocity. First, a parametric study was performed at the constant frequency in order to
determine the influence of action position and voltage amplitude. Secondly, the
frequency of the actuator was changed in order to highlight the sensitivity of transition to
this parameter, with the ionic wind velocity maintained at a fixed value.

The parametric study, performed at a constant frequency, shows that the plasma
actuator induces different effects on the transition onset position. By acting at a low
amplitude voltage or far from the natural transition, its onset is promoted, whereas with a
high amplitude voltage or close to the transition, its onset is delayed. Neutral cases were
also observed. They correspond to the fact that the boundary layer development is not
affected by the induced ionic wind. The mechanism by which the transition onset is
modified seems due to an excitation of the boundary layer, since the u,,, levels are higher
when the actuator is running, over a wide frequency range. In order to investigate the
sensitivity of transition onset to the actuator frequency, a similar ionic wind velocity was
produced. For actuator A4, a critical frequency of 800 Hz was observed. Below this value,
the transition onset is promoted, and delayed beyond. This observation could be in
agreement with linear stability theory which predicts the existence of critical frequencies.

Finally, the plasma actuator can be used to add momentum inside the boundary layer
in order to stabilise the velocity profiles and to act onto the natural instabilities.
According to electrical parameters of the high voltage supplying the actuator, transition
delay or promotion can be achieved. Moreover, in the transition delay case, a direct effect
on the transition process itself is observable. The spike production stage is modified
leading to an early appearance of the turbulent spots during the transition. Thus, it
appears that the secondary instabilities could be also affected by using plasma actuators.
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