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Abstract—When a high potential difference is applied between at least two electrodes in at-
mospheric air, there is ionization of the air molecules around the active electrode. Due to the 
electric field, an electrohydrodynamic (or electrofluid-dynamic) force is produced, resulting in 
a flow called ionic or electric wind. This EFD phenomenon, that converts directly electrical 
energy into mechanical energy, has been widely studied for its many applications such as elec-
trical blowers without fan, enhancement of heat transfer, plasma actuators for flow control 
and corona-based propulsion. In the first part of this paper, the last results on plasma actua-
tors and their use for airflow separation control are presented. In a second part, future pro-
spects offered by new plasma actuators such as µ-plasma grid for turbulence manipulation are 
discussed. Finally, recent experiments on DC corona discharges used as electrical blower and 
thruster are presented.  

I. INTRODUCTION 

Corona discharges in atmospheric air have been widely studied for 15 years for their 
applications in aerodynamic flow control by plasma actuators. Even if the most used 
plasma actuator is based on a single surface dielectric barrier discharge (DBD) composed 
of two electrodes mounted on both sides of a dielectric, lots of others designs exist. 
On one hand, if this surface DBD is supplied by a sine high voltage, an electrofluid-
dynamic (EFD) force is produced and that results in an electric wind based-wall jet. Sin-
gle DBD can produce mean force and electric wind velocity up to about 1 mN/W and 7 
m/s, respectively. With multi-DBD designs, velocity up to 11 m/s has been measured and 
force up to 350 mN/m [1]. On the other hand, if the high voltage has a nanosecond repeti-
tively pulsed waveform, the sudden gas heating at the dielectric wall results in a pressure 
wave with pressure gradient up to 10 kPa [2]. When the plasma actuator is mounted at the 
wall of an aerodynamic profile, these both mechanical phenomena (EFD force and pres-
sure wave) can interact with the boundary layer and modify the near-wall flow, resulting 
in the control of the whole flow. 

In this paper, the electrical, optical and mechanical characteristics of all these plasma 
actuators are presented and discussed. It is not possible to summarize all the studies con-
cerning flow control by plasma actuators. Then we focus on one aerodynamic case: sepa-
ration control along an airfoil. We will highlight the key role of the frequency actuation 
and the actuation location on the control effectiveness. Then, we will discuss about the 
future prospects offered by new plasma actuators such as µ-plasma grid for turbulence 
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manipulation [3]. Finally, recent experiments on the dynamic of the ionic wind produced 
by DC corona discharges used as thruster and blower are presented [4, 5]. 

II.  AIRFLOW CONTROL BY PLASMA ACTUATORS 

A. Plasma Actuators 

The most-used plasma actuator is the single DBD one based on two electrodes mount-
ed on both sides of a dielectric. The air-exposed active electrode is connected to an ac 
high voltage power supply and the other one is grounded and encapsulated. Typically, 
geometrical parameters are as follows: electrode width of a few mm, electrode gap equal 
to zero or a few mm and a dielectric thickness from 50 µm to a few mm. The applied 
voltage ranges from a few kV up to 30 kV at a frequency equal to a few kHz. Figure 1 
shows a top view of the electrode design and a photograph of a plasma actuator that is not 
supplied (two electrodes on both sides of a 2-mm thick glass plate). When the ac high 
voltage is applied, a surface plasma discharge is ignited, a illustrated by the photograph of 
Figure 2. More, the curves of voltage/current versus time and the iCCD visualisations of 
Figure 3 highlights that two discharges occur during one cycle. During the positive-going 
cycle, one can see long ionized channels that propagates along the dielectric wall; this is a 
positive streamer discharge. The negative-going cycle is associated to a negative glow 
discharge with some visible spots starting from the active electrode.  

 

 

 
 

Fig. 1. Single DBD plasma actuator. 

  
 

Fig. 2. Top-view of the surface discharge. 
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Fig. 3. Voltage and discharge current versus time (left) and top iCCD visualisations of the discharge in four 
different time windows (right). 

 
In such conditions, a 2D linear wall jet is induced by the discharge, as illustrated by 

Figure 4 that shows the time-averaged velocity field measured by particle image veloci-
metry (PIV) above the dielectric wall where the discharge occurs. One can remark that the 
jet thickness is of a few mm and the maximum velocity is usually obtained at about 
0.5 mm above the dielectric wall (maximum velocity of about 5.5 m/s in this case). 

However, the produced electric wind is strongly unsteady and periodic. For instance, 
Figure 5 shows the velocity (at x = 5 mm and y = 1 mm, in red) versus time when a sine 
high voltage at 1 kHz (fAC) is alternatively switched on and switched off at a burst fre-
quency fBM = 20 Hz with a duty cycle of 30 %. This measurement has been conducted 
with Laser Doppler Velocimetry (LDV) system. It highlights that two time scales coexist 
in the produced electric wind: the electric wind oscillations at the same frequency than the 
one of applied voltage at fAC and larger amplitudes velocity fluctuations at fBM. We will 
see later that this characteristics is very useful for flow control. Moreover, if the high 
voltage waveform at fAC is modified, the temporal behaviour of the ionic wind velocity 
changes too. Results presented in Figure 6 clearly show that periods of U velocity produc-
tion (horizontal velocity) correspond to the negative-going cycle of the applied HV. In 
contrast, the U velocity decreases during the streamer discharge occurring during the 
positive-going cycle of the voltage. It results that the U horizontal velocity component is a 
mirror of the input electrical waveform, with a phase-shift. 

 

 

Fig. 4.  Velocity field produced by a single DBD.  
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Fig. 5.  Local velocity versus time.  

 
 
Fig. 6. time-resolved electric wind U (horizontal, i.e., in the plasma layer direction) and V (normal direction) 
velocity for (a) a sine waveform input, (b) a square waveform, (c) a positive ramp voltage and (d) a negative 
ramp voltage. Location is x = 5 mm and y = 1 mm, VAC = 18 kV and fAC = 1000 Hz. 

 
Another manner to characterize the mechanical effect of a plasma actuator is to meas-

ure with a laboratory balance the time-averaged thrust produced by the discharge, this 
thrust corresponding to the EFD force minus the skin-friction drag force due to ionic wind 
that flows along the dielectric wall (in practise, drag force is very small compared to EFD 
force). Figure 7 presents the thrust versus electrical power consumption in the case of a 
plate active air-exposed electrode and when this electrode is replaced by wires of differ-
ent diameters. First, one can remark that thrust is a linear function of the electrical power 
consumption in this range, regardless of the electrode geometry. Secondly, the use of a 
thin wire active electrode instead of a plate one results in a higher thrust for a same elec-
trical power consumption, suggesting an important increase in the actuator effectiveness. 
Finally, the best effectiveness is here equal to about 1 mN per consumed watt. 
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Fig. 7. Thrust versus electrical power (frequency = 1.5 kHz, voltages from 12 to 22 kV). 

 
From this typical actuator design, lots of others actuator configurations have been de-

veloped such as multi-DBD actuators or sliding discharges. For instance, multi-DBD ac-
tuators consist of using several single DBD in series. Figure 8 shows an example of an 
original design for which two points have been optimized compared to usual multi-DBD. 
First, the plate air-exposed active electrodes have been replaced by thin wires (diameter 
of 25 µm) in order to enhance the electric wind produced by each single DBD. Secondly, 
interaction between successive DBD has been cancelled by alternating the HV electrode 
and the grounded one, from one DBD to the successive one. Figure 9 presents horizontal 
velocity profiles measured 0.6 mm above the wall, from x = 0 (position of the first wire 
HV electrode) to x = 145 mm (25 mm downstream the right edge of the last grounded 
electrode) for three different voltages, with the help of a home-made pressure sensor. 
From x = 0 to about 15 mm, the velocity increases from zero to 6 m/s for 24 kV and then 
decreases because there is no EFD force downstream the plasma extension. Then each 
successive single DBD add velocity that cumulates up to 10.5 m/s downstream the last 
single DBD, this in absence of a complete optimization of the actuator geometry. 

 

 
 
Fig. 8. Sketch of the multi-DBD plasma actuators composed of 4 successive single DBD. 
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Fig. 9. Horizontal velocity profiles measured 0.6mm above an inversed multi-DBD actuator. 

 
Finally, a new type of actuator supplied by a nanosecond pulsed high voltage has been 

widely investigated in the last years. In this case, the electrofluid-dynamic force is negli-
gible and the major mechanical effect is the gas heating at the wall surface and the result-
ing pressure wave. The actuator (NS-DBD) is usually composed of two electrodes (1 and 
2 in Figure 10) between which a pulsed voltage VP is applied. In order to increase the area 
of the surface discharge, a third dc electrode (3) can be used; then a sliding discharge can 
be established (SL-DBD). Figure 11 presents voltage and current waveforms in the case 
of a NS-DBD. The current present two peaks (positive and negative), which appear re-
spectively at the rising and decaying times of the voltage; the positive peak is caused by 
the propagation of charges within the plasma, from the electrode edge (1) to the dielectric 
surface. With voltage and current data, instantaneous power is computed, revealing that 
the power consumed by the actuator is about a tens of kW/cm during a time laps less than 
20 ns (here, 18 kW/cm for VP = 14 kV). However, the consumed energy per pulse is rela-
tively weak (Fig. 11-D). Dissipated energy of 0.09 and 0.37 mJ/cm are observed for 
VP = 10 and 18 kV, respectively. 

Finally, Figure 12 shows top iCCD visualisations of a SL-DBD plasma actuator (Fig-
ure 10b) at a constant VP = 14 kV and by increasing gradually the negative dc voltage 
(from 0 to -20 kV) at electrode (3). One can see that the dc voltage component starts to 
have an effect from VDC = -12 kV. From -16 kV, the streamers produced by the nanosec-
ond DBD propagate until electrode (3), inducing then a sliding discharge. 

 
 

    
 
Fig. 10. Sketch of a typical nanosecond DBD plasma actuator  
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Fig. 11. Electrical diagnostics of the nanosecond NS-DBD: (A) pulsed voltage waveforms; (B) measured total 
currents i1(t); (C) total power and (D) energy released by pulse. 

 

 
 

Fig. 12. ICCD top visualizations of the discharge with VP = 14 kV and several values of the dc voltage applied 
to electrode (3). 

 
Figure 13a shows a Schlieren visualisation of the NS-DBD. At the dielectric wall, from 

the edge of the active electrode, one can see the thermal signature of the discharge. More, 
one can observe the hemispherical pressure wave that ignites at the electrode edge and 
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that propagates at sound velocity in the quiescent air. In Figure 13b, the value of the in-
duced pressure versus energy per pulse is plotted. It highlights that this overpressure is 
proportional to the electrical energy and the slope of the curve is equal to about 2 kPa per 
mJ/cm. 
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Fig. 13. Schlieren visualisation the thermal and pressure effects of a NS-DBD (a) and pressure produced by a 
NS-DBD. 

 

B. Airflow Control 

For now a little bit more than 15 years, the ability of plasma actuators to manipulate 
airflow has been widely studied all over the world. It is not possible to summarize all 
these studies. In the present abstract, we focus on separation control along an airfoil. We 
will highlight the key role of the frequency actuation and the actuation location on the 
control effectiveness. 

The goal of the first experimental study was to investigate the ability of surface AC-
DBD plasma actuators to delay flow separation along the suction side of a NACA0015 
airfoil. Three single surface DBD actuators that can operate separately are mounted on the 
suction side of the profile, at 18 %, 27 % and 37 % of the chord length. The boundary 
layer is transitioned by a tripper to be sure that the flow control is not due to the laminar-
to-turbulent transition. The angle of attack is equal to 11.5° and the free-stream velocity to 
U0 = 40 m/s, resulting in a chord-based Reynolds number of Rec = 1.33 × 106 (airfoil 
chord = 50 cm). The spanwise of the airfoil is equal to 120 cm and the electrode length to 
about 60 cm. Then the actuation occurs on 50 % of the airfoil spanwise. The flow is stud-
ied with a high-resolution PIV system. In such aerodynamic conditions, the baseline flow 
separation occurs at 50% of chord. Then, the different single DBD have been switched on 
separately, in order to investigate the actuator location effect. First, one highlighted that 
the DBD located at xc/c = 18 % is more effective than the two others ones, with a separa-
tion delay up to 64% of chord. When the three DBDs operate simultaneously, the separa-
tion point moves progressively toward the trailing edge when the high voltage is in-
creased, up to 76% of chord at 20 kV (Figures 14a).  

Then, the operating frequency fAC has been varied from 50 Hz up to 1 kHz, corre-
sponding to a reduced frequency range of 0.31 < F+

ac < 6.13, this reduced frequency being 
estimated with the following relation: F+

ac = Lsep  × fAC / U0 where Lsep is the separation 
length, i.e. 0.25 meter in our case. Figure 14b shows the separation point location as a 
function of the frequency actuation F+

ac (VAC set at 20 kV). From this plot, one can de-
duce that the most effective separation delay occurs for F+

ac = 3.1, with a separation de-
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layed to 80%. Knowing that the time-averaged electric wind velocity increases with fAC, 
one could expect that the Xsep should have increased with fAC. In practice, it is not the 
case. Indeed, at low frequency (F+

ac = 0.31), the time-averaged velocity of the produced 
electric wind is weak (about 1.5 m/s). Subsequently, one can assume that the control au-
thority is due to a frequency effect and not to a mean momentum effect. That is confirmed 
by the decrease of the effectiveness when F+

ac is increased up to 0.93 for which the elec-
tric wind velocity is higher than the one at 0.31 (about 2.5 m/s). Finally, when F+

ac is in-
creased from 0.93 to 3.1, the time-averaged electric wind velocity increased up to about 
4.5 m/s and one can think that the reattachment is mainly due to a momentum effect. At 
this stage, one cannot explain more precisely the frequency effect, because time-resolved 
near-wall measurements would be needed. Finally, Figure 15 presents an example of ve-
locity field along the airfoil in the baseline case and when the flow is manipulated by 
plasma actuation. One can see that the delay of the separation point results in a strong 
reduction of the recirculation bubble downstream of the profile, which is usually at the 
origin of drag reduction and lift enhancement. 

 

   
(a) (b) 

Fig. 14. Location of the separation point versus high voltage VAC (a) and versus frequency fAC. 

 

          
Fig. 15.  Flow control by DBD (Re = 1.33 × 106) : visualisation of the flow by particle image velocimetry. 
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The goal of the second experimental study presented here is to investigate the ability 
of a surface nanosecond pulsed DBD (NS-DBD) plasma actuator, located at the leading 
edge of the airfoil, to delay flow separation along the suction side of the same NACA0015 
airfoil inclined at 13.5 degrees. The free-stream velocity is still equal to U0 = 40 m/s.  
With such conditions, the baseline flow separation occurs at about 50% of chord. One can 
remark that the flow separation is still at mid-chord since the angle of attack is higher than 
in the previous study. This is due to the fact that in the present study, there is no tripper at 
the leading edge of the airfoil because the actuator is located at the leading edge. 

Two different actuation types have been used. First, the frequency F+pulse is varied 
from 0.26 to 10.6, corresponding to electrical power consumption from 8 mW/cm to 
290 mW/cm. With such an actuation, the separation location moves progressively toward 
the trailing edge when the high voltage frequency Fpulse is increased (Figure 16, -�-). In the 
best case (F+pulse = 10.6, i.e. Fpulse = 1630 Hz), the separation point is delayed up to 85 %. 
This result shows that the actuation is more effective when the electrical power consump-
tion increases, but no frequency effect can be really highlighted because one cannot sepa-
rate the effect of the frequency with the one of the injected power. Secondly, the operat-
ing frequency F+pulse is set to a constant value and the pulsed high voltage is burst-
modulated at a lower frequency F+

burst with 0.1 ≤ F+
burst ≤ 2.65. With this actuation mode, 

the power injected in the flow is constant whatever F+
burst (145 mW/cm); it is then possi-

ble to determine the frequency effect on the control authority. Indeed, in this case, the 
influence of the frequency is clearly observable and its effect on the separation point de-
lay is not monotonous (Figure 16, -•-). On one hand, at F+

burst = 0.1 and 2.65 (smallest 
and highest frequencies), the separation was delayed at about 60% of chord. On the other 
hand, in the frequency range 0.5 ≤ F+

burst ≤ 0.8, the flow separation occurred downstream 
of xc/c = 0.80 with a most effective effect at F+

burst = 0.53 with a delay of the separation 
location up to xc/c = 0.83. 

This study shows that NS-DBD plasma actuators can compete with others types of 
active control devices to reattach separated flow at high Reynolds number, with a very 
low power consumption (145 mW/cm, corresponding to a total consumption of 8.26 W 
for a 57-cm long electrode) and a weak induced pressure wave (300 Pa). 

 

 
Fig. 16. Separation location versus frequency actuation in steady mode (�) and burst mode (�). 
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III.  OTHERS APPLICATIONS  

There are lots of others applications of the ionic wind produced by atmospheric dis-
charges. In this part, we discuss only two applications. The first one deals with a new 
type of plasma actuators for turbulence control and combustion applications. The second 
one concerns the thrusters for near-space applications. 

A. Plasma Grid for Mixing 

This study interests in defining a new type of dielectric barrier discharge actuator for 
mixing improvement purpose [3]. Indeed, mixing of scalar flow component is important 
for a large number of practical and fundamental situations, such as combustion assisted 
by plasma. In practise, the plasma actuator is made of a ceramic plate (thickness of 1.27 
mm) perforated by 121 holes having an inner diameter Φ of 2 mm (Figure 17). The top of 
the plasma actuator is made of a conductive layer (nickel with thickness of 10 µm) con-
nected to a high voltage power supply. The grounded electrode is embedded within the 
ceramic dielectric material at a distance of 630 µm from the air-exposed electrode. The 
distance between the edge of an active electrode and the edge of the corresponding hole 
designed for the gas passage is 350 µm (Figure 17). The distance between the centres of 
two successive holes is 3.05 mm. At a sufficient onset voltage, the plasma discharge ar-
ray is fully powered (see Figure 18), the electric field producing a visible discharge 
around each of the holes (at the surface, but also inside the lateral edge of the holes). 

This honeycomb plasma discharge has been implemented at the exhaust of a circular 
open-air type wind-tunnel with a 0.132 m2 cross-section. This facility has a 1.45 m long 
chamber, series of mesh grids and a jet exit of 50 mm in diameter is obtained by means of 
a contraction outlet which improves the flow uniformity. The local velocity (U0), meas-
ured at the centre of one hole of the plasma actuator array, is fixed here to 10 m/s. 

 

 
 
Fig. 17.  Sketch (front and slice views) of the plasma actuator. 
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Fig. 18. Photographs of the plasma discharge array prototype (left), mounted at the jet exhaust (center) and 
powered by an AC voltage with peak amplitude of 7 kVp at 2000 Hz. 
 

Flow visualisations have been performed using a short-pulsed Nd:YLF laser synchro-
nized with a fast camera (Photron SA-Z). Dielectric oil (Ondina 915) is atomized into fine 
droplets for permitting the laser light scattering. For each of the tests, a flow sequence of 
5000 images has been recorded. The data processing on the raw images simply consists of 
removing the minimum of one acquisition sequence and computing the averaged grey 
level of the 5000 images. Images of the mean flow without plasma discharge for stream-
wise and cross-stream flow visualizations are presented in Figure 19, for U0 = 10 m/s. The 
mean flow visualizations indicate that the multi-jet quickly evolves as a single jet with a 
potential core whose length can be easily estimated. Knowing that the use of burst modu-
lation is an effective method for maximizing the amplitude of the imposed periodic per-
turbations, burst modulation actuation has been conducted for a sinusoidal waveform with 
voltage amplitude of 7 kVp and fAC frequency of 2000 Hz. The frequency fBM imposed by 
the burst modulation ranges from 5 up to 400 Hz (StD=0.018 to 1.49). The potential core 
length is estimated by grey level analysis of cross-stream visualisations, such as the right 
image of Figure 19. Figure 20 presents the potential core length versus actuation frequen-
cy (Strouhal number). More, a few visualizations of the mean flow are aloso introduced in 
Figure 20. This figure confirms that the thickness of the shear layer, its spreading rate and 
thus the length of the potential core are modified accordingly to the forcing frequency 
introduced by the burst modulation. For the worst cases, the length of the potential core 
remains similar to the one reported for the natural flow. However, a minima is found at 
StD=0.37 with a reduction of 40%. One can assume that the reduction in the potential core 
is caused by a rapid growing of the annular shear layer and higher mixing rate is expected 
beyond the end of the potential core. These preliminary measurements are very promising 
and deeper studies are expected very soon. 

 
Fig. 19. Streamwise (including a zoomed view of the initial region) and cross-stream visualizations of the mean 
flow downstream of the multi-jet plasma device (the actuator is turned off). 

Potential core length 
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Fig. 20. Influence of Strouhal number of the actuation StD on the length of the potential core. 

 

B. DC Coronas and EHD Propulsion 

In 1967, Christenson and Moller [6] published the first paper on EHD propulsion. They 
investigated theoretically and experimentally the capabilities of corona discharge to be 
used as thruster. In 2009, NASA published a report on ionic wind propulsion [7]. They 
concluded that if values of effectiveness equal to 20 N/kW (i.e. mN/W) and thrust per unit 
surface of 20 N/m2 could be attained simultaneaously, EHD propulsion might be 
practically useful. In practice, low-speed propulsion systems for long-duration near-space 
platforms could be perfected. They would use solar power and photovoltaic energy 
conversion to produce electricity needed to supply the corona-based thrusters. In our 
work on EHD propulsion, a set of three equations has been established to summarize the 
thruster performances (see [4] for more details): 

)( 0VVVCI −×=                       (1) 

DDEHD F
µ

dI
FFT −×=−=                    (2) 

EHDFµ

d
C

1
2/3

×







×≈θ                      (3) 

with I the discharge current (A/m),  V0 the onset voltage (V), C a constant depending on 
the electrode geometry and gas properties, T the produced thrust (N/m), FEHD the electro-
hydrodynamic force, FD the drag force due to the electric wind flowing around the collect-
ing cylinder electrode, d the electrode gap (m), µ the ion mobility and θ the electrome-
chanical effectiveness (N/W). Equation (1) was well-known for a long time. Equation (2) 
highlights that FEHD increases with the current I and the gap d and that a way to increase 
the thrust T is to reduce the drag FD. Unfortunately, equation (3) shows that the 
electromechanical effectiveness decreases when FEHD increases. Moreover, since drag FD 
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∝ v2 (with v the electric wind velocity) and v ∝ I , equation (2) can be expressed as 
follows: 

      I
µ

d
T ×








−= α                    (4) 

where α is a constant. Equation (4) shows that thrust is theoretically proportional to the 
discharge current. 

For instance, in the case of a simple wire-to-cylinder design, Figure 21 shows the dis-
charge current per unit length in span wise (discharge current divided by the electrode 
span wise, in µA per meter) versus applied voltage in kV, for negative and positive coro-
nas. As it is well-known, one can observe that theoretical curves coming from Equation 
(1) correctly interpolate the experimental current measurements. Figure 22 presents the 
measured thrust T per unit span wise length (in mN/m) as a function of the discharge cur-
rent I (T-I characteristic). It highlights that the measured thrust is proportional to the dis-
charge current, as predicted by equation (4). Moreover, one can say that the corona dis-
charge induces a similar thrust value whatever the sign of the applied high voltage, the 
difference being smaller than 0.5%. Finally, Figure 23 present the thrust effectiveness θ as 
a function of the produced thrust. It shows that θ decreases when the produced thrust in-
creases, as theoretically explained by equation (3). 
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Fig. 21. I-V characteristic: discharge current (per unit length) versus applied voltage. 
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Fig. 22. Thrust versus current (T-I characteristic). 
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Fig. 23. Effectiveness versus versus thrust (θ-T characteristic). 

 

IV.  CONCLUSION 

 In this paper, the last results on plasma actuators and their use for airflow separation 
control have been presented. In a second part, future prospects offered by new plasma 
actuators such as µ-plasma grid for turbulence manipulation and recent experiments on 
DC corona discharges used for EFD propulsion have been briefly discussed. 

During the oral invited lecture, others applications will be presented. 
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