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Abstract
Recent experiments and numerical simulations demonstrated that discrete roughness elements can be used to control cross-
flow instability over a swept wing. Here, the application of this passive technique requires a row of thin cylindrical elements 
of a few microns high immediately downstream of the leading edge to excite the subcritical modes of cross-flow instability. 
By properly choosing the spanwise spacing of these roughness elements, one can suppress the growth of most unstable 
modes, thereby delay transition. However, this passive technique of controlling cross-flow instability is very sensitive to 
the size (diameter and height), shape and location of discrete roughness. To mimic the discrete roughness elements and to 
be able to adjust the roughness parameters dynamically, virtual roughness elements based on dielectric-barrier-discharge 
plasma actuators have been developed and tested. In this paper, we show the plasma-induced flow field of several different 
prototype virtual roughness elements for cross-flow instability control, by describing the mechanisms of vortex generation 
from the virtual roughness elements through an interaction with the incoming laminar boundary layer.
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1 Introduction

The boundary layer developing over a swept wing is 
highly three-dimensional. While the velocity component 
normal to the leading edge is reduced as the uniform flow 
approaches the swept wing, the velocity component paral-
lel to the leading edge is not affected, therefore diverting 
the inviscid streamline outboard (Reed and Saric 1989). 
At the same time, the crosswise pressure gradient over the 
swept wing induces the cross-flow, the velocity perpen-
dicular to the local inviscid flow vector, as the streamwise 
velocity within the boundary layer is reduced. Since the 
cross-flow velocity becomes zero at the wall as well as at 
the edge of the boundary layer, it has an inflection point, 
which is inviscidly unstable to flow disturbances. The tran-
sition to turbulence of the laminar boundary layer over a 
swept wing is usually dominated by the cross-flow insta-
bility rather than two-dimensional T–S (Tollmien–Schli-
chting) wave instability (Saric et al. 2003). The cross-flow 
instability will manifest itself in co-rotating stationary 
vortices when the freestream turbulence level is low (less 
than 0.15%), such as in-flight tests. In a flow where the 
turbulence level is high (greater than 0.15%), on the other 
hand, travelling vortices will develop over a swept wing. In 
other words, stationary vortices are initiated by the surface 
roughness, while the travelling waves are triggered by the 
turbulence vorticity in the freestream (Bippes 1999).

Conducting wind tunnel experiments, Saric et al. (1998) 
have developed a passive technique of controlling the cross-
flow instability by placing discrete roughness elements in 
the area immediately downstream of the aerofoil’s leading 
edge. An NFL (2)-0415 aerofoil was used in the tests, which 
was set at 45° sweep angle and a − 4° angle of attack. This 
created a favourable pressure gradient to develop a cross-
flow over the suction side of the aerofoil, while suppressing 
the T–S waves. This is important for this passive technique 
to work as it can only affect the cross-flow instability. The 
aerofoil surface was polished to a 0.25-µm RMS finish, over 
which cylindrical-shaped roughness elements were placed at 
2.3% chord from the leading edge. When the roughness ele-
ments were placed in 18 mm spacing, the most amplified sta-
tionary mode of cross-flow instability with the wavelength of 
12 mm was suppressed. However, they have excited the first 
super-harmonic (9 mm wave length) at the same time, which 
was also very unstable. When they tested the thin cylindri-
cal roughness elements in 8 mm spacing and 6 µm high 
at the chord Reynolds number of 2.4 × 106, the transition 
point was delayed by 13% past the minimum pressure loca-
tion of the aerofoil where the natural transition takes place. 
Here, a strong early growth of the 8-mm mode effectively 
suppressed the growth of very unstable 12 mm and 9 mm 
modes, which resulted in a transition delay.

This rather counter-intuitive technique for cross-flow insta-
bility control involves forcing of subcritical cross-flow insta-
bility modes, thereby modifying the mean velocity profile to 
become less unstable (Wassermann and Kloker 2002). Unlike 
the most unstable mode of the cross-flow instability, the sub-
critical modes do not continue to grow in the downstream, 
although the initial growth could be greater. In choosing the 
spanwise spacing of discrete roughness elements, it is impor-
tant to know that the subharmonics created by the roughness 
elements are not destabilised (Reibert et al. 1996). In other 
words, discrete roughness elements do not destabilise modes 
with greater wavelengths than themselves. Therefore, the spac-
ing between the discrete roughness elements is usually set to 
2/3 of the wavelength of most amplified stationary cross-flow 
instability mode (Saric et al. 1998).

Many experimental studies have been carried out to repeat 
and confirm Saric’s tests. However, the success rate in passive 
control of cross-flow instability using discrete roughness ele-
ments has been rather low. This is partly because this passive 
control technique is very sensitive to the size (diameter and 
height), shape and location of discrete roughness (Serpieri at 
al. 2017). Indeed, Kurz and Kloker (2014) showed that the 
most amplified stationary cross-flow mode scales super-line-
arly with the roughness height. In wind tunnel tests, for exam-
ple, several thin films must be added to the discrete roughness 
elements to adjust the roughness height when the flow condi-
tions are changed or uncertain, which is not always possible 
during flight. This is where the idea of using plasma virtual 
actuators to mimic the discrete roughness elements came from.

We have developed several different types of dielectric-bar-
rier-discharge (DBD) plasma actuators for cross-flow control 
by mimicking the discrete roughness elements, which we call 
plasma virtual roughness elements. Unlike passive discrete 
roughness elements used by Saric and the co-workers, the 
equivalent roughness height of plasma virtual roughness ele-
ments can be actively controlled by adjusting the power input. 
The spanwise spacing between the plasma virtual roughness 
elements can also be adjusted in real time by switching to dif-
ferent rows of plasma actuators. As a part of initial characteri-
sation, we have carried out an investigation of plasma-induced 
flow field of some of prototype virtual roughness elements in 
a two-dimensional laminar boundary layer. Here, we describe 
the mechanisms of vortex generation from the plasma virtual 
roughness elements, which could interact with stationary 
streamwise vortices for cross-flow instability control.
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2  Background

2.1  Dielectric barrier discharge (DBD) plasma 
actuators

Dielectric barrier discharge (DBD) plasma actuators are new 
breed of flow control actuators based on low-temperature 
plasma (Moreau 2007; Corke et al. 2010; Kriegseis et al. 
2016). They are fast-acting, all-electric actuators without 
moving parts, consisting only of a pair of (upper and lower) 
electrodes sandwiching a dielectric sheet (Wang et al. 2013), 
see Fig. 1. When high AC voltage is applied, air surround-
ing the plasma actuator is ionized, resulting in a body force 
acting on the ambient air in the presence of the electric field 
produced by the actuator geometry (Corke et al. 2010). In 
the first half of the AC cycle (negative-going cycle), elec-
trons are pushed away from the upper electrode towards the 
near-by dielectric surface to accumulate the negative charge. 
Then the electrons over the dielectric surface are attracted 
towards the upper electrode in the second (positive-going) 
AC half cycle (Corke et al. 2010). Here, the movement of 
positive ions is opposite to that of electrons, contributing to 
the momentum coupling with the surrounding air. The net 
body force produced by the plasma actuator over the full AC 
cycle is always in a direction away from the upper electrode, 
which is due to the additional involvement of negative ions 
in the momentum coupling by DBD plasma actuators (Boeuf 
et al. 2009). The plasma-induced jet flow can be tailored in 
any shape and direction, by configuring the upper and lower 
electrodes appropriately. DBD plasma actuators have been 
used as virtual devices, such as vortex generators, flaps, trav-
elling wave makers and tip-clearance seals, where significant 
improvements in aerodynamic and flow control performance 
have been made (Choi et al. 2015).

2.2  Comb‑type plasma actuators

Comb-type plasma actuators have been developed for cross-
flow instability control over a cone at Mach 3 (Schuele 
2010; Schuele et al. 2013). The upper electrode (anode) has 
a shape of comb teeth, while the lower electrode (cathode 
bus) is made of a cross bar located beneath the dielectric 

sheet. When the plasma actuators are turned on, plasma is 
formed on the outer edge of the comb teeth, creating coun-
ter-rotating vortices in the streamwise direction (Jukes and 
Choi 2013). This simulates the flow over discrete roughness 
elements, where counter-rotating pairs of vortices develop 
around the neck of the roughness elements. A 14° right-
circular cone was machined out of ceramic (Macor) to a 
thickness of about 0.4 mm, which acted as dielectric for 
DBD plasma actuators. Conductive silver epoxy was filled 
inside the cone, to which high AC voltage (5  kVp−p at 5 kHz) 
was applied. The external cone surface was copper depos-
ited to a 0.05-µm thickness, which was then etched into a 
comb shape by photo-lithography technique. Depending on 
the instability modes to be investigated, the spacing of the 
comb’s teeth varied from 150 µm (which corresponds to 
the wave number of subcritical mode of cross-flow instabil-
ity, m = 68) to 227 µm (wave number of the critical mode, 
m = 45). The experimental results seem to suggest that the 
stationary cross-flow modes are receptive to the comb-type 
plasma actuators. However, the Pitot tube measurements 
over the cone showed an increase in the total pressure for 
both critical (m = 45) and subcritical (m = 68) wave number 
cases, confirming that the transition point has been shifted 
forwards by the plasma actuators.

Similar comb-type plasma actuators were developed and 
for cross-flow instability control over a swept wing (Serpieri 
et al. 2017; Venkata 2016). The upper (exposed) electrode 
of the plasma actuators was made of 5 mm wide and 60 µm 
thick copper tape, attached over a 60-µm-thick Kapton die-
lectric sheet. The comb-shaped lower (concealed) electrode 
was made of silver-based conducting paint, sprayed over a 
stencil. The spanwise wave length λz of the comb teeth was 
7 mm, corresponding to that of subcritical mode of cross-
flow instability. The plasma actuator was placed at the 2.5% 
chord from the leading edge of a slightly modified NACA 
66-018 aerofoil at a swept angle of 45° and an angle of attack 
of 3°. The applied AC voltage was 6 kV at 3 kHz. Unfor-
tunately, the transition front was moved upstream when the 
plasma actuators were operated, therefore promoted the 
transition by 10% chord. The total thickness of this plasma 
actuator was rather large (125 µm) compared to the bound-
ary layer thickness at 2.5% chord. It is claimed, however, that 
this should not affect the cross-flow instability as it is not 
quite receptive to a two-dimensional roughness. The reduc-
tion of the transition front width suggests the presence of the 
travelling modes, which may dominate the boundary layer 
and wash out the stationary modes, thus causing early transi-
tion (Serpieri et al. 2017; Venkata 2016).

2.3  Ring‑type plasma actuators

Ring-type plasma actuators of 3-mm aperture diameter 
were investigated by Humble et al. (2013) for controlling Fig. 1  Typical DBD plasma actuator configuration



 Experiments in Fluids (2018) 59:159

1 3

159 Page 4 of 15

cross-flow dominated boundary layer. The actuators con-
sisted of upper electrodes made of etched gold-plated cop-
per, which were attached to 0.5-mm-thick polyimide dielec-
tric sheets. The AC supply with 5 kV peak-to peak at 5 kHz 
was applied to the lower electrodes of the same aperture 
diameter, while the upper electrodes were connected to 
ground. A PIV measurement in a quiescent air indicates that 
the plasma actuator induced a wall-normal jet flow that is 
directed towards the centre of the actuator. The direction of 
flow field is opposite to that of Santhanakrishnan and Jacob 
(2007) on a 12.7-mm-diameter ring-type plasma actuator. 
They also tested a 7-mm diameter actuator, which showed 
that the induced flow was away from the actuator centre. 
These results suggest that the direction of induced wall-
normal jet from ring-type actuators depends on the actua-
tor diameter. The observed flow reversal for small ring-type 
actuators seems to be due to a cancellation of the electric 
field inside the actuators, therefore the plasma discharge may 
develop preferentially on the outer boundary of the upper 
electrode.

2.4  Sandwich‑type plasma actuators

Sandwich-type plasma actuators were developed and tested 
by Moralev et al. (2018). These actuators have an upper and 
a lower electrode, sandwiching the comb-shape electrode 
to stabilise the plasma discharge from the upper electrode. 
The concept of sandwich-type plasma actuators is similar 
to that of comb-type plasma actuators used (Schuele et al. 
2013; Venkata 2016), but the teeth of the comb, 2 mm 
wide with 4 mm spacing, in the sandwiched layer was con-
nected to the ground together with the alumina ceramic 
layer at the bottom. Here, the upper electrode was made 
of a 20-µm-thick aluminium foil, where the AC voltage of 
2–9 kV at 7–200 kHz was applied. PIV measurements dem-
onstrate that the plasma discharge structure was similar to 
that of conventional plasma actuator (i.e. without a sand-
wiched comb layer), except that the discharge position was 
very stable. They also show a formation of steady stream-
wise vortices immediately downstream of the sandwich-type 
plasma actuators.

To investigate the effect of plasma discharge on the cross-
flow instability modes, tests were carried out using a flat 

plate (Ustinov et al. 2017). Here, the spanwise pressure gra-
dient was induced by a wall bump placed over the ceiling 
of the wind tunnel. The swept angle of the flat plate and 
the wall bump was 35°, where the freestream velocity was 
31.9 m/s. The corresponding Reynolds number was 2.1 × 106 
per metre, where the freestream turbulence level was 0.02%. 
The sandwich-type plasma actuators with the comb’s teeth 
spacing, λ = 4 mm were placed at 90 mm from the lead-
ing edge of the flat plate. They were operated by 3.6 kV 
AC voltage at 60 kHz. Modulation of tangential and cross-
flow velocities along the leading edge of the flat plate at a 
small distance from the wall surface were measured using 
V-shaped, hot-wire anemometry. The results indicated that 
the sandwich-type plasma actuators with 4 mm teeth spacing 
have excited a steady instability mode with a spanwise wave-
length of 5 mm. Here, the linear instability analysis predicts 
that the spanwise wavelength of most unstable cross-flow 
instability is 7.5 mm. However, the cross-flow instability was 
promoted by the discharge from the sandwich-type plasma 
actuators, shifting the transition point upstream.

3  Experiments

3.1  Plasma virtual roughness elements

Plasma actuators that have been designed are shown in 
Fig. 2. Having only one tooth in each actuator, the asym-
metric-cross and T-type plasma actuators can be considered 
as the simplest form of the comb-type plasma actuators. The 
main objective for testing these designs is to find out the 
optimum configuration of the plasma actuators, particularly 
in the positioning of upper and lower electrodes to simulate a 
discrete roughness element for cross-flow instability control.

They were fabricated by printing the electrodes using sil-
ver paint over both sides of the Cirlex (thick Kapton) dielec-
tric sheet of 0.25 mm thickness. The thickness of the upper 
(shown in red in Fig. 2) and lower (shown in black) printed 
electrodes was about 2 µm, thus the plasma electrodes will 
not trip the laminar boundary layer. It should be noted that 
the upper and lower electrodes are overlapped by 0.5 mm for 
the asymmetric-cross plasma actuators, see Fig. 2a, while 

Fig. 2  Geometries of the a 
asymmetric cross, b T-type and 
c ring-type plasma actuators. 
The upper electrode is shown in 
red, while the lower electrode is 
in black. All measurements are 
in millimetres
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the T-type plasma actuators have a small gap of 0.5 mm in 
between.

3.2  Wind tunnel measurements

Experiments were carried out in an open return wind tunnel 
with a test section of 1.5 m × 0.3 m × 0.3 m. A 1-m-long and 
10-mm-thick flat plate with a super-elliptic leading edge was 
placed 0.1 m above the lower wall of the test section. Plasma 
actuators were attached to a flat plate at 0.49 m from the 
leading edge, where a two-dimensional laminar boundary 
layer was developed. The measured velocity profile is shown 
in Fig. 3, which is compared with the Blasius profile. With 
the shape factor of H = 2.5, there is a slight deviation from 
the Blasius profile, which may well be due to the virtual 
original of the boundary layer development. The freestream 
velocity in the wind tunnel was U∞ = 5.1 m/s, where the 
boundary layer thickness was δ = 6.3 mm at the plasma actu-
ator location. The freestream turbulence level was 0.25% at 
this speed. The Reynolds number was 1.7 × 105 based on the 
distance from the leading edge of the test plate. All plasma 
actuators were powered by an AC supply of sinusoidal wave 
form at 3.2 kV (zero to peak) at 40 kHz.

The velocity field around the plasma actuators was meas-
ured using a two-dimensional PIV system, consisting of a 
Litron LDY302-PIV Nd:YLF laser with 15 mJ per pulse, a 
Vision Research Phantom V12 high-speed camera with a 
QUESTAR QM1 Short Mount Long-Distance Microscope, 
a National Instrument 80N77 Timer Box and a dedicated PC. 
Olive oil seeding particles of nominally 1 µm diameter were 
introduced upstream of the wind tunnel contraction section 
from a TSI 9307-6 oil droplet generator via a seeding rake.

PIV measurements were made on several streamwise 
(x–y) as well as spanwise (y–z) planes, where the thick-
ness of the laser light sheet was 1 mm and 2 mm in x–y 
and y–z planes, respectively. Successive image pairs were 

taken within a short interval of 75 µs at a repetition rate of 
200 Hz. The sampling period was 1.5 s for x–y plane meas-
urements and 2.0 s for y–z plane. Here, the field of view 
was approximately 12 mm × 3 mm (1050 × 260 pixels). For 
spanwise velocity measurements, a 50 mm × 50 mm high 
precision mirror was placed 200 mm downstream at 45° to 
the freestream velocity so that the images could be taken 
from outside the wind tunnel. Typical streamwise distance 
between two successive spanwise planes was 2 mm for the 
asymmetric-cross and T-type plasma actuators and 1 mm 
for the ring-type plasma actuator, although some additional 
measurements were carried out in other planes near the elec-
trodes. The total number of measurements was 12 and 16, 
respectively, although not all velocity vectors are shown in 
Figs. 5, 9 and 12.

PIV image and data processing were carried out using 
Dantec DynamicStudio 2015a version. Here, each image was 
subtracted by the time-averaged image before the adaptive 
PIV cross-correlation algorithm was applied to compute the 
velocity vectors. The minimum and maximum interrogation 
area were set at 32 and 64 pixels in x and z directions, and 
16 and 32 pixels in y direction, both with 50% overlap. The 
size of grid, to which the time–average velocities were inter-
polated, was 16 pixels in x and z directions and 8 pixels in y 
direction, corresponding to 0.170 mm and 0.085 mm in x–y 
planes and 0.182 and 0.091 mm in y–z planes, respectively. 
The total PIV measurement error is expected to be equal 
to or less than 5% of the local velocity (Westerweel 1997). 
The errors in the spanwise velocity measurements due to 
apparent translation of seeding particles from the centre 
towards the edge of the image should be less than 0.4% of 
the freestream velocity, or 0.02 m/s. Further details of the 
experiments and their error analysis can be found in Jukes 
and Choi (2013).

4  Results and discussion

4.1  Asymmetric‑cross plasma actuator

Figure 4 shows the velocity vectors around the asymmet-
ric-cross plasma actuator in the centre plane (i.e. along the 
lower electrode), where the red and black lines at y/δ = 0 
indicate the location of the upper and lower electrodes, 
respectively. The velocity profile of the on-coming boundary 
layer remains unchanged until x/δ < − 0.5 (not shown here). 
As the boundary layer gets closer to the plasma actuator, 
however, the velocities are reduced by the plasma-induced 
flow, creating a reversal region near the wall, as shown in 
this figure.

A three-dimensional flow field around the asymmetric-
cross plasma actuator in the laminar boundary layer is 
given in Fig. 5, showing the spanwise velocity vectors and 

Fig. 3  Laminar boundary layer profile over a flat plate at the actuator 
position
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streamwise vorticity contours in eight spanwise planes. Also 
shown in the figure are velocity vectors in wall-parallel plane 
at y/δ = 0.083 (in grey colour) and those in the centre plane 
at z/δ = 0 (in green). Figure 5 shows that the flow diverges 
upstream of the plasma actuator at around x/δ = − 0.5, and 
converges immediately downstream at x/δ = 0.2, which has 
a strong similarity to a laminar boundary layer flow over a 
hemisphere, as shown by Acarlar and Smith (1987). It is 
therefore expected that a diverging–converging flow would 
result in a formation of hairpin vortices over the upstream 
recirculation region.

Figure 6 is a velocity vector plot in the spanwise plane at 
x/δ = − 0.08 taken from Fig. 5, showing that the spanwise 
flow accelerates as it converges towards the origin where 
the upper electrode crosses with the lower electrode, giving 
rise to an opposite-signed pair of vorticity regions at the 
height of y/δ = 0.1. A similar opposite-signed pair of vorti-
city regions, marked by A and A’ in Fig. 7, is also observed 
in a quiescent flow (not shown here). The opposite-signed 
vorticity layers are also observed in the near-wall region 
(see Fig. 6), indicating an initial development of necklace 
vortices. The counter-rotating necklace vortices are created 
upstream of the virtual roughness element, extending down-
stream far beyond x/δ = 1.4. The necklace vortices are also 
clearly shown in Fig. 6, marked by B and B’ in Fig. 7. The 
thin region below B and B’ in Fig. 7 is secondary vorticity 
layers induced by the necklace vortices.

4.2  T‑type plasma actuator

The upper electrode of the T-type plasma actuator does not 
overlap with the lower electrode; it stops short of the edge 
of the lower electrode. Therefore, the upstream effect of 
the T-type plasma actuator is expected to be much weaker 
than that of asymmetric cross-type plasma actuator whose 
upper electrode goes beyond the edge of the lower electrode. 

Figure  8 shows the velocity vectors around the T-type 
plasma actuator in the centre plane (along the lower elec-
trode), confirming that the recirculating flow region is barely 
visible even close to the plasma actuator.

A three-dimensional flow field around the T-type plasma 
actuator in the laminar boundary layer is given in Fig. 9, 
showing the spanwise velocity vectors and streamwise vor-
ticity contours in seven spanwise planes. The streamwise 
vorticity associated with this flow field is shown in Fig. 10, 
where less significant divergence/convergence around the 
T-type plasma actuator results in smaller pair of vorticities 
(marked A and A’ in Fig. 10). The necklace vortices are also 
slightly weakened, but is still seen extended downstream far 
beyond x/δ = 1.4 (marked B and B’ in Fig. 10).

4.3  Ring‑type plasma actuator

Figure 11 shows a velocity vector plot of the flow over a 
2-mm-diameter ring-type plasma actuator in the centre 
plane. Streamlines drawn in the figure indicate that there is 
an upwash at the frontal edge of the ring, which is followed 
by a downwash towards the centre of the ring.

A three-dimensional flow field around the ring-type 
plasma actuator is given in Fig. 12, showing the spanwise 
velocity vectors and streamwise vorticity contours in eight 
spanwise planes. Also shown in Fig. 12 are velocity vectors 
in the wall-parallel plane at y/δ = 0.083 (in grey colour) and 
those in the centre plane, z/δ = 0 (in green). The streamwise 
vorticity associated with this flow field is shown in Fig. 14.

The ring-type plasma actuators with small diameter 
(d ≲ 5 mm) induce wall-normal flow towards the centre 
of the actuator (Humble et al. 2013), therefore the flow 
around this ring-type actuator is accelerated towards the 
lower electrode and spread out in the radial directions. 
This is displayed in Fig. 13 in the spanwise plane at x/δ 
= -0.07 (taken from Fig. 12), which shows the necklace 

Fig. 4  Velocity vectors in the 
wall-parallel plane at y = 0.4 
mm (y/δ = 0.065) (a) and in the 
centre plane (z/δ = 0) (b) with 
the asymmetric-cross plasma 
actuator. The upper electrode is 
shown in pink, while the lower 
electrode is in thick black. A 
streamline (shown in red) is 
shown to indicate the upstream 
effect of the actuator
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Fig. 5  Spanwise velocity vec-
tors with streamwise vorticity 
contours in a laminar boundary 
layer with the asymmetric-cross 
plasma actuator at x/δ = 0. The 
grey velocity vectors are shown 
in the wall-parallel plane at 
y/δ = 0.083, while green velocity 
vectors are in the centre plane, 
z/δ = 0. The upper electrode is 
shown in pink, while the lower 
electrode is in thick black. 
Streamwise velocity vectors 
are reduce by a factor of 5 for 
clarity
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vortices and the secondary vortices over the ring-type 
plasma actuator without additional vorticity pair on top. 
This is also confirmed in Fig. 14, where there is no vor-
ticity pair similar to those in Figs. 7 and 10 (marked by 
A and A’).

Since the virtual roughness element created by a ring-
type plasma actuator has a lower profile than that by the 
asymmetric-cross or T-type plasma actuators, it is expected 
that the hairpin vortices are either very weak or not present 
at all. For example, there are no hairpin vortices in a flow 

Fig. 6  Velocity vectors with 
vorticity contours with the 
symmetric-cross plasma actua-
tor at x/δ = − 0.08. The flow is 
viewed from downstream

Fig. 7  Isosurface of the stream-
wise vorticity ωx∙δ/U∞ = − 0.18 
(blue) and 0.18 (red) with 
the asymmetric-cross plasma 
actuator. The upper electrode is 
shown in pink

Fig. 8  Velocity vectors in 
the wall-parallel plane at 
y = 0.4 mm (y/δ = 0.065) (a) 
and in the centre plane (z/δ = 0) 
(b) with the asymmetric-cross 
plasma actuator. The upper elec-
trode is shown in pink, while 
the lower electrode is in thick 
black. A streamline (shown in 
red) is shown to indicate the 
upstream effect of the actuator
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over a smooth circular disk, as shown in a DNS study by 
Kurz and Kloker (2016). The torus-shaped flow structure 
associated with the induced flow towards the centre of the 
ring-type plasma actuator (see Fig. 13) is very similar to 

that in Fig. 10 of Humber et al. (2013). This flow structure 
helps establish a pair of necklace vortices around the actua-
tor without shedding hairpins, which are essential for cross-
flow instability control over a swept wing.

Fig. 9  Spanwise velocity vec-
tors with streamwise vorticity 
contours in a laminar boundary 
layer with the T-type plasma 
actuator at x/δ = 0. The grey 
velocity vectors are shown in 
the wall-parallel plane at y/δ 
= 0.083, while green velocity 
vectors are in the centre plane, 
z/δ = 0. The upper electrode is 
shown in pink, while the lower 
electrode is in thick black. 
Streamwise velocity vectors 
are reduced by a factor of 5 for 
clarity
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5  Plasma virtual roughness elements 
for swept wing

Based on the results presented in the previous section, 
we have designed and fabricated an array of ring-type 
plasma actuators on a 0.15-mm-thick Cirlex sheet, over 
which upper and lower electrodes were printed with silver 
paint, see Fig. 15. With this array of plasma actuators, 
we were able to test different virtual roughness elements 

spacing of 3.5, 4, 4.5 or 6 mm at different chord-wide 
locations without reattaching the actuators over a swept 
wing. On installation to the airfoil, the ring-type actuators 
were located at 1.9%, 3.3%, 4.7% and 6.1% chord length 
from the leading edge. One can simply connect the power 
supply to each row of ring-type actuator to excite different 
cross-flow instability modes. The lower electrodes were 
designed such that only one row of plasma virtual rough-
ness elements is connected at a time. AC sinusoidal volt-
ages of up to 2.5 kV zero-to-peak at 20 kHz were applied 

Fig. 10  Isosurface of the 
streamwise vorticity ωx∙δ/U∞ 
= − 0.11 (blue) and 0.11 (red) 
with the T-type plasma actuator. 
The upper electrode is shown 
in pink

Fig. 11  Velocity vectors in 
the wall-parallel plane at 
y = 0.3 mm (y/δ = 0.048) (a) and 
in the centre plane (z/δ = 0) (b) 
over a 2-mm ring-type actuator. 
The upper electrode is shown in 
pink, while the lower electrode 
is in thick black. Streamlines 
are shown in red to indicate the 
upstream effect of the actuator
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to the plasma actuator sheets by TREK power amplifier 
(model 30/20).

Preliminary tests were carried out to investigate into a 
possible transition delay using the plasma virtual rough-
ness elements by controlling cross-flow instability over a 
swept wing. These tests took place at ONERA Toulouse, 

where an ONERA-D airfoil with 0.35 m chord length was 
set to 60° of sweep angle and at the angle of attack of − 8°. 
The freestream velocity was kept at 70 m/s, correspond-
ing to the Reynolds number of 1.6 × 106. The freestream 
turbulence level at this speed was 0.07%. The actuator 

Fig. 12  Spanwise velocity vec-
tors with streamwise vorticity 
contours in a laminar boundary 
layer with the ring-type actuator 
at x/δ = 0. The grey velocity 
vectors are shown in the wall-
parallel plane at y/δ = 0.083, 
while green velocity vectors 
are in the centre plane, z/δ = 0. 
The upper electrode is shown in 
pink, while the lower electrode 
is in black. Streamwise velocity 
vectors are reduce by a factor of 
5 for clarity
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sheet was wrapped around the leading edge, as shown in 
Fig. 15c, to avoid any surface discontinuity.

Figure 16 shows the development of the RMS hot-wire 
voltages along the streamwise direction with and without 
plasma actuation. Here, these RMS values were obtained 
by integrating the fluctuating signals between 200 Hz and 
10 kHz in the voltage power spectra, removing the possible 
effect of probe/support vibrations as well as wind tunnel 
unsteadiness. The supplied voltage to the actuators varied 
between 1.1 and 1.5 kV (peak to zero), where the input fre-
quency was fixed at 15 kHz. It is clearly seen that the tran-
sition points, represented by the RMS peaks, were shifted 
upstream by plasma forcing for plasma excitation voltage 
over 1.3 kV. Shahriari et al. (2018) have carried out a DNS 
study of the cross-flow instability control using the same 
ring-type plasma actuators, and confirmed the experimental 
results given in Fig. 16. They indicated that plasma actuators 
with greater induced velocity would excite the subcritical 
modes more efficiently, so that they could delay the cross-
flow transition by attenuating both primary and secondary 

unsteady disturbances. Figure 17 shows the energy spectra 
at several wall-normal locations in the boundary layer at 
x/c = 10, indicating an early growth of broadband energy 
between 2 and 7 kHz with plasma forcing. The growth at 
these frequencies has been predicted by the linear instabil-
ity analysis, see Kim et al. (2017). There are no signs of 
unsteadiness due to plasma actuators in these spectra at least 
below 10 kHz. Contrary to the hot-wire results in Serpieri 
and Kotsonis (2018), no significant electro-magnetic inter-
ference was observed either.

6  Concluding remarks

DBD plasma actuators are fast-acting, all-electric actuators 
without moving parts, consisting only of a pair of (upper and 
lower) electrodes sandwiching a dielectric sheet. These actu-
ators can be integrated into aerodynamic bodies in design, or 
they can be retrofitted. However, the crucial weakness of the 
plasma actuators is their authority, as the maximum induced 

Fig. 13  Vorticity contours with 
spanwise velocity vectors at x/δ 
= − 0.07. The upper electrode 
is shown in pink, while the 
lower electrode is in thick 
black. The flow is viewed from 
downstream

Fig. 14  Isosurface of the 
streamwise vorticity ωx·δ/U∞ 
= − 0.11 (blue) and 0.11 (red) 
with the ring-type plasma actua-
tor, d = 2 mm
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velocity is limited to about 10 m/s. It is in this context that 
future applications of plasma actuators must be carefully 
considered. Flow instability control, for example, is an ideal 
application of DBD plasma actuators, because it does not 

demand a high authority on the flow.
For cross-flow instability control, it is important that the 

plasma-induced flow fields should be steady, so that only 
the targeted instability modes can be forced by the actuator 
without adversely affecting other modes. The plasma virtual 
roughness elements must also be thin enough not to trigger 
unstable disturbances when they are attached to the flow 
surface. Currently, three types of plasma actuator are avail-
able for cross-flow instability control—comb-type, ring-type 
and sandwich-type. All are simple in construction, but the 
induced flow fields are quite different to each other.

Here, we have investigated the induced flow field of 
asymmetric-cross and T-type plasma actuators in a lami-
nar boundary layer with a view to determine the optimum 

configuration of the comb-type plasma actuators, par-
ticularly in the positioning of upper and lower electrodes 
to simulate a discrete roughness element for cross-flow 
instability control. Having only one tooth, asymmetric-

cross and T-type plasma actuators can be considered as 
the simplest form of the comb-type plasma actuators. 
These plasma actuators were then compared with ring-
type plasma actuators.

Fig. 15  Drawings of ring-type 
plasma actuators on a the 
upper and b the lower (ground) 
surfaces, which were attached 
to a swept aerofoil as shown 
in c. All measurements are in 
millimetres

Fig. 16  Downstream development of RMS hot-wire signal with and 
without plasma forcing, from Kim et al. (2017)

Fig. 17  Power spectra of velocity fluctuations in the boundary layer at 
x/c = 10%, from Kim et al. (2017)
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The flow field around an asymmetric-cross plasma 
actuator showed a flow divergence upstream of the plasma 
actuator, with a convergence immediately downstream, 
which has a strong similarity to a laminar boundary layer 
flow over a hemisphere shown by Acarlar and Smith 
(1987). It is therefore expected that a diverging–converg-
ing flow would result in a formation of hairpin vortices 
over the upstream recirculation region.

The upper electrode of the T-type plasma actuator does 
not overlap with the lower electrode; it stops short of 
the edge of the lower electrode. Therefore, the upstream 
effect of the T-type plasma actuator is expected to be much 
weaker than that of asymmetric cross-type plasma actua-
tor whose upper electrode goes beyond the edge of the 
lower electrode. As a result, less significant divergence/
convergence flow was observed around the T-type plasma 
actuator.

The flow around a ring-type actuator was seen acceler-
ated towards the lower electrode and spread out in the radial 
directions, confirming the results by Humble et al. (2013). 
It showed necklace vortices as well as secondary vortices 
over the ring-type plasma actuator, but without additional 
vorticity region on top. Since the flow induced by a ring-
type plasma actuator has a lower profile than that by the 
asymmetric-cross or T-type plasma actuators, it is expected 
that the hairpin vortices are either very weak or not present 
at all, similar to the flow over a smooth circular disk (Kurz 
and Kloker 2016).

Preliminary results suggest that the rows of plasma virtual 
roughness elements could indeed influence the subcritical 
modes of cross-flow instability over a swept wing, confirm-
ing the results by Serpieri et al. (2017) who revealed dis-
tinct steady and unsteady forcing contributions of the plasma 
actuator on the boundary layer. To use these plasma virtual 
roughness elements for delaying the transition to turbulence, 
however, it is important that we should better understand 
the behaviour of plasma-induced flow and its effect on the 
three-dimensional boundary layer.

Dorr and Kloker (2017) recently proposed a unique 
approach to cross-flow instability control by placing a row 
of plasma actuator strips along the local mean-flow direction 
of a three-dimensional boundary layer. These plasma actua-
tors apply body force against the cross flow to reduce the 
velocity component, while forcing the subcritical cross-flow 
instability mode. They claim that this forcing technique is 
more efficient than passive technique (e.g. discrete rough-
ness elements) in exciting the required instability mode, thus 
is very suitable for active control using plasma actuators.
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