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The ERCOFTAC Best 

Practice Guidelines for 

Industrial Computational 

Fluid Dynamics 

The Best Practice Guidelines (BPG) were commissioned by 

ERCOFTAC following an extensive consultation with 

European industry which revealed an urgent demand for such a 

document. The first edition was completed in January 2000 and 

constitutes generic advice on how to carry out quality CFD 

calculations. The BPG therefore address mesh design; 

construction of numerical boundary conditions where problem 

data is uncertain; mesh and model sensitivity checks; 

distinction between numerical and turbulence model 

inadequacy; preliminary information regarding the limitations 

of turbulence models etc. The aim is to encourage a common 

best practice by virtue of which separate analyses of the same 

problem, using the same model physics, should produce 

consistent results. Input and advice was sought from a wide 

cross-section of CFD specialists, eminent academics, end-users 

and, (particularly important) the leading commercial code 

vendors established in Europe. Thus, the final document can be 

considered to represent the consensus view of the European 

CFD community. 

Inevitably, the Guidelines cannot cover every aspect of CFD in 

detail. They are intended to offer roughly those 20% of the 

most important general rules of advice that cover roughly 80% 

of the problems likely to be encountered. As such, they 

constitute essential information for the novice user and provide 

a basis for quality management and regulation of safety 

submissions which rely on CFD. Experience has also shown 

that they can often provide useful advice for the more 

experienced user. The technical content is limited to single-

phase, compressible and incompressible, steady and unsteady, 

turbulent and laminar flow with and without heat transfer. 

Versions which are customised to other aspects of CFD (the 

remaining 20% of problems) are planned for the future. 

The seven principle chapters of the document address 

numerical, convergence and round-off errors; turbulence 

modelling; application uncertainties; user errors; code errors; 

validation and sensitivity tests for CFD models and finally 

examples of the BPG applied in practice. In the first six of 

these, each of the different sources of error and uncertainty are 

examined and discussed, including references to important 

books, articles and reviews. Following the discussion sections, 

short simple bullet-point statements of advice are listed which 

provide clear guidance and are easily understandable without 

elaborate mathematics. As an illustrative example, an extract 

dealing with the use of turbulent wall functions is given below: 

 Check that the correct form of the wall function is being 

used to take into account the wall roughness. An 

equivalent roughness height and a modified multiplier in 

the law of the wall must be used. 

 Check the upper limit on y+. In the case of moderate 

Reynolds number, where the boundary layer only extends 

to y+ of 300 to 500, there is no chance of accurately 

resolving the boundary layer if the first integration point is 

placed at a location with the value of y+ of 100. 

 Check the lower limit of y+. In the commonly used 

applications of wall functions, the meshing should be 

arranged so that the values of y+ at all the wall-adjacent 

integration points is only slightly above the recommended 

lower limit given by the code developers, typically 

between 20 and 30 (the form usually assumed for the wall 

functions is not valid much below these values). This 

procedure offers the best chances to resolve the turbulent 

portion of the boundary layer. It should be noted that this 

criterion is impossible to satisfy close to separation or 

reattachment zones unless y+ is based upon y*.

 Exercise care when calculating the flow using different 

schemes or different codes with wall functions on the 

same mesh. Cell centred schemes have their integration 

points at different locations in a mesh cell than cell vertex 

schemes. Thus the y+ value associated with a wall-

adjacent cell differs according to which scheme is being 

used on the mesh. 

 Check the resolution of the boundary layer. If boundary 

layer effects are important, it is recommended that the 

resolution of the boundary layer is checked after the 

computation. This can be achieved by a plot of the ratio 

between the turbulent to the molecular viscosity, which is 

high inside the boundary layer. Adequate boundary layer 

resolution requires at least 8-10 points in the layer. 

All such statements of advice are gathered together at the end 

of the document to provide a ‘Best Practice Checklist’. The 

examples chapter provides detailed expositions of eight test 

cases each one calculated by a code vendor (viz FLUENT, 

AEA Technology, Computational Dynamics, NUMECA) or 

code developer (viz Electricité de France, CEA, British Energy) 

and each of which highlights one or more specific points of 

advice arising in the BPG. These test cases range from natural 

convection in a cavity through to flow in a low speed 

centrifugal compressor and in an internal combustion engine 

valve.

Copies of the Best Practice Guidelines can be acquired from: 

ERCOFTAC  CADO 

Crown House 

72 Hammersmith Road 

London W14 8TH, United Kingdom  

Tel: +44 207 559 1429 

Fax: +44 207 559 1428 

Email: Richard.Seoud-ieo@ercoftac.org 

The price per copy (not including postage) is: 

ERCOFTAC members 

 First copy   Free 

 Subsequent copies  65 Euros 

 Students   49 Euros 

Non-ERCOFTAC academics  90 Euros 

Non-ERCOFTAC industrial  230 Euros 



Special Theme: Plasma Aerodynamics

K.-S. Choi

Faculty of Engineering, University of Nottingham, University Park, Nottingham NG7 2RD, UK

Kwing-so.choi@nottingham.ac.uk

Flow control using DBD (Dielectric-Barrier-
Discharge) plasma actuators is a relatively new,
but rapidly expanding area of research. DBD plasma
actuators are all-electric devices without the need of
pneumatics, hydraulics or moving parts. They are light
and fast reacting, ideal for active control of flow over
aerodynamic bodies. Moreover, DBD plasma actuators
are very thin, which can be either attached on or
integrated into the aerodynamic body. DBD plasma
actuators are therefore simple, yet powerful devices that
make novel aerodynamic applications possible. The
purpose of this Theme Issue is to review the latest
developments of DBD and spark-jet plasma actuators
and their applications for aerodynamics.

All articles are based on the presentations given at
the Joint ERCOFTAC/PLASMAERO Workshop1,
organised by K-S Choi, D. Caruana, C. Tropea and C.
Hollenstein. This took place on 10-12 December 2012 in
Toulouse, France (Workshop Report will appear in the
next volume of ERCOFTAC Bulletin). They summarise
and synthesise the numerical and experimental results
obtained from PLASMAERO project. The analysis of
the operation of plasmas actuators and their effect on

flow control are also described. The research subjects
covered by the articles include:

• design and development of DBD plasma actuators,
nano-second DBD plasma actuators and spark-jet
plasma actuators;

• physical understanding and numerical modelling of
plasma actuators and their interaction with air
flows;

• evaluation of the plasma technology for aerody-
namic flow control of flow separation, wing-tip vor-
tex, boundary layer transition, slat noise and aero-
foil buffet;

• validation of plasma technology by large wind tunnel
tests at realistic Reynolds and Mach numbers;

• demonstration of DBD plasma flow control system
using unmanned aerial vehicles (UAVs).

1http://www.ercoftac.org/special_interest_groups/20_
drag_reduction_and_flow_control/upcoming_events/joint_
workshop/
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PLASMAERO European Project

D. Caruana1, C. Tropea2, C. Hollenstein3, J-P. Bœuf4, E. Moreau5, F. Rogier1 and M. Forte1

1ONERA, Toulouse Centre, 2 Av. Edouard Belin, 31055 Toulouse, France
2Center of Smart Interfaces, Technische Universit at Darmstadt, 62347 Griesheim, Germany

3Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland
4LAPLACE, UMR 5213, University of Toulouse - 118 route de Narbonne - 31062 Toulouse - France

5Pprime, University of Poitiers, CNRS, ISAE-ENSMA, Téléport 2, 86962, Futuroscope, France

PLASMAERO coordinator and work packages leaders & deputies
(Contact: daniel.caruana@onera.fr)

Abstract

With the continued objective of increasing aircraft per-
formances whilst reducing the environmental impact, re-
search is being carried out to find innovative solutions
to influence air flow using simple actuators. If the aero-
dynamic configuration of future aircraft could be modi-
fied in real time in flight, then the aircraft’s performance
could be continually adapted to provide optimum aero-
dynamic characteristics.

Among the innovative solutions, the use of plasma
technologies has shown itself to be very promising from
both a performance point of view and in terms of the
diversity in potential applications such as external and
internal flow control, combustion enhancement and noise
attenuation. The main advantages of plasmas devices
are their manufacturing and integration simplicity, low
power consumption and ability for real time control at
high frequency.

PLASMAERO “PLASMas for AEROdynamic con-
trol“ (http://www.plasmaero.eu) is a European project
of the Seventh Framework Programme under grant
agreement 234201, co-funded by the European Commis-
sion. It is coordinated by ONERA supported by ART-
TIC. The total budget is about 5Me. The project con-
sortium is composed of eleven organisations from seven
European countries which gathers the key players from
the plasma and aerodynamic scientific community of Eu-
rope, CIRA, CNRS (EPEE, LAPLACE and PPRIME
laboratories), University of Darmstadt, EPFL, Institut
Maszyn Przeplywowych (IMP), NLR, University of Not-
tingham, ONERA, SNECMA, University of Southamp-
ton. The project began in October 2009 and ended
in December 2012 with the successful joint ERCOF-
TAC/PLASMAERO workshop. It sought to demon-
strate how DBD and spark-discharge plasma actuators
could be used to control aircraft aerodynamic flows.
This was achieved through an enhanced understanding
of their physical characteristics and an in-depth study
of how they may be optimised to influence the air flow
properties.

More specifically, the project objectives were to:

• understand, model and classify, through experimen-
tal and numerical studies, the most relevant physical
characteristics of plasma actuators capable of influ-
encing flow;

• perform comparative experimental tests and numer-
ical studies of different actuators and flow configu-
rations;

• demonstrate through wind tunnel experimentations
and computational fluid dynamics the ability of
plasma devices to significantly improve or control
the aerodynamics;

• demonstrate the integration of these actuators in
a reduced-size flight platform and their use in real
atmospheric conditions;

• provide exhaustive recommendations on future work
to be performed to achieve the implementation of
this technology.

The obtained results show that actuation using the stud-
ied plasma technology for flow control is very promising.

Acknowledgements
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four, Michel Dumas, Isabelle Forcier, Christian Gleyzes,
Sven Grundman, Hugo Hart, Johan Kok, Annie Leroy,
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Surface Dielectric Barrier Discharge Plasma

Actuators

E. Moreau1, A. Debien1, N. Bénard1, T. Jukes2, R. Whalley2, K.-S. Choi2,
A. Berendt3, J. Podliński3, J. Mizeraczyk3

1Pprime,University of Poitiers, CNRS, ISAE-ENSMA, Téléport 2, 86962, Futuroscope, France
2Faculty of Engineering, University of Nottingham, University Park, Nottingham, NG7 2RD, UK

3Institute of Fluid Flow Machinery, Polish Academy of Sciences, Fiszera 14, 80-231 Gdansk, Poland

Abstract

This paper presents a part of the works conducted in the
Plasmaero European project (task 1.1) on surface dielec-
tric barrier discharge actuators applied to airflow control.
The study is divided into several parts. In the first part,
the goal is to enhance the electric wind produced by a
typical single DBD actuator by optimization of the active
electrode shape. For instance, the use of a thin wire in-
stead of a plate air-exposed electrode has shown that the
body force can be increased from 65 to 97 mN/m for a
power consumption of 1 W/cm. Secondly, plasma vortex
generators are presented. The interaction between the
spanwise-directed body force and the oncoming bound-
ary layer is illustrated. In the third part, the interest of
using threeelectrode based sliding discharges for large-
scale applications is highlighted. The final part deals
with multi-DBD actuators that result in an increase of
the electric wind velocity up to 10.5 m/s. This has been
previous limited to about 7 m/s until now.

1 Introduction

Surface dielectric barrier discharge (DBD) plasma actu-
ators are widely investigated for their ability to manipu-
late airflow [1, 2]. Their main advantages are their very
short response time and their low power consumption.
The well-known single DBD plasma actuator is com-
posed of two plate electrodes asymmetrically mounted
on both sides of a dielectric and supplied by an ac volt-
age. As a sufficient voltage is applied, a discharge oc-
curs on the air-exposed surface. An electrohydrodynamic
(EHD) body force is created and momentum transfer oc-
curs from charged particles to neutral particles, leading
to an electric wind with maximum velocity up to about
6 m/s. The present paper briefly describes a part of the
works performed in the task 1.1 of the Plasmaero Euro-
pean project. The objective of this task was to optimize
and characterize DBD plasma actuators, and to develop
new actuators based on various DBD designs, such as
multi-electrode DBD actuators and DBD vortex genera-
tors. The experimental works have mainly consisted of
characterizing the velocity and the topology of the pro-
duced flow by time-averaged and timeresolved methods,
such as particle image velocimetry. Direct measurements
and indirect estimations of the EHD force have also been
conducted. This paper is divided into four parts. In the
first part, the goal is to enhance the mechanical perfor-
mances of a single DBD actuator by modification of the
active electrode shape. Thin wire electrodes and serrated
electrodes have been investigated. In both cases, the use
of these new electrodes results in a strong modification

of the discharge behaviour. By using a thin wire, the dis-
charge becomes filament-free, whilst a serrated electrode
enables streamer locations to be regulated. As a result,
this should increase the induced EHD body force and the
resulting electric wind. In the second part, the goal is
to explore DBD plasma actuators that create streamwise
vortices, like vane-type vortex generators. This is an old
flow control concept which has found many applications
in industry because stream wise vortices have remark-
able organisation and longevity. These DBD actuators
are oriented to produce a body force at some yaw an-
gle to the oncoming flow. This increases mixing between
the boundary layer and the free-stream to reenergize the
near-wall region with fluid from the outer flow. In the
third part, three-electrode based actuators are presented.
This type of electrode configuration has been inspired
by devices used to produce sliding discharges for laser
applications [3]. The three-electrode based actuator is
supplied by an ac high voltage, plus a dc component.
Two electrodes are flush mounted on each side of a di-
electric, like the single DBD device, but a second air-
exposed electrode is added and supplied by a dc voltage.
This results in a “sliding“ of the space charge between
both air-exposed electrodes. The main advantage of this
discharge is that it can be used in largescale applications
because the discharge extension may be increased up to
the gap between both air-exposed electrodes. Finally,
the fourth part deals with multi-DBD plasma actuators.
There are two goals here: an enhancement of the electric
wind velocity and an enlargement of the plasma surface
in order to be useful for large-scale applications. Multi-
DBD actuators are usually composed of several DBD
in series in order to cumulate the velocity produced by
every single DBD. Innovative multi-DBD designs that
have been perfected during this project will be presented
and discussed. Velocity higher than 10 m/s has been
measured with these configurations, which is the highest
induced velocity that has ever been recorded.

2 Single DBD actuators

Two active electrode shapes were tested in order to in-
crease the body force produced by a single DBD. The
effects are summarized in the following sections.

2.1 Wire active electrode

DBD actuators are composed of two electrodes asymmet-
rically flush mounted on each side of a dielectric plate (3
mm-thick PMMA, Figure 1). The grounded electrode
(span 90 mm, width 20 mm) is insulated with an epoxy
resin. A small gap of 2 mm separates the active electrode

ERCOFTAC Bulletin 94 5



Figure 1: Schematic of a single DBD actuator

and the grounded one. For the baseline case, the active
electrode is a rectangular aluminum foil (10 mm-wide,
80 µm-thick). For the new design investigated at Uni-
versity of Poitiers, the airexposed electrode was replaced
by a thin wire in order to increase the local electric field
at the vicinity of the high voltage electrode (tungsten
wire with diameter of 300, 100, 50, 25 and 13 µm). The
voltage waveform was sinusoidal with high voltage am-
plitudes from 14 to 22 kV (frequency of 1 and 1.5 kHz).

The surface dielectric barrier discharge has been ex-
perimentally investigated by electrical and optical di-
agnostics, electrohydrodynamic force measurements and
produced electric wind characterization from timeaver-
aged and time-resolved measurements. Major results are
going to be presented in this paper. For more details,
see [4]. First, measurements of the discharge current
highlighted that the discharge regime is quite different.
For instance, the number of streamers that occur during
the positive going-cycle decreases with the wire diameter,
resulting in a filament-free regime when a 13 µm wire was
used. Figure 2 shows the thrust produced by different ac-
tuators versus their electrical power consumption. The
use of a thin wire electrodes results in higher thrust for a
same electrical power consumption as the plate electrode.
The force is larger as the wire diameter decreases. The
actuator effectiveness, that corresponds to the mean pro-
duced force divided by the electrical power consumption,
is increased from 0.65 mN/W to 0.97 mN/W. Then the
resulting electric wind is fully modified (Figure 3). The
suction effect above the surface discharge is enhanced
(vertical velocity drops from -0.9 to -1.3 m/s) and the
maximum horizontal velocity measured at 0.6 mm above
the dielectric wall increases to about 7 m/s. Finally,
the most interesting result is presented in Figure 4 that
plots the time history of the electric wind at 1 mm above
the wall and 5 mm downstream the active electrode. In
the case of a plate-to-plate DBD, the velocity increases
during the negative-going cycle (when the negative dis-
charge ignites) and it decreases during the positive one
because the streamers does not contribute efficiently to
body force production (the force is negative during the
positive discharge). With a wire-to-plate DBD, the ve-
locity increases during both half cycles, with a velocity
growth when the discharge occurs and a decrease when
there is no discharge. Moreover, the maximum velocity is
produced during the positive discharge, showing that the
filament-free discharge is most efficient means of velocity
production.

2.2 Serrated active electrode

DBD plasma actuators were investigated at Institute of
Fluid Flow Machinery to compare the velocity of electric
wind induced by a single DBD actuator with an active
plate electrode having either smooth (Figure 5a) or ser-
rated (Figure 5b) edge. In this paper, selected results
are presented. For more details, see [5]. The actuators
consisted of two electrodes (made of a 50 µm thick cop-

Figure 2: Discharge thrust versus electrical power (fre-
quency = 1.5 kHz, voltages from 12 to 22 kV)

Figure 3: Velocity fields measured by PIV in stagnant air
with a plate active electrode and a wire active electrode
(22 kV, 1.5 kHz, scale in millimeter, edge of the active
electrode at x = 0 and y = 0)

Figure 4: Velocity versus time at x = 5 mm and y = 1
mm
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Figure 5: Top view of a smooth and serrated active elec-
trode used in the DBD plasma actuators

Figure 6: Schematic side view of the DBD actuator
with 20 mm shift between the edges of the active and
grounded electrode

per tape) flush mounted on a 2 mm thick glass plate
(Figure 6). The active electrode was exposed to ambi-
ent air while the 10 mm wide grounded electrode (on
the bottom side) was insulated. The width of the active
electrode was equal to 6 mm and the gap between the
edges of the active and grounded electrodes was 20 mm.
The length of the electrodes in the span wise direction
was 50 mm.

When the sine high voltage is applied to the actuators,
a surface DBD is generated. The discharge generated by
the actuator with serrated active electrode ignites at a
lower voltage than the smooth active electrode. More-
over, the discharge starts from every saw-tooth of the
serrated electrode and therefore, the plasma generated
along the serrated electrode is quite homogenous (Fig-
ure 7b). When a smooth active electrode is used, the
plasma is clearly non-uniform (Figure 7a).

A 2D PIV method was used to measure velocity fields
of electrohydrodynamic (EHD) flow generated by the
DBD actuators in quiescent air. In Figure 8, veloc-
ity profiles of the electric wind measured with both the
smooth (a) and serrated (b) active electrodes are pre-
sented. These profiles are taken 25 mm downstream the
edge of the active electrode (sse Figure 6). As it can be
seen in Figure 8, the velocity of the EHD flow induced by
the DBD actuator with serrated active electrode is higher
than for the actuator with smooth active electrode in all
cases. The clearest difference in flow velocity is for low
voltages. For example, when the applied voltage is 22 kV
(frequency 1.5 kHz), the maximum induced flow veloc-
ity obtained for the actuator with smooth electrode is

Figure 7: Images of the DBD obtained in the actuator
with smooth (a) and serrated (b) active electrode. The
amplitude of the applied sine-wave voltage was 26 kV,
frequency 1.5 kHz

Figure 8: Velocity profiles of the EHD flow induced by
the DBD actuator with smooth (a) and serrated (b) ac-
tive electrode

1.8 m/s, while for the actuator with serrated electrode it
reaches 2.7 m/s.

3 DBD vortex generators

The DBD vortex generator (DBD-VG) studied at Uni-
versity of Nottingham is a standard asymmetric DBD
actuator like shown in Figure 1, oriented with compo-
nent of body force perpendicular to the oncoming flow.
This force vectoring interacts with the oncoming bound-
ary layer to produce a longitudinal vortex, as depicted
in Figure 9. Four key parameters affect the formation
of streamwise vortex and its flow control capability: the
plasma jet velocity Wp (which depends on the geome-
try and excitation parameters), the free-stream veloc-
ity U∞, the electrode yaw angle β, and the DBD-VG
length l. Actuators with a range of E, U∞, β and l were
studied and DBD-VGs were produced as co-rotating and
counter-rotating vortex generator arrays. Further de-
tails and complete results are given in [6]. DBD-VG
characterisation was carried out in a lowspeed wind tun-
nel over a 1 m long by 0.284 m wide smooth flat plate.
The DBD-VGs were flush-mounted into the upper sur-
face of the plate, 0.6 m from the leading edge. The free-
stream velocity was set in the range 2 ≤ U∞ ≤ 15m/s,
where the local laminar boundary layer thickness at the
DBD-VGs was 4.2 ≤ δ ≤ 11.5 mm. Global flow field
measurements were made with timeresolved PIV in the
streamwise (x-y), cross-stream (y-z), and wall-parallel
(x-z) planes. Particular emphasis was placed on the vor-
tex formation mechanisms and the growth/decay of the
vortex downstream. Figure 10 shows a typical cross-
stream slice through the vortex at the trailing-edge of a
DBD-VG. The upper electrode is drawn in black where
the electrode edge is located at the origin. Plasma forms
in the region 0 < z/l < 0.05, y/l < 0.02. It is clear
that the DBD-VG produces a concentrated streamwise
vortex. This has counterclockwise rotation in the plane
of Figure 10 (black isocontour shows Ωx = −100s−1).
The vortex takes less that 0.1 s to initiate (depending on
U∞) and is very stable with time. The core meandered
by less than ±2 mm whilst the plasma was on and the
flow field in Figure 10 can be considered a steady-state
phenomenon. When the plasma is switched off the vortex
rapidly shrunk to the wall, so that longitudinal vortices
can be simply turned on and off by intermittently en-
ergizing DBD-VGs. The strongest vortices were created
when the DBD-VG is aligned with the flow (β = 90◦),
so that the DBD induced a body force predominantly in
the spanwise direction. This creates a spanwise directed
wall-jet flow, as can be seen in Figure 10 for y/l < 0.05.
The upper part of this wall jet (−Ωx) rolls-up into the
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Figure 9: Schematic of a DBD-VG. Dimensions in mm

Figure 10: Ωx with VW velocity vectors at trailing-edge
of a DBD-VG. β = 90◦, l = 60 mm, x = 60 mm, E = 7.5
kVp−p, f = 23 kHz, U∞ = 2.2 m/s

streamwise vortex whilst the lower part of the wall jet
(+Ωx) becomes lifted from the wall on the outboard side
to wrap around the core (z/l > 0.3).

Figure 11 plots the λ2 vortex indicator, which shows
the vortex is spanwise-oriented at the DBD-VG tip. This
suggests that the vortex is formed as a result of lifting
and twisting of spanwise vorticity (−Ωz) in the incoming
boundary layer over the virtual blockage of the wall jet
created by the plasma. This lifting is non-uniform across
the span due to jet thickening, so the spanwise vortex
filaments are increasingly lifted into region of higher U
velocity with z, causing a reorientation of −Ωz into Ωx.
This combines with −Ωx is the outer region of the wall-
jet, which supplies vorticity along the length of the DBD-
VG. In addition, the DBD-VG incudes a wall-ward mo-
tion into the plasma (-V) because the plasma is a source
of momentum, not mass. Thus fluid is drawn into the
DBD from above to replace that accelerated laterally by
the body force. The suction into the DBD is quite un-
like other vortex generators and causes a dramatic thin-
ning of the boundary layer in the downstream, as can be
seen in the U iso-contours and deflection of the stream-
line towards the wall at z/l ≈ 0. This action occurs in
addition to the cross-stream mixing of the streamwise
vortex, which has proved beneficial for flow separation
control [7].

4 Sliding discharges

Sliding discharge actuators are composed of two elec-
trodes flush mounted on each side of a dielectric such as
a single DBD device, plus a second air-exposed electrode
supplied by a dc voltage. This results in a ”sliding” of
the space charge between both air-exposed electrodes [3].
These discharge are as stable as a single DBD and have
the advantage that they can be used in large-scale appli-
cations because the discharge extension may be increased
across the entire gap between both airexposed electrodes.
However, until now, no work has investigated accurately
the flow produced by these discharges compared to that
induced by a single DBD. This was the objective of the

Figure 11: λ2 iso-surface with streamlines and U isocon-
tours (0 ≤ U/U∞ ≤ 0.9). β = 90◦, l = 60 mm, E =
7.5 kVp−p, f = 23 kHz, U∞ = 2.2 m/s. DBD-VG upper
electrode in box

present study conducted at University of Poitiers. Lots
of configurations have been tested. Only one is presented
here. For further detail, see [8]. Figure 12 presents a
schematic of a sliding discharge, with a 4-cm gap be-
tween electrodes (1) and (3). Others geometrical param-
eters are similar to described in Section 2.1. Figure 13
shows the velocity vector fields for a single DBD and the
design of Figure 12b. One can see that the use of a third
electrode, in certain conditions, can result in significant
effects. First, the suction effect above and upstream the
discharge is strongly increased compared to a typical sin-
gle DBD. Moreover, the region where the suction is visi-
ble is strongly enlarged. Secondly, the electric wind wall
jet is thickened (its height is multiplied by two). Third,
the maximum electric wind velocity is slightly increased,
from 4.2 to 5.5 m/s here. However, it is located 2 mm
above the flat plate when it is measured at y ≈ 0.5 mm
with a single DBD. This increase in velocity is due to the
fact that the tangential wall jet separates from the wall
at the edge of electrode (3) because a weak counter-wind
is produced at this electrode. Then friction between the
wall and electric wind decreases, resulting in the electric
wind velocity growth.

5 Multi-DBD

The goal of multi-DBD actuators is twofold: an enhance-
ment of the electric wind velocity and an enlargement of
the plasma layer in order to be useful for large-scale ap-
plications. Multi-DBD actuators are composed of several
DBD in series in order to cumulate the velocity produced
by every single DBD. Two innovative multi-DBD designs
have been perfected during the project.

The first one, studied at University of Poitiers, con-
sists of four successive single DBD. To take advantages
of the cumulative effect, the DBD have to be close to
each other, but in this case mutual interactions between
electrodes can limit the velocity accumulation. This is
caused by a counteracting wind caused by backdischarge
from each air-exposed electrode toward the grounded
electrode of the previous single DBD. In the new design
proposed here, two points have been optimized compared
to usual multi-DBD. First, the plate active electrodes
have been replaced by thin wires (diameter of 25 µm)
in order to enhance the electric wind produced by each
single DBD according to the results presented previously
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Figure 12: Sketch of a single DBD (a) and a sliding dis-
charge (b)

Figure 13: Velocity vector fields measured for a single
DBD with VAC = 24 kV (a) and a sliding discharge with
VAC = 24 kV, VDC = -24 kV (b)

Figure 14: Sketch of the multi-DBD actuator based on
four single wire-to-plate DBD

Figure 15: Horizontal velocity profiles measured 0.6 mm
above a multi-DBD actuator for VAC = 16, 20 and 24 kV)

in Section 2.1. Secondly, interaction between successive
DBD has been cancelled by alternating the HV electrode
and the grounded one, from one DBD to the successive
one (see Figure 14). In such conditions, velocity mea-
surements have been conducted with a Pitot tube. For
instance, Figure 15 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 elec-
trode) for three different voltages. 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 EHD 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, when voltage equal to
24 kV.

The second multi-DBD actuator presented in this sec-
tion consists of three successive single DBD sets with
two inter-electrodes at floating potential placed between
them (Figure 16). This new design has been proposed
by the Institute of Fluid Flow Machinery. The grounded
electrodes and the floating inter-electrodes are exposed
to ambient air. The grounded electrodes are serrated
(similar to that presented in Figure 5b) while the float-
ing inter-electrodes consist of a series of separated saw-
teeth. The grounded and floating electrodes are partially
insulated, as presented in Figure 16. The high voltage
plate electrodes are on the bottom side of the actua-
tor. They are insulated with Kapton tape. The floating
electrodes are so placed over the high voltage electrodes
that only their saw tips stuck out 1 mm downstream
from the edge of the high voltage electrodes. Such an
arrangement reduces mutual interactions between suc-
cessive single DBD sets and allow us to decrease the
spacing between them. Moreover, additional DBDs are
generated between the floating inter-electrodes and the
grounded electrodes. The flow induced by these addi-
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Figure 16: Schematic side view of the multi-DBD actu-
ator with floating inter-electrodes

Figure 17: The horizontal time-averaged velocity pro-
file taken 0.3 mm above actuator surface. The applied
voltage 26 kV, the frequency 1.5 kHz

tional DBDs interacts coherently with the flow produced
by the DBDs from grounded active electrodes, enhancing
the total induced airflow. For more details see [9]. A 2D
PIV system was used to characterize the total induced
flow. An example of time-averaged horizontal velocity
profile taken 0.3 mm above the dielectric surface is pre-
sented in Figure 17. In this case the voltage amplitude
is equal to 26 kV and the frequency is set to 1.5 kHz.
It can be observed that the induced airflow is almost
continuously accelerated by the successive DBDs (placed
close one to each other) comprising the multi-DBD ac-
tuator. The counteracting between successive DBD sets
is not observed. The maximum velocity is equal to 8
m/s (just after the last grounded electrode). However,
the produced velocity can be increased by increasing the
ac frequency. At a frequency of 2.35 kHz, the maximum
velocity was 10.1 m/s.

6 Conclusion

The works conducted in Plasmaero European project
task 1.1 allowed us to investigate innovative plasma actu-
ator designs. The body force induced by single DBD has
been enhanced. Velocity above 10 m/s has been reached
with both multi-DBD actuators. It is the highest veloc-
ity that has ever been measured in the case of a surface

discharges. DBD-VGs have also been characterized. All
of these actuators have been used for flow control appli-
cations in subsequent Plasmaero work packages.
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Abstract

This paper summarizes the results of Plasmaero (EU
project) partners on the characterization of plasma ac-
tuators based on nanosecond pulsed discharges. Results
cover electrical aspects, optical discharge visualizations
and measurements of the plasma-induced pressure wave,
this for quiescent and transonic flow regimes. Among
the results, this study demonstrates that the induced
pressure wave is composed of over and under pressure of
1600 and -600 Pa, respectively. In transonic regime, the
capability of the discharge to produce a pressure wave
remains but this one is convected by the freestream flow.

1 Introduction

The PLASMAERO European project looks at a fur-
ther understanding of plasma physics for flow manip-
ulation by non-thermal surface discharges. On the mar-
gin of typical AC Dielectric Barrier Discharge (DBD)
plasma actuators that are based on the produced elec-
tric wind [1], different actors of the project are inter-
ested in the development of pulsed discharges with rising
time in the nanosecond scale order. This type of actu-
ator has demonstrated promising influence to mitigate
flow separation at Reynolds numbers related to realis-
tic flight speed conditions [2-4], where AC-DBD have
shown only little or no effect. Recent literature sug-
gests that nanosecond pulsed DBD can produce a lo-
calized pressure wave that propagates in the medium at
speed of sound [5-8] while the induced momentum trans-
fer related to neutral/charged particle collision remains
marginal. In the framework of PLASMAERO, different
nanosecond pulsed DBDs have been investigated in terms
of electrical characteristics for quiescent flow condition.
A variety of electrical parameters such as the voltage
amplitude, rising time or polarity have been considered.
Each partner has used different optical systems that per-
mit detailed qualitative and quantitative descriptions of
the propagating pressure waves suspected to be respon-
sible for the control effect and control authority at high
speed flow conditions. Later in the project, the behavior
of this type of DBD has been investigated in presence of
transonic flow. The present paper summarizes the main
results obtained in PLASMAERO EU project.

2 Nanosecond pulsed DBD
operated in quiescent flow
condition

In this first section, different nanosecond pulsed DBD
are investigated for initial quiescent flow conditions. As
ns-DBD is very flexible, important discharge parameters
can be chosen independently. For instance, parameters
such as voltage amplitude, rise time or polarity are in-
vestigated here.

2.1 Electrical aspects

The electrical measurements for a surface dielectric bar-
rier discharge composed of two electrodes (copper foil
with thickness of 40 µm) flush mounted on both sides
of a 127 µm thick Kapton layer are shown in figure 1.
The gas thermalization at the surface of the dielectric is
the result of HV pulse produced by a commercial gen-
erator (DEI PVX-4110) connected to a DC power that
can supply voltage amplitude up to ±10 kV (Matsuda,
10P30, 30 mA). Results are presented for both positive
and negative voltage pulses (absolute voltage amplitudes
of 8 and 4 kV, pulse width of 200 ns and rise time about
50 ns).

For a single pulse, two current peaks occur in the total
current evolution as shown in Figure 1b. The first one is
due to air ionization when the electric field is sufficient to
initiate air breakdown. Following the first current peak,
charges are deposited at the dielectric surface. When the
potential difference between the upper electrode and the
charged surface is sufficient, a new discharge propagates
on the dielectric. This is verified regardless of the polar-
ity of the HV pulse. The positive voltage pulse presents
an asymmetry in the current peak amplitude of the ris-
ing and decaying periods. Indeed, a larger amplitude
is observed for the primary current peak that results in
a significant increase in consumed electrical power (Fig-
ure 1c). Opposingly, the amplitude of the current peaks
remains of a similar level when DBD is supplied by a neg-
ative pulse. Calculation of deposited energy per plasma
length indicates that positive HV pulse is more efficient
than negative HV pulse, this regardless of the applied
voltage amplitude (Figure 1d). As indicated by the dis-
charge current, the first current peak is the main contrib-
utor to the energy deposited on the wall surface during
an HV pulse. It is suspected that the deposited energy
is the key metric for characterizing nanosecond pulsed
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Figure 1: Electrical aspects of positive and negative pulse discharges operated at voltage amplitude of ±8 kV (filled
lines) and ±4 kV (dashed lines) with pulse width of 200 ns. (a) Voltage amplitude, (b) Total current (discharge plus
displacement currents), (c) Consumed electrical power and (d) Energy deposition

DBD for flow control applications. Indeed, it seems that
the pressure wave intensity is directly correlated with the
amplitude of the deposited energy [7].

Among the electrical parameters having demonstrated
an influence on the pressure wave formation, the rise
time of the high voltage pulse is of primary importance
as numerically demonstrated by Unfer and Boeuf [9]. In-
deed, by reducing the rising time of the input signal, the
produced pressure wave should be reinforced by a faster
energy deposition into a relatively small volume. The ef-
fects of the rising and decaying time are investigated by
adding a high voltage resistor in series with the exposed
electrode (Figure 2). The amplitude of the signal is ad-
justed to compensate the voltage drop through the resis-
tor while maintaining a constant output (9.350.15 kV).
As illustrated in the figure, the deposited energy reduces
in an exponential manner with the time-scale of the ris-
ing/decaying period of the voltage signal. By increasing
the rising time, tr, by 25 ns from 50 ns, the deposited en-
ergy is reduced by 56%. The results indicate that more
energy is dissipated, and then potentially converted into
gas heating, by reducing the time to attain the maximal
(or minimal) voltage amplitude. Furthermore, it was
found that a voltage pulse with a steeper slope causes
a much shorter and more intense discharge with higher
streamer propagation speed. This is illustrated in fig-
ure 3, which shows the discharge light emission intensity
for two voltage pulses of different rise times tr.

2.2 Plasma morphology

The temporal and spatial discharge development cre-
ated by the nanosecond pulsed DBD was investigated
using ICCD cameras. Measurements are performed for
an homebuilt pulse generator constructed using existing
power electronics (Mosfet switch). This generator can
provide pulse with rise time of a few 10’s of nanosec-
onds, discharge currents up to 30-50 A, frequencies up
to 10-20 kHz and voltage amplitude up to 10 kV. In ad-
dition, commercial pulse generator is also investigated.
This commercial system (described in section 2.1) pro-
duces high voltage pulses up to 10 kV amplitude while
the rise time is 50 nanoseconds. An illustration of the

Figure 2: Deposited energy at the dielectric wall accord-
ing to the rising time (positive high voltage pulse) or
decaying time (negative high voltage pulse) for voltage
amplitude, U, of ±10 kV

Figure 3: Effect of the rise time on the light emission
intensity of a ns-DBD actuator (U = +7 kV)
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Figure 4: Top-view of the discharge development for homebuilt pulse generator. Cathode directed discharge during
voltage rise (a) and fall (b). Anode directed discharge during voltage rise (c) and fall (d)

Figure 5: Current evolution and top-view of the discharge development for commercial pulse generator (exposure
time of 180 ns). Top figure corresponds to a positive pulse of 10 kV while the bottom plot refers to a negative pulse
of -10 kV (pulse width of 200 ns)

plasma discharge obtained by using the homebuilt sys-
tem is provided in Figure 4. The figure shows the gen-
eral pattern of the discharge during voltage rise and fall.
During voltage rise (Figure 4a), a streamer discharge de-
velops very fast, showing inhomogeneous light emission.
The streamers start to develop from the edge of the upper
electrode (anode) and propagate along the surface of the
dielectric over the lower electrode (cathode). The emis-
sion intensity is very high close to the streamer heads.
Between these and some bright spots at the edge of the
upper electrode, almost no light is emitted. This first
discharge is followed by a dark period also referred as
“silent period“ in [10]. When the voltage pulse ends, a
second discharge develops showing a more homogeneous
plasma distribution but also a slower propagation speed
(Figure 4b). For the negative HV pulse (Figures 4c and
4d), the plasma exhibits an homogeneous pattern made
of straight ionization channels.

Typical current evolution and top-view of the gas ion-
ization at the dielectric surface are provided in Figure 5
for DBD actuator supplied by a commercial pulse gen-
erator. For the positive HV pulse, the rising and de-
caying periods produce a filamentary discharge. In its
initial stage, the discharge is composed of many stream-
ers distributed along the length of the exposed electrode
and superimposed with a corona-like discharge. The
straight filaments propagate up to 4 mm, at high speed
(0.33 mm/ns in the first instants of the discharge) in
the direction of the grounded electrode. During the de-
caying period of the positive voltage pulse, new plasma
forms due to collection of positive charges deposited dur-
ing the streamer propagation. The plasma is composed
again by straight filaments with propagating speed of 0.1
mm/ns. However, the propagation line of the plasma dis-
charge presents a wavy front. This may relate to a non-
homogeneous deposition of charged particles at the di-

electric wall following the rising period. Nevertheless, the
light emitted during the rising voltage period is stronger
than the one for the decaying period. This is confirmed
by the amplitude of the positive and negative current
peaks (1.54 and 1.28 A/cm, respectively).

For the negative HV pulse, the plasma is diffuse and
homogeneous along the edge of the active electrode, but
some ionization channels are observed. These channels
issued from corona spots and propagate with a plume
shape that extends up to 2.5 mm. By comparison with a
positive high voltage pulse, the filamentary regime, and
then occurrence of streamer channels is here significantly
reduced. The reduction in streamers results in a short-
ened discharge propagation that may explain that less
energy is deposited on the wall surface.

Finally, the two experiments performed by using two
different pulse generators produce differentiated plasma
morphology. Results are in agreement when the first dis-
charge is considered. One can say that a streamer dis-
charge develops at voltage rise, while an homogeneous
discharge forms at voltage decay. However, the plasma
morphology is changed for the discharge related to the
second current peak. The difference between the two ex-
periments may result from a larger pulse width with the
homebuilt pulse generator that permit a higher relax-
ation of charged species deposited by the first discharge
and then reduce the occurrence of streamers during the
voltage decay for positive pulse and voltage rise for neg-
ative high voltage pulse.

2.3 Induced pressure wave by
nanosecond pulsed DBD

For DBD actuators supplied by high voltage nanosec-
ond pulses, the produced local flow remains weak, sub-
sequently it cannot be considered as the key parameter
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Figure 6: Zoomed visualizations of the propagating pressure wave for positive and negative pulses with width of 200
ns and amplitude of ±10 kV (side view, scale in mm)

Figure 7: Pressure levels for +15 kV (left) and -15 kV
(right) pulses at t = 20 µs

in flow control scenario. As experimentally and numer-
ically demonstrated, pulsed DBD conduces to a rapid
energy deposition at the dielectric surface causing a sud-
den change in the pressure [11, 12]. This abrupt change
in the pressure distribution gives rise to a localized pres-
sure wave. It is actually presumed that the mechanism
responsible for mitigation or elimination of flow separa-
tion is due to the interactions of the pressure wave with
coherent flow structures when the wave propagates in
the aerodynamic flow. More certainly, such actuator can
have particular interest for delaying/promoting laminar-
to-turbulent transition. In both cases, the mechanical
quantity of primary importance for flow control appli-
cations is the produced pressure wave, its intensity and
propagation speed. A series of experiments have been
conduced to visualize and quantify these pressure waves.
They are introduced in this section.

The propagation of the pressure wave produced by
the nanosecond pulsed DBD is illustrated in Figure 6
for positive and negative HV pulses (side view). The
shadowgraphy images give only qualitative views of the
physical phenomenon but they show that the topology
of the wave is composed of two distinct parts: A straight
region at the top of an hemispheric region. The plate
region initiates at the dielectric surface regardless of the
pulse polarity. This plate region extends further in the
case of a positive HV pulse in agreement with ICCD vi-
sualizations. It can be postulated that this part of the
pressure wave relates to the streamer developing at the
dielectric surface. Calculation of the propagation speed
gives a value of 343 m/s, this suggesting that the pres-
sure wave could relate to aeroacoustic noise propagation.
This propagation speed is similar for positive and nega-
tive pulses of high voltage.
For convenient overpressure field value estimation a time-
resolved interferometric imaging setup has been assem-
bled (Mach-Zehnder interferometer). The expanded
beam of a 632.8 nm He-Ne laser has been used to produce
parallel fringes of equal thickness on a translucent screen
at the apparatus outlet. The fringes have been arranged
orthogonally to the actuator surface. The cmos sensor

(Photron Fastcam SA5 1000K-M2) is used to acquire the
interference figure displayed on the screen. When the
pressure wave is generated, the consecutive compression
or expansion of the air inside the wave front results in
refraction index modifications, which appear in the inter-
ference figure as fringe distortions. By measuring fringe
shifts, ∆ϕ, it is therefore possible to deduce the related
index variations, ∆n, with the following relation:

∆n = n− n0 = ∆ϕ×
λ

2πL
(1)

where n and n0 are refractive indices of respectively per-
turbed and unperturbed air (the latter is taken at room
temperature), λ the laser wavelength and L the pertur-
bation length. To use this equation it is assumed that
the perturbation is independent from the coordinate or-
thogonal to the picture plane (2D assumption). For an
ideal gas the pressure p is related to the refractive index
by the Gladstone-Dale equation:

n = 1 +
pK

RT
(2)

where K is the Gladstone-Dale constant for the laser
wavelength and gas composition of interest, R the ideal
gas constant and T the gas temperature. The latter is
assumed to be constant and uniform, which is reasonable
if dielectric heating consecutive to discharge running can
be neglected. Finally, pressure variation can be deduced
from phase shift by the following relation:

∆p = p0 ×
∆ϕ× λ

(n0 − 1)× 2πL
(3)

Here, the acquisition system is used for an actuator with
100-mm long, 6-mm wide copper electrodes placed at a
mutual gap distance of 3 mm on each side of a 0.4-mm
thick dielectric (combination of 0.3-mm thick Mylar and
two 50 µm thick polyimide layers). The voltage pulse
consisted in a nanosecond rise ramp (30 ns) followed by
a millisecond range decay [13]. The pulse is obtained by
triggering the closure of a fast Thyratron switch (Thyra-
tron Perkin-Elmer HY-3002), in series with the actuator
and a capacitor bank. The applied voltage peak value
is ±15 kV. The peak power value associated with this
pulse is approximately 200 kW, and the corresponding
dissipated energy per pulse is close to 0.3 mJ/cm.

According to this processing technique, the overpres-
sure fields have been deduced and results for the two
polarities at t = 20 µs are shown in Figure 7. The front
shape is similar to those already observed with shadowg-
raphy (Figure 6) or Schlieren techniques [6]. It shows
a pressure excess on one half of the circular part and
on the planar part, and a pressure deficit on the second
half of the circular part, situated above the plasma. The
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Figure 8: Impact of the flow on the plasma development during voltage rise (left) and fall (right)

Figure 9: Influence of the flow on the DBD-generated pressure wave (Ma = 0.76, α = 4◦)

maximum pressure is obtained at the junction of cylin-
drical and planar parts. In the present conditions it is
estimated to about 1500 Pa with positive pulse and 600
Pa with negative pulse. The minimum is about -600 Pa
for positive pulses, and -200 for negative pulses. It con-
firms that negative discharges transfer a lower amount
of energy to the pressure wave. Values agreeing well
with simulations found in the literature [9] even if fur-
ther setup improvements focusing on increasing phase
shifts associated to pressure variations should be done
to achieve a better resolution in pressure fields.

3 Nanosecond pulsed DBD
operated in situation of
transonic flow

Experiments in a transonic wind tunnel have been per-
formed to investigate the characteristics of the ns- DBD
in presence of a high speed flow (Ma=0.76). The actu-
ator is integrated on the suction side of a NACA 3506
(span of 40 mm and a length of 77.57 mm).

3.1 Plasma morphology

Phase-averaged images of the discharge development
were acquired with a Princeton Instruments PiMax
ICCD camera. Figure 8 summarizes the development

of the discharge in the absence and presence of flow. An
inhomogeneous discharge forms at voltage rise, with a
discharge-front that separates from the plasma at the
edge of the exposed electrode, whereas a homogeneous
discharge is observed at voltage decay, which corresponds
to the findings of the experiments without flow. How-
ever, the discharge propagation speed, its intensity as
well as its extension are increased.

3.2 Induced pressure wave

The propagation of the actuator induced pressure wave
was investigated with phase-averaged schlieren images.
The behaviour of the ns-DBD generated pressure wave
in the presence of flow is shown in figure 9. It is the
result of 4 superimposed phase-averaged schlieren im-
ages acquired from t = 10 µs to t = 40 µs after the
discharge. The shape of this wave is similar to the ex-
periments without flow but it moves downstream with
the flow. The propagation speed normal to the DBD
surface is still about 330 m/s and the downstream move-
ment of its center corresponds to the flow speed. Due to
the highly averaged nature of the schlieren images con-
clusions of the effect of the actuator on the flow cannot
be drawn.

ERCOFTAC Bulletin 94 15



4 Conclusion

The present paper contributes to the body of knowledge
on nanosecond pulsed DBD for flow control applications.
In particular, it is demonstrated that the actuator can
produce a pressure wave presumably useful for flow sep-
aration control, this by using different technologies of
pulse generators. For the first time, a measure of the
pressure level of the induced pressure wave is proposed.
Furthermore, it is shown that pressure wave can also be
produced in condition of transonic flow regime. How-
ever, several partners of the project had to face with
difficulties when such actuators are used in wind-tunnel
experiments. Indeed, this type of discharge can produce
electromagnetic interferences resulting in strong signa-
ture of HV pulses in the acquired data or perturbations
on the acquisition system.
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Abstract

Practical application of active flow control is dependent
upon the development of robust actuators that are re-
liable, small, easy to integrate, have no delay. ON-
ERA/DMAE department and CNRS/Laplace laborato-
ries study and develop Plasma Synthetic Jet actuators,
PSJ, in order to demonstrate the potential of such elec-
trical devices to act on aerodynamic phenomena like sep-
arated flows. The characterisation of the pulsed jet pro-
duced by a PSJ actuator is investigated with experimen-
tal techniques, helping the validation of theoretical and
numerical studies carried out in parallel. This article
mainly describes experimental studies on the character-
ization of the PSJ device with and without flow and on
the ability of the PSJ actuators to reduce separated flow
region on a decelerating ramp. The PSJ actuators effi-
ciency has been quantified using the PIV technique in
order to estimate the decrease of the separated flow re-
gion induced by the actuation and consequently the drag
reduction.

Nomenclature

C =capacity of the power supply’s capacitor
E =energy transferred to the Plasma

Synthetic Jet
IGBT =insulated-gate bipolar transistor
F =frequency of the discharge (Hertz)
M0, U0 =free stream Mach number, velocity (m/s)
PIV =Particle Image Velocimetry
T =temperature (K)
V =plasma jet velocity (m/s)
Vb =Voltage breakdown of the air gap (Volt)

1 Introduction

Flow control with active actuators requires efficient, ro-
bust, easy to integrate and low energy consumption
devices. Inspired by the "sparkjet" device, proposed
by Grossman [1] from the Hopkins University of Ap-
plied Physics Laboratory, ONERA, in cooperation with
CNRS/LAPLACE laboratory, studies and develops a
very promising synthetic jet plasma generator, which can
produce a high-velocity synthetic jet without any moving
part and without any external fluid injection. In order
to determine the operational characteristics of this actu-
ator needed for flow control and to improve its concep-
tion, several studies are conducted by ONERA/DMAE
and CNRS/LAPLACE in the framework of the PLAS-
MAERO project funded by the European Community
into a specific task which deals with the demonstration

Figure 1: PSJ device (φ= 8mm), generated micro-jet

Figure 2: Principle of functioning of the PSJ

for these devices to be able to postpone the trailing edge
separation phenomenon occurring in a high lift configu-
ration (low velocity, high incidence angle).

2 Description and principle of the
PSJ actuator

PSJ is a zero-net-mass-flux device mainly composed of 2
electrodes embedded in a cavity manufactured in a ce-
ramic material, in connection with the external medium
with the help of a small dedicated orifice (fig. 1). By
applying a voltage difference greater than the disruptive
voltage of the gas located inside the cavity (5 kV for ON-
ERA’s actuators), an electrical arc is created between
the 2 electrodes, leading to an increase of the internal
energy. Because the air is confined, the temperature and
the pressure increase very quickly inside the cavity. The
fluid relaxation can be realized trough the dedicated ori-
fice, producing a pulsed air jet. At the end of this blowing
phase, the cavity pressure drops under the external pres-
sure value, activating a suction stage inside the cavity.
The actuator is ready for another cycle (fig. 2).
The characteristics of this device depend on the cavity

geometry, the energy deposition and on the electrical pa-
rameters. In order to create the discharge, a high power
supply is essential. Developed by Laplace laboratory, the
solution using a low voltage power supply associated to
a high voltage transformer (m) and a transistor (IGBT)
has been chosen, (fig. 3) [2]. The IGBT can be easily
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Figure 3: Capacitive power supply

Figure 4: Discharge and current voltage - C=15 nF

controlled to adjust the frequency and the energy accu-
mulated in the transformer. This power supply can con-
trol the frequency, the phase and the energy dissipated
in the discharge for each device itself. The maximum of
frequency actuation is 2000 Hertz for a capacitor value
of 20nF and can be increased for lower capacitor values.
The delay can be undependably fixed for each PSJ (the
precision is less than one micro-second).

3 Electrical characterization of
the PSJ

PSJ actuator is connected to the capacitor by a wire,
which is modeled as an inductance of 2 µH and a resis-
tance of 0.5Ω. These considerations allow the calculation
of the voltage of the discharge from the current and the
capacity voltage measurement. During the ignition time,
discharge voltage falls to zero in a few nanoseconds (fig.
4). Following ignition, the current and the voltage dis-
charge are sinusoidal and in phase. This suggests that
plasma in the PSJ actuator behave as a resistance. Cal-
culations, not provided in this paper, show than the value
of the resistance can amount to several ohms. Therefore,
the plasma is very conductive. This explains that the
temperature of the plasma is higher than 10 000K.
Furthermore, the maximum current is proportional to

the breakdown voltage, and in all the case higher than
100 A during a few nano-seconds.
The evolution of the luminosity of the discharge has

been obtained using short exposure time photography
taken with an intensified CCD camera (Fig. 5). The
maximum luminosity is however three times more in-
tense for 15 nF than for 5 nF. It is relevant that the
luminosity of the discharge decreases with the time; in-
deed the current diminishes also with the time. For the
two cases, the behaviour is similar; the discharge looks
cylindrical as the luminosity is shared out symmetrically
between the two electrodes. After the ignition (t> 600
ns), the discharge is homogenous and the diameter of
the discharge does not change. Furthermore the height

Figure 5: ICCD images of light emission for two different
capacitances (5nF and 15 nF)

of the discharge is wider for 15nF (and covers the elec-
trodes) than for 5 nF. Consequently the 15 nF discharge
heats larger volume of gas and for longer times than the
5 nF discharge.

4 Aerodynamic characterization
of the PSJ

The characteristics of the micro-jet produced by the PSJ
actuator are closely connected to the electrical energy
’Ec’ loaded in a capacitor before being transferred to
the device after the breakdown outbreak. This energy
level depends on the breakdown voltage ’Vb’ and the
capacitor value ’C’ according to the following formula:
Ec = 0.5× C × V 2

b . The maximal jet velocity can reach
280 m.s−1 with a temperature level of about 400K (fig-
ure 6-up), depending on the capacitor value and the run-
ning frequency which can be up to 2000 Hertz. For a
given frequency, a saturation effect appears on the ve-
locity levels when the capacitor value is increased, be-
cause the heating of the device induces a dropping of the
breakdown voltage and consequently a decrease of the
electrical energy transferred during the spark discharge.
The heating is also responsible of the velocity decrease
induced when the running frequency is increased. As
the PSJ actuator produces a pulsed jet with a quasi-
constant duration of 150 µs, the duty cycle increases
linearly with the frequency as it can be noticed on the
figure 6 - down [3] and [4].

5 Flow control strategy -
PSJ/flow interaction

The strategy retained to delay the flow separation in sub-
sonic configuration, is to use PSJ actuators as vortex
generator devices. The produced longitudinal vortices
should increase the momentum in the lower part of the
turbulent boundary layer, in order to reduce its sensitiv-
ity to adverse pressure gradients as showed by Lin [5].
Even if experimental and numerical results about syn-
thetic jets are less widespread, these devices have re-
ceived a great amount of attention from the fluid dy-
namics community as mentioned by Gilarranz [6].
The vortex generated by the interaction between the

main flow and the jet produced by a PSJ actuator em-
bedded in a model has been characterized in subsonic
flow, for a zero pressure gradient configuration, by using
the PIV technique. This experimental work was con-
ducted into a subsonic ONERA wind tunnel. For these
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Figure 6: Micro- jet velocities and duty cycle versus PSJ
running frequency

Figure 7: Geometric configuration implemented for the
PIV measurements

tests, a flat plate has been mounted into the test section
equipped with glass windows dedicated to optical diag-
nostic techniques. The PSJ actuator was located 250
mm downstream the leading edge of the flat plate. The
values of the pitch "α" and skew "β" angles for the jet
exhaust were fixed at 30◦ and 60◦ respectively, in order
to produce a vortex issued from the interaction between
the jet and the main flow. Because these angular values
have been chosen from computation results performed
on a continuous jet blowing configuration, complemen-
tary tests have been carried out in order to check the
suitability of this exhaust jet direction and particularly
of this brief impacting generated pulsed jet. The incom-
ing boundary layer was tripped with a 0.8 mm diam-
eter cylindrical rod located 200 mm upstream the PSJ
actuator in order to obtain a fully developed turbulent
boundary layer in the vicinity of the jet. In this case, the
boundary layer thickness was 8 mm for an upstream ve-
locity equal to 40 m/s. The 3-component PIV technique
has been implemented to characterize the formation of
the vortex and also its convection by the main flow, by
using phase-shifting time-averaged measurements. The
spark discharge into the PSJ actuator has been chosen
for the origin of the time scale ("To"). The figure 7
shows the geometric configuration implemented for the
PIV technique. The acquisition of phase-averaged ve-

Figure 8: Baseline Vflow = 40m/s - JSP Off

Figure 9: Micro-jet / flow interaction - Generated vortex
(U velocity) - Vflow = 40m/s - JSP On

locity fields has been done in a cross plane configuration,
for 5 equidistant "Dz" stations, from 20 mm to 100 mm
downstream the jet exhaust. The frequency of the spark
discharge and then for the jet production was fixed at 10
Hz. The delay "T" defined to capture phase averaged PIV
measurements has been varied from 0 to 1.6 ms with a 50
ms step. The figures 8, 9, 10 and 11 present the results
obtained at Dz=40 mm station for a capacitor value of
20 nF mounted in the power supply circuit. This capaci-
tor value leads to an energetic level of 90 mJ transferred
to the actuator. The figure 8 shows the velocity field
obtained with PSJ actuator switched-off (baseline case).
The figures 9 and 10 describe the evolution of the vor-
tex (velocity and vorticity). The detection of the vortex
can be realized by using vorticity computation on PIV
data. A vertical velocity profile obtained at X=-2 mm
for a delay value of T=To+1 ms is presented in figure
11, showing the momentum increase into the boundary
layer, generated by the vortex issued from the interac-
tion between the JSP actuator and the flow. These
PIV results have been exploited to extract the duration
of the vortex in the different cross planes (500 µs). Also,
the elevation of the vortex along the longitudinal axis
has been brought to light. If we make the assumption
that this coherent structure is convected with a velocity
close to the upstream velocity (40 m/s), we can deter-
mine its trajectory along the flat plate. The figure 12-up
shows the vortex location estimated at the different cross
plane stations implemented for the PIV technique. The
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Figure 10: Micro-jet / flow interaction - Generated vor-
tex (vorticity) - Vflow = 40m/s - JSP On

Figure 11: Micro-jet / flow interaction - Generated vor-
tex (Velocity profile) - Vflow = 40m/s

colours are connected to the vorticity levels. We can no-
tice that the vortex comes up to 6 mm away from the
wall at Dz=100 mm station. As this elevation remains
too important to get sufficient momentum from the ex-
ternal part of the boundary layer in order to make it
more stable and then to delay the separation. The vor-
tex generated by a less energetic PSJ actuator has been
investigated, using a smaller value for the capacitor (C=5
nF / Ec=20 mJ) mounted into the electric circuit dedi-
cated to the power supply of the PSJ actuator.
The figure 12-down shows the location of the vortex

generated by the PSJ actuator for 2 energy levels (20 mJ
and 90 mJ), obtained at 3 different "Dz" stations (Dz=20
mm, Dz=40 mm, Dz=60 mm). We can notice that re-
ducing the energy level does not really impact the eleva-
tion of the vortex but leads to a decrease of the vorticity
levels. For the lower energy case, the vortex vanishes
earlier. As the jet remains very impacting, even with a
lower energy level, the trajectory seems to be fixed by
the orientation angles of the jet exhaust.

6 Assessment of the PSJ actua-
tors efficiency on separation -
Separation delay on a ramp

In order to investigate the efficiency on separation of the
vortices generated by the interaction between the jet pro-
duced by PSJ actuators and the main flow, a ramp model
has been manufactured and wind tunnel tests performed.
This model is composed with 2 parts. The first one con-

Figure 12: Micro-jet / flow interaction - Generated vor-
tex (vorticity) - Vflow = 40m/s - JSP On

Figure 13: Ramp model into the WT test section

cerns the accelerating ramp followed by a plateau. In the
downstream region of this plateau, an insert has been
manufactured in order to receive 5 PSJ actuators (Fig.
13 & 14). The second part concerns the decelerating
ramp with an angle of 20 degrees. RANS computations
have been performed to optimize the geometry of the
model.
Five PSJ exhausts have been distributed along 2 lines

(fig. 14). The incidence and skew angles for the PSJ ex-
hausts remain the same compared to the previous exper-
iments carried out for the zero pressure gradient config-
uration (α=30◦; β=60◦). The boundary layer has been
tripped in order to have a fully turbulent boundary layer
in the vicinity of the actuators. Experimental results
have been obtained for three different upstream veloci-
ties (20 m/s, 30m/s and 37 m/s), using the 2-component
PIV technique in order to characterize the separation
generated in the decelerating ramp area (Fig. 15 & 16).
For each aerodynamic configuration, the baseline case

(PSJ OFF) shows the expansion of the separated flow in
the decelerating ramp region, represented in dark blue
in the figures. In the lower velocity case (20 m/s), the
separated region starts very closely to the edge of the de-
celerating ramp. The decrease of the size of the separated
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Figure 14: Geometry of the ramp model and location of
the PSJ exhausts

Figure 15: PIV measurements of the streamlines and the
separation area, PSJ off and on - Vflow = 20m/s

Figure 16: PIV measurements of the streamlines and the
separation area, PSJ off and on - Vflow = 40m/s

flow area induced by the PSJ action is very significant
as it can be noticed on the mean velocity field obtained
with the PIV technique. Vertical profiles of the longitu-
dinal velocity obtained in the middle of the decelerating
ramp are given. The effect of the PSJ actuators running
frequency is clearly demonstrated on these profiles. Even
at low frequency levels (100 Hz), the separated region is
reduced. The best reduction is obtained for the maximal
frequency tested (750 Hz) even if a saturated level seems
to be achieved from the frequency of 500 Hz. In this case,
the separated region is confined in the lower part of the
decelerating ramp. The implementation of PSJ actua-
tors in the middle of the decelerating ramp could cancel
this small separated flow region. The PSJ efficiency is
also demonstrated for higher velocity configurations (up
to 37 m/s) even if the remaining separated area located
in the lower end of the ramp is larger than in the case
of the low velocity configuration. In these cases, we can
also notice the saturation effect on the decrease of the
separated area, obtained for a running frequency greater
than 500 Hz.
This experimental facility should be helpful to study

the interaction between the vortices generated by a group
of PSJ actuators and the mean flow, one of the keys of
control strategy description.
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7 Conclusions

During PLASMAERO project, the PSJ has been devel-
oped and characterised in order to delay airfoil leading
edge separation. Mass flow creation by plasma is used
to add energy to the flow to improve it. The general
physics of the PSJ in flow concerns the generation of a
series of vortices produced at the pulse frequency which
induces a transfer of momentum towards the wall, with a
stabilizing effect on the turbulent boundary layer, quite
similarly as continuous jets, with of course the advan-
tage of zero mass flow. It is expected that the reaction
of the flow to the generated micro-jet is the key point for
understanding the influence of the various parameters.
The basic ramp configuration has been a very useful tool
to understand better the physics of this action and to
determine the parameters driving the efficiency of these
devices. The efficiency of PSJ devices on high lift airfoil
separation is demonstrated in M. Forte & All. paper by
following in this document.
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Abstract

Plasma actuators provide an innovating and promising
method for flow control applications in aeronautics. In
this article, numerical models for three different types
of such actuators (DBD, DBD-nanosecond, PSJ) are
presented. These models are based on the coupling of
plasma equations with fluid ones under different assump-
tions and numerical schemes for each case, having as goal
accurate simulations in reduced CPU time. With these
models, parametric studies along with simulations that
demonstrate the actuators’ promising effects for flow con-
trol could be performed and are also presented here.

Nomenclature

C =capacity of the power supply’s capacitor
E =energy transferred to the Plasma

Synthetic Jet
IGBT =insulated-gate bipolar transistor
F =frequency of the discharge (Hertz)
M0, U0 =free stream Mach number, velocity (m/s)
PIV =Particle Image Velocimetry
T =temperature (K)
V =plasma jet velocity (m/s)
Vb =Voltage breakdown of the air gap (Volt)

1 Introduction

Practical applications of active flow control depends on
the development of robust actuators that are reliable,
small, easy to integrate and have no delay.
The modeling was mainly divided in two tasks corre-

sponding to two kinds of plasma actuators. The first
one was dedicated to the development of sinusoidal and
nanosecond DBD actuators and the second one was con-
cerned by the Plasma Synthetic jet.
A code has been developed in LAPLACE and the ob-

jective was to use this code to perform simulations of
DBD actuators in various configurations. The output of
the code provide the body force as well as the amount of
energy deposited by the plasma that serves as input to
compute the action of the flow by a CFD code. Paramet-
ric studies have been systemically done and compared
with experimental results. These computations provide
a database that will be useful to analyze any actuator’s
effects. A floating electrodes configuration (concept pro-
posed by IMP) as well as a ns-DBD (Dielectric Barrier
Discharge operating with nanosecond rise-time voltage
pulses) actuator were also simulated.
A code describing the operation of the plasma syn-

thetic jet has been written during the project. Numeri-
cal results have been successfully compared with exper-
imental results and the quasi static regime has been de-
termined. But, this study will be complete when a char-
acterization of the JSP will be achieved. Until now, the
trends with PSJ parameters, like frequency, capacity and
geometry are correct. It provides also some results about
the optimal geometry of the neck to improve the perfor-
mances of this actuator.

2 Modeling of Dielectric Barrier
Discharge

The sinusoidal DBD regime is based on momentum
transfer from ions to the neutral gas along the dielectric
surface of the DD. This form of action takes place under
typical DBD operating conditions, i.e. for sinusoidal
voltages with frequencies in the [0.1-10 kHz] range. The
action of the plasma on the flow can be computed as the
result of a "body force" that appears in the right hand
side of the flow momentum equation.
In the case of ns-DBD, the voltage between the

electrodes increases in a very short time (ns) and
the discharge regime is quite different from the one
described above for a sinusoidal voltage waveform. A
large amount of energy is deposited by the discharge at
the tip of the top electrode and is quickly converted into
gas heating. The plasma effect is then represented by
adding to the energy equation the heating power due to
the plasma.
The model used to calculate the body force of surface

DBDs and of the energy deposited by ns-DBDs has been
developed at LAPLACE laboratory and is based on the
detailed description of charged particle transport in a
coalitional plasma (including charging of the dielectric
surface) coupled with Poisson’s equation for the electric
field. One consider only one type of positive ion and one
type of negative ion with a basic chemistry including
ionization, attachment, and recombination (Ref. [1] ).
These simulations require to integrate the different times
scales of all particles which are active in the plasma.
Then, the price to pay is the large computational time.
To deal with this, a specific numerical method has
been developed at LAPLACE using the concept of
asynchronous adaptive model (Ref. [2] and figure 1 show
the mesh used in a typical simulation of a sinusoidal
DBD). Such modeling has the great advantage to
provide predictable results, in the contrary of empirical
models developed by others groups. The code ASYNCO
from LAPLACE has been intensively used to perform
these simulations: it integrates the plasma equations
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Figure 1: Mesh used in a typical simulation of a sinu-
soidal DBD

and a new version coupling Navier-Stokes equations and
plasma equations have been also implemented. It serves
to some validations in simple cases.

Test case computation for sinusoidal DBD
The test case with 500Îĳm dielectric layer and 15kV at 2
kHz was chosen to serve as an illustrative example. The
evolution in time of the total time averaged horizontal
force and its space distribution at t=2ms is shown on
Figures 2. The first chart shows that after 3 to 4 peri-
ods of the sinusoidal voltage the time-averaged force has
reached a steady state value. It also shows that the neg-
ative part (upstream) of the force is negligible whereas in
the space distribution, negative forces are present with
high values. However these negative forces are located
in a very small volume near to the electrode tip. This
is mainly due to the presence of a cathode sheath in the
phases where the upper electrode plays the role of a cath-
ode (negative phase).
The sinusoidal DBD regime is based on momentum

transfer from ions to the neutral gas along the dielectric
surface of the DDD. This form of action takes place un-
der typical DBD operating conditions, i.e. for sinusoidal
voltages with frequencies in the [0.1-10 kHz] range. The
action of the plasma in the flow can be computed as the
result of a "body force" that appears in the right hand
side of the flow momentum equation.
In the case of ns-DBD, the voltage between electrodes

increases in a very short time (ns) and the discharge
regime is quite different from the one described above
for a sinusoidal voltage waveform. A large amount of
energy is deposited by the discharge at the tip of the top
electrode and is quickly converted into gas heating. The
plasma effect is then represented by adding to the energy
equation the heating power due to the plasma.

3 Parametric study over a 1mm
thick dielectric plate

A parametric study has been conducted to compute the
total time-averaged force created by a DBD made of a
1mm thick dielectric layer (ǫr=5, corresponding to PVC
for instance) and driven by different voltages and fre-
quencies. Three different frequencies have been studied
2, 5 and 10 kHz with applied voltage amplitudes ranging
from a few kV to 30 kV. The results of this parametric
study are shown on Figure 2a and compare well to ex-
perimental measurements(figure 2b) The plasma code
has been strongly coupled with a Navier-Stokes solver
and fully coupled plasma/airflow simulations have been
performed. Some investigations have also been done re-
cently for the conventional DBD, the main issue is as
usual the computational time. With recent optimisation
it is possible to simulate the first few cycles of the dis-

a)

b)

Figure 2: Parametric study on voltage and frequency for
a sinusoidal 1mm thick DBD - a) Numerical results; b)
Experimental results

Figure 3: Numerical results for a 2kHz/10kV sinus ap-
plied on a 500µm thick DBD actuator

charge in a fully coupled manner. Two test cases have
been simulated a 2kHz/10kV sinus applied on a 500µm
thick DBD (Figures 3) and a 10kHz/10kV sinus applied
on a 1mm thick DBD.

4 Simulation of the sinusoidal
DBD experiment with floating
electrodes (IMP experiment)

We recently tried to simulate the multi-stage DBD ex-
periment done at IMP with a floating electrode. New
features have been added to the code to properly take
into account the floating electrodes. Basically it consists
in adding one more equation in addition to Poisson’s to
also solve for the floating electrode potentials. These
equations are simply Gauss’ law applied to the floating
electrodes, the total charge on the floating electrode be-
ing deduced from the plasma simulation.
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Figure 4: Time-averaged horizontal EHD force - Floating
electrode configuration

The distribution of the time-averaged horizontal EHD
force is displayed on Figure 6. The total integrated hori-
zontal force is in this case 186 mN/m which corresponds
to an average of 62 mN/m per stage. This value is rea-
sonable when comparing with the parametric study of
section 3 (in this case the dielectric thickness is 2 mm not
1). The use of floating electrode successfully prevented
the backstroke from the next grounded upper electrode.
There is indeed a pull between the end of the floating
electrode and the next grounded electrode, but this force
is 2 to 3 order of magnitude smaller.

5 Nano Pulsed Dielectric Barrier
Discharge

If the voltage between electrodes increases in a very short
time, the discharge regime is quite different from the one
described above for a sinusoidal voltage waveform. While
the sinusoidal DBD regime can be compared with a tran-
sient corona regime (sometimes interrupted by streamers
developing along the surface), the “nanosecond regime“
is characterized by the development of synchronized,
high current streamers at each rise or decay of the volt-
age, without any corona phase. Due to the fast rise of
the applied voltage, the discharges are initiated at a volt-
age much higher than the breakdown voltage, leading to
a high current pulse. Because there is no corona phase,
the momentum transfer from ions to the neutral gas is
small, and the ”ion wind” generated by these discharges
is negligible. Ion wind can only be generated in unipolar
regions (regions where the density of one species, posi-
tive or negative ions, is dominant). Such regions exist in
corona discharges, but not in streamer discharges where
the plasma is quasineutral and the force due to electrons
and negative ions balances the force due to positive ions,
leading to a zero net EHD force.
Nevertheless, recent experiments have shown that

these discharges can have a significant effect on a flow
(e.g. reattachment) for higher flow velocities than si-
nusoidal DBDs. Our recent work, Ref. [3], shows that
during nanosecond discharges, a large amount of energy
is deposited by the discharge at the tip of the top elec-
trode. A large part of this energy is quickly converted
into gas heating. The numerical models (discharge model
+ Navier Stokes equations) show that the fast heating
in this small region is responsible for the generation of
micro-shock waves. These pressure waves could be re-
sponsible for the observed effect on the flow (work is
still necessary to understand how these micro-shock wave
generated by the discharge pulses interact with an exter-
nal flow). Some preliminary FRP DBD experiments
have been done at EPFL and the objective is to provide
simulations results. The DBD is placed in the middle of
the volume so that a discharge can developed on the up-

Figure 5: Shock wave formation for a nanosecond DBD
actuator

per electrode side and also on the lower electrode side. A
10kV nanosecond pulse is applied on the upper electrode
with a 21 ns rising time and a 23 ns setting time. The
whole pulse duration is 444 ns. Between 0 and 21 ns the
voltage is rising then there is a plateau phase for 400 ns
and the potential is falling for 23 ns, the main difference
of this experiment with respect to those of Starikovskii et
al is that the plateau phase is much longer. In this case
the second discharges occur in a much weaker plasma.
The relative permittivity of the dielectric is 10 which
correspond roughly to alumina. The minimum cell size
used is 15Îĳm. The upper discharge is a positive streamer
whereas the lower discharge is a negative streamer. The
negative discharge is faster because in this case the elec-
trons are driven towards the surface. The discharge cur-
rents on both electrodes show that the first discharges
(rising potential) are stronger than the second discharges
(falling potential). The shock waves formation is pre-
sented on Figure 5. Both sides have experienced a posi-
tive and a negative discharge, so the structure of the wave
is identical and is composed of a flat wave and a cylindri-
cal wave centered on the electrode tip. As they develop
with time it becomes clearer that the upper discharge is
stronger than the lower discharge. It seems to be more
efficient to have first a positive discharge followed by a
negative discharge than the opposite.

6 Plasma synthetic Jet modeling

A full model of the PSJ actuator has been developed by
ONERA. It contains physical insights (real gas effect,
discharge modeling...) and provides information on the
gas into the cavity as well as in the plume. The objective
of the modeling was to get a better understanding the
transformation of the thermal energy supplied by the
arc discharge to the gas. Information on spark-discharge
actuators can be found in Ref. [4].
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Figure 6: Coupled solvers for the PSJ actuator

The model has been split into two coupled sub-models
(see figure 6) . The first one deals with the energy
deposition through electric arcing in the vicinity of
the electrodes in absence of the cavity. It describes
the plasma formation between both electrodes in an
axisymmetrical configuration. This model is coupled
to the RLC circuit equations describing the electrical
supply by the external generator. The second submodel,
focuses on the flow heating into the cavity and the
working of the actuator. It uses the energy distribution
computed by the first sub-model as source term and
calculates the resulting effects on the actuator. It
provides the flow mass rate, momentum and energy at
the PSJ’s exhaust versus time.
To perform a full PSJ’s simulation both codes are

used. A simulation of the arc is first done and then the
PSJ’s simulation is performed. The modeling relies
on a certain number of assumptions. First of all, the
arc created in the PSJ cavity, which corresponds to
the location of the energy deposit, is supposed to be
elongated and characterized by an azimuthal symmetry.
Because of the strong current and the short gap between
the electrodes, we assume that the arc is cylindrical as
well. In this case, the complexity of the problem can be
reduced to the solving of a 2D axisymmetric problem
where all the variables only depend on the radius r and
the height z (Figure 11). The real configuration is gen-
uinely 3D because of the way the electrodes are placed
inside the cavity. The amount of heating provided by
the arc discharge is so large that real gases properties
have to be taken into account in the description of
the flow. The ionisation and dissociation reactions at
higher temperatures cause very strong non-linearities
in the evolution of the thermodynamic coefficients.
As a consequence, one generally considers a "real gas"
modeling to compute transport and thermodynamic
coefficients which have to be injected in the system. In
this case, the "real gas" representation has been made
using coefficients depending on pressure and tempera-
ture calculated by D’Angola et al. (2008) on a range
going from 300 to 60 000 K and from 0.01 to 100 atm
. More information on the model can be found in Ref. [5].

Non-confined Arc modeling
The arc geometry is still considered as a 2D axisymmet-
ric problem. Moreover, the arc is considered to be in
local thermal equilibrium (LTE) by looking at the high
temperatures and pressures that generally characterize
this type of device. Therefore, there is no distinction
between the heavy particles and electrons behaviour.

Figure 7: Pressure wave at t=5ns

Figure 8: Experimental and computed current discharge

This assumption then gives the possibility to take into
account a unique temperature to represent the thermal
behaviour of all the species as a global single fluid. The
viscosity effects are neglected . So, the flow evolution
is governed by the 2D inviscid Euler equations with
thermal diffusion and Joule heating. Radiative energy
losses are also taken into account proportionally to the
net emission coefficient (NEC) whose value is given by
tables depending on T and P provided by LAPLACE.
The plasma resistance results from the conductivity
that depends analytically from the temperature between
the electrodes. The current I is then obtained by the
RLC circuit equations and the electric field from the
discharge current using Ohm’s law. The modeling
is not able to describe the arc formation phase during
the first nanoseconds. It is assumed, that the initial
state of the arc is known after the first current pulse.
Figure 7 show the pressure wave resulting from the
energy deposition by the electrical circuit at t=5ns.
Figure 8 show a comparison between experimental

and computed current discharge. It has to be noticed
that to obtain these results, it has been necessary to
add a virtual resistance to represents the voltage drops
occurring in the areas close to the electrodes and which
cannot be solved by the modeling (presence of sheaths).

Simulations of the plasma Synthetic Jet
The simulation of the PSJ operation is performed using
first the non confined arc modeling. An energy source
distribution term is computed and introduced as input
in the PSJ solver. Because of the cavity’s geometry, its
cooling is only possible through convective heat transfers
at the walls (heat transfer at electrodes is neglected). A
thermal flux has been prescribed on the wall PSJ.
At that point, the arc discharge is not delivering

power anymore and the fluid behaviour is only gov-
erned by pressure and thermal gradients. This energy
deposition generates an over pressure inside the cavity
(on the order of 0.4 bar) which forces the flow at high
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Figure 9: Velocity contours of the jet’s evolution

Figure 10: Mass, mean temperature, mean pressure in
cavity and jet’s total enthalpy over time

velocity outside the cavity. This creates velocities
inside the core of the jet as high as 700 m/s (Figure 9)
although the tip of the jet moves much slower (around
160 m/s) between 0.5 and 1 cm outside the neck of
the cavity, this value corresponds to the measurements
for a low frequency actuator). The high velocity jet
assumes an arrow-shape which is visible. Simulations
of more than one discharge pulse led to the quasi-static
periodic behaviour of the actuator after approximately
25 pulses. The breakdown voltage depends on the
initial gas state as an analytical function. So, after
one pulse the gas in the cavity has been heated and
the initial condition of the breakdown voltage will
change. A simple breakdown voltage law have been
introduced in the modeling to take into account the
modification of the gas properties after the pulse.The
quasi-static behaviour of the actuator is readily visible
on 2D visualizations of the flow. However, some gaphs
such as the total mass contained and the mean fluid
temperature inside the cavity show this periodicity
even more clearly. This simulation has been carried
for an actuator operating at 1 kHz frequency, using a
15 nF capacitor and a constant breakdown voltage of
2.7 kV. Once the quasi-static behaviour is obtained, 7
mJ of electric energy are deposited in the fluid during
each pulse. For these graphs, fluid in the nozzle has
been taken into account as well. Quasi-static behaviour
is obtained after roughly 10 ms (or 10 pulses) for all
represented graphs. Starting from this moment, the jet
is truly synthetic, as seen on Figure 10 (i.e. its net mass
flow is null over one period). Afterwards, the jet expels
about 5.2 mg (8.5% of the PSJ’s initial mass) during
each pulse, at a mass flow rate of approximately 49
mg/s. The fluid inside the cavity gets relatively hot with
a temperature never falling below 900 K. This figure also
demonstrates that periodic regime has been obtained :
electric energy to enthalpy conversion, jet total enthalpy
and enthalpy gained through refill keep constant magni-

Figure 11: Parametric study over frequency on mass ex-
pelled per pulse, mean temperature before each pulse
and jet’s velocity

tudes over the last 5 periods. Figure 16 clearly shows
that cavity refill and fluid cooling are strongly correlated.

Parametric study
A qualitatively study of the influence of several param-
eters on both energy deposition and cavity geometry
is presented. These parameters were chosen around
a reference actuator, composed of a 15 nF capacitor
operating at 1 kHz, with a cavity ended by a cylindrical
neck 1 mm wide. It should be kept in mind that because
of the inaccuracy of the energy deposition phase (energy
loss in sheaths and constant breakdown voltage), only
qualitative differences between the different configura-
tions are presented.

Operating frequency
The behaviour of the actuator for several operating fre-
quencies seems physically correct (Figure 11 ) : quali-
tatively we observe that, the higher the frequency, the
hotter the cavity and the less mass is expelled (because
of the less efficient refill). Experimentally, the actuator
should deposit less and less energy.

Actuator’s geometry
Simulations in this section are done for several geome-
tries of the cavity’s neck (figure 12). Three different half
cone angle were used for this converging section : 90(no
cone), 45 and 27 (designated respectively by Cyl, Col45
and Col27 on figure). Arguably, this introduces a
variation in the volume of the cavity. Even if the cavity
volume changes slightly, figure 13 shows that, with the
same entry section, the refill is much more efficient in the
case of converging cavity shape.

7 Conclusions

A numerical model of DBDs in sinusoidal and nanosec-
ond pulsed regimes has been developed at LAPLACE
and improved in the frame of the PLASMAERO project.
This model includes a description of the plasma as well
as the gas flow and gas heating. It is based on an asyn-
chronous time stepping technique which allows an effi-
cient treatment of the different time and spatial scales
of the problem. This model has been used to provide a
database of EHD force as a function of applied voltage
amplitude and frequency in the sinusoidal regime, and to
understand the differences between the mechanisms lead-
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Figure 12: Different geometries of the cavity’s neck stud-
ied

Figure 13: Refilling of the cavity with different neck’s
shape

ing to flow modification in the sinusoidal (ion wind) and
nanosecond (fast gas heating) regimes of DBDs. A useful
continuation of this work would be to fit the numerical
results concerning the distribution of the EHD force in
sinusoidal regimes into analytical laws depending on the
main parameters, i.e. voltage amplitude, frequency, di-
electric thickness etc...

The operation of the Plasma Synthetic Jet actuator
has been numerically described by two models: One de-
scribing the arc development and one coupling it via
a Joule heating source term with the Euler equations.
Comparisons with experimental results show a good
qualitative agreements, but the lack of PSJ’s charac-
terization make a precise comparison hazardous. The
computational cost of such simulation is until now rea-
sonable because the assumptions of ETL provide plasma
and flow time scales of the same order.
So, such tool could be useful to be used in an optimiza-

tion loop. More work is needed to increase the robustness
of the model. This concerns the initial arc description at
some ns and the sheaths which are roughly described in
the present model.
Parametric studies on the geometrical aspects of the

actuator as well as its electrical inputs have been per-
formed, optimizing its efficiency and resulting to a semi-
permanent pulsed regime.
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Abstract

Advanced plasma models are coupled with CFD to de-
termine the effect of plasma actuators on the flow. Two
kinds of actuators are considered: Dielectric Barrier
Discharge (DBD) actuators and Plasma Synthetic Jets
(PSJ). For DBD actuators, a 2D plasma model is used
that describes the transport of charged particles in a col-
lisional plasma. A time-averaged body-force field is ob-
tained from this plasma model and added as a source
term to the Navier–Stokes equations. For PSJs, a 2D
axisymmetric model describes the discharge in the mi-
crocavity and provides the mass flow and the heat flow
at the exhaust. The effect of the PSJ on the CFD is
introduced as an unsteady boundary condition for the
Navier–Stokes equations at the PSJ orifice by the out-
put of the PSJ’s model.

1 Introduction

For DBD actuators, CFD computations presented in the
literature commonly use phenomenological or simplified
models to obtain the body force exerted by the plasma
on the flow, such as the models of Shyy et al. [1], Suzen
et al. [2], and Orlov [3]. Although such models are very
cheap, they are not self-contained and therefore must be
tuned for each (type of) DBD actuator. A self-contained
first-principle plasma model, on the other hand, does
not require any tuning, but it is considerably more ex-
pensive. In this paper, the first-principle model of Unfer
and Boeuf [4] has been coupled with CFD.
For PSJ actuators, a full model of the actuator has

been developed, that provides information on the gas in
the cavity as well as in the plume. To couple this model
with CFD, the PSJ is represented as a dynamical bound-
ary condition located at the orifice aperture.

2 DBD actuator

2.1 Plasma model

For DBD actuators, a first-principle 2D plasma model
is used, which is based on the detailed description of
charged particle transport in a collisional plasma (in-
cluding charging of the dielectric surface) coupled with
Poisson’s equation for the electric field [4].
These simulations require to integrate the different

time scales of all particles which are active in the plasma.
Then, the price to pay is the large computational time.
To deal with this, a specific numerical method has been
developed at LAPLACE using the concept of an asyn-
chronous adaptive model [5]. Such modelling has the
great advantage to provide predictable results; this is

not the case for the phenomenological or simplified mod-
els developed by other groups.
The plasma model delivers a body-force field which is

averaged over time.

2.2 Coupling with CFD

To model plasma actuators in a CFD method, the time-
averaged body-force field is added to the compressible
Reynolds-averaged Navier–Stokes (RANS) equations as
a source term. The body force fb appears directly in
the momentum equation and the work done by the body
force appears in the energy equation, as follows:

∂ρu

∂t
+ ∇ · (ρuu) + ∇p = ∇ · τ + fb,

∂ρE

∂t
+ ∇ · (ρuE) + ∇ · (up) = ∇ · (τ · u − Q) + fb · u,

with ρ the density, u the velocity vector, p the pressure,
E the total energy per unit mass, τ the stress tensor,
and Q the heat flux vector.
The body-force field is transferred from the unstruc-

tured plasma grid to the CFD grid using bilinear interpo-
lation. Note that including a time-averaged body-force
field implies that possible interaction between the high-
frequency unsteadiness of the plasma and the flow tur-
bulence is not taken into account.
To compute the flow around airfoils and wings with

plasma actuators, two in-house flow solvers are used:
NLR’s ENSOLV and CIRA’s UZEN, which are both
based on multi-block structured grids. In ENSOLV,
the RANS equations are solved together with the TNT
EARSM turbulence model [6], whereas in UZEN the
Menter SST turbulence model is used. In both solvers,
the flow equations are discretized in space with a second-
order cell-centre finite-volume method. The discrete
equations are solved with a multi-grid method using as
relaxation operator a Runge–Kutta scheme accelerated
by local time stepping and implicit residual averaging.

2.3 Flat plate with stream-wise forcing

As most basic case, the flow induced by a DBD plasma
actuator over a flat plate has been considered with and
without a background flow. In the experiment by E.
Moreau et al. [7], there is no background flow, so that
one can consider only the jet induced by the actuator. In
the experiment, a plasma DBD actuator was used with
a dielectric thickness of 4 mm and a voltage signal of 11
kV and 11.7 kHz. A turbulent computation compares
well to the experiment, as shown in 1. The thickness of
the wall jet is consistent with the experiment at the first
station (10 mm downstream) indicating that the effect
of the actuator on the flow is correctly captured. The
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velocity profiles at the subsequent stations also compare
reasonably well with the experiment, indicating that the
decay of the wall jet is correctly captured. Note that this
decay is determined by the turbulence model and does
not depend on the plasma model.

Figure 1: Velocity along flat plate induced by plasma
actuator in the absence of a background flow (turbulent
computation ENSOLV; experiment by Moreau et al. [7])
Need permission to reproduce picture!

In the experiment by Schatzman and Thomas [8], there
is a turbulent boundary layer developing over the flat
plate, in addition to a case without flow. A plasma DBD
actuator was used with a dielectric thickness of 3.175 mm
and a voltage signal of 30 or 40 kV and 2 kHz. For the
flow computations, similar but not identical actuator set-
tings were available: 4 mm, 28 kV, and 1 kHz. Both com-
putations with and without flow have been performed.
The velocity profiles at 75 mm downstream of the actua-
tor are compared to the experiment in 2. Without flow,
the computation compares well to the experiment, just
like in the previous case. With flow, the actuation effect
is fairly well reproduced in the computation, considering
the slightly different settings of the actuator.

2.4 NACA0015 with stream-wise forcing

For the NACA0015 airfoil, the control of weak trailing-
edge separation has been considered (chord length 50 cm,
free-stream velocities 10 m/s and 30 m/s, angle of attack
up to 17◦). Fully turbulent computations have been per-
formed with the TNT EARSM model (ENSOLV) and
the Menter SST Model (UZEN). Two actuator locations
have been considered (x/c = 0.7 and x/c = 0.9) with the
actuator forcing in chord-wise direction. A body-force
field computed for a dielectric thickness of 1.0 mm and a
voltage signal of 10 kV and 2 kHz has been employed. At
a velocity of 10 m/s, the actuation is effective in delay-
ing the separation if the actuator is placed close to the
separation location (Figure 3(a)). As a consequence, the
lift coefficient is also increased (Figures 3(b) and 3(c)).
At a velocity of 30 m/s, however, there is only a weak
delay of separation and the effect on the lift coefficient is
negligible. Note that similar results have been obtained
with both flow solvers. Validation of the method for
this case has been found difficult. Comparison has been
made to an experiment of Pprime at 20 m/s and 12◦.
The actuator in the experiment had a dielectric thick-
ness of 4.0 mm and a voltage signal of 28 kV and 1
kHz. Using these same actuator settings in the com-
putation resulted in unsatisfactory results with a strong
underprediction of the actuation effect compared to the
experiment. This is contradictory to the results for the

(a) Without background flow

(b) With background flow (5 m/s)

Figure 2: Velocity along flat plate induced by plasma
actuator (turbulent computation ENSOLV; experiment
by Schatzman and Thomas [8]) Need permission to
reproduce picture!

flat plate with flow, where the same actuator settings
provided a fair comparison with experiment. The total
body force in the computation amounted to 20 mN/m.
If the level is increased to 80 mN/m (a common level for
DBD actuators) by scaling the body-force field, then the
computations show a similar actuation effect as the ex-
periment (4). The question that remains is whether the
plasma model underestimates the level of the body force
or whether there is another reason for the mismatch be-
tween computation and experiment, e.g., an interaction
between the unsteady plasma and the turbulence.

2.5 Plasma vortex generator

The application of plasma vortex generators (PVG), as
introduced by the University of Nottingham, has been
considered for the NACA0012 and NACA0015 airfoils
using ENSOLV.
For the NACA0012, a chord of 10 cm is used with

a free-stream velocity of 6.5 m/s (M = 0.019, Re =
4.4·104). The actuators have a chord-wise extent from
10% to 88% chord and have a span-wise spacing of 25%
chord. Both co-forcing and counter-forcing PVGs have
been considered. The 2D plasma body-force field (1mm,
10 kV, 2 kHz) has been extended to 3D in chord-wise
direction to model the PVGs. Stream-wise vortices are
generated as illustrated in Figure 5(a) for the counter-
forcing PVG. This results in an increase of the lift, as
can be seen from the wing pressure distribution (Fig-
ure 5(b)). For the NACA0015, an experiment has
been performed at Pprime with the PVGs of Notting-
ham (chord 50 cm, velocity 20 m/s, angle of attack 12◦).
The actuators have a chord-wise extent from 66% to 75%
chord and have a span-wise spacing of 9% chord. Again
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(a) Location of separation (ENSOLV)

(b) Lift coefficient (ENSOLV)

(c) Lift coefficient (UZEN)

Figure 3: Location of trailing-edge separation and lift co-
efficient for NACA0015 airfoil with and without plasma
actuator

both co-forcing and counter-forcing have been consid-
ered. The actuator settings of the experiment (0.76 mm
Cirlex, 35 kV, 1 kHz) have also been used for the compu-
tations, except for a slightly higher voltage (42 kV). An
illustrative comparison with the experiment is shown in
6 for the counter-forcing setup, showing a similar weak-
ening of the wake. Finally, the PVG leads to an increase
of lift at a constant drag as shown in 7, in particular for
the counter-forcing PVG.

3 Plasma Synthetic Jet

3.1 Plasma model

When the potential difference applied between the PSJ’s
electrodes reaches the disruptive voltage of air (about 4
kV for ONERA’s actuators), the fluid is ionised and an
electrical arc is created. This discharge leads to a large
increase of the internal energy. Since the air is confined,

(a) x/c = 0.8

(b) x/c = 1.2

Figure 4: Velocity profiles for NACA0015 airfoil at 20
m/s and 12◦ with and without actuation (experiment
by Pprime: lines with symbols; computations ENSOLV:
lines without symbols) Need permission to repro-
duce picture!

the pressure and the temperature increase rapidly inside
the PSJ cavity.
A full model of the PSJ actuator has been developed

(see 8). It contains physics insights (real gas effect, dis-
charge modelling, . . .) and provides information on the
gas in the cavity as well as in the plume. The model has
been split into two coupled sub-models. The first one
deals with the energy deposition through electric arcing
in the vicinity of the electrodes in absence of the cav-
ity. It describes the plasma formation between both elec-
trodes in an axisymmetrical configuration. This model
is coupled to the RLC circuit equations describing the
electrical supply by the external generator. The second
sub-model focuses on the flow heating into the cavity and
the working of the actuator. It uses the energy distribu-
tion computed by the first sub-model as source term and
calculate the resulting effects on the actuator. It pro-
vides the flow mass rate, momentum and energy at the
PSJ’s exhaust versus time[9].

3.2 Coupling with CFD

The density, momentum, and temperature are computed
by the PSJ modelling at the orifice during one cycle and
serve as input for a 3D CFD simulation. Therefore,
the plasma synthetic jet is represented as a dynamical
boundary condition located at the orifice aperture.
The simulation of the PSJ working is performed using

first the non confined arc modelling. An energy source
distribution term is computed and introduced as input
in the PSJ solver. Because of the cavity’s geometry, its
cooling is only possible through convective heat trans-

ERCOFTAC Bulletin 94 31



(a) Streamribbons coloured with x-component of vor-
ticity

(b) Pressure coefficient averaged in span

Figure 5: NACA0012 with counter-forcing plasma vortex
generators (velocity 6.5 m/s, angle of attack 8◦, compu-
tation ENSOLV)

(a) Experiment: Baseline (b) Experiment: Actuation

(c) Computation: Baseline (d) Computation: Actuation

Figure 6: Velocity magnitude in plane between ac-
tuators for NACA0015 with counter-forcing PVG (20
m/s, 12◦) (experiment of Nottingham; computation EN-
SOLV) Need permission to reproduce picture!

fers at walls (heat transfer at electrodes is neglected). A
thermal flux has been prescribed on the wall PSJ. At this
point, the arc discharge is not delivering power anymore
and the fluid behaviour is only governed by pressure and
thermal gradients. This energy deposition generates an

Figure 7: Lift versus drag polar for NACA0015 without
actuator and with co-forcing (Co) and counter-forcing
(Ctr) PVG actuators (20 m/s, computation ENSOLV)

Figure 8: Scheme of the PSJ modelling

over pressure inside the cavity (in order of 0.4 bar) which
forces the flow at high velocity outside the cavity. This
creates velocities inside the core of the jet as high as
700 m/s, although the tip of the jet moves much slower
(around 160 m/s) between 0.5 and 1 cm outside the neck
of the cavity (this value corresponds to the measurements
for a low frequency actuator). The high velocity jet and
the temperature of the flow are shown in 9.

3.3 Results

The interaction between the incompressible flow over a
flat plate and a plasma synthetic jet has been considered.
The free-stream velocity is 40 m/s, the length of the flat
plate is 400 mm and the resulting Reynolds number is
1.095 · 106. The jet is located at the centre of the flat
plate at a distance of 250 mm from the inlet and has a
circular shape with a diameter of the orifice of 1 mm.
A computational mesh of about 3.5 ·106 cells has been

generated. As prescribed in the experiments the tran-
sition has been imposed at a distance of 50 mm. from
the inlet. The TNT k–ω turbulence model has been em-
ployed. An URANS simulation by the CIRA UZEN code
has been performed. The time period of the PSJ has
been divided in 720 steps, which means that the compu-
tation has been advanced in time with a non-dimensional
time step of 4.17 · 10−5.
An anti-clockwise rotating vortex is formed as the re-

sult of the interaction between the main flow and the
plasma synthetic jet. A comparison between numerical
and experimental data is shown in 10. The stream-wise
velocity field at the plane x = 270 mm is presented. The
agreement for the velocity field is acceptable and also the
position of the vortex is reasonable. The evolution of the
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(a) Velocity

(b) Temperature

Figure 9: Velocity field and temperature distribution at
t = 39µs

vortex in the stream-wise direction, as noted in the nu-
merical simulations, is to move away from the wall as the
distance from the PSJ increases.
The numerical simulation has returned an anti-

clockwise rotating vortex as in the experiments. The
dynamics of the vortex, mainly the movement towards
the wall observed in the experiments, has not been repro-
duced correctly. Likely the artificial viscosity employed
in the adopted numerical method has prevented the pres-
ence of the vortex close to the wall. On the other hand,
the boundary condition developed to simulate a plasma
synthetic jet should be applied to less CPU-expensive
test cases in order to check if the momentum of the PSJ
is correctly transferred to the flow.

4 Conclusions

For DBD actuators, a first-principle model has been cou-
pled with CFD through a time-averaged body force. The
validation of this modelling approach has been defini-
tively achieved in a quiescent gas or in a flow past a
flat plate. The results obtained show a good estimation
of the total body force and of the flow velocity in sim-
ple configurations. Nevertheless, some discrepancy have
been noticed in a NACA0015 airfoil simulation. The

(a) Numerical
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Figure 10: Velocity field generated by plasma synthetic
jet at 270 mm downstream of actuator (colours indicate
streamwise component [m/s]; computation UZEN)

DBD modelling has been applied to the simulation of
plasma vortex generators (actuators working in spanwise
direction), showing qualitatively similar results as in the
experiments.
For PSJ actuators, a full model of the actuator

has been coupled with CFD through a time-dependent
boundary condition at the orifice. The 3D simulation of
the PSJ actuator placed in a flat plate using this mod-
elling approach has been done and shows the develop-
ment of a vortex, as expected based on the experiment.
Other simulations requiring advanced CFD modelling
will be useful to improve these preliminaries results.
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Abstract

This paper presents a part of the works conducted
in the Plasmaero European project (task 3.1), where
the trailing-edge flow separation of a NACA 0015 air-
foil has been controlled using four different dielectric-
barrierdischarge (DBD) actuator types at three institu-
tions across Europe. The results show that it is possible
to enhance the aerodynamic performance of aircraft at
speeds up to 40 m/s. Dielectric-barrier-discharge vortex
generators (DBD VGs) have been used to create stream-
wise vortices that entrain the high-speed fluid from out-
side the boundary layer into the separated region causing
flow reattachment. The DBD VGs have shown the abil-
ity of flow separation control by reducing the drag of the
NACA 0015 airfoil up to 45%. Singledielectric- barrier-
discharge (SDBD) and multi-dielectricbarrier- discharge
(MDBD) plasma actuators have been used to re-energize
the separated region by introducing high streamwise ve-
locity close to the wall. The novel MDBD actuators cre-
ate an induced velocity above 10 m/s. This significant
improvement in actuator authority has yielded flow sepa-
ration control at a Reynolds number of Rec = 1.33×10

6,
where a drag reduction of 10% was observed.

1 Introduction

Dielectric-barrier-discharge (DBD) plasma actuators are
unique. They are completely electrical devices that are
fast acting, cheap to manufacture and can be retrofitted
to existing airframes. Their design is simple requiring
an upper and lower electrode separated by a thin di-
electric layer. The plasma actuators induce a jet flow
providing the ability to manipulate the airflow around
aerodynamic bodies. For these reasons there has been
enormous interest over the past decade in the use of
DBD actuators for flow control in the aerospace industry
[1, 2]. Trailing-edge flow separation is usually turbulent
and highly three-dimensional. Therefore, the separating
region is dynamic and moves in both space and time.
This makes the control of trailing-edge flow separation
challenging with well-established flow control techniques
involving the stimulation of shear-layer instabilities [3]
not readily applicable. The objective of this research
investigation is to control the trailing-edge flow sepa-
ration of a NACA 0015 airfoil at flow speeds up to 40
m/s. This has been achieved using four different types of
DBD plasma actuators. The first DBD actuator type is
DBD VGs, which create streamwise vortices, like vane-
type vortex generators [4]. This is an old flow control

concept which has found many applications in industry
since streamwise vortices have remarkable organisation
and longevity [5]. Here, the DBD actuators are oriented
to produce a body force in the spanwise direction. This
generates the roll up of fluid into a coherent streamwise
vortex. The streamwise vortex increases mixing between
the boundary layer and the free-stream to re-energize
the near-wall region with fluid from outside the bound-
ary layer. Consequently, these actuators can be effective
over long streamwise distances so are particularly suited
to applications requiring trailing-edge separation control.
The second, third and fourth actuator types are SDBD
and two types of MDBDs, respectively. The SDBD ac-
tuator has been studied extensively: see Moreau [1] and
Corke et al [2]. The MDBD actuators consist of multi-
ple SDBDs and allow accumulation of induced velocity
above 10 m/s. The SDBDs and MDBDs are orientated
to produce a body force in the streamwise direction. This
introduces high streamwise velocity close to the wall and
re-energizes the separated region. All of these types of
actuators were developed as part of Plasmaero task 1.1.

2 Experimental Set-up

Experiments using DBD VGs, SDBD and MDBD plasma
actuators have been conducted on a NACA 0015 air-
foil with a chord of c = 500 mm and span of 1.2 m at
the high-speed test facility at the Université de Poitiers.
Experiments are performed at a free-stream velocity of
U0 = 20m/s to U0 = 40m/s, providing a Reynolds
number based on chord length of Rec = 0.67−1.33×10

6.
A boundary-layer trip consisting of Carborundum fixes
the transition point over the airfoil and ensures a fully
developed turbulent boundary layer before the onset
of plasma actuation. This guarantees that the control
mechanism with the plasma actuators is not the tripping
of the flow into a turbulent regime. A schematic repre-
sentation of the DBD VGs is shown in figure 1. The
DBD VGs consist of upper and lower electrodes sepa-
rated by 0.76 mm thick Cirlex dielectric in a symmetric
arrangement, figure 1 (a). The DBD VGs contain 12
upper electrodes separated by a spanwise wavelength of
λ = 45 mm. The active length of each DBD is L = 40
mm. The DBD VGs are orientated in the streamwise
direction and produce spanwise forcing, figure 1 (b). A
schematic representation of the SDBD and MDBD ac-
tuators are shown in figure 2 (a) and figure 2 (b), re-
spectively. The SDBD actuator consists of an upper and
lower electrode separated by 4 mm thick PMMA dielec-
tric in an asymmetric arrangement. The MDBD actua-
tor consists of three SDBDs with alternating high voltage
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a)

b)

Figure 1: Schematic representation of DBD VGs (a) side
view and (b) plan view

a)

b)

Figure 2: Schematic representation of (a) SDBD actua-
tor and (b) MDBD actuator

and grounded upper electrodes to prevent the formation
of plasma upstream of the activated upper electrode [6].
The SDBD and MDBD actuators are orientated in the
spanwise direction and produce streamwise forcing.

The DBD VGs, SDBD and MDBD actuators are op-
erated with an applied voltage of E = 35 kVp−p, E = 56
kVp−p and E = 48 kVp−p, respectively. Each actuator is
driven with a sinusoidal waveform at f = 1 kHz with
100% duty. The DBD VGs require 0.47 W/cm and pro-
duce an induced velocity of 3.5 m/s. The SDBD actua-
tor requires 2.5 W/cm and produces an induced velocity
of 6 m/s, and the MDBD requires 3.5 W/cm and pro-
duces an induced velocity of 7.5 m/s. The DBD VGs
are flush mounted over the upper surface of the NACA
0015 airfoil. The DBD begins at x/c = 68% and ends at
x/c = 76%. The SDBD actuator and the first DBD in the
MDBD plasma actuator are located at x/c = 60%. Mea-
surements are obtained with a high-resolution 2D PIV
system. This consists of a 2048 x 2048 pixel Pulnix/Jai
RM-4200 CL camera and a 250 mJ/pulse Big Sky Laser.
Data are acquired at 5-7 Hz (depending on the camera
buffer), with 500 image pairs taken both with and with-
out control. The time delay between image pairs varies
from 30 - 120 µs depending on the flow speed. Data pro-
cessing is performed using Dantec Dynamic Studio with
a 16 x 16 pixel interrogation area providing a spatial res-
olution of 1.41 mm.
Further tests using DBD VGs have been conducted on

a NACA 0015 airfoil with a chord of c = 300 mm and
span of 800 mm at the University of Nottingham. The
DBD VGs are flush mounted over the upper surface of
the NACA 0015 airfoil and positioned so that the DBD
begins at x/c = 30% and ends at x/c = 63%. Hence, the
active length of the DBD is L = 100 mm. Experiments
are performed at a free-stream velocity of U0 = 8 m/s,
providing a Reynolds number based on chord length of
Rec = 0.16 × 10

6. The transition point of the airfoil is

Figure 3: Schematic side view of the MDBD actuator
with floating inter-electrode

fixed by a boundary-layer trip, which consists of a stain-
less steel tube that is 1.5 mm in diameter. This provides
a Reynolds number based on step height of Reh = 800.
The trip is placed at x/c = 8% and effectively trips the
boundary layer into a turbulent regime. It should be
noted that surface flow visualisations performed without
a boundary-layer trip show a transition line located at
x/c ≈ 8% for angles of attack exhibiting trailing edge
separation, 13

◦ < α < 14.3◦. Therefore, there is a fully
developed turbulent boundary layer before the onset of
plasma actuation, with or without a boundary-layer trip.
The DBD VGs are operated with an applied voltage of
E = 7 kVp−p at f = 35 kHz with a sinusoidal waveform.
The DBD VGs are fabricated with 0.23 mm thick Cirlex
dielectric, figure 1 (a) and are operated with 100% duty
cycle. They require 1.1 W/cm and produce an induced
velocity of 2.5 m/s.
A time-resolved 2D PIV system is used to measure

the flow velocities. This consists of a Litron LDY302-
PIV 100 W Nd:YLF laser and a Vision Research Phan-
tom V12.1 high-speed camera. Olive oil with a nominal
diameter of 1 µm is used to seed the flow. Data are
acquired at 500 Hz with the time delay between image
pairs being 250 µs. In total, 500 image pairs are taken
both with and without control. Data processing is per-
formed using Dantec Dynamic Studio with a 32×32 pixel
interrogation area with 50% overlap providing a spatial
resolution of 3.4 mm.

Experiments using a MDBD actuator [7] with float-
ing inter-electrodes (figure 3) have been conducted on
a NACA 0015 airfoil with a chord of c = 200 mm and
span of 595 mm at the Polish Academy of Sciences. The
MDBD actuator is operated with an applied voltage of E
= 15 kVp−p at f = 1.5 kHz with a sinusoidal waveform.
The MDBD actuator is operated with 100% duty cycle
and requires 0.3 W/cm to produce an induced velocity
of 6 m/s. The MDBD actuator is fabricated from 3 lay-
ers of 45 Îĳm thick Kapton dielectric. The upper and
lower electrodes are 50 µm thick copper tapes that are
500 mm in length. The floating and sawtooth grounded
electrodes are exposed to the airflow and are partially
insulated with Kapton tape: see figure 3. The MDBD
actuator is flush mounted on the upper surface of the
NACA 0015 airfoil with the first DBD in the MDBD
plasma actuator located at x/c = 52%. The experi-
ments are conducted with the absence of a boundary-
layer trip and the freestream velocity is U0 = 10 m/s,
providing a Reynolds number based on chord length of
Rec = 0.13×10

6. Measurements are obtained with a 2D
PIV system, which consists of a double Nd:YAG Quan-
tel Big Sky Laser, a cylindrical telescope optic to create
a laser sheet, a 1600 × 1186 pixel CCD FlowSense M2
camera and a dedicated PC. Cigarette smoke is used to
seed the flow. Data are acquired at 15 Hz with the time
delay between image pairs being 30 µs. In total, 150
image pairs are taken both with and without control.
Data processing is performed using Dantec Flow Man-
ager with a 32 × 16 pixel interrogation area with 25%
overlap providing a spatial resolution of 1.7 × 0.8 mm.
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a)

b)

Figure 4: Time-averaged velocity magnitude around a
NACA 0015 airfoil at Rec = 0.13 × 10

6 and α = 14
◦.

Showing (a) without control and (b) control with a
MDBD actuator with inter-floating electrodes

3 Results

The trailing edge separation of a NACA 0015 airfoil has
been controlled with four different DBD plasma actua-
tors. Test speeds have ranged from 8 m/s to 40 m/s,
providing a range in Reynolds number of Rec = 0.13 −

1.33 × 10
6.

3.1 Control at Rec = 0.13 − 0.16 × 10
6

Experiments using a MDBD actuator with floating
interelectrodes (figure 3) have been conducted at
Rec = 0.13 × 10

6. The time-averaged velocity mag-
nitude without control at α = 14

◦ is shown in fig-
ure 4 (a). The recirculation zone extends over 50% of
the chord and is clearly visible by the circling arrows
of U- and V- components of velocity. On application of
the MDBD actuator, figure 4 (b), the recirculation zone
is pushed far downstream, covering the last 10% of the
chord. This reduces the drag of the NACA 0015 air-
foil and increases its lift, improving aerodynamic perfor-
mance. The MDBD actuator induces a streamwise veloc-
ity of 6 m/s, providing a streamwise to free-stream veloc-
ity ratio of U/U0 = 60%. The high streamwise velocity
re-energizes the separated region causing the reduction
in size of the recirculation zone. Experiments using DBD
VGs have been conducted at Rec = 0.16 × 10

6. An im-
portant parameter of the DBD VGs is the spanwise to
free-stream velocity ratio, W/U0. The spanwise velocity
induced by a single counterrotating DBD VG in quies-
cent air is W = ± 2.5m/s. Therefore, the spanwise to
free-stream velocity ratio is W/U0 = 31%. We have pre-
viously shown that the DBD VGs generate streamwise
vortices [8]. The streamwise vortices entrain the high-
speed fluid from outside the boundary layer into the sep-
arated region causing flow reattachment. The effect of
the DBD VGs on the trailing edge separation of a NACA
0015 airfoil is shown in figure 5. The data presented
is taken at the centre of the upper electrode where max-
imum downwash is expected: see figure 1. The trailing
edge separation begins at α ≈ 13

◦ and moves upstream
as the angle of attack increases. At α = 14.2◦, fig-
ure 5 (a), the separated region covers 45% of the chord.

a)

b)

Figure 5: Time-averaged streamwise velocity around a
NACA 0015 airfoil at Rec = 0.16×10

6 and α = 14.2◦.
Showing (a) without control and (b) DBD VG control.
The magenta line indicates the location of the plasma
actuators

Figure 6: Wake profiles measured at x/c = 2 with and
without DBD VGs at Rec = 0.16×10

6 and α = 13.4◦.

The separated region has a clear recirculation zone, il-
lustrated by time-averaged streamwise velocity and ar-
rows of U- and V-components of velocity. As the DBD
VGs are operated, figure 5 (b), the recirculation zone is
pushed downstream to x/c = 65% by the entrainment
of high-speed fluid from the streamwise vortices. The
streamwise vortices created by the DBD VGs introduce
a highly three-dimensional flow field. Yet, remarkably,
PIV data obtained at several spanwise locations across
the wavelength of the DBD VGs show similar results.
Although it is not shown here for brevity, it is interest-
ing to note that the recirculation zone for α < 13.6◦ can
be completely removed by the DBD VGs allowing the
flow over the airfoil to become fully reattached. In addi-
tion, at α = 15.2◦, the recirculation zone encompasses
70% of the chord, extending to x/c = 30%, which is the
location of the onset of plasma actuation with the DBD
VGs. Remarkably, we have found that even at this con-
dition, the DBD VG can push the recirculation zone to
x/c = 50%. Increasing the angle of attack to α = 15.3◦

causes the trailing edge separation to snap to a leading
edge stall. Once the airfoil is stalled, the DBD VGs have
no effect on the separated region and therefore must be
applied upstream of separation.

To quantify the aerodynamic performance of the
DBD VGs on the NACA 0015, wake profiles are mea-
sured one chord downstream of the trailing edge. The
wake profiles at α = 13.4◦ are shown in figure 6. The
DBD VGs reduce the width of the wake, deflect the wake
downwards and slightly increase the streamwise velocity
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Figure 7: Drag coefficient per unit span with and without
DBD VGs at Rec = 0.16 × 10

6

a)

b)

Figure 8: Time-averaged (a) streamwise velocity and (b)
streamline patterns of the recirculation region without
control at Rec = 0.67 × 10

6 and α = 12
◦. The black

box in (a) indicates the area of the zoomed view in (b)

within the wake. The large change in the wake indicates
the significant improvement in aerodynamic performance
with DBD VG control. Integration of the wake profiles
allows the drag co-efficient per unit span to be quantified
and these results are shown in figure 7. With an angle of
attack of α > 12.8◦, the DBD VGs begin to have a pos-
itive effect on aerodynamic performance and cause the
drag co- efficient of the NACA 0015 to decrease by 45%
for α > 13.8◦. The drag coefficient for α > 14.8◦ is not
shown as the wake is greater than the field of view of the
PIV measurements.

3.2 Control at Rec = 0.67 × 10
6

Experiments using DBD VGs (figure 1), SDBD and
MDBD actuators (figure 2) have been conducted at the
Université de Poitiers at Rec = 0.67 × 10

6. Velocity
fields of the airflow around the NACA 0015 without con-
trol at an angle of attack of α = 12

◦ are presented in
figure 8. Time-averaged streamwise velocity is shown in
figure 8 (a) and demonstrates the separated region close
to the trailing edge of the airfoil. The white region rep-
resents negative streamwise velocity and illustrates the
presence of a recirculating zone, which is more clearly
highlighted by the time-averaged streamlines of a zoomed
view of the trailing edge shown in figure 8 (b).
The SDBD, MDBD and DBD VGs produce an induced

velocity of 6 m/s, 7.5 m/s and 3.5 m/s, respectively. The

a) b)

c) d)

Figure 9: Time-averaged streamwise velocity profiles at
(a) x/c = 80% and (b) x/c = 100% with SDBD and
MDBD actuators and at (c) x/c = 80% and (d) x/c =
100% with DBD VGs at Rec = 0.67×10

6 and α = 12
◦

SDBD and MDBD actuators are aligned along the span
of the airfoil and produce streamwise forcing, whereas
the DBD VGs are aligned along the chord of the airfoil
and produce spanwise forcing. Therefore, the SDBD and
MDBD actuators produce a streamwise to free-stream
velocity ratio of U/U0 = 30% and U/U0 = 37.5%, re-
spectively and the DBD VGs produce a spanwise to free-
stream velocity ratio of W/U0 = 17.5%.
Time-averaged streamwise velocity profiles at x/c =

80% and x/c = 100% are shown in figure 9 at an angle
of attack of α = 12

◦. The SDBD and MDBD actuators
add streamwise momentum to the boundary layer. This
increases the velocity close to the wall, figure 9 (a), and
removes the recirculation region at the trailing edge of
the airfoil, figure 9 (b). On the other hand, the stream-
wise vortices generated by the DBD VGs entrain high
momentum fluid from outside the boundary layer into
the recirculation region: see figure 9 (c) and figure 9 (d).
As shown in these results, all types of DBD actuators
are very effective in re-energising the separated boundary
layer at this Reynolds number. The MDBD actuator
produces greater actuator authority and is more effec-
tive than the SDBD actuator at controlling the trailing
edge separation. This is illustrated in figure 10, where
the vortices detected in the separated region using the
G1 criterion [9] are superimposed onto a background of
time-averaged wallnormal velocity. The number of vor-
tices detected in the separated region with MDBD ac-
tuation, figure 10 (a), is reduced by more than a factor
a ten when compared with uncontrolled flow, figure 10
(b). To quantify the aerodynamic performance of the
SDBD, MDBD and DBD VGs at Rec = 0.67imes10

6,
wake profiles have been measured at x/c = 1.2. The
wake profiles with the SDBD and MDBD actuators are
shown in figure 11 (a) and the wake profiles for DBD
VGs are shown in figure 11 (b). The baseline data sets
show discrepancy and are a measure of the repeatabil-
ity over the experimental campaign. The wake profiles
with DBD control are reduced in width and are deflected
downwards, indicating that lift increased with all actua-
tor types. The velocity defects within the wake region are
reduced by approximately 10% and 22% with the SDBD
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a)

b)

Figure 10: Location of vortices superimposed on timeav-
eraged wall-normal velocity with (a) MDBD actuation
and (b) without control at Rec = 0.67 × 10

6 and
α = 12

◦

and MDBD actuators, respectively, leading to a drag re-
duction of 8.3% and 18.5%. The data for the DBD VGs
indicates that drag is reduced by 6% up to an angle of
attack of α = 13

◦ with only 50% of the induced plasma
velocity used by the SDBD and MDBD actuators.

3.3 Control at Rec = 1.33 × 10
6

To demonstrate the effectiveness of the plasma actua-
tors at higher Reynolds number, the MDBD actuator
and DBD VGs are tested at Rec = 1.33 × 10

6. Here,
the actuator authority is U/U0 = 18.8% for the MDBD
actuator and is only W/U0 = 8.8% for the DBD VGs Re-
markably, with reduced actuator authority, the MDBD
actuator fully reattaches the flow at an angle of attack
of α = 12

◦ and results in a drag reduction of 9.8%.
Although marginal, the DBD VGs also showed a re-
duction and downward deflection of the wake at this
Reynolds number.
It is interesting to note that the actuator authority

with the DBD VGs at Rec = 0.67 × 10
6 is simi-

lar to the actuator authority of the MDBD actuator at
Rec = 1.33 × 10

6. At these Reynolds numbers both
actuator types have shown comparable improvements in
aerodynamic performance. As we may expect, flow sep-
aration control decreases with increasing Reynolds num-
ber, mainly due to reduced actuator authority. How-
ever, for the DBD VGs there are other important factors
that must be considered. The location and coverage of
the plasma actuators is critically important for effective
control of flow separation. This is particularly important
for the DBD VGs since it takes some distance before the
streamwise vortices are developed. The DBD VGs were
placed between x/c = 68% to 76% of the NACA 0015
airfoil in the experiments conducted at the Université
de Poitiers, which was probably too close to the trail-
ing edge. For the experiments conducted at the Univer-
sity of Nottingham, the DBD VGs were moved closer to
the leading edge to cover the airfoil between x/c = 30%
to 63%. The movement of the plasma actuators further
downstream and the reduced coverage along the chord of
the airfoil during the higher Reynolds number tests may
have resulted in the development of relatively weaker
streamwise vortices and could have contributed to lower

a)

b)

Figure 11: Wake profiles measured at x/c = 1.2 with
(a) SDBD and MDBD actuators and (b) DBD VGs at
Rec = 0.67 × 10

6 and α = 12
◦

flow separation control observed at higher test speeds.
What is clear is that the results at higher Reynolds num-
ber are very promising. We have demonstrated that
plasma actuators are capable of controlling the trailing
edge separation of an airfoil at flow speeds typical for the
landing and take-off phases of realistic flight envelopes.

4 Conclusions

The trailing edge separation of a NACA 0015 airfoil has
been controlled by four different types of DBD plasma
actuators, which were developed as part of Plasmaero
task 1.1. Experiments have been conducted over a speed
range of 8 m/s to 40 m/s, providing a range in Reynolds
number of Rec = 0.13 − 1.33 × 10

6. The DBD VGs cre-
ate streamwise vortices that entrain the high-speed fluid
from outside the boundary layer into the separated re-
gion causing flow reattachment. At an angle of attack of
α > 13.8◦ and Reynolds number of Rec = 0.16×10

6, the
DBD VGs have shown the ability of flow separation con-
trol by reducing the drag of the NACA 0015 by 45%. The
level of flow separation control reduces as the Reynolds
number increases due to actuator authority, location of
the DBD VGs and the active length of the DBD. The
SDBD and MDBD actuators re-energize the separated
region by introducing high streamwise velocity close to
the wall. The novel MDBD actuators create an induced
velocity above 10 m/s. The increased actuator authority
has yielded flow separation control at Rec = 1.33 × 10

6.
These results clearly demonstrate that it is possible to
control the trailing edge separation of an airfoil up to 40
m/s, a speed found in a typical flight envelope of com-
mercial aircraft.
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Abstract

This paper presents experimental investigations dealing
with mid-chord separation control on a NACA0015 air-
foil using two different kinds of plasma actuators: Plasma
Synthetic Jets and Dielectric Barrier Discharges. The
ability of both actuators to delay this kind of massive
separation has been assessed for a realistic chord based
Reynolds number of Rec = 1.3× 106. In most cases, the
separation point has been delayed towards the trailing
edge and the recirculation zone has been reduced. This
work has been conducted in the frame of the PlasmAero
project funded by European Commission.

1 Introduction

Plasma actuators for flow control applications have been
studied for more than a decade now. Basically, these
actuators can be sorted in two groups depending on the
kind of plasma which is generated: non-thermal plasma
or thermal plasma. Non-thermal plasma actuators, like
Dielectric Barrier Discharge (DBD), are based on the
generation of a non-equilibrium surface discharge which
induces a body force parallel to the wall inside the bound-
ary layer. This kind of actuators has been widely charac-
terized in quiescent air for different ambient conditions.
Moreover, many investigations have shown their ability
to control airflows around different kind of bodies: flat
plates, cylinders, airfoils. Most of these studies are re-
ported in detailed reviews [1, 2]. Thermal plasma ac-
tuators are based on the generation of an equilibrium
discharge in order to locally increase the pressure and
the temperature of the surrounding gas. For example,
Plasma Synthetic Jets (PSJ) actuators are generating a
spark discharge inside a small cavity having a pin-hole
exit at the wall. The pressure increase inside this cavity
induces a wall-normal jet which acts on the boundary
layer as a vortex generator. These actuators have been
found to generate wall-normal jets with velocities up to
250 m/s at the exit. Moreover, they have shown promis-
ing results in controlling several academic aerodynamic
configurations just like compressible jets or incompress-
ible separated boundary layers [3, 4]. The originality
of the present paper lies in the fact that both kinds of
plasma actuators have been used in order to control a
specific aerodynamic configuration: PSJ and DBD actu-
ators have been mounted on a NACA0015 model in order
to assess their ability to control midchord separation at
a realistic chord based Reynolds number.

This work has been performed in the framework of
the PlasmAero project funded by the European Com-
mission. One of the main objectives of this project is
to study different kinds of plasma actuators and to as-

Figure 1: Top view of the model equipped with the PSJ
insert

sess their ability to control airflows in order to reduce
environmental impact of air transport.

2 Experimental setup

The present experiment has been conducted in the "Bé-
ton" subsonic closed wind tunnel at the University of
Poitiers. This facility operates at ambient conditions and
has a large test section which is 2.4 m-high and 2.6 m-
wide. A two-dimensional model with a NACA0015 pro-
file is mounted horizontally in the test section between
two end-plates which are 2.4 m-high and 5 m-long in the
streamwise direction. This model has a chord and span
lengths of c = 0.5 mm and L = 1.2 m respectively and
includes specific inserts on the suction side. Transition of
boundary layer is tripped on both sides of the airfoil with
a 205 µm-high zig-zag tape that prevents any uncon-
trolled effect such as laminar separation bubble for ex-
ample. Angle of attack has been varied between α = 11◦

and α = 13◦ and the free-stream velocity adjusted to
a constant value of U∞ = 40 m/s (which gives a chord
based Reynolds number of Rec = 1.3 × 106). In these
conditions, separation of boundary layer naturally occurs
on the suction side at about x/c = 0.5. Time-averaged
PIV measurements have been undertaken in order to ac-
cess the whole velocity field on the suction side of the
airfoil. Velocity measurements have been performed in
two overlapping planes using two high-resolution CCD
cameras (Pulnix, RM-4200CL, 2048 × 2048). Two dif-
ferent inserts, adapted for each sort of plasma actuators,
have been realized. The first insert, illustrated in Fig-
ure 1, has been equipped with 16 PSJ located on a line
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a)

b)

Figure 2: Schematic of the DBD actuators (a) and their
locations on the suction side of the airfoil (b)

at x/c = 0.32. The spacing between each actuator is 21
mm. All PSJ generate in phase synthetic high-velocity
jets which act on the boundary layer as vortex genera-
tors. The direction of ejection is not normal to the wall:
pitch and skew angles are αP SJ = 30◦ and βP SJ = 60◦

respectively. The basic principle and mechanical charac-
terization of PSJ actuators used in this experiment have
been well described in previous studies [3, 4].

A second insert in resin has been equipped with a
multi- DBD actuator. As illustrated in Figure 2, three
successive single DBD that can operate separately or si-
multaneously are mounted at 18%, 27% and 36% of the
chord length. Each single DBD (SDBD) is composed of
a 5 mm-wide air-exposed active electrode and a 20 mm-
wide encapsulated electrode placed below the dielectric
insert. The electrode gap and the dielectric thickness are
equal to 5 mm and 4 mm, respectively. The actuation
spanwise is equal to 57 cm, corresponding to about 50%
of the airfoil span. A sine waveform is applied to every
SBDB, with voltage amplitude ranging from 12 kV to 20
kV and frequency between 50 Hz and 1 kHz. In such
conditions, a streamwise body force is produced, result-
ing in a co-flow electric wind oriented toward the trailing
edge.

3 Baseline flow

For the baseline aerodynamic configuration, the angle of
attack is set to α = 11.5◦ and the free-stream velocity
to U∞ = 40 m/s, resulting in a chord-based Reynolds
number of Rec = 1.33 × 106. Figure 3a) shows the
timeaveraged velocity field of the baseline flow without
any control. It highlights the presence of a flow sepa-
ration that occurs at about mid-chord. In Figure 3b),
a Γ1 criterion [6] has been used to detect the centre of
the vortices induced by the flow around the profile. The
black crosses correspond to the vortices with a clockwise
rotation. They form usually at the separation location
and they are convected by the flow. As illustrated in
Figure 3b), the first vortices are located at about 30% of
chord, suggesting that the separation point moves versus
time, because the mean separation occurs at mid-chord.
The red stars represents the vortices with a counterclock-
wise rotation, due to the interaction with the flow in-
coming from the pressure side of the airfoil. Finally, in
order to determine accurately the mean separation posi-
tion, near-wall time-averaged velocity profiles have been
plotted at different locations around 50% of chord. (Fig-
ure 4). Downstream 50% of chord, the near-wall velocity

Figure 3: PIV results for the baseline configuration
(α = 11.5◦, U∞ = 40m/s): time-averaged field of the
horizontal normalized velocity component U/U0 (a) and
detection of vortices by a Γ1 criterion (b)

Figure 4: Near-wall velocity profiles at different loca-
tions, from 47% to 53% of chord

is negative, highlighting the presence of a recirculation
zone. From these profiles, one can deduce that the mean
separation point is located exactly at 51% of chord.

4 Control by PSJ actuators

This section is related to the experiment with the PSJ
actuators insert.

4.1 Effect of the PSJ operating
frequency

Figure 5 presents typical results of PIV measurements
over the airfoil fitted with the PSJ insert for α = 11.5◦

and U∞ = 40 m/s. The first plot (a) is related to the
baseline case without any control while the other plots
b) c) and d) are associated to the controlled cases with
PSJ pulsing at a frequency of 100 Hz, 250 Hz and 750 Hz
respectively. Without control, PIV measurements show
a mid-chord separation as presented in the previous test
section, generating a massive recirculation zone over the
suction side. The separation point seems to be located
a little more upstream in this case (x/c = 0.45) and this
could be explained by the fact that the flow is really
unstable in this specific aerodynamic configuration, as
discussed in section 3. Nevertheless, separation occurs
downstream of the actuators location. When PSJ are
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Figure 5: Time-averaged fields of horizontal velocity
component and streamtraces (α = 11.5◦, U∞ = 40m/s):
without control (a) then with PSJ pulsing at f=100 Hz
(b), at f=250 Hz (c) and at f=750 Hz (d)

Figure 6: Time-averaged fields of horizontal velocity
component and streamtraces (α = 12.5◦, U∞ = 40m/s):
without control (a) then with PSJ pulsing at f=750Hz
(b)

turned on, pulsing at a frequency of 100 Hz, the sepa-
ration point is drastically shifted downstream at x/c =
0.8 and the recirculation zone has been reduced but not
totally removed. Separation delay in this case is about
35% of chord. The following plots c) and d) show a clear
effect of the operating frequency of PSJ. The location
of separation point is progressively shifted downstream
when the frequency is increased. In the case where PSJ
are pulsing at a frequency of 750 Hz, the separation point
is very close to the trailing edge at x/c = 0.9 and the re-
circulation zone has almost completely disappeared. In-
creasing this frequency leads to an increase of the me-
chanical energy induced by the actuators, thus the effi-
ciency of the vortex generators is enhanced. A maximum
delay of 45% of chord is achieved with PSJ actuators in
this aerodynamic configuration.

4.2 Effect of separation point location

In order to study the effect of the separation point lo-
cation on the PSJ efficiency, a new aerodynamic con-
figuration has been tested. The angle of attack of the
model has been slightly increased to a value of α = 12.5◦

while the free-stream velocity is kept to the constant
value of U∞ = 40 m/s as in the previous experiment.
Figure 6 presents the PIV measurements for this aero-
dynamic configuration in the baseline case (a) and with
the PSJ pulsing at a frequency of f = 750 Hz. As ex-
pected, the separation point without control has been
moved upstream compared to the baseline configuration
with α = 11, 5◦ and is located to a value of x/c = 0.25
(upstream of the PSJ location).

When PSJ actuators are turned on at the operating
frequency of f = 750 Hz, the effect of the actuation is
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Figure 7: Velocity profiles at several x/c locations for the baseline and forced flow by the three different SDBD

Figure 8: Forced flow by the SDBD located at 18% of
chord and detection of vortices by a Γ1 criterion

hardly visible. This experiment demonstrates that the
location of the actuation compared to the separation
point location is a key parameter. PSJ actuators max-
imum efficiency is reached when the separation occurs
just downstream of the actuation line.

5 Control by DBD actuators

In this part, results concerning flow control by surface
DBD actuators are given.

5.1 Flow control by SDBD

The first investigations concerned flow control by SDBD.
Each SDBD is switched on individually in "steady" mode,
suggesting that the flow control strategy is only based
on streamwise momentum addition within the boundary
layer. The actuator is supplied by a sine waveform hav-
ing an ac frequency of 1 kHz and a voltage amplitude
maintained at 20 kV. The electrical power consumed by
one SDBD is equal to 0.75 Watt per spanwise centime-
tre and the electric wind velocity can be estimated to
about 4 m/s, corresponding to one tenth of U0. Figure 7
presents velocity profiles along the suction side, between
50 to 98% of chord, with and without actuation. First, it
highlights that the actuation results in a significant ve-
locity gain inside the boundary layer. Secondly, one can
remark that the SDBD located at 18% of chord is more
effective than the two others ones. Indeed, for this po-
sition, the actuator is always located upstream the flow
separation, when the two others ones are sometimes lo-
cated downstream the separation point due to the high
time-dependent behaviour of this point. As a result, the
SDBD located at 18% delays the separation up to 64%
of chord when it is shifted by only 6% when one of the
two others SDBD is used. Finally, Figure 8 presents the
vortex locations when the flow is forced with the SDBD
located at 18% of chord. It shows that the recirculation

zone has been slightly reduced, but the flow has not been
fully reattached.

5.2 Flow control by MDBD

In a second set of experiments, the three DBDs operate
simultaneously in order to cumulate the velocity induced
by every single DBD. Moreover, the interaction between
successive SDBD has been cancelled by alternating the
high voltage electrode and the grounded one, from one
DBD to the successive one, as explained in [5]. At 20
kV and 1 kHz, the electric power consumption is equal
to about 2.2 W/cm and the electric wind velocity can
be estimated to 6.5 m/s. When the voltage and the fre-
quency are reduced, the electric wind velocity decreases
(down to 3 m/s at 12 kV and 1 kHz for instance). The
main advantage of using this multi-DBD (MDBD) actu-
ator is that the actuation area is enlarged. The actuation
takes place from 18 to 36% of chord. Figure 9 presents
velocity profiles of the baseline flow and the forced flow
for several voltage values. First, it highlights that the
velocity gain increases with the applied voltage. Sec-
ondly, one can see that the MDBD is more effective than
the SDBD. In Figure 10, the location of the separation
point on the suction side is plotted versus the value of the
applied voltage. The operating frequency is set to a con-
stant value Fac = 1kHz. The dashed line represents the
location of separation point in the baseline case, without
any actuation. The plot clearly reveals that the separa-
tion point moves progressively toward the trailing edge
when the voltage is increased. In the best case, separa-
tion point is located at 76% of chord. Figure 11 shows
the flow field and the location of the vortices when the
separation is delayed at 76% of chord. The recirculation
region and the vortex number have been significantly re-
duced compared to the baseline flow (see Figure 3b).

Finally, the effect of an unsteady actuation has been
investigated and the results are plotted in Figure 12.
First, the operating frequency Fac has been varied from
50 Hz up to 1 kHz, corresponding to a reduced frequency
range of 0.3 < F +

sep < 6.13 (black curve with squares in
Figure 7). This reduced frequency is estimated with the
following equation: F +

sep = Lsep × Fac/U∞. Here, the
voltage amplitude is set to a constant value V= 20kV.
From this plot, one can deduce that the most effective
separation delay occurs for F +

sep = 3, with xsep/c = 80%.
However, the actuation is not effective for frequencies
close to F +

sep = 1, as sometimes reported in literature.
Secondly, the operating frequency has been set to a con-
stant value as well as the voltage amplitude (Fac = 1kHz,
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Figure 9: Velocity profiles at several x/c locations for the baseline flow and forced flow by the MDBD for different
voltage values

Figure 10: Position of the flow separation versus applied
high voltage

Figure 11: Forced flow by the MDBD and detection of
vortices by a Γ1 criterion

Figure 12: Position Xsep (in % of chord) of the separa-
tion versus reduced frequency F +

sep

V = 20kV) and this sine signal has been modulated by a
gate signal at a lower frequency Fburst. The duty cycle
is set to 50%, this resulting in electric wind fluctuations
with much larger amplitude and with frequencies scal-
ing with the frequency range of the natural free shear
layer forming from the separation point. Here the re-
duced frequency is estimated with the following equation
F +

sep = Lsep × Fburst/U∞. In all the cases, the actuation
can reduce the flow separation. A maximal separation
postpone is observed for burst actuation at F +

sep = 0.3
(Fburst = 50Hz).

6 Conclusion

In this study, two different kinds of plasma actuators,
with two different control strategies, have been used in
order to control a separation over a NACA0015 airfoil
for a realistic chord based Reynolds number of Rec =

1.3 × 106. Plasma Synthetic Jets and Dielectric Barrier
Discharge actuators have both shown very good results
in delaying a massive separation occurring at mid-chord.
PSJ actuators, which generate wall-normal jets, achieved
a maximum delay of 45% of chord at the highest oper-
ating frequency. The investigations about DBD actu-
ator underlined that Multi-DBD is more efficient than
Single-DBD thanks to an extended area of actuation and
stronger mechanical effect. Thus, a maximum delay of
30% of chord has been achieved using the MDBD actu-
ator with maximum voltage amplitude of 20kV. As this
amplitude value has been deliberately limited, better re-
sults could be expected with higher voltage amplitudes.
Finally, this study has shown that the location of the ac-
tuation compared to the separation point is a key param-
eter for both actuators. Maximum efficiency is reached
when the separation occurs just downstream of the ac-
tuation line.
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Abstract

In the framework of the PLASMAERO European
project, experiments were conducted to investigate the
authority of surface DBD plasma actuators to alter a
fully separated flow around an airfoil in order to improve
its aerodynamic performances in its natural stall regime.
In this paper, unsteady excitation control is more specif-
ically investigated. The key control parameter studied
here is the burst frequency which periodically imposes
switching on and off the actuator. Results show that it is
possible to perform a modification of the massively sepa-
rated flow by unsteady excitation near the leading-edge.
However, depending on the forcing frequency and the
post-stall regime, two different flow modification mech-
anisms can be observed leading to either the reduction
of the flow separation or the occurrence of a mean large
lifting vortex next to the suction side. In both cases, a
large lift increase is obtained.

1 Introduction

Active flow control technologies based on plasma actua-
tors present the potential to create flow field modifica-
tions without the need for mechanical parts and with the
ability for real-time control at high frequency. For these
reasons, they have received much attention in previous
years within research laboratories in aerodynamics and
in plasma physics. More recently, references [1-3] provide
an overview of the physics of surface DBD plasma actu-
ators and highlight some of their capabilities through
examples from experiments and simulations.
Results presented in this paper have been achieved in

the framework of the PLASMAERO European project
[4]. In order to demonstrate capabilities of typical sur-
face DBD plasma actuators to enhance airfoil aerody-
namic performances, different test cases were studied. In
this paper are reported results focusing on lift enhance-
ment in a deep post-stall configuration. Post-stall flow
control may be very useful to enlarge the range of angles
of attack for large wings, more practically, in landing of
aircraft and manoeuvring flight. According to the stall
regime configuration to be controlled, different kinds of
flow modification mechanisms can be effectively observed
depending on the operating electrical parameters used to
supply plasma actuators. In studies of flow separation
control, the actuators are generally implemented at, or
near, lines of separation in order that the formation of
the shear layer emitted may be modified. A large range

of effective forcing frequencies are reported in the liter-
ature via numerical and experimental studies. The goal
of the most investigations is to largely reduce the size
of the massive separation bubble in order to increase
lift and reduce drag [5-11]. However, for certain post-
stall regimes, Wu et al [12] argues it is reasonable to
assume that shear layer convective instabilities and far
wake global instability interact according to a nonlinear
process and then a large lifting vortex is formed lead-
ing to a large increase in lift. For that, the control is
performed near the leading-edge by periodic excitation
scaled on the wake flow instability [12-16]. In this paper,
unsteady excitation control is therefore more specifically
addressed. The key control parameter studied here is the
burst frequency which periodically imposes switching on
and off the actuator. A single DBD and a multi-DBD ac-
tuator with additional floating interelectrodes, located at
the vicinity of the leading edge of an NACA0012 airfoil,
were tested for Reynolds numbers based on the airfoil
chord length varying up to 8 × 105. Aerodynamic force
measurements, Particle Imaging Velocimetry and Hot-
Wire Anemometry measurements have been performed
to quantify the control benefits and to characterize the
uncontrolled and controlled flow.

2 Experimental set-up

2.1 Airfoil model and actuators

Experiments were carried out in the close return wind
tunnel at the University of Orléans. The testing part of
the tunnel is 5 m long with a cross-section of 2 m × 2 m.
The operating speed varies from 10 m.s−1 to 60 m.s−1

with a turbulence level of the airflow below 0.4%. A Plex-
iglas window was mounted on one side for measurements
using optics and lasers. The wing used in this study had
a NACA 0012 profile with the chord dimension of C =
0.3 m and the span-wise length of L = 1.1 m. It was
suspended between two large flat plates ensuring a 2D
flow configuration. Both plates were linked to a 6 com-
ponent platform balance (located under the test section)
used for time-averaged aerodynamic load measurements.
The actuator consisted of a copper electrodes flush

mounted with an asymmetric disposition on both sides of
a dielectric panel constituted by four layers of Kapton R©

tape (Fig. 1). A single and a multi-DBD actuator (see
Figure 2 and references [17,18] ) with saw-like grounded
electrodes and floating inter-electrodes were used. Both
actuators were operated to obtain a discharge contour-
ing the airfoil leading edge over 90% of the span. The
first plasma discharge started at x/C = 0 (x -position in
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a)

b)

Figure 1: Schematic side view of the single DBD (a)
and the multi-DBD (b) actuators mounted on the NACA
0012 airfoil model. (x, z: chord and vertical directions
respectively)

Figure 2: Lift versus incidence in NBL and TBL

chord direction). Discharges were obtained by applying
a sinusoidal signal simultaneously to insulated electrodes
(on the bottom of the main dielectric for the multi-DBD
actuator) with a high voltage amplitude of 8 kV and
a frequency of 1 or 2 kHz. With these electrical oper-
ating parameters, the thin wall jet is continuously ac-
celerated along the successive discharges with the multi-
DBDs. The flow produced tangentially to the model sur-
face in the freestream direction has a mean velocity of
about 8 m.s−1 (without external flow) [17]. The electric
power dissipated by the discharges was 15 W per meter
for a single DBD. The actuator was operated in steady
or unsteady actuation mode. In unsteady actuation, the
main control parameter investigated in this study was
the burst frequency which periodically imposes switch-
ing on and off the actuator. The duty cycle was fixed to
50%.

2.2 Measurement systems

Mean load measurements were performed by the aero-
dynamic balance, which was carefully calibrated. Lift
and drag coefficient uncertainties were estimated to be
less than 2%. Mean velocity fields around the airfoil
were studied from 2D-PIV measurements to analyze flow
separation features in the symmetry longitudinal plane.
PIV system consisted of a double pulsed Nd:YAG laser
emitting pulses of 200 mJ each. The laser light sheet

was placed parallel to the streamwise direction at the
median plane. Images were acquired with one or two
TSI Power View Plus 2048 × 2048 pixels cameras fitted
with a 105 mm lens. With two cameras, the image size
was 431 mm × 248 mm and it covers the whole separa-
tion region around the airfoil. The seeding consisted of
submicrosized olive oil droplets sprayed by a PIVTEC
seeding system (around 1 mm in diameter). Data pro-
cessing to compute instantaneous and time averaged flow
velocity fields was made using Insight software. For this
configuration 1000 image pairs were recorded to ensure
good statistics.
Measurements of temporal flow velocities were made

using two single hot-wire probes (Dantec Dynamics,
55P11). The two hot-wire signals were simultane-
ously processed and recorded via the Dantec Constant-
Temperature-Anemometer (Streamline 90N10 Frame).
One single hot wire probe was mounted on the moving
3-axis traversing system installed above the test section
and was used to perform velocity measurements in the
vicinity of the shear layer. The other one was mounted
on a system fixed on the floor of the test section near the
wake at one chord length downstream the trailing edge.
Each velocity measurement consisted of the average of
524288 samples. The acquisition frequency was set to
6 kHz and signals were low-pass filtered at 3 kHz. The
sampling rate is high enough to use temporal flow veloc-
ity series to calculate Power Spectra Density (PSD) of
the fluctuating streamwise velocity.

3 Results

3.1 Natural and non-controlled flow

As the incidence increases beyond the static stall in-
cidence, fully separated flow develops causing a high
lift drop as shown in Figure 2 for a Reynolds num-
ber of 4 × 105. Because of possible Reynolds effects in
these aerodynamic test conditions, the post-stall sepa-
rated flow over the airfoil was studied in natural bound-
ary layer (NBL) and artificially tripped boundary layer
(TBL) in order to observe differences in actuator au-
thority. At 20◦ of incidence, in NBL or TBL, the fully
separated flow is characterized at least by a shear layer
emitted from the leading-edge that corresponds to con-
vective process instability (Kelvin-Helmholtz instability)
and a wake flow corresponding to a global instability
behavior that causes a large scale vortex shedding (Kar-
man vortex shedding). Figure 3 shows the power spectra
density of the fluctuating streamwise velocity at 20◦ of
incidence, corresponding to this deep post stall regime.
The presence of both natural frequencies can be observed
in the shear layer and in the wake regions. The first
one is indicated by PSD versus F + = f chord

U∞

plotted
in the shear layer and corresponds to instabilities in the
shear layer due to the separated boundary layer. The
frequency bump is centered around 3 in NBL and 5 in
TBL. As the airfoil is in deep stall, the wake shedding of
vortices is characterized by the dominant Strouhal num-
ber (St = f(wake)·chord·sin(incidence)/U↓∞) of about
0.2, commonly reported in the literature for bluff bod-
ies. This indicates that there is more than one natural
time scale, and consequently, both instabilities have to
be considered to achieve flow control, assuming nonlinear
interactions between them.
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a)

b)

Figure 3: PSD at 20◦ of incidence in (a) the shear layer
and (b) the wake regions

3.2 Controlled flow

In this paper, unsteady excitation control is more specif-
ically addressed in the case of the deep stall configu-
ration at 20◦ of incidence for a Reynolds number of
4 × 105. The controlled flow obtained by varying the
burst frequency, keeping constant other electrical oper-
ating parameters, is compared to the uncontrolled flow
and to the controlled flow with steady actuation. Time-
averaged lift and drag coefficient gains for the controlled
flow defined by CL−CLOF F

CLOF F
and CD−CDOF F

CDOF F
respectively,

are presented in Fig. 4 and 5 as a function of the burst
frequency at 20◦ of incidence in NBL and TBL. CL, CD,
CLOF F and CDOF F correspond to the aerodynamic co-
efficients for the controlled and the uncontrolled flow
respectively. These results globally show that the
control effects are similar for both actuators. The con-
trol is more efficient with unsteady actuation than with
steady actuation in terms of a favorable lift coefficient
gain whatever the actuator. Drag is either increased
or decreased. Considering natural or tripped boundary
layer, results seem to exhibit the same range of effec-
tive forcing frequencies. However, with the same power
input the control is more efficient in the NBL. For this
Reynolds number, a probable interaction of the actuator
on the boundary layer nature and transition, reinforcing
actuation effects, has to be considered as well. Finally,
these results indicate a frequency range at which lift and
drag gains are maximum, namely around the frequencies
in the range of 30-35 Hz. In this deep post-stall con-
figuration, this frequency matches with the bluff body
wake shedding of vortices, commonly characterized by
the Strouhal number of around 0.2.

Tables I and II summarize lift, drag, lift to drag ratio
gains with steady actuation and with unsteady actuation

a)

b)

Figure 4: Lift gain versus burst frequency for (a) the
single DBD and (b) the multi-DBD actuator. Re = 4 ×

105

a)

b)

Figure 5: Drag gain versus burst frequency for (a) the
single DBD and (b) the multi-DBD actuator. Re = 4 ×

105

Table I: Aerodynamic load gains with steady actuation
Single DBD Multi DBDs

NBL TBL NBL TBL
Lift gain 15% 10% 20% insignificant

Drag gain -7% insignificant -2.5% insignificant
Lift/Drag gain 21% 7% 22% insignificant
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Table II: Aerodynamic load gains with unsteady actua-
tion at a burst frequency of 30-35 Hz

Single DBD Multi DBDs
Burst frequency Burst frequency

of 35 Hz of 35 Hz
NBL TBL NBL TBL

Lift gain 45% 20% 55% 15%
Drag gain 15% 10% 25% 10%

Lift/Drag gain 26% 9% 26% 3%

Figure 6: Time averaged velocity contours and stream-
lines. Uncontrolled flow in TBL

at the burst frequency of 30 Hz respectively. It can be
noted, even if the drag is increased with unsteady actu-
ation at the burst frequency corresponding to the wake
natural instability, the lift to drag ratio gain remains pos-
itive because of the dramatic lift enhancement obtained
thanks to the actuation.
In order to exhibit burst modulation effects on the flow
topology, examples of mean flow velocity fields are plot-
ted in Figures 6, 7, 8 and 9 at 20◦ of incidence, for
Re = 4 × 105, in TBL, for the single DBD actuator
(UHV = 8 kV, FHV = 2 kHz).
It can be noted that mechanisms involved in the en-

hancement of the lift coefficient can be different with
steady or unsteady actuation. Moreover depending on
the forcing frequency, two different flow modification
mechanisms can be observed whatever the actuator.
With steady actuation or by selecting the burst fre-
quency adjusted to natural shear layer instability fre-
quencies (≥150Hz), the flow tends to reattach on the suc-
tion side. It therefore leads to a lift increase and a drag
reduction whereas a high lift increase and a drag increase
are observed with unsteady actuation based on a burst
frequency adjusted to the wake vortex shedding natural
frequency (30-35 Hz). In this case, it suggests that an
interaction exists between the modified shear layer and

Figure 7: Time averaged velocity contours and stream-
lines. Steady actuation.

Figure 8: Time averaged velocity contours and stream-
lines. Unsteady actuation at FBURST = 350 Hz

Figure 9: Time averaged velocity contours and stream-
lines. Unsteady actuation at FBURST = 35 Hz

vortices emitted in the wake leading to a flow field mod-
ification favorable to increase the lift. Investigation of
aerodynamic flow features suggest that the enhancement
of the shear layer vortex rollup in the shear layer leads to
the formation of a number of small vortices which merge
to form a strong well-developed vortex, namely a mean
large lifting vortex, as reported in [12], close to the suc-
tion side. This latter is sufficiently close to the airfoil to
reinforce flow velocities at its surface. In this case, the
lift increase is around twice higher but drag is also in-
creased. Nevertheless, the lift/drag ratio is improved for
both cases. Effects of the burst frequencies are presented
by plotting in Figures 10 and 11 the power spectral den-
sity (PSD) of the fluctuating longitudinal velocity com-
ponent in the shear layer and wake regions respectively,
for the uncontrolled flow and for the flow controlled by
steady actuation and unsteady actuation. PSD of the
forced flow exhibits strong peaks at the excitation fre-
quency of 35 Hz and its harmonics and shows control
process actually contributes to the production of some
turbulence over a broad range of scales. The shear layer
frequency bump is slightly shifted towards lower frequen-
cies for the controlled flow. It indicates an enhancement
of the shear layer vortex rollup and diffusion while the
unfavorable bluff body wake shedding of vortices might
be disorganized, more particularly with unsteady actua-
tion at FBURST = 350 Hz, whereas it is well established
with unsteady actuation at FBURST = 30, 35 and 40 Hz,
as shown in Figure 11. PSD in the wake region is shown
in Figure 11 according to the burst frequencies selected
corresponding to a Strouhal number of 0.2 around. It
has to be noted that the wake vortex shedding frequency
locks on the burst frequency. This phenomenon was not
observed for higher forcing frequencies and steady actua-
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Figure 10: PSD for the uncontrolled and controlled flow.
Steady actuation and unsteady actuation (FHV = 2 kHz
and FBURST = 35 or 350Hz)

Figure 11: Wake PSD for the controlled flow. Unsteady
actuation with FBURST = 30, 35, 40 and 350 Hz

tion. This result highlights interaction and resonance be-
tween shear layer and wake vortex shedding as discussed
in [12] and could be interesting in view of implementing
close loop control.

4 Conclusion

Results show that it is more suitable to perform a modi-
fication of the massively separated flow by using surface
DBD actuators with unsteady excitation than steady ac-
tuation near the leading-edge of an airfoil. As reported in
the literature, when the reduced frequency of excitation
F + is roughly equal to unity, aerodynamic performances
are enhanced. This is the case here. However, depending
on the forcing frequency, two different flow modification
mechanisms have been observed leading to a high lift
increase, based either on a flow reattachment or on the
occurrence of a mean large lifting vortex close to the suc-
tion side. When a suitable forcing frequency is chosen, in
particular close to the natural wake vortex shedding fre-
quency, the wake vortex shedding can lock on the forcing
frequency. Nevertheless, a more exhaustive parametric
study is necessary to be able to predict the flow response
mechanism which will be preponderant in regard to forc-
ing frequencies and post-stall regimes, and to optimize
the control benefits as well.
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Abstract

Experiments studying the wing tip vortex, generated
by a rectangular wing with a symmetric airfoil section
and a straight tip, manipulated by surface plasma ac-
tuators (DBD) and plasma synthetic jets (PSJ) are pre-
sented in this paper. Objectives are focused on modifying
vortex development to alter streamwise vorticity down-
stream of the wing trailing edge. Actual limitation of
the ionic wind magnitude obtained with DBD actuators
leads to investigate vortex control by action on the trans-
verse component of the freestream flow velocity. Differ-
ent DBD arrangements installed near the wing tip were
tested to examine effects of momentum addition, firstly
on the pressure and suction side surfaces, and secondly,
simultaneously located more precisely on the main vor-
tex separation and attachment lines. The objectives of
the PSJ actuators were to create a fluidic layer similar
to the effect of winglet. Different electrical control pa-
rameters were tested allowing for varying the exit flow
velocity of the cavity. Stereoscopic PIV measurements
were performed in different planes orthogonal to the vor-
tex development axis to visualize and characterize wing
tip vortices. Results of the actuation show a slight dis-
placement of the wing tip vortex and a reduction of the
mean streamwise vorticity level in its core.

1 Introduction

Reduction of wing tip vortices generated by an aircraft
wing is of importance in practical engineering issues,
such as saving fuel consumption and minimizing aircraft
separation time during takeoff. On helicopter blades
and propellers, tip vortices cause rotor noise and vibra-
tion [1, 2, 3, 4]. For these reasons many studies focusing
on reducing their vorticity have been conducted during
the last decades [5, 6]. Passive control techniques like
winglets and active control techniques such as mobile
flaps, suction or blowing devices [7, 8] have been used to
reduce tip vortices. Corke et al [8] provided an overview
of main capabilities of active control by surface Dielectric
Barrier Discharge (DBD) actuators, discussing the opti-
mization of design, placement and operation mode. Up
to now, most applications of DBD actuators dedicated to
flow control have focused on modifying the longitudinal
component of the flow velocity by momentum addition
in steady or burst mode. Investigations on modifying the
transverse component of the flow velocity seem necessary
to achieve a modification of wing tip vortices. The possi-
bility of vortex flow control by DBD actuators on a delta-
wing model was studied at high angles of attack and sub-
sonic speed [9]. It was demonstrated that DBD actuators
can be successfully applied to modify the vortex break-

down location but also to stabilize vortex when operating
in burst mode. Plasma actuation on the wing tip vor-
tex of rectangular wing [10, 11, 12] has been investigated
experimentally and numerically and has shown different
influences of the actuation on the wing tip vortex forma-
tion according to suction or blowing effect produced by
actuators. Results on aerodynamic performance modifi-
cation, lift increase [9] for example, differ with the study
cases. More investigation is still necessary to find out
optimized DBD arrangements.
According to the wing tip vortex topology [13, 14] and

to results [15, 16] showing that particular steady blow-
ing configurations near the wing tip are effective, this
present study aims at experimentally investigating DBD
and PSJ actuators devices for modifying the wing tip
vortex of a rectangular wing placed with a straight tip
at an incidence of 6◦ in a freestream flow of 10 m/s. Main
objectives are to demonstrate actuator potentialities to
modify the development, position and strength of these
vortices, as well as to alter streamwise vorticity down-
stream of the wing trailing edge. Various DBD actuator
arrangements were then implemented near the wing tip
along the chord to generate a body-force field that cou-
ples with the momentum in the transverse direction of
the main freestream flow.
The recent development of miniature plasma actua-

tors [17] (PSJ) allowed the use of these devices for the
control of aerodynamic flows [18], and studies of the
power supplies of these devices [19], allow using this
device for tests in a wind tunnel. The main objective
of the PSJ actuators was to interact with the separa-
tion shear layers in order to modify the vortex formation
and development. Different electrical operating param-
eters, positioning and number of actuators were tested.
Flow investigation through the use of stereoscopic Par-
ticle Imaging Velocimetry (PIV) was performed to visu-
alize and characterize wing tip vortices following planes
orthogonal to the vortex development axis, on the wing
and in the near wake. Control effectiveness while increas-
ing the velocity of the freestream flow was also tested.
After a presentation of the global experimental setup and
actuator arrangements, results on the mean streamwise
vorticity and turbulent kinetic energy are discussed ac-
cording to DBD or PSJ arrangements to highlight effects
of this active control.

2 Experimental setup

The tests were conducted in the F2 wind tunnel at the
ONERA Fauga-Mauzac center, which is an atmospheric
wind tunnel with a return circuit. The test section is 5-
m-long, and has a 1.4-m-wide and 1.8-m-high rectangular
cross section. The maximum freestream velocity is 100
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Figure 1: Rectangular wing in the test section

Figure 2: Schematic of DBD arrangements

m/s. The model consists in a rectangular wing having
a symmetric profile (AFV82), a straight tip with sharp
edges, a span equal to 1050 mm and a chord equal to 300
mm (see Figure 1). The angle of attack was set at 6◦ and
the Reynolds number based on the chord length was cho-
sen between 2 × 10

5 and 8.5 × 10
5. A removable part for

the wing tip was manufactured in order to implement ac-
tuators to be tested (PSJ and DBD). Stereoscopic PIV
measurements were performed in different planes orthog-
onal to the vortex development axis on the wing and in
the near wake, in order to visualize and characterize wing
tip vortices with (case On) and without (case Off) actua-
tion, and to consider the influence of geometry changes.
The PIV system consisted of a pulsed Nd/YAG laser.
Acquisition of the image pairs was performed by two
PCO Imagerpro cameras. Each camera was equipped
with a motorized Scheimplug system, an auto-focus con-
troller. The PIV cameras and laser device were located
on a system of displacement along the three axes X, Y,
and Z of the wind tunnel, allowing reproducible positions
of the measurement planes. The flow was seeded with oil
droplets emitted by a device implanted at the inlet of the
diffuser downstream of the test section. Management of
image acquisition was performed by the Davis software
7.2, and image processing was performed using the ON-
ERA PIV software FOLKI [20, 21].
By using DBD actuators, investigations on modifying

the transverse component of the main flow velocity have
been achieved with different arrangements installed near
the wing tip. They were tested to examine effects of
momentum addition, firstly on the pressure and suction
side surfaces, and secondly, simultaneously located more
precisely on the main vortex separation and attachment
lines. Four arrangements are presented in this paper
(Figure 2). Firstly, results for the DBD actuators lo-
cated along the chord on the suction sides near the wing
tip (DBD 1, 3 and 3m) and secondly, results for the DBD
9 which was designed to reinforce action on the separa-
tion line of the primary vortex at the upper sharp edge.
The direction of the ionic wind produced by DBDs is in-
dicated by an arrow in the corresponding schemes. By
using seventeen PSJ actuators implemented in the wing-
tip (see Figure 3), the objectives were to create a fluidic
layer similar to the effect of winglets. The spacing be-
tween two actuators was equal to 11 mm, and the first
actuator was located 30 mm downstream of the leading
edge, leading to a fluidic layer length of 176 mm cor-
responding to 50% of the chord length. Different elec-
trical operating parameters were tested (actuator pulse
frequency, capacitor value), allowing for varying the exit

a)

b)

Figure 3: Schematic of DBD arrangements

flow velocity of the cavity.

3 Results

With DBD actuators, it has been established that the
most effective reduction of vorticity was achieved by act-
ing with inward flow arrangement on the separation line
of the main primary vortex emitted on the wing [22].
For a freestream velocity of 10 m/s, Figure 4 shows
non-dimensional mean streamwise vorticity contours ob-
tained with DBD 1, 3 and 3m. Baseline flow topology,
corresponding to the case off in the plane X/c = -0.25,
shows the separating shear layer which is detached at
the upper sharp edge and forms the main primary vor-
tex. The presence of a secondary vortex which rotates in
the opposite direction can also be noted. Velocity fluctu-
ations are concentrated in the shear layer, in the vortex
core, and at the detachment line of the secondary vortex.
Downstream in the plane X/c = 0.5, the main wake vor-
tex is formed. When actuator is on (DBD1), it can be
observed in the plane X/c = -0.25 that the ionic wind in-
teracts with the separation layer and with the secondary
vortex, leading to its displacement and vertical extension
as well as a decrease of its streamwise vorticity. Conse-
quently the same effects on the primary vortex can be
observed, namely a small displacement and a vorticity
decrease of 20% in its core. Downstream in the plane
X/c = 0.5, significant diffusion of the streamwise vortic-
ity can be noted in the vortex core. With DBD3, the
ionic wind interacts with the secondary vortex by reduc-
ing its vorticity and its size. Thus, an enhancement of
the primary vortex is here characterized by an increase
of 15% in vorticity in the plane X/c = -0.25 and down-
stream in the plane X/c = 0.5 as well. This behavior
was probably due to the position of the actuator with
respect to the attachment line of the primary vortex.
The DBD3m (DB3 modified) was then positioned so as
to increase the transverse velocity at the attachment line
of the main primary vortex even if the electrode position
did not comply with the development of the conical main
vortex. Indeed, DBD3m is effective only from X/c = -0.5.
The results in the plane X/c = -0.25 show an increase of
the transverse velocity component near the wall of the
model, which results in a decrease of the streamwise vor-
ticity in the primary vortex core and a space reduction
for the secondary vortex. This can be related to a sta-
bilization of the vortex flow. Downstream in the plane
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Figure 4: Streamwise vorticity contours for the DBD 1, 3 and 3m actuators. Free stream flow of 10 m/s

Figure 5: DBD 9, mean streamwise vorticity at X/c = -0.25 and X/c = 0.5, mode Off and On

Figure 6: DBD 9, mean streamwise vorticity at X/c = -0.25. Freestream velocities U0 = 10, 15 and 19 m/s

Figure 7: DBD 9, mean streamwise vorticity at X/c = 0.5. Freestream velocities U0 = 19 m/s
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Figure 8: Streamwise vorticity contours for the PSJ actuators. Free stream flow of 10 m/s

Figure 9: Streamwise vorticity contours for the PSJ actuators. Free stream flow of 10 m/s

X/c = 0.5, weak effects of the actuator are absorbed by
the main wake vortex without changing its characteris-
tics significantly. Figure 5 shows streamwise vorticity
contours obtained with DBD 9. Activation of control
manifests itself in the model by changing the orientation
of the separating shear layers, a decrease of the velocity
transverse component near the wall and a change in the
core location of the secondary vortex. These results de-
note a significant reduction in the formation of the vortex
system. The effects of control persist downstream. In-
deed a spatial shift of the vortex core can be observed,
as well as a vorticity diffusion of the order of 30%.
Actuator influences on the flow field have been ex-

amined for higher free stream velocities. On the model
(X/c = -0.25) the flattening of the vortex system on the
wing appears lower as the flow velocity increases (Fig-
ure 6). Control no longer modifies the secondary vortex.
However a displacement of the main wake vortex and a
reduction of its streamwise vorticity are still observed.
Control effects persist downstream. In the plane X/c =
0.5 (Figure 7), results show a shift of the main wake vor-
tex, a reduction of its streamwise vorticity of about 45%.
Finally, results have shown that the actuator authority
decreases while the free stream velocity increases higher
than 25 m/s.
The results obtained with PSJ actuators (Figure 8)

show a modification of the mixed layer, a reduction of
the level of the streamwise vorticity and a displacement

of the flow in the plane on the wing. These features are
still observed in the near wake plane. In this case, the
flow generated by the actuators can be compared to the
effects of a winglet.
Similar effects are observed when the freestream veloc-

ity increases (U0 = 19 and 40m/s - Figure 9). However
the actuator efficiency proportionally decreases as the
freestream velocity increases.

4 Conclusion

The effects of plasma actuation on the wing tip vortex
characteristics, size and strength, involving two differ-
ent flow interaction mechanisms, were experimentally in-
vestigated by stereoscopic PIV. Different DBD arrange-
ments near the wing tip were tested to examine and bet-
ter understand effects of momentum addition on the for-
mation and development of the vortex system emitted at
the straight tip of a rectangular wing. The results ob-
tained during the tests for a low freestream velocity show
that effects of actuation mainly result in a local diffusion
of the main wake vortex core and its displacement. The
use of DBD actuators is quite convenient for a peripheral
control of the vortex. It was established that the loca-
tion of the DBD actuator remains a key parameter for
optimizing control effects, as well as operating electrical
parameters (frequency, amplitude, burst modulation of
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the high voltage for example). However, their energy in-
put remains too low to destabilize the formation of the
wing tip vortex at higher speeds.
The effects of the plasma spark jets on the separating

shear layer are lower as the freestream velocity increases.
When the freestream velocity increases, the thickness of
the separating shear layers is thinner and the jets actu-
ally cross the separating shear layer without significant
interactions. Indeed the exit velocity of the jets is too
high with respect to the thickness of the shear layer.
Only the small potential cores interact with the shear
layer. It therefore seems important to study in more de-
tails the interactions of the jets with the external flow.
Indeed, two parameters seem have to be considered:

• the exit velocity of the jets with regard of the veloc-
ity in the shear layer,

• the jet orientation with regard to the main flow.

Moreover, it would be interesting to significantly reduce
the frequency of jet emission because, on the one hand
jets at high frequencies are more similar to a continuous
stream, on the other hand the shear layer is subjected to
higher stresses for low frequencies.
Circulation calculation around the whole wake vortex

in the plane downstream has been performed and did not
show significant differences with and without actuation.
Aerodynamic load measurements were not available for
these tests. It was not therefore possible to precisely
quantify benefits of plasma actuation in terms of aero-
dynamic performances, such as lift increase or drag re-
duction for example. Nevertheless, for low free stream
flow velocities, it has been demonstrated the capabilities
of surface DBD actuators and JSP actuators to modify
the wing tip vortex in order to reduce its strength.
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Abstract

This paper presents experimental and numerical investi-
gations dealing with 2D boundary layer transition con-
trol on an ONERA-D airfoil using Dielectric Barrier Dis-
charges actuators. The ability of this kind of plasma ac-
tuators to delay transition has been assessed using either
steady or unsteady mode of actuation. On the one hand,
wind tunnel investigations as well as linear stability anal-
ysis are conducted in order to study the effect of a steady
operated DBD actuator on boundary layer stabilization.
The results show a maximum transition delay of about
35% of chord for low freestream velocity (U∞ = 7 m/s).
On the other hand, an experiment has been performed
using the unsteady force produced by the DBD actuator
to achieve Active Wave Cancellation in direct frequency
mode. With the help of a closed loop control system, a
significant transition delay has been achieved by damp-
ing artificially introduced TS waves for free-stream veloc-
ities up to U∞ = 20 m/s. This work has been conducted
in the framework of the PlasmAero project funded by
the European Commission.

1 Introduction

The main objective of this project is to study different
kinds of plasma actuators and to assess their ability to
control airflows in order to reduce environmental impact
of air transport. One possible way to reduce aircraft
fuel consumption is to delay boundary layer transition
on wing profiles in order to reduce skin friction drag. Ba-
sically, the studies dealing with 2D boundary-layer tran-
sition delay can be sorted into two categories: on the one
hand, steady actuation is used to modify the mean ve-
locity profile in order to make the boundary layer more
stable. Different kinds of actuation have demonstrated
good results using this approach, like for instance steady
suction. On the other hand, unsteady actuation is used
to act (or counteract) directly on the instabilities grow-
ing within the boundary layer, the wellknown Tollmien-
Schlichting (TS) waves, which lead to turbulence for low
disturbance level airflow. This approach is called Ac-
tive Wave Cancellation (AWC). The present study has
focused on one specific kind of plasma actuator: Dielec-
tric Barrier Discharge (DBD). This kind of actuator has
been widely characterized in quiescent air for different
ambient conditions. Moreover, many investigations have
shown their ability to control airflows around different
kind of bodies: flat plates, cylinders, airfoils. Most of
these studies are reported in a recent review [1]. The
goal here is to demonstrate the ability of DBD actuator
to delay transition by means of either steady or unsteady

Figure 1: Two-dimensional model of the ONERA-D air-
foil mounted inside the wind tunnel

actuation, as this actuator is able to induce either contin-
uous or unsteady momentum addition to the boundary
layer.

2 Experimental setup

The present experiment has been conducted in the
subsonic open-return "Juju" wind tunnel located at the
research facilities of ONERA Toulouse. It features a low
turbulence level 0.5x10

−3 < Tu < 0.5x10
−2 depending

on the free-stream velocity, which ranges from 5 to 75
m/s. This facility operates at ambient conditions and
is well suited for transition experiments. As illustrated
in Figure 1, a two-dimensional model based on an
ONERA-D profile, having a chord length of c = 0.35 m,
is mounted horizontally in the test-section of the wind
tunnel.

This profile is symmetric and has been specifically
designed for transition control investigations. The angle
of attack can be adjusted between α = -8◦ and α = +3◦

in order to modify the upper side pressure gradient and
thus the natural transition location. Additionally, the
model is equipped with 15 pressure taps on the upper
side.

Two different kinds of DBD actuator have been used
during this experiment:

1) The first one, represented in Figure 2a), consists of
a thick dielectric layer: a 5 mm-thick insert (the blue
part in Figures 1 and 2) made of dielectric material
Lab850 placed at the leading edge region and matching
the model shape. This actuator insert allows the
model to be outfitted with the desired number of DBD
actuators, adhering electrodes asymmetrically on both
sides of the Lab850 material which is used directly as
the dielectric barrier. For example, Figure 2a) shows
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a)

b)

Figure 2: The two kinds of DBD actuator used in this
study: a) a thick-dielectric actuator and b) the thindi-
electric actuator

one single DBD actuator located at x/c = 10% (the
downstream edge of the air-exposed electrode is taken
as the location reference).

2) The second kind of actuator consists of a much thin-
ner dielectric layer made of Kapton material (≈ 0.2 mm-
thick) which is flexible enough to outfit the model as
shown in Figure 2b). Whatever the kind of actua-
tor used, electrodes are 30 cm-long in spanwise direc-
tion and made of copper tape. Air-exposed electrodes
are connected to a TREK power amplifier (model 30/20,
±30kV, 20mA peak) and supplied with AC high voltage
while other electrodes are grounded. Moreover, those
air-exposed electrodes have been polished in order to re-
duce their thickness down to 0.05 mm to prevent them
from promoting transition. Hot wire anemometry (Dan-
tec Streamline, 90C10 CTA modules, 55P15 probes) has
been employed for boundary-layer explorations.

3 Transition delay using steady
DBD actuation

The study presented in this section is related to 2D
boundary-layer stabilization using the plasma actuator
in a continuous mode of operation. Using this approach,
a quasi-steady momentum is added to the flow, directly
acting on the mean velocity profile of the boundary layer
in such a way that the amplification of the disturbances
is impeded and transition can be delayed.

3.1 Wind tunnel investigations

In a first step, boundary-layer transition delay is inves-
tigated experimentally using one single DBD actuator
located at x/c = 10% and operated continuously. The
angle of attack of the model is set to α = 2.5◦ and the
experiment has been performed for two different free-
stream velocities U∞ = 7 & 12 m/s, using both thick
and thin dielectric actuators for the lowest velocity but
only the thick actuator for the highest velocity. The

a)

b)

Figure 3: Transition delay with steady DBD actuation
for U∞ = 7 m/s : a) with the thick-dielectric actuator
and b) with the thin-dielectric actuator

thin actuator is supplied with AC high voltage having
an amplitude of VDBD = 7 kV while the thickest actu-
ator is supplied with successively three different ampli-
tudes VDBD = 8.5; 12 and 17 kV. For both actuators, the
operating frequency is set to fDBD = 2 kHz. The max-
imum velocity of the ionic wind induced by the thickest
actuator in quiescent air is about 4.5 m/s at the high-
est voltage amplitude. Figures 3 and 4 present typical
results for U∞ = 7 & 12 m/s respectively. Velocity fluc-
tuations are computed from boundary-layer explorations
along the chord, moving the hot-wire probe at a constant
distance from the wall, with and without control. The
location of the transition is deducted from the fluctua-
tion increase. The natural transition is located at x/c
≈ 40% for U∞ = 7 m/s and at x/c = 26% for U∞ =
12 m/s. In all cases, the ignition of the plasma actuator
leads to a transition delay. As expected, the transition
is shifted progressively downstream when the amplitude
of the voltage is increased since the mechanical effect of
the actuator (ionic wind) increases. Maximum transi-
tion delay recorded during this experiment are 35% of
chord for U∞ = 7 m/s and 20% of chord for U∞ = 12
m/s. The efficiency of the thin actuator could be largely
improved by increasing the operating frequency of the
supplied signal, which was not possible with our power
amplifier.

3.2 Numerical investigations

In order to confirm that this transition delay is due to
the modification of the mean velocity profile, the con-
trol of the boundary layer with steady actuation has
been investigated from a numerical point of view. At
first, boundary-layer computations have been performed
for the baseline cases (without plasma) using an ON-
ERA code (3C3D). Then, an artificial ionic wind pro-
file (with a simple model well described in [2]) has
been numerically added at the location of the actuator
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Figure 4: Transition delay with steady DBD actuation
for U∞ = 12 m/s with the thick-dielectric actuator

a)

b)

Figure 5: Evolution of the N-factor along the chord of
the model (U∞ = 12 m/s, α = 2.5◦) without control (a)
and with control (b)

(x/c=10%) to the mean velocity profiles coming from
these base flow computations in such a way that the re-
sulting profiles fit the experimental ones. Finally, ex-
act stability computations have been conducted on these
modified profiles using the envelope strategy so as to
compute the amplification N-factor with an ONERA
code (Castet). Typical results of the linear stability anal-
ysis are given in Figure 5 which presents the evolutions
of N-factor along the chord of the model for several in-
stability frequencies in the baseline case (a) and for the
controlled case (b).

The aerodynamic configuration is the same than for
the case presented in Figure 4 with U∞ = 12m/s. As
the natural transition location is known from the exper-
iment (xt/c ∼ 26% or xt = 0.09 m), we can deduce the
corresponding transition N-factor Nt = 5.8. Then, using
this value in the controlled case plot, we can observe that
transition location is shifted downstream (xt = 0.22 m),
not far from what has been observed experimentally (xt

= 0.16 m). In conclusion, stability computations as well
as experiments show that DBD plasma actuator used in
a steady mode has a stabilizing effect on the boundary
layer. The modification of the mean velocity profiles is
such that the amplification of the disturbances is im-
peded and transition can be delayed.

4 Transition delay using unsteady
DBD actuation

One other possible way to delay 2D transition is to use
unsteadily operated actuators to act (or counteract) di-
rectly on the Tollmien-Schlichting waves growing inside
the boundary layer and triggering transition. This ap-
proach is called Active Wave Cancellation: the goal is
to generate an artificial perturbation with an unsteady
force production so as to damp natural TS waves by de-
structive interference. Transition is delayed because TS
wave amplitude has been reduced locally. Grundmann
and Tropea [3] have conducted experiments using this ap-
proach on a flat plate. They used a single high-frequency
driven DBD actuator with square wave modulation to
generate artificially introduced waves. Another possible
solution is to make use of the DBD plasma actuator un-
steady force production during one cycle of the operating
frequency and to directly operate the cancellation actu-
ator at the TS wave frequency. In fact, several recent
studies [4] have shown that DBD actuator produces a lo-
cal unsteady force mainly due to the different discharge
regimes between the positive and the negative half cycles.
This asymmetric behavior enables to use DBD actuator
in direct frequency mode. A careful adjustment of the
phase relation between the TS waves and the actuator ex-
citation signal can thereby potentially cancel the waves.
Thus, the use of a closedloop system, which detects the
waves and optimizes the actuation, will be necessary.

The experimental set-up used for this study is quite
the same than the one presented in the previous section
except that the angle of attack is set to α = 2◦ and that
the model is outfitted with two DBD actuators, as illus-
trated in Figure 6. The upstream actuator DBD1 (x/c =
10%) serves as disturbance source to artificially excite a
single frequency TS wave train while DBD2 (x/c = 30%)
is utilized as the transition control device. The experi-
ments have been split into two phases. During an initial
testing phase, the feasibility of the direct frequency mode
for active wave cancellation had to be verified. In order
to do so, a set-up employing a beat frequency approach
without the use of a closed-loop controller was chosen, re-
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Figure 6: Experimental set-up for the Active Wave Can-
cellation study

Figure 7: Time trace of u velocity component given by
hot-wire probe located inside the boundary layer at x/c
= 40% for the base flow (left), with excitation (center)
and with excitation and control (right)

producing the experiments of Grundmann and Tropea.
This allows for time efficient parameter studies to find
appropriate settings and the corresponding attenuation
rates. In the second testing phase, transition delay on
the wing model has been demonstrated with closed-loop
control applied.

4.1 AWC without closed-loop control

For this set of measurements the excitation frequency
at the upstream actuator DBD1 has been set to a value
close to the naturally occurring TS frequencies (fDBD1

= 250 Hz). As the artificially excited waves travel down-
stream, they reach the control actuator (DBD2) which
was operated at a slightly shifted frequency (fDBD2 =
251 Hz) in order to create a beat frequency with the
two signals due to the continuously changing phase re-
lation. Some typical results from these experiments are
presented in Figure 7 for a free-stream velocity of U∞ =
7 m/s.

The hot wire measurements shown were taken at x/c
= 40% inside the boundary layer at a wall-normal dis-
tance of y = 0.4 mm. The base flow case (left part of the
plot) exhibits a low fluctuation level within the hotwire
signal of 0.015m/s. With excitation (middle part of the
plot) this disturbance level is raised to 0.076m/s. Apply-
ing the control (right part of the plot) a slow oscillation
of the amplitude of the TS waves farther downstream
the second actuator develops, with a maximum ampli-
tude above the one of the unaffected waves (amplifica-
tion) and minimum amplitude below the unaffected wave
(damping) resulting in an almost unchanged RMS-value
of 0,074m/s in this case. Figure 8 shows a time trace
of the excited TS wave signal with smaller time scale
(dashed line) in comparison to the base flow case (solid

Figure 8: Time trace of u velocity component given by
hot-wire probe located inside the boundary layer at x/c
= 40% for the base flow (solid line) and with DBD1
turned on (dashed line)

line), revealing that a clean TS wave train has been pro-
duced by DBD1. Two important results emerge from
these experiments. First of all the unsteady momen-
tum production of the plasma actuator can be utilized
to excite TS waves, if applied at the appropriate posi-
tion, amplitude and a frequency the flow is susceptible
to. Secondly and most important, the direct frequency
approach for flow control proved to be applicable and
can be utilized for Active Wave Cancellation.

4.2 AWC with closed-loop control

In order to have a permanent optimized phase shift be-
tween TS waves generated by DBD1 and the controlling
unsteady force induced by DBD2, a robust extremum-
seeking control algorithm has been used. This algorithm,
which has previously been successfully applied for flow
control purposes, was supplied by the TU Berlin.

The system utilizes the signal of a stationary hot wire
probe (x/c = 40%, y = 0.2 mm) as an error sensor to
automatically optimize the control function. This con-
trol algorithm runs on a dSPACE real-time processing
unit. Due to its robustness this algorithm is well suited
to control artificially excited, single-frequency TS waves.
By slowly and periodically deflecting the system out of
its current operating point (perturbation), the gradient
f’ of the error signal according to a change of the con-
trolled variable, which in this case is the phase shift, is
determined. The phase relation between TS wave train
and the flow structures created by the plasma actuator
is then continuously adapted along this gradient, which
drives the system into a minimum.

Following the promising beat frequency experiments,
closed-loop control has been applied in order to demon-
strate transition delay using the direct frequency ap-
proach. The free-stream velocity and the angle of attack
remain at U∞ = 7 m/s and α=2◦ respectively. A spectral
analysis of the stationary hotwire signal reveals the fre-
quency content of the flow, as shown in Figure 9. Plotted
is the power spectral density in dB/Hz over frequency at
a wall-normal position of y=0.2mm. In the base flow
case (DBD1 off, DBD2 off) two frequency peaks, one at
250 Hz and a wider peak around 340 Hz, are prominent.
These frequencies represent the naturally occurring TS
waves present in the boundary layer for the given flow
situation. However, as it has been shown with linear sta-
bility analysis, well described in [5], frequencies around
340Hz are damped downstream of DBD2, with the limit
for the unstable frequency band being about 300Hz. A
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Figure 9: Spectral analysis of the error sensor signal
(x/c = 40%, U∞ = 7 m/s) for the base flow (DBD1
off, DBD2 off), with excitation (DBD1 on, DBD2 off)
and with closed-loop control (DBD1 on, DBD2 on)

frequency sweep in the unstable range revealed that an
excitation at 280 Hz leads to the cleanest TS wave signal
at the location of the error sensor. Consequently it was
decided to use this frequency for the subsequent AWC
experiments. Figure 9 shows that introducing the ex-
citation at 10% chord (DBD1 on, DBD2 off) produces
the expected peak around 280Hz as well as an overall
increase in the turbulence level as transition is being
promoted. This increase is visible at the error sensor,
since its location is close to the point of transition for
the excited case (∼ 47% chord). Applying the control
(DBD1 on, DBD2 on) the TS peak at 280Hz can be re-
duced by about one order of magnitude. This effect is
accompanied by a decreased the overall turbulence level.
Figure 10 depicts a typical result of the transition de-
lay studies. Plotted is the RMS-value of the longitudinal
velocity fluctuations recorded at various downstream lo-
cations at a constant distance above the wall within the
boundary layer. The dark blue curve (♦) represents the
natural transition case with the onset of transition at
about 60% chord, i.e. neither the disturbance source nor
the control actuator is operating. Turning on the dis-
turbance source, the TS wave amplitude is significantly
increased at f = 280 Hz which moves the transition region
upstream to about 40% chord (�). Then, with the con-
trol system active, the region of transition can be shifted
downstream significantly by about 10% chord length (◦).
Even though the unsteadiness of the force production of
DBD plasma actuators is exploited in this work to con-
duct active wave cancellation it may not be neglected
that a net force is produced, which modifies the mean
flow, i.e. the boundary-layer velocity profile. This modi-
fication can by itself lead to a stabilization of the bound-
ary layer as presented in section 3, hence delay transi-
tion. Complementary measurements have been carried
out in order to exclude a possible boundary-layer stabi-
lization due to continuous addition of momentum. To
quantify this effect, the momentum generation of DBD2
has been measured in quiescent air using Pitottube mea-
surements. The maximum achievable velocity, 10 mm
downstream of the active electrode, was determined to be
∼ 0.6 m/s at the prescribed plasma frequency of 280Hz
using this electrode configuration, dielectric material and
thickness. In order to deactivate the active wave cancel-
lation and to quantify the effect of a pure momentum
addition of this magnitude, the recorded average wall-
jet velocity has been reproduced at a plasma frequency
of 1 kHz using DBD2. This frequency is located well
outside the unstable frequency range and is assumed not

Figure 10: RMS value of hot-wire signal along the chord
of the airfoil for the base flow, with excitation and with
closed-loop control (U∞ = 7 m/s)

Figure 11: RMS value of hot-wire signal along the chord
of the airfoil for the base flow, with excitation and with
closed-loop control (U∞ = 20 m/s)

to have any destabilizing effect on the boundary layer.
The transition delay due to continuous momentum ad-
dition is small compared to the effect of the active wave
cancellation and is in the order of 1-2% of chord length.
For higher Reynolds numbers it can be assumed that
this effect will be reduced even further. This experiment
proves that the achieved results can clearly be attributed
to the unsteady force production of the DBD plasma ac-
tuator and are not the result of a modified mean flow.

The same experiment has been conducted with higher
free-stream velocity U∞ = 20 m/s. The angle of attack
has been slightly reduced to α = 1.5◦ in order to have
the natural transition location near x/c = 60% as for
the previous case. This time the frequency of the distur-
bance source is set to fDBD1 = 1 kHz which is close to
the frequency of the most unstable perturbations for this
aerodynamic configuration. The evolutions of velocity
fluctuations along the chord, shown in Figure 11, prove
that transition delay has been achieved (4% of chord)
using DBD plasma actuator with a closed-loop control
system. Detailed results about this last experiment will
be given in a forthcoming paper.

5 Conclusion

In this paper, the ability of DBD actuator to delay 2D
boundary-layer transition has been assessed by means of
either steady or unsteady actuation. On one hand, wind
tunnel investigations as well as linear stability analysis
have shown that DBD actuator used in a steady mode
has a stabilizing effect on the boundary layer. The modi-
fication of the mean velocity profiles is such that the am-
plification of the disturbances is impeded and transition
can be delayed. A maximum transition delay of about
35% of chord has been achieved for low freestream ve-
locity (U∞ = 7 m/s). On the other hand, an experiment

ERCOFTAC Bulletin 94 63



has been performed using the unsteady force produced
by the DBD actuator to achieve Active Wave Cancella-
tion in direct frequency mode. With the help of a closed
loop control system, a significant transition delay has
been achieved by damping artificial TS waves for free-
stream velocities up to U∞ = 20 m/s.
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Abstract

In this work, an experimental investigation was con-
ducted into the attenuation of slat noise with a dielec-
tric barrier discharge plasma actuator. To isolate the
slat component of high lift device noise, initial tests were
conducted using a two-element model comprised of a slat
and main element. Following on from the two-element
model, and to better represent the landing configuration,
tests were also conducted using a three-element config-
uration. Near and far field acoustic data were acquired
in an anechoic chamber at a freestream velocity of 25
ms−1, corresponding to a Reynolds number of 5.5 × 105

based on the main element chord. In both of the config-
urations tested (two-element and three-element), several
tonal noise features with broadband components were
apparent in the slat noise spectra. The angle of attack
at which these noise features appeared depended on the
model configuration. The mechanism behind the gener-
ation of the dominant tone was found to be related to
the shedding of vorticity from the slat cusp, which sub-
sequently rolled up to form vortices through the Kelvin-
Helmholtz instability. The tonal features with broad-
band components were successfully suppressed using a
plasma actuator located along the leading edge of the
slat. For the two-element model, a quasi-static feed-
back control system was also developed wherein a con-
troller was responsible for calculating the control inputs
in terms of feedback signals. In the three-element model
tests, a different form of closed-loop control was explored
in which a proportional feedback controller was imple-
mented. The experimental results showed that both of
the feedback control methods worked effectively to sup-
press the slat tonal noise with broadband components.

1 Introduction

Aircraft noise has become an important consideration
for civil aircraft manufacturers for a variety of reasons.
Indeed, airline operations are restricted by the stringent
nature of civil aviation noise regulations. Moreover, air-
craft noise pollution has become a point of contention
against the expansion of airports. Over the last several
decades, research has been conducted into understanding
the mechanisms of, and developing means of attenuating,
aircraft noise [1–9]. The noise generated from aircraft
comes mainly from two sources, the airframe and the en-
gine. The main contributors to airframe noise are the
high-lift devices and landing gears [2].
An important component of the high-lift system is the

leading edge slat. Although the slat itself does not ac-
count for a major portion of the lift augmentation, it
allows the main wing to operate effectively at higher an-
gles of attack. However, the deployment of this device
leads to extra radiated noise. Slat noise represents a

complex aeroacoustic problem and the underlying mech-
anisms governing its generation have been extensively
explored over the past several decades [2]. Slat noise is
generally agreed to be broadband in nature and in some
cases is superimposed by tonal components [8, 10].
Several possible sources of slat tonal noise in two di-

mensional scale models have been identified [2]. Firstly,
low frequency tonal noise due to coherent laminar flow
separation at the leading edge of the slat can be men-
tioned. Second is the high frequency tonal noise thought
to be due to Tollmien-Schlichting boundary layer insta-
bilities at the slat suction side. Third is the high fre-
quency tonal noise associated with the periodic vortex
shedding off the trailing edge of the slat. The last possi-
bility is the tonal noise generated by a mechanism similar
to that observed in the production of cavity tones. For
about a 1/10 scaled high-lift model, low frequency refers
to approximately 1 kHz to 4 kHz and high frequency be-
tween 10 kHz and 20 kHz.
Experimental results [2] showed that the low frequency

tonal noise could be attenuated, or even eliminated, by
tripping the flow at the leading edge using a serrated
strip. However, the use of such a passive device on an air-
craft would have disadvantages, such as increasing drag
at cruise. Active devices such as blowing are fragile and
have installation and maintenance problems. Plasma ac-
tuators present an alternative actuation method. The
easy and relatively low cost of manufacturing combined
with the robustness of the device makes it a desirable
technique for flow control. Indeed, in relation to aeroa-
coustics, the actuator has been proven to be an effective
device for attenuating flow-induced noise [11,12].
In the present work, several intense tones with broad-

band components appeared in the far field spectrum be-
tween a frequency range of 4.5 kHz to 6 kHz. The dom-
inant tone was associated with the shedding of vorticity
from the slat cusp that subsequently rolled up to form
vortices through the Kelvin-Helmholtz instability. This
current study aimed at developing effective methods for
attenuating these tonal features with broadband compo-
nents using a dielectric barrier discharge (DBD) plasma
actuator.

2 Methodology

To isolate the slat component of high lift device noise,
initial tests were conducted with a two-element model
(Figure 1(a)). The model, comprised of the slat and
main element, had a RA16SC1 section [13]. Following
on from the two-element model, and to better represent
the landing configuration, tests were conducted using a
three-element model (Figure 1(b)). For model dimen-
sions refer to 1. For both configurations (two-element
and three-element), tests were conducted with the flow
untripped at a freestream velocity (U∞) of 25 ms−1. This
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corresponded to a Reynolds number (Re) of 5.5 × 105

based on the main element chord.

(a) two-element

(b) three-element

Figure 1: Wind tunnel models. Flow is from left to right.

Geometric feature Value
Main element chord (cw) 0.336 m
Slat chord (cs) 0.08 m
Flap chord (cf ) 0.101 m
Slat deflection angle (δs) 30 degrees
Slat horizontal gap (ohs) 0.035cw

Slat vertical gap (gs) 0.027cw

Flap deflection angle (δf ) 40 degrees
Flap horizontal gap (ohf ) 0.013cw

Flap vertical gap (gf ) 0.005cw

Table 1: Model dimensions.

The experiments were primarily conducted in the
ISVR anechoic chamber at the University of Southamp-
ton. The chamber measures 9.15 m × 9.15 m × 7.32 m
without wedges, free-field conditions exist at frequencies
above 80 Hz. A DARP Open Jet Facility with a nozzle
height of 540 mm and width of 350 mm was installed in
the chamber and had a maximum attainable wind speed
of 40 ms−1.The incoming turbulence level was less than
0.2% outside of the shear layers.
In the experiments two microphones, one near field

and another far field, were used to obtain the acoustic
measurements. The location of these microphones for
the three-element test is shown in 2. Near field mea-
surements were acquired with a Bruel & Kjaer 4948 mi-
crophone, with a frequency range from 5 Hz to 20 kHz.
This near field microphone was flush mounted inside the
slat cavity at the mid-span point. The signal was ampli-
fied using an amplifier with an adjustable gain and ac-
quired using a dSPACE system at a sampling frequency
of 20 kHz. For the closed-loop control portion of the
work, the RMS voltage of the near field microphone was
the control output and the duty cycle the control in-
put. The far field measurements were acquired with a
Behringer ECM8000 omni-directional electret condenser
microphone, which had a frequency range from 15 Hz
to 20 kHz. The signal was pre-amplified using a DIGI-
MAX FS and acquired using a National Instrument PXI-
4472 data acquisition card. As with the near field mi-
crophone, data was acquired at a sampling frequency of
20 kHz. The calibration of the far field microphone was

Figure 2: Set-up for the three-element test.

performed by comparison with a 1/2" BK 4961 standard
microphone.
The effective sound pressure was determined using

eq.1.

p2

rms =
2 |FFT (p(t))|

2

n2
(1)

where p(t) was the pressure signal measured, n = 4096
was the number of samples per block and FFT the Fast
Fourier Transform. This gave a frequency resolution of
4.8 Hz and the spectrum was averaged over 120 blocks.
No windowing was applied during the FFT calculation.
The sound pressure level (SPL) was then calculated using
eq.2.

SPL = 10log
10

p2

rms

p2

ref

(2)

where pref = 2 × 10−5 Pa.
The DBD actuator was placed at the slat cusp with

the induced velocity in opposite sense to that of the
freestream flow (Figure 1(b)) [14]. The actuator was
constructed using a 0.5 mm thick silicon rubber dielec-
tric and a 0.076 mm thick copper tape electrodes. The
respective widths of the exposed and coated electrodes
were 5 mm and 10 mm. The working frequency of the
plasma was fixed at 12.5 kHz. The transformer had a
transforming ratio of 500 and supplied a high AC volt-
age. The parameters of the DBD actuator, such as the
length and position of the electrodes, were fixed for the
duration of testing. The plasma actuator was controlled
by a dSPACE (ds1104) system via the pulse width mod-
ulation (PWM) module. 3 shows the structure of the
closed-loop control system.

Figure 3: Implementation of closed-loop control.
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In the frequency range of interest, the repeatability in
OASPL was less than ±0.3 dB for both the near and
far field measurements. This was for all the cases tests -
baseline, open-loop control and closed-loop control.

3 Results

4 shows the sound pressure level (SPL) of the slat noise
in the far field at an angle of attack (α) of 4 degrees.
The SPL can be seen to decrease gradually within the
frequency range of 0.28 kHz to 2.95 kHz, followed by
a significant increase up to a frequency (f) of 4.4 kHz.
Four obvious peaks, which corresponded to four intense
tones with broadband components, appeared within the
frequency range of 4.5 kHz to 6 kHz. At angles of at-
tack of larger than 4 degrees, the tonal noise features
with broadband components were no longer apparent in
the slat spectrum. This result was in accordance with
previous results [2]. Based on this observation, the fo-
cus of the two-element model tests was at an angle of
attack of 4 degrees. To gain insight into the mech-
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Figure 4: Two-element model slat noise in the far field,
α = 4 degrees and U∞ = 25 ms−1. Steady actuation at
an applied voltage of 15 kV and duty cycle of 40 %.

anism of the slat tonal noise generation, a strip with
a thickness of 0.5 mm was mounted at positions A, B,
C, D shown in 5. The tonal noise was suppressed only
when the strip was positioned at location A. Leading
to the conclusion that the tones were closely related to
the flow around the slat cusp, rather than other parts
of the slat. Then, from high speed particle image ve-
locimetry measurements, the generation of the dominant
tone was found to be related to the shedding of vorticity
from the slat cusp, which subsequently rolled up to form
vortices through the Kelvin-Helmholtz instability. This
mechanism of noise generation, the shedding of vorticity
from the slat cusp, was different to that previously sug-
gested, a mechanism similar to that seen in cavity flow.
Based on the results obtained with the 0.5 mm thick

strip, a plasma actuator was flush mounted at position
A. The aim of doing so was to investigate whether the
slat tonal features with broadband components could be
suppressed with a plasma actuator. 4 demonstrates the
noise reduction in the far field at α = 4 degrees, U∞ =
25 ms−1. According to the measurements, the self-noise
of the actuator appeared nearly flat within the frequency
range of 0.2 to 5 kHz and was followed by a sharp peak at
f = 5.8 kHz. The peak was regarded as the consequence
of the first subharmonic of the plasma actuator driving

Figure 5: Strip mounted at several positions across the
slat.

signal because the frequency of the peak was nearly half
that of the driving frequency of the actuator. Above the
frequency f = 5.8 kHz and until f = 9 kHz, the self-noise
tended to increase with the frequency rise. Regarding
the slat peaks, it can be seen that the first four peaks
in the spectrum were significantly reduced when control
was applied. This was especially the case for the fourth
peak in which a reduction of 24 dB was achieved. Lastly,
it was observed that the noise within the frequency range
of 1.5 to 4.5 kHz increased, whereas the noise within the
frequency of 0.825 to 1.5 kHz was attenuated. 6 shows
the comparison of the RMS of acoustic pressure in the
far field at various duty cycles. The RMS experienced a
rapid decrease as the duty cycle was increased from 0 to
0.3. Nevertheless, a slow decrease, similar to an asymp-
tote, occurred within a duty cycle range of 0.3 to 0.45.
Open-loop control with a plasma actuator was found

Figure 6: Variation in the far field RMS of acoustic pres-
sure with duty cycle. Two-element model at α = 4 de-
grees and U∞ = 25 ms−1.

to reduce the slat noise with larger duty cycle values giv-
ing greater reductions. However, in some cases there is
a need for a trade-off between the noise reduction and
the power consumption. In addition, the system needs
to be able to remain stable under various external distur-
bances. Under these circumstances, a feedback control
system would be more suitable than that of open-loop.
To successfully implement a feedback control system for
the two-element model, several steps were taken. Firstly,
the plant of the slat noise was identified by an ARX al-
gorithm, wherein a total of 600 input/output data pairs
were used. Then, the input data was generated from the
duty cycle and the output data from the near field mi-
crophone’s RMS of acoustic pressure. It was found that
a polynomial model with three poles and two zeros de-
scribed the plant. Finally, based on the identified model,
a quasi-static feedback control system with a LQG servo
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controller was developed. 7 shows the comparison of
the output voltages in the far field between controller on
and controller off. From this figure, it can be seen that
the acoustic pressure reduced when feedback control was
turned on. Following on from the two-element model
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Figure 7: Time history of the output voltage of the far
field microphone at the output port of the amplifier.

tests, to better represent the landing configuration, tests
were conducted using a three-element model. Deploy-
ment of the flap was found to alter the angle of attack
at which the tonal features with broadband components
were present. It was suggested that the inclusion of the
flap altered the pressure distribution around the wing.
At a geometric angle of attack of 2 degrees, two distinct
tonal features were present in the spectrum (8). These
tones were attenuated with the application of the plasma
actuator, with a 20 dB reduction observed in the domi-
nant tone.
During tests with the three-element model, a differ-

ent form of closed-loop control was explored in which
a proportional feedback controller was implemented (9).
The details of the results obtained with the three-element
model have been described in Chappell et al. [14]. A
parametric study of the Proportional (P) controller was
conducted by varying the set point, fixed time step, pro-
portional gain, and duty cycle range. The set point value
was defined as the controller’s target output RMS volt-
age which was proportional to acoustic pressure. The
proportional gain made changes to the output that was
proportional to the current error value. The fixed time
step determined the response time of the actuator. A set
point value of 0, fixed time step of 0.2 s, proportional gain
of -60 and a duty cycle range of 10% to 15% was found
to provide the best performance, with regards to the at-
tenuation of the tonal features. The performance of the
actuator was determined to be highly dependent on both
its duty cycle and applied voltage. As was observed in
the two-element model tests, when the closed-loop con-
trol was switched on, the acoustic pressure was found to
be significantly attenuated (8).

4 Conclusions

An experimental investigation was conducted into the
attenuation of slat noise with a DBD plasma actuator.
The tests were initially undertaken using a two-element
model comprised of a slat and main element. For the final
phase of the project, to represent the landing configura-
tion, the model was updated to include a flap. Tests were
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Figure 8: SPL of three-element model at α = 2 degrees.

Figure 9: Closed-loop P-controller.

conducted at a Reynolds number of 5.5 × 105, based on
the main element chord, with the flow untripped. To
attenuate the slat noise, and based on preliminary tests
with a passive device, the plasma actuator was applied
to the leading edge of a slat. The performance of both
open-loop and closed-loop forms of control were exam-
ined using near and far field acoustic measurements ob-
tained in an anechoic chamber.
In tests with the two-element model and at an angle

of attack of 4 degrees, tonal features with broadband en-
ergy content were present in the far field spectrum. From
high-speed PIV measurements, the dominant noise was
concluded as being closely associated with the shedding
of vorticity from the slat cusp. To suppress these noise
features, a plasma actuator was developed wherein the
plasma intensity was regulated by means of a duty cycle
signal that was generated by a dSPACE system. The
noise was successfully suppressed by the use of a plasma
actuator in an open-loop control system. A maximum
reduction of 24 dB was achieved at a frequency of ap-
proximately 5.6 kHz. A feedback control system was
also implemented to effectively attenuate the slat noise.
In the three-element model tests, the tonal features were
most apparent at an angle of attack of 2 degrees. A dif-
ferent form of closed-loop control was explored in which a
proportional feedback controller was implemented. Both
controllers were shown to be successful in the suppression
of the slat tonal noise with broadband content.
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Nomenclature

DBD = Dielectric Barrier Discharge
FRP = Fast Rising Voltage Pulse
P1 = Clean Configuration of the model
P2 = Configuration of the model installing

electrodes at x/c=0.45
P3 = Configuration of the model installing

electrodes at x/c=0.575
PT-1 = Pilot Transonic CIRA Wind Tunnel
M = Mach number
Re = Reynolds Number
c = Model Chord
V∞ = Free Stream Velocity
a = Angle of attack
U = Volt
Cp = Pressure Coefficient
rms = Root Mean Square
f = Frequency
ω = 2πfc

2V∞

= Reduced Frequency
PSD = Power Spectra Density

1 Introduction

The applications of surface dielectric barrier discharge
plasma actuators, (DBD), have known a considerable in-
terest recently in the field of flow control. In general,
such actuators consist of two electrodes separated by an
insulation covering the lower electrode entirely, while the
upper electrode remains exposed to the flow. This actu-
ator is driven either by a high frequency AC-voltage or
by fast rising voltage pulses. In the former case, a sinu-
soidal voltage of several kilovolts with frequencies of a
few hundred to several thousand Hertz is applied to the
electrodes. The actuator generates a body force tangen-
tially to the surface which provides a variety of possibil-
ities to manipulate or to create flows. Inside an existing
mean flow, the actuator can be used to impart momen-
tum into a boundary layer and to alter the velocity, the
turbulence distribution or to control the transition from
laminar to turbulent. The amplitude of the force, cre-
ated by the plasma actuator can be altered by varying
the driving voltage. In the case of the fast rising volt-
age pulse (FRP) driven DBD actuators, pulses with an
amplitude of several kilovolts and with a rise/decay time
(from 10%-90% max. voltage) of a few nanoseconds are
applied. The wall jet’s velocities of these actuators are
quite low, and the actuator acts as an equivalent addi-
tional energy source. A weak compression wave is gener-
ated at the edge of the flow/air-exposed electrode which
prevails whatever the flow regime, and seems to be the
predominant mechanism of these FRP actuators.
A major part of the experimental work up to now using
surface dielectric barrier discharge (DBD) actuators was

carried out in flow speeds up to 30 m/s, mostly with ac-
tuators driven by AC-voltage. The main identified mech-
anism of successful control with such actuators at such
low speeds is the induced ionic wind effect, which can at-
tain velocities limited to a few meters per second, hence
influencing mainly only very low speed flows [8]. With
increasing flow speed, however, this influence becomes in-
sufficient and the actuator’s control capacity generated
by these ACdriven DBD has not yet achieved expecta-
tions [2]. Recently, DBD actuators driven by nanosecond
pulsed FRP-DBD have been successfully used to reattach
leading edge separation in high speed flows [1]. Even
though this is not a phenomenon frequently encountered
under realistic flight conditions these findings encouraged
to investigate possible effects of FRP-DBD on shock buf-
fet, which is a problem pertaining to transonic cruise
flight conditions, and is of interest in compressor design.
In order to evaluate whether FRP-DBD actuators have

beneficial effects on the aerodynamic performance in high
subsonic flows and in particular in mitigating shock buf-
feting phenomena, a series of experimental investigations
has been carried out in the CIRA PT-1 transonic wind
tunnel. The flow speed was varied between M=0.4 and
M=0.85 at angles of attack from -2◦ to 8◦ and Reynolds
numbers between Re = 1.7 × 106 and Re = 2.5 × 106.
Tests were performed on a constant wing span model of
a BAC 3-11 supercritical airfoil, with 11% of maximum
thickness, able to reach shock buffet conditions at Mach
numbers in the range (M=0.75-0.88), at low angles of at-
tack (0-5◦) and Reynolds number about 2 - 3 million [3,
4]. During the tests, steady and unsteady pressure mea-
surements were acquired to obtain quantitative measure-
ments.
This paper provides a short description of the exper-

imental setup, presents the main results regarding the
effect of the plasma presence on the aerodynamic perfor-
mance and on the shock buffet phenomenon.

2 Model and instrumentation

The test campaign has been performed in the PT-1 facil-
ity. This is a transonic and supersonic pressurized wind
tunnel, which operates in a closed-circuit. It has two
drive systems: a 145 kW fan, for continuous tests in the
low subsonic flow speed range (M<0.35), and a com-
pressed air injection system for intermittent transonic
and supersonic operation. In the high subsonic-transonic
flow regime the wind tunnel reaches Mach numbers be-
tween [0.35-1.1], while in supersonic condition only one
Mach number is achievable [M=1.4]. The maximum to-
tal pressure reachable in the wind tunnel is 1.85 bar and
the possible range test time is of 150 seconds. Tests were
performed on the BAC3-11 wind tunnel model with a
model chord of 0.12 m and a span of 0.45 m. The model
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a)

b)

Figure 1: BAC3-11 airfoil: a) Main model components;
b) Assembled model installed in the wind tunnel

has been designed to house the DBD actuator on the
suction side, as shown in Figure 1.
Three different configurations have been tested: the

first called P1, is a metallic insert that represents clean
BAC3-11 shape (no actuators installed) to be used as ref-
erence test case; the second called P2, is a DBD actuator
insert with 2 electrodes in an asymmetric configuration
separated by dielectric material. The trailing edge of the
exposed electrode is at 45% of the chord in this config-
uration. Figure 1 illustrates the exploded view of the
model with the main model components (a) and the as-
sembled manufactured model installed in the wind tunnel
test section. Moreover, in order to evaluate if the relative
position between the electrodes and the shock wave can
influence the aerodynamic performance, another DBD
actuator , called "P3", with a different electrode position
(at 57% chord length) has been tested.
The actuator inserts consist of two parts. The first is
a support realised by stereo lithography. Its upper side
shape corresponds to the BAC 3-11 geometry. The DBD
actuator is made of flexible printed circuit boards with a
thickness of 0.2 mm, glued on top of the support. Thus a
smooth surface following the profile shape was produced.
In order to allow quantitative measurements during ex-
periments, pressure taps were drilled into the dielectric
(Figure 2). However, no pressure taps could be included
into the electrode structure due to the risk of arc break-
down. In particular, for the Kulite pressure transducers,
arcing and electromagnetic interferences posed a problem
for the sensors located close to the electrodes; an issue
that has been approached and solved by developing spe-
cial shielding. In all, a total of 45 pressure taps (29 on
the upper surface and 16 on the lower surface) and 10
high frequency pressure transducers (Kulite transducers
XCS-062-25A) located on the upper surface of the model
(Figure 3) could be implemented.

Figure 3 shows the distribution of steady pressure
taps and of the points individuated for unsteady pressure
measurements. For the P2 configuration, measurements

Figure 2: Solution for steady and unsteady pressure mea-
surement near electrodes

Figure 3: Distribution of steady and unsteady measure-
ment points on the model

points located at x/c = 0.45 and x/c = 0.5 are omitted
due to the presence of the electrodes at these locations.
The experiments with nanosecond pulse-driven DBD ac-
tuators require a power supply capable of generating
these short, fast-rising voltage pulses. The core of the
system used in the present study is a Behlke HTS 111-
06-GSM fast high-voltage transistor switch, composed of
two identical Mosfet switching paths forming a so-called
push-pull circuit. It produces voltage pulses of up to
10 kV, at a pulse width of tw = 200 ns, with rise and
fall times down to 20 ns. An upgraded version of the
power supply is today able to work with frequencies up
to fp=10 kHz. Figure 4 and Figure 5 show the waveforms
of a typical voltage pulse and Figure 6 the resulting dis-
charge on the assembled model. For the present activity,
tests were performed with FRP DBD actuators at a volt-
age of Up = 8kV and a pulsing frequency of fp =970 kHz.
Finally, since the laminar-turbulent transition of the

boundary layer is a significant parameter for the shock
- boundary layer interaction, the boundary layer transi-
tion was triggered at a line of 5-7% chord, on both upper
and lower surfaces, by means of carborundum grains lo-
cated along the whole model span. This helped to limit
the number of variables that could affect the test. Hence
more realistic simulations at high Reynolds number can
be performed.

Figure 4: Current waveform of a typical pulse
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Figure 5: Voltage waveform of a typical pulse

3 Effect of the plasma on the
main aerodynamic perfor-
mances

In order to evaluate whether FRP DBD actuators have
beneficial effects on the aerodynamic performance, sev-
eral tests were performed in the Mach range M = 0.4 to
M = 0.85, at angles of attack from α = -2◦ to α = 8◦ and
with Reynolds numbers varying between Re = 1.7 × 106

and Re = 2.5×106. During the tests the total pressure of
the free stream was acquired via a RUSKA 7222 absolute
transducer with a full scale of 26 PSI and an accuracy
of 0.01% FS. The atmospheric pressure was measured by
using a DRUCK DPI 740 barometer with accuracy ±15
Pa. Steady pressure measurements on the model were
acquired by means of the PSI 8400 system connected
to differential electro-scanner with 15 PSI FS. The total
temperature was measured by a United Sensor USNH-
B-106 total temperature probe installed in the settling
chamber.

Figure 6: Plasma activated on the model during a wind
tunnel test - Plasma “P2“ (xplasma = 0.45C)

Figures 7 shows the experimental pressure coefficients
on the model carried-out at M = 0.5 for different angles
of attack, on the clean model ("P1") and on the model
equipped with plasma at x/c=45("P2"). In order to eval-
uate the quality of wind tunnel data, experimental mea-
surements were compared with numerical data referring
to the clean configuration P1 obtained with the UZEN
code [7].
From the analysis of results, a good matching be-

tween numerical and experimental data was observed
indicating a good quality of wind tunnel data. Small
discrepancies between the experimental pressure coeffi-
cients measured on the clean configuration and on the
model equipped with the plasma inserts (plasma off) are
present. This is a result of wind tunnel measurement er-
rors, of the manufacturing tolerance of the plasma inserts
(which slightly changed the model shape), of the model
assembly and of the plasma inserts deformation under
the aerodynamic loads (which again slightly changed the
model shape). Experimental measurements carried-out

in subsonic conditions with the activated plasma show
no evident effect on the general surface pressure distribu-
tion with respect to measurements obtained in the same
Mach-Re-a conditions without plasma.
A similar analysis was performed also at high sub-
sonic/transonic Mach numbers in order to check whether
the plasma effects the shock wave position and inten-
sity. Figures 8 present the experimental pressure coef-
ficients on the model, measured at M = 0.8 for different
angles of attack, on the clean model ("P1") and on the
model equipped with plasma at x/c = 45% ("P2"). In the
pictures, results are compared with numerical data re-
ferred to the clean configuration obtained with the UZEN
code.
Only small discrepancies between the experimental

pressure coefficients measured on the clean configura-
tion without insert and on the model equipped with the
plasma insert but with the plasma off were observed.
Also, a good match between wind tunnel and CFD data
has been found except for the lower pressure expansion
showed by the experimental data. The measured shock
wave position and intensity are comparable to what was
expected. From the analysis of steady pressure measure-
ments carried out with and without plasma, it was not
evident that the plasma produced effects on shock wave
position and intensity. As these are steady state anal-
yses, it is not possible at this stage to analyse eventual
effects of the plasma on the oscillation of the shock wave
and in particular on the buffet conditions.

4 Effect of the plasma on the
shock buffet phenomenon

The steady pressure measurements reported in the Fig-
ures 8 can help to highlight the onset of buffet when,
in presence of a strong shock wave, the local pressure
at the trailing edge fails to recover positive values, re-
maining slightly at negative values [6]. Following this
approach, it seems clear that the case M = 0.8, α = 4 is
characterised by strong shock wave oscillations compared
to the condition M=0.8 and α=0◦. As shown in Figure 9
this can be easily detected by plotting the instantaneous
time responses of the Kulite transducers. More in detail,
Figures 9 displays the instantaneous pressure distribu-
tions measured by the Kulite transducers on the clean
configuration "P1" in two different points of time at M
= 0.8, α = 0◦ and at M = 0.8, α = 4◦. For each condi-
tion, the reference times have been selected to show the
maximum fluctuation of the pressure in the shock wave
position.
The results show that in both conditions, the averaged

pressure measured by the Kulite transducers are quite
comparable with steady pressure measurements and, as
expected, the case at α=4◦ is characterized by a stronger
shock wave oscillation around the mean position com-
pared the case at α=0◦. In general, a strong pressure
oscillation is measured by Kulite transducers close the
shock wave position under buffeting conditions. This
can be quantitatively measured by analysing the root
mean square of pressure coefficient (Cprms) along the
model as shown in the Figures 10 the values of Cprms

were calculated from the pressure signals considering a
time period of 0-3 seconds.
From results reported in Figure 10, it can be noticed

that the standard deviation of the pressure coefficient
Cprms, which can be regarded as a measure of the wave
intensity, shows very low pressure fluctuation values up-
stream of x/c ∼= 0.55, then increases up to 4% at the
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a) b) c)

Figure 7: Effect of the plasma on the average Cp distribution for a) zero incidence; b) Angle of attack of 1◦; c)
Experimental results obtained at M = 0.5 on the clean configuration ”P1” and with DBD insert “P2“ (xplasma =
0.45C)

a)

b)

Figure 8: Effect of the plasma on the average Cp distri-
bution. Experimental results were obtained at M = 0.8
on the clean configuration ”P1” and with DBD insert
”P2” (Xplasma = 0.45C)

shock wave position and return to decrease downstream
to values lower than 1%. In the case of oscillating shock
waves (Figure 10 b), high values of pressure fluctuations
are measured in a wider region of the model respect to
other conditions. Finally, comparing results obtained
with and without plasma at different conditions, it was
systematically recognized that a lower value of pressure
fluctuation is registered at the shock wave position on
both tested configurations in presence of plasma. This
seems to indicate a benefit of plasma in terms of re-
duction of both intensity and oscillation of the shock
wave, hence a stabilisation of the shock wave. These
measured differences with and without plasma are quite
small and could be confused with measurement errors.
Further tests are necessary to achieve a more confident
conclusion.
In order to further improve the understanding of the

plasma effect on the shock buffet phenomenon, the anal-
ysis of Kulite transducer data was performed in the fre-
quency domain. The signals were filtered at 10 kHz by
means of the GLE/SGA- 4 conditioner system and am-
plified with a gain of 10, in order to have an output sig-

a)

b)

Figure 9: Shock wave position oscillations: a) config. P1
with M = 0.8, α = 0◦ conditions; b) config. P1 with M
= 0.8, α = 4◦ conditions

a)

b)

Figure 10: Root mean square of the pressure coefficient
Cprms Top: M = 0.8, α = 0◦; Below: M = 0.8, α = 4◦
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a)

b)

Figure 11: a) 3D spectral plot of PSD along the model
chord. Clean configuration “P1“ at M = 0.8, α = 0◦; b)
Contour map corresponding to plot a) of PSD along the
model chord

nal between 0 and 1 Volt. The signals were sampled at
30’000 samples/sec/channel over 3 seconds. The spectral
analysis was done by using Welch’s method with block
sizes of 8192. Moreover, the smoothing of the trans-
forms was accomplished using 25% overlap block aver-
aging. In this way the chord-wise distribution of the
resulting squared modulus of the unsteady component
of the upper surface pressure versus frequency (or re-
duced frequency ω) was evaluated for each chord wise
pressure tap location from x/c = 0.3 to x/c = 0.75. Fig-
ure 11a and Figure 12 report the power spectral density
(PSD) of pressure fluctuations referring to the cases of
Figure 9 (with M = 0.8, α = 0◦ and M = 0.8, α = 4◦).
The different trends measured by each Kulite transducer
along the model chord were finally interpolated obtaining
the colour maps reported in Figure 11b and Figure 12b.
Most of the graphs presented in the following are limited
to the range of reduced frequencies 0.20 < ω < 1 since
this is considered to be the interesting range for the study
of buffet phenomena. At lower frequencies, the signal of
some Kulite transducers contained significant electrical
noise occurring at the dominating frequencies 50 Hz or
100 Hz. Spectral plots are shown in the following Fig-
ures, 11-12. From the analysis of the spectral plots,
it was recognized that in absence of buffeting conditions
(M = 0.8, α = 0◦), the spectral signals show a typi-
cal decreasing trend versus reduced frequency without
showing predominant peaks. Near the shock wave po-
sition the signal shows a similar trend but with higher
PSD intensity. In presence of oscillating shock waves (M
= 0.8, α = 4◦), the amplitude in the shock wave po-
sition are much higher compared to the previous case.
In particular, the signal amplitude results increased in
the reduced frequency range ωǫ[0.2 : 0.45]. Although re-
duced in amplitude, this feature is also observed at all
stations downstream of the shock wave.
Regarding the main characteristics of shock oscillation,
the coherence analysis between Kulite transducers lo-
cated at x/c = 0.5 and x/c = 0.55 showed prominent
spectral peaks at reduced frequency ω = 0.27 and ω =
0.31 corresponding respectively to f = 180Hz and f =

a)

b)

Figure 12: PSD along the model chord. Clean configu-
ration ”P1” at M = 0.8, α = 4◦ a) 3D plot; b) contour
map

215Hz. These peaks are well evident in Figure 13 which
reports the same data of Figures 11 and 12 in a different
way. The first peak is well in accordance with literature
data for which, in 2D flows, the BAC3-11 airfoil exhibits
shock buffet conditions at Mach numbers M = 0.75-0.88
at low angles of attack (0◦-5◦), oscillating at reduced
frequencies between 0.25 ≤ ω ≤ 0.29 [5]. In order to
evaluate the effects of the plasma in the frequency do-
main, a similar analysis was performed in the presence
of plasma. Figures 14 show the PSD colour map of the
configuration "P2" with and without plasma in the same
flow conditions as in Figure 12. The colour map between
x/c = 0.4 and x/c = 0.55 is omitted because no pressure
transducers were included at these locations due to elec-
trodes. The results reported in Figure 14a, related to the
P2 configuration without plasma, are quite well in accor-
dance with the ones reported in Figure 12b, which relate
to the P1 "clean" configuration. Only some PSD peaks
not present on the P1 configuration are observed between
0.25 < ω < 0.5 downstream at the model abscissa higher
than x/c = 0.55. This is due to the manufacturing toler-
ance of the plasma inserts, the model assembly and the
plasma insert deformation under the aerodynamic loads
which alter the flow field around the model (generating
for example different fluid dynamic structures and/or
vortex shedding in the separation zone). In the pres-
ence of plasma, (Figure 14b), an increased background
noise was measured on all transducers. This produces
a slight increase in the mean value of the PSD intensi-
ties. This effect is clear at location x/c < 0.4 where a
low intensity signal, comparable to the background noise
is measured. However, at the shock wave position, the
presence of plasma seems to reduce the intensity of peaks
registered in absence of plasma (Figure 14a). PSD peaks
are themselves in fact limited to the range of reduced fre-
quencies 0.3 < ω < 0.4. Figure 15 shows the PSD of
the pressure fluctuations measured by the Kulite trans-
ducer located at x/c = 0.55 on the P2 configuration with
and without plasma. The results are compared with the
data measured on the clean P1 configuration. The PSD
intensity measured on the P2 configuration is in both
cases much higher than the one measured on the P1 con-
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Figure 13: Oscillation frequency of the shock wave for the P1 configuration (M = 0.8, α = 4◦)

a)

b)

Figure 14: PSD along the model chord. Configuration
“P2“ at M = 0.8, α = 4◦; a) plasma off; b) plasma on

Figure 15: Effect of Plasma on the Oscillating frequency
of Shock wave for the P2 Configuration at M=0.8,α = 4◦

figuration. This indicates that on the P2 configuration
the oscillating shock wave moves around a mean position
located farther downstream than on the clean P1 config-
uration, hence closer to the pressure transducer at x/c =
0.55. Moreover, the PSD trend of the P2 configuration
without plasma shows predominant peaks at f = 190 Hz
and at f = 210 Hz, corresponding to reduced frequencies
of ω = 0.28 and ω = 0.30 respectively. Note that these
values are slightly different than the ones measured on
the P1 configuration. Again, this could be associated to
the different position, intensity and characteristic of the
shock wave acting on the P2 configuration compared to
the one measured on the clean configuration. Finally,
when comparing PSD trends obtained with and with-
out plasma, it is evident that the presence of plasma
reduces the PSD intensity of both peaks. From a physi-
cal point of view, this seems to confirm that the presence
of the plasma reduces the pressure fluctuation intensity
of the oscillating shock wave. However, higher values of
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PSD intensity are registered at higher frequencies indi-
cating that in this case, stronger fluid dynamic structures
and/or vortex shedding are generated in the separation
zone in the presence of plasma.

5 Conclusions

In order to evaluate whether pulsed DBD actuators have
beneficial effects on the aerodynamic performance in high
subsonic flows and in particular in mitigating shock buf-
feting phenomena, a series of experimental investigations
was carried out in the CIRA PT-1 transonic wind tunnel.
The flow speed was varied between M = 0.4 and M =
0.85 at angles of attack from -2◦ to 8◦ and Reynolds num-
bers between Re = 1.7 × 106 and Re = 2.5 × 106. Tests
were performed on a two dimensional BAC 3-11 profile,
a supercritical airfoil with 11% of maximum thickness
able to reach shock buffet conditions at Mach numbers
ranging between M = 0.75 and M = 0.88, at low an-
gles of attack (0-5◦) and Reynolds number about 2 - 3
million. Different configurations have been tested: the
first called P1, a metallic insert that is representative of
the clean BAC3-11 shape (no actuators installed) to be
used as reference test case; the second called P2 is an
insert with DBD actuator consisting of two electrodes in
an asymmetric configuration separated by dielectric ma-
terial. The discharge area of the P2 configuration was
located at 45% chord length. In order to allow quantita-
tive measurements during experiments, special solutions
for steady pressure taps and instantaneous pressure sen-
sors close to the electrodes were developed. This allowed
having 45 pressure taps (29 on the upper surface and
16 on the lower surface) and 10 high frequency pressure
transducers (Kulite transducers XCS-062-25A) located
on the upper surface of the model. For the present activ-
ity, tests were performed with nanosecond pulse-driven
DBD actuators powered with voltage pulses of Up = 8
kV and at a pulsing frequency of fp = 970 Hz.
Experimental measurements carried out in subsonic

and transonic conditions with plasma show no immedi-
ate effect of the Plasma on the main surface pressure
distribution or on the shock wave position and intensity
compared to measurements obtained in the same condi-
tions obtained without plasma.
From the analysis of pressure fluctuations in the pres-

ence of a shock wave, the pressure fluctuations registered
at the shock wave position were reduced in the pres-
ence of plasma. This indicates a benefit of plasma in
terms of reduction of both intensity and oscillation of the
shock wave, hence a stabilising effect. However, since the
measured differences with and without plasma are quite
small there is a risk of uncertainties due to measurement
errors. Further tests are necessary to achieve a more con-
fident conclusion.

In shock buffet conditions the PSD signals of Kulite
transducers measured on both P1 and P2- plasma off
configurations shows spectral peaks that are well in ac-
cordance with literature data, for which the BAC3-11
airfoil is characterized by oscillating reduced frequency
between 0.25 ≤ ω = 2πfc

2V∞

≤ 0.29 in 2D flows. The pres-
ence of plasma seems to reduce the intensity of these
peaks indicating, from a physical point of view a reduc-
tion of the pressure fluctuation intensity of the oscillat-
ing shock wave. However, higher values of PSD intensity
appear at higher frequencies which are probably associ-
ated to fluid dynamic structures and/or vortex shedding
generated in the separation zone by the plasma.
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Abstract

In the course of the PLASMAERO project an unmanned
aerial vehicle was designed and built to enable experi-
ments with plasma actuators under realistic flight condi-
tions. On the basis of the requirements and preliminary
tests to ensure a flow control effect of DBD plasma ac-
tuators, a kite configuration with 2.4 m wingspan, 0.3 m
chord and a flight weight of 10 kg was chosen. The
propulsion system consists of two electric motors with
pusher propellers behind the wing. The UAV is mostly
made out of fibre-reinforced plastic. The wing consists of
5 sections on a continuous spar which can be exchanged
to allow for different profiles and flow control configura-
tions for the experiments. The fuselage offers space for
the integration of different payloads.
To record data and automatically control the UAV

during the experiments a flight control system is used.
The system was developed by the "Institute of Flight
Systems and Automatic Control" at the TU Darmstadt.
The sensors on board the UAV include a dynamic and
barometric pressure sensor, inertial measurement unit,
magnet field sensor and a GPS receiver. The system
uses this data as input for an autopilot and flight control
system to autonomously control the plane. Additionally
the data is sent to a ground station for monitoring and
is recorded for post flight analysis.
Two small high voltage generators can be carried on

the sides of the fuselage underneath the wing. They can
be used for standard or conformable DBD actuators with
a length of up to 0.9 m and supply a voltage of up to
12 kV. Other types of high voltage generators can be in-
stalled in the payload section of the fuselage. During the
PLASMAERO project two different actuator configura-
tions were developed by the partners for use on the UAV
platform. The "University of Nottingham" developed a
vortex-generating DBD plasma actuator for control of
trailing edge separation on a NACA 0015 profile. The
second actuator is a multi-DBD arrangement from the
"Instytut Maszyn Przepływowych" which also aims to
control separation on this profile.

1 Introduction

The motivation for the current work arose after build-
ing and testing a UAV to demonstrate separation con-
trol with the help of DBD plasma actuators [1]. This
plane had a wingspan of 1800 mm, a payload of about
4 kg and a mean chord of about 180 mm, resulting in
Reynolds numbers of around 140,000. Actuators were
applied over a total of 900 mm wingspan on both sides.
The stall speeds for the unactuated and actuated cases
were measured using a pitot-static tube on the the left
wing. The measurements and data recording were done
by a small logging system designed for model aircraft use.
Although successful test flights were performed with

that UAV, several areas for improvement were identified
and these were realized in a new design known as the

Figure 1: Results of 68 stall speed measurements with
the existing UAV from [1].

PLASMAERO UAV:

• The electric system, especially the measurement
equipment, was prone to electrical interference from
the plasma actuation. Several electric motors, bat-
teries and data recording devices were strongly af-
fected or even permanently damaged.

• The measurement results exhibited high variability.
This can be explained by two factors: Gusts, and the
influence of the pilot. Gusts can only be avoided by
flying in relatively calm air, usually in the morning
and evening. However, the influence of the pilot can
be diminished by using a system for autonomous
control for the experimental maneuvers.

• During the PLASMAERO project different flow con-
trol concepts and high voltage generators were to
be developed. The existing UAV could not pro-
vide sufficient payload or space for such develop-
ments. Moreover, to incorporate different configu-
rations and electronics a more modular platform was
desirable.

2 The PLASMAERO UAV

The most obvious and important requirement the PLAS-
MAERO UAV has to fulfill is the ability to carry the
necessary equipment while being able to demonstrate
plasma flow control in flight. On the one hand the
UAV needs relatively heavy plasma actuator equipment,
mainly the high voltage generators, as well as additional
measurement and flight control equipment. This requires
a relatively high payload and space, especially since dif-
ferent components from different partners were foreseen,
some with unknown specifications at the design phase.
On the other hand the control authority of plasma actua-
tors for flow diminishes severely with increasing Reynolds
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number, ultimately contradictory to the requirement of
a high payload. Most successful DBD plasma actuator
experiments were done at Reynolds numbers around or
below 200.000.
Although an advancement of the control authority

by the partners in the course of the project was an-
ticipated, a wind tunnel study was conducted in the
"Niedergeschwindigkeitswindkanal" at the TUD to en-
sure at least one successful experiment at the chosen
Reynolds number. A wing with a span of 1.2 m, con-
sisting of three 400 mm segments was tested at veloc-
ities of 5 - 30 m/s. Three different chords of 200, 400
and 500 mm and different flow control concepts, namely
leading and trailing edge separation control, "Gurney-
flap" plasma actuators and control of a forced separation
by a bump were investigated. Although only provisional
and sketchy, the experiments showed a change in lift of
up to∆cl = 0.1 over a range of ∆α = 10◦ for the 400 mm
forced separation case at a Reynolds number of 290.000.
Although not an elegant or efficient way to achieve flow
control, it ensures the feasibility of at least one experi-
ment at this Reynolds number. Other than the control

Figure 2: PLASMAERO UAV in flight.

authority of the plasma actuator there were also many
other requirements regarding placement of sensors and
flow control experiments in undisturbed flow, electro-
magnetic compatibility, crash safety and manufacturing.

2.1 Layout

The general layout chosen is a kite configuration with a
rectangular shoulder wing with a chord of 300 mm and a
span of just under 2400 mm. This chord combined with
an anticipated stall speed of 10-15 m/s, depending on
the flight weight results in a minimum Reynolds number
between 215,000 and 320,000.
Due to the relatively high wing the plane is stable

along the roll axis without adding any dihedral. The
wing therefore can be as simple as possible to allow mod-
ular interchangeability. The propulsion system consists
of two propellers in a pusher configuration, mounted in-
board on the wing. This allows the mounting of sensors,
e.g. pitot-static tube, in the front of the fuselage, and a
relatively undisturbed airflow at the flow control sections
on the wing. A structural weight of approximately 6 kg
and a flight weight of 10 kg have been achieved. The
fuselage has the function to hold variable payloads and to
connect to the wing and tail sections, bearing the accord-
ing loads. It consists of a lightweight, laser-cut GRP-
foam sandwich frame, covered by laser-sintered plastic
and styrofoam parts which gives the outer form of the

Table 1: Overview of UAV measurements.

Wingspan 2384 mm

Span of actuator segment 400 mm

Span of aileron segment 400 mm

Wing chord 300 mm

Wing area 0.72 m2

Flight weight 10 kg

fuselage and can absorb some energy in case of a crash
and thereby protect the payload. The main segment of
the fuselage has a square cross section, beginning at the
nose and ending below the wing. The interior dimensions
are 540x166x166 mm, a removable cover plate on the top
ensures easy access to the payload. The payload can be
installed on the ground plate or on intermediate plates
mounted to the side walls. The frame is relatively long
to accommodate payloads of different sizes and weights,
while ensuring a tolerable position of the center of grav-
ity. The nose cone is made of laser-sintered plastic and
is mounted to the front spar of the frame. It has ven-
tilation ducts as well as a fixture for a pitot-static tube
probe with an outer diameter of 3 mm. Other sensors
could be mounted as well by rapidly building new nose
cones with added fixtures with the laser-sintering ma-
chine. The plane features a tricycle landing gear.
The tail boom is removable and connected via an alu-

minium tube glued into feed holes in three ribs below the
wing, ensuring short paths for the force transmission to
the wing and the fuselage frame. The tail boom itself
consists of a wound carbon fibre tube, the control sur-
faces consist of a CRP tube as spar and styrofoam cov-
ered with a plastic sheet. An all-flying tail was chosen
as horizontal control, while the rudder is divided due to
structural and clearance reasons. For good stability and
control authority a horizontal tail volume of about 0.35
to 0.45 is needed, both can be adjusted by the length of
the tail boom. The servo motors for the control surfaces
are installed in the tail to avoid electromagnetic distur-
bances by the high voltage generators in the fuselage.
This adds weight with a long lever towards the center of
gravity, which has to be accounted for with weight in the
front of the fuselage, by shifting the payload forward.
The wing sits on top of the frame behind the payload

section and is connected to it by 6 screw joints. The
wing has a rectangular planform and no aerodynamic or
geometric twist. The profile used is a model aircraft pro-
file with 2.5 % camber and 15 % thickness. To allow for
the use different experiments the wing consists of several
sections which can be exchanged. To dimension the
spar for the wing an analysis of the loads was carried
out. First an assumption regarding the maximum load
was made, due to manoeuvring or gusts the load on the
wing can be increased several fold. In this case a load
factor of n=10 was assumed, setting the design manoeu-
vring speed VA to 3.16 VS (stall speed). To calculate
the resulting bending moment an assumption of the lift
distribution has to be made. The easiest one would be a
constant distribution along the wing span. Since the out-
board sections do produce a smaller part of the lift this
assumption would lead to a significantly higher bending
moment, resulting in a over dimensioned spar. To get
a better assumption a simple model of the airplane was
evaluated using the software XFLR5. The calculated lift
distribution shows an anticipated smaller lift outboards
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Figure 3: Lift distribution over the span of the wing for
calculation of maximum loads.

Figure 4: Resulting bending moment at maximum load.

as well as a drop in the vicinity of the fuselage. The
self-weight of the wing was neglected, leading to a rather
conservative assumption. Especially the peak bending
moment at the fuselage is reduced by the weight of the
engines and propulsion system on the inboard sections.
The spar consists of a balsa wood bar with CRP caps

and several layers of GRP shear web. The required
amount of carbon fibres was calculated and the accord-
ing number of roving was applied to the spar caps, with
the number increasing towards the middle of the wing.
After curing the GRP shear web was applied and the
spar was put in a metal mould to achieve an exact size.
The individual wing sections can be slid on the spar, al-
lowing for an easy exchange of experiments. To achieve
this a GRP sleeve is built into each wing section which
serves as guide for the spar.
For the wing covering 400 mm span moulds are used,

the laminate consists of a GRP-foam sandwich. Recesses
for the installation of the plasma actuators are attained
by placing wax plates into the moulds before laminating.
In between the section wing fences can be installed to
minimize threedimensional effects due to different pro-
files used in the actuated sections. The wing tips are
covered with a laser-sintered plastic part with a small
wing tip fence.
The propulsion system consists of two electric motors

and airscrews. Electric motors were chosen because of
the easier handling, safety issues and fewer vibrations
when compared to internal combustion engines as well
as no contaminations by fuel or exhaust. The place-
ment of the propeller in a pusher configuration behind
the wing was chosen to ensure an unchanged flow field
at the fuselage for sensor placement and on the wings
for experiments. To minimize electrical losses and sensi-
tivity to electromagnetic disturbances, these components
are installed in the engine mount directly in front of the
motor. This setup yields flight times of 8 minutes at
maximum power to around 12 minutes at more efficient
speeds. Since the propulsion system is above the center
of gravity a pitching moment cannot be avoided. It is
not critical, but has to be kept in mind, especially dur-
ing manoeuvres near the ground with drastic changes in
propulsion power, i.e. the abortion of a landing.

2.2 Flight control and data recording
system

To achieve repeatable results an automated flight control
system was acquired. Predefined maneuvers for the dif-
ferent experiments can be flown without pilot interven-
tion or errors. The flight control system was developed at
the "Institute of Flight Systems and Automatic Control"
(FSR) at the TU Darmstadt [2]. It is a highly modular
and flexible system which is in use on different platforms,
including quadcopter and ground vehicles. Sensors in-
clude a barometer, air speed, temperature sensor and
magnetometer, a GPS device and an inertial guidance
unit. All data is passed via an ethernet connection to
the mini-PC, which uses it to compute the actual flight
situation and the required servo outputs for control. The
most crucial data is sent to the ground station for teleme-
try purposes. Additionally, the data is saved onboard to
enable a complete post-flight analysis.
The controllers for the autonomous flight control unit

were designed and implemented using Matlab Simulink
Release 2011b, a graphical environment to analyze and
design systems within Matlab. The software of the flight
control system uses the "Open robot control software
OROCOS". All sensor inputs are used to compute the
actual flight situation. The control algorithm is divided
into a navigation, autonomous guidance and flight con-
troller loop in a cascade. The most important for our
purposes is the flight controller, airspeed, height and az-
imuth are controlled by it. The elevator deflection is

Figure 5: Overview of the flight controller.

used to control the airspeed of the plane. The height is
controlled by the power of the propulsion system. Since
the propulsion has a pitching moment as well as an influ-
ence on the airspeed at the elevator, the propulsion power
has to be included when computing the elevator deflec-
tion. The control of the lateral movement of the UAV,
i.e. yaw and roll control, can be decoupled from the lon-
gitudinal movement. The roll control uses the ailerons to
fly a given heading, while the yaw control uses the rudder
to avert a sideslip of the plane. All deflections are limited
to an amount that ensures that the physically maximal
deflections are not reached and that the plane cannot
fly too severe manoeuvres. Additionally, bank angle and
climb rate are limited as well. Additional information on
the system can be found in [2].
The rest of the system consists of standard model ra-

dio control parts, controlled either automatically via the
flight control unit or manually piloted by remote con-
trol. The control surfaces are actuated by servo motors,
the propulsion motors are driven by controllers. For the
flight testing of the UAV platform as well as start and
landing the plane has to be controlled remotely by a pi-
lot. For flights with the flight control unit a 7 channel
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Figure 6: Overview of the electrical system of the UAV.

satellite receiver is used which operates in the 2,4 GHz
frequency band. The signal is transmitted to the flight
control unit and split into the according servo signal
outputs with a pulse-width modulation. If the plane is
controlled remotely the signal is passed trough without
any modification by the flight control unit. Altogether
7 servo motors are installed in the plane to actuate the
aerodynamic control surfaces, the steerable front gear
and the high voltage devices.
The 2,4 GHz connection from the remote control as

well as the pulse width modulated signal to the servo
motors were tested for interference introduced by plasma
actuation. The only critical disturbances found were
from malfunctioning plasma actuators. Otherwise dis-
turbances and noise can be found in the signals, but
without effecting the position of the servo motors.

2.3 High voltage generators for plasma
actuation

The Minipuls 0.1 high voltage generator is an improved
version of the MP 0 generator. It consists of two units,
a control board and a high voltage board, and needs 15
- 35 V input voltage. It has a maximum peak-to-peak
voltage of 12 kV with a plasma frequency of 5 - 20
kHz. Actuators with a capacity of 100 pF and 50 pF,
corresponding to about 900 or 450 mm typical actuator
length, can be operated. The signal can be pulsed with a
duty cycle of 0 - 100 % and a pulse frequency of 10 - 230
Hz. For a duty cycle of more than 50 % the transformer
cascade has to be cooled, either by external ventilation
or by the airflow in flight experiments. The device can
be partially controlled in flight. Pulse frequency, duty
cycle and output voltage can be controlled by analog
input signal between 0 and 5 V. It was specifically
designed for use on the UAV and weighs only around
340 g. The UAV is able to carry two "GBS Elektronik"
Minipuls 0 or 0.1 high voltage generators at the side of
the fuselage under the wing, or other generators inside
the fuselage. The covering over the Minipuls devices
consists of laser-sintered plastic parts with cut-outs
for easy access of the potentiometers on the signal
generator board and ducts for the ventilation of the
devices. The fillet between the last rib of the fuselage
frame and the tail boom consists of the same material
and has outlet ducts for ventilation. The ducts are in
front of the propellers, which increase the air flow by
suction. The high voltage is transferred by cables in
ductwork to the actuator sections of the wings on each
side. Other types of high voltage generators can be
carried in the payload segment in the fuselage. The

Figure 7: Pulse width modulated servo signal. The servo
position is controlled by the length of the pulse, ranging
from 1000 to 2000 µ s. A pulse is sent approximately
every 20 ms.

Figure 8: Pulse width modulated servo signal with dis-
turbances introduced by placing the connection cable
next to the plasma actuator.

flight control unit is installed in the front of the fuselage,
leaving a space of 300x166x166 mm with an opening
of 130 mm width on top for HV generators or other
equipment. However, since all planned experiments
use the Minipuls 0.1 generator, this segment is not in use.

3 Experiments

Several partners of the PLASMAERO project are car-
rying out flight experiments on the UAV platform. The
"University of Nottingham" (UNOTT) is investigating
the effect of vortex-generating DBD plasma actuator on
the trailing edge separation on a NACA 0015 profile.
Co- and counter-rotating vortex generators are used to
reduce the recirculation zone. The "Instytut Maszyn
Przepływowych" (IMP) is also using this profile to
test multi-DBD actuator arrangements for separation
control. Since the NACA 0015 has no camber, the
angle of incidence in this section had to be increased by
3◦. Although this leads to an equal lift coefficient as
the other wing sections, the profile will encounter flow
separation at a much smaller angle of attack. Therefore
the stall speed is increased and the plane is very difficult
to control at low speeds.
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Figure 9: Minipuls 0.1 high voltage generator installed
in fuselage.

Due to changes in the german air law in May 2012 an
authorization had to be acquired for the UAV. The ma-
jor problem was to find a suitable airfield for the experi-
ments. Although the TUD owns an airfield in Griesheim,
an agreement for the flights there could not be acquired
since it is also a nature reserve. Many model aircraft
fields in the vicinity are not big enough or are obstructed.
Eventually an airfield was found. However, the field has
some restrictions and disadvantages. Due to the crowded
airspace of the Frankfurt and Egelsbach airports the us-
able airspace is restricted and the altitude is limited to
100 m above ground level. Additionally the field is rela-
tively small and has a forest on one side, which compli-
cates the landing approaches. The pilot of the UAV is
a student employed at the TUD, who is an experienced
model aircraft pilot. Also, a representative of the model
aircraft field has to be present during the experiments
out of safety and regulatory issues.
The experiments can only be conducted under

favourable weather conditions. The visibility has to be
high enough to clearly see the UAV during the entire
flight. The wind and gusts should be weak for the ex-
periments, although the plane is able to fly and was also
tested at higher wind velocities. Additionally, the wind
has to be from the right direction for the landing ap-
proach at the relatively small model airfield.
The first flights were made with different configura-

tions and actuators to test the system and ensure a safe
flight with plasma actuation. During the flights the flight
control unit was first operated as a passive data record-
ing and monitoring device collecting all available sensor
data and remote-control signals. The telemetry system
transmitted the data to the ground station where the
operator was controlling the system such that the pilot
could focus only on flying the UAV.

3.1 IMP actuator

The IMP multi-DBD actuator configuration used on the
airplane consists of two actuators, each covering half of
the span of the wing section. This configuration was cho-
sen due to the restricted power output of the Minipuls 0.1
high voltage supply, each actuator half is driven by one
of the Minipulses on board of the UAV. The actuators
consist of several grounded electrodes on top of the di-
electric and several floating interelectrodes in-between.
The dielectric material used was 300 µm thick Cirlex.
Details of the actuator and the tests performed at IMP
can be found in [3].
The actuator was installed in a NACA 0015 wing sec-

tion built for it with a recess of 1 mm depth and 50 mm
length, beginning at 40% chord. It was tested using two
Minipuls 0.1 power supplies. Various tests were per-
formed to find the maximum power attainable since it
is a smaller version than the one used at IMP for the

Figure 10: Sketch of IMP multi-DBD actuator configu-
ration. (From [3])

Figure 11: IMP multi-DBD actuator configuration oper-
ated by two Minipuls 0.1 high voltage generators.

windtunnel experiments. The specifications of this actu-
ator required 100% duty cycle, also meaning that burst
frequency was not a factor. Testing began at a low input
voltage of 22 V and was carried forth until reaching 32 V,
short of the maximum allowable input voltage on the
Minipuls of 35 V. Any input voltage higher than 26.5 V
was found sufficient and resulted in both Minipuls and
both sides of the actuator to operate at 10 kV at 10 kHz.
The IMP actuator arrived at TUD in late October. Due

Figure 12: UNOTT vortex generating DBD actuator
configuration.

to the arrival of the actuator in late autumn the weather
conditions were not favourable and up to date only one
test flight could be made. The weather during this flight
was relatively windy and gusty. The flight lasted around
10 minutes; during the flight 12 experiments with plasma
actuators were conducted.
The pilot attempted to fly at a low speed and rela-
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tively high angle of attack and turns on the actuators.
A change in lift coefficient on the actuated side of the
wing should lead to a roll moment. The pilot can then
act against this moment by an aileron control input or let
the plane fly a curve. In comparison to this idealized sim-
ulation the real situation, suffers from difficult weather
conditions during this test flight. Due to the gusty winds
the UAV experiences continuously alternating roll rates
and the pilot is quite active with the aileron. As a result
of the difficult conditions no clear effect of the actuator
on the flight mechanical properties could be found.

3.2 UNOTT actuator

At the "University of Nottingham" counter-rotating DBD
vortex generators were developed for the use on the UAV.
The actuator consists of 8 streamwise oriented upper
electrodes, which are 45 mm apart from each other. The
dieelectric material used is 0.25 mm thick Cirlex, cov-
ering the grounded electrode which extends across the
whole span of the wing segment. The streamwise length
of the actuator is 100 mm, extending from 30 to 63%
of the chord. Due to the plasma actuator streamwise
vortices are generated, entraining the high speed flow
from outside into the boundary layer and thereby cancel-
ing separation. Details about this actuator configuration
and wind tunnel testing can be found in [4].
Due to the late availability of the wing section from

UNOTT it was not possible to conduct test flights with
this actuator until the end of M39. Additionally the wind
tunnel tests of UNOTT were conducted with a different
power supply than the Minipuls device. In contrast to
the wind tunnel tests with the IMP actuator, a combi-
nation of operation voltage and frequency used were not
possible to be generated with the Minipuls 0.1. There-
fore it was not guaranteed that the same control author-
ity of the actuator on the flow can be achieved. However,
preliminary ground tests with the UNOTT-actuator ar-
rays were promising and indicated that similar control
authority can be achieved with this generator-actuator
combination.

4 Conclusion and outlook

The UAV developed during the project is a highly mod-
ular system for diverse experiments and flow configura-
tions. The exchangeable wing segments allow the use
of different airfoils and flow control configurations. The

first test flight can be considered as a successful conclu-
sion of the project since the UAV has proven to meet all
requirements necessary to be able to capture any effect
of plasma actuators for flow control in flight. Even the
smallest effects on the flight mechanics of the UAV can be
captured by numerous sensors without a noticeable inter-
ference of the high-voltage system with the measurement
equipment. Overall the UAV enables the transfer of suc-
cessful wind tunnel tests to in-flight experiments under
realistic conditions and thereby moving closer to actual
applications. Further flight experiments with suitable
weather conditions will be conducted in the next months
and a thorough data analysis will elaborate detailed in-
formation on the flow-control success.
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Prof. Michael Leschziner, Chairman, Imperial College 

Prof. Wolfgang Rodi, Co-chairman, Karlsruhe Institute of Technology 

The ETMM Series of Conferences 

Aims  

The ETMM series of symposia aims to provide a bridge  between  researchers  and 

practitioners in Flow,Turbulence and  Combustion by  reporting progress in the 

predominantly applied, industrially-oriented areas of turbulence research.This includes the 

development, improvement and application of statistical closures, simulation methods and 

experimental techniques for complex flow conditions that are relevant to engineering practice; 

the modelling of interactions between turbulence and chemistry, dispersed phases and solid 

structures; and the symbiosis of modelling, simulation and experimental research. 

Major Themes 

• Novel modelling and simulation methods for practically relevant turbulent flows, 

including interaction with heat and mass transfer, rotation, combustion and multi-

phase transport

• Novel experimental techniques for flow, turbulence and combustion and new 

experimental studies and data sets

• Innovative applications of modelling, simulation and experimental techniques to 

complex flows, industrial configurations and optimisation problems

• High-speed aerodynamics, acoustics and flow control with emphasis on turbulence 

processes

• Modelling, simulation and measurements of environmental and bio-spherical flows  
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1. Large Eddy Simulation

Geurts, B.J.

University of Twente, Holland.

Tel: +31 534 894 125

b.j.geurts@utwente.nl

24. Variable Density Turbulent Flows
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41. Fluid Structure Interaction
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Tel: +33 130 878 087

Fax: +33 130 877 727
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claude.cambon@ec-lyon.fr

43. Fibre Suspension Flows
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37. Bio-Fluid Mechanics
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Delft University of Technology, Holland.
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45. Uncertainty Quantification in
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Katholieke Universiteit Leuven, Belgium.
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johan.meyers@mech.kuleuven.be
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Department of Fluid Mechanics,

Budapest University of Technology and

Economics
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Tel: +36 1 463 4073

Fax: +36 1 463 4072
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Germany North
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Group

RWTH Aachen University

Schinkelstr. 2

D-52062 Aachen, Germany
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Fax: +49 241 80 92 600

gauger@mathcces.rwth-aachen.de
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National Research School for Fluid

Mechanics,

Mekelweg 2,

NL-2628 CD Delft, Netherlands.
Tel: +31 15 278 1176

Fax: +31 15 278 2979
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sb@ipat.uni-erlangen.de
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Wallin, S.

Swedish Defence Research Agency FOI,
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S-16490 Stockholm,

Sweden.
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Fax: +46 8 5550 3062

stefan.wallin@foi.se

Czech Republic
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Institute of Thermomechanics AS CR,

5 Dolejskova,
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Czech Republic.
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Fax: +420 224 920 677
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Greece
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National Tech. University Of Athens,

School of Mechanical Engineering,

Lab. of Steam Boilers and

Thermal Plants,
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Fax: +48 22 622 0901

jack@meil.pw.edu.pl
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Cambon, C.
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France.
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claude.cambon@ec-lyon.fr
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Universitat Politecnica de Catalunya,

Edificio C-1, Campus Norte,

Gran Capitan s/n,

E-08034 Barcelona,

Spain.

Tel: +34 93 401 6035
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Swiss Federal Institute of Technology
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F-31400 Toulouse Cedex, France.
Tel: +33 534 322 839
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Braza@imft.fr

Iberian West

Theofilis, V.

Research Professor of Fluid Mechanics

School of Aerospace Engineering

Technical University of Madrid (UPM)

Tel: +34 91 336 3298

Fax: +34 91 336 3295

vassilios.theofilis@upm.es

United Kingdom

Standingford, D.

Zenotech Ltd.

University Gate East, Park Row,

Bristol, BS1 5UB

England.

Tel: +44 117 302 8251

Fax: +44 117 302 8007

david.standingford@zenotech.com

France West

Danaila, L.

CORIA, University of Rouen,

Avenue de l’Université BP12,
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France.

Tel: +33 232 953 702

luminita.danaila@coria.fr

Italy

Bottaro, A.

DIMSET , Universitá di Genova,

Tel: +39 010 353 2540

alessandro.bottaro@unige.it
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Best Practice Guidelines for Computational 

Fluid Dynamics of Dispersed Multi-Phase 

Flows

Editors

Martin Sommerfeld, Berend van Wachem 

&

René Oliemans 

The simultaneous presence of several different phases in 

external or internal flows such as gas, liquid and solid is 

found in daily life, environment and numerous industrial 

processes. These types of flows are termed multiphase 

flows, which may exist in different forms depending on the 

phase distribution. Examples are gas-liquid transportation, 

crude oil recovery, circulating fluidized beds, sediment 

transport in rivers, pollutant transport in the atmosphere, 

cloud formation, fuel injection in engines, bubble column 

reactors and spray driers for food processing, to name only a 

few. As a result of the interaction between the different 

phases such flows are rather complicated and very difficult 

to describe theoretically. For the design and optimisation of 

such multiphase systems a detailed understanding of the 

interfacial transport phenomena is essential. For single-

phase flows Computational Fluid Dynamics (CFD) has 

already a long history and it is nowadays standard in the 

development of air-planes and cars using different 

commercially available CFD-tools. 

Due to the complex physics involved in multiphase flow the 

application of CFD in this area is rather young. These 

guidelines give a survey of the different methods being used 

for the numerical calculation of turbulent dispersed 

multiphase flows. The Best Practice Guideline (BPG) on 

Computational Dispersed Multiphase Flows is a follow-up 

of the previous ERCOFTAC BPG for Industrial CFD and 

should be used in combination with it. The potential users 

are researchers and engineers involved in projects requiring 

CFD of (wall-bounded) turbulent dispersed multiphase 

flows with bubbles, drops or particles. 

Table of Contents 

1. Introduction 

2. Fundamentals 

3. Forces acting on particles, droplets and bubbles 

4. Computational multiphase fluid dynamics of dispersed 

flows 

5. Specific phenomena and modelling approaches 

6. Sources of errors 

7. Industrial examples for multiphase flows 

8. Checklist of ‘Best Practice Advice’

9. Suggestions for future developments 

Copies of the Best Practice Guidelines can be acquired 

electronically from the ERCOFTAC website: 

www.ercoftac.org

Or from:  

ERCOFTAC   CADO 

Crown House 

72 Hammersmith Road 

London W14 8TH, United Kingdom 

Tel: +44 207 559 1429 

Fax: +44 207 559 1428 

Email: Richard.Seoud-ieo@ercoftac.org 

The price per copy (not including postage) is: 

ERCOFTAC members 

 First copy   Free

 Subsequent copies 65 Euros 

 Students   49 Euros 

Non-ERCOFTAC academics 90 Euros 

 Non-ERCOFTAC industrial 230 Euros 


