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A concept for lift modification on a conventional aircraft wing for roll control at low angle of attack with dielectric

barrier discharge plasma actuators is proposed and assessed through computational fluid dynamics simulations and

preliminary wind-tunnel experiments. The concept consists of placing plasma actuators around the wing tip to add

momentum in the direction opposite to that of the flow forming the tip vortex. Because of the limited strength of

existing plasma actuators, the assessment is carried out for a relatively small two-dimensional wing (NACA 4418)

with a rounded tip at zero angle of attack and 15 m=s for a Reynolds number in the range of 1:5 � 105.

Computational fluid dynamics simulations show a significant alteration of the vorticity field downstream of the

trailing edge characterized by a more diffused vortex surrounded by zones of negative vorticity induced by the

actuators and, but not necessarily, outboard displacement of the tip vortex. This leads to a reduced downwash that

results in a change in lift of up to almost 20% for actuator strength levels that should be achievable in the short term

with a new generation of dielectric barrier discharge actuators. The actuator placed on the suction side contributes

themost to the lift increase, with its induced jet blocking the flow around the wind tip at the origin of the formation of

the tip vortex. Wind-tunnel experimental results support the computational fluid dynamics predictions in both

magnitude and trend. Furthermore, preliminary computational fluid dynamics simulations are carried out for a

symmetric nonliftingwing (NACA0018), representative of aircraft tail surfaces at zero angle of attack to generate lift

for pitch and yaw control. Results indicate lift generation that increases and becomes larger than drag at higher

actuator strengths. These promising results show a potential for the proposed concept to replace movable flight

control surfaces on future aircraft wings and empennages.

I. Introduction

C ONTINUING pressure in the aviation industry toward reduced
acquisition and operating costs drives aircraft design toward

reduced weight and complexity. The movable flight control surfaces
(namely, the ailerons, elevators and rudder, and their associated
systems) constitute a source of weight and mechanical complexity.
The replacement of these surfaces with static flight control devices
could potentially lead to simpler and lighter wing and tail empennage
designs with increased fuel containment capacity, resulting in longer
flight range while reducing fabrication and maintenance costs.
Recent advances in aerodynamic actuators for flow control provide
unprecedented opportunities to develop new practical and robust
flight control technology.

Plasma actuators form a new simple and potentially robust
electrofluidic actuation technology that allows one to addmomentum
in near-surface flows. Figure 1 illustrates the workings of a dielectric
barrier discharge (DBD) actuator, the most common type of plasma
actuator. It basically consists of two axially offset electrodes, one
exposed to the air and the other hidden in a dielectric material. When
a relatively low-power AC voltage of typically several kilovolts and
several kilohertz is applied between the electrodes, the air over the
hidden electrode is partially ionized and, in presence of the electric
field between the electrodes, results in the acceleration of a thin layer
of flow adjacent to the surface.More details onDBD actuators can be
found in [1]. Being electric and devoid of moving parts, plasma
actuators can be potentially robust and easy to integrate with higher

bandwidth thanmostmechanical actuators.Moreover, the possibility
of having the exposed electrode flush with the surface eliminates the
risk of negatively perturbing the flow when the actuator is not in use.
Consequently, plasma actuators hold a very high promise for flow
control applications in aerospace, particularly those involving
boundary-layer separation, such as maintaining airfoil lift at high
angle of attack [2,3] and preventingflow separation on turbine blades
[4] and diffuser walls [5]. Other applications in propulsion include
suppressing tip clearance flow in turbines [6] and rotating stall in
compressors [7].

The use of plasma actuators for electric flight control without
traditional moving surfaces has received recent attention with the
work on a swept-wing unmanned aerial vehicle (UAV)-shaped
platform [8,9]. The concept consists of altering the lift on wings and
stabilizers to provide roll, pitch, and yaw control. At high angle of
attack, this concept relies on influencing the leading-edge separation
vortices to change the lift and provide rolling moment. At low angle
of attack, a ramp is built onto the wing surface to induce separated
flow, implying a possible drag penalty under normal flight, and
plasma actuators are used to suppress this flow separation to provide
the required change in lift for rolling moment.

The objective of this paper is to propose and study computation-
ally and experimentally a method for altering lift using plasma
actuators on a conventional wing at low angle of attack in the absence
of any imminent boundary-layer separation, with a preliminary
assessment of extending themethod to generate lift on symmetric tail
surfaces. Figure 2 illustrates the proposed concept. It consists of
placing plasma actuators near the tip of the wing, both on the suction
and pressure sides and if needed on the wing-tip surface to add
momentum in the direction opposite to the flow around the wing tip
forming the tip vortex. The intent is to impede the development of the
tip vortex to alter streamwise vorticity distribution downstreamof the
trailing edge. This alteration could include displacement of the tip
vortex, making it more diffuse and inducing negative vorticity, to
reduce downwash upstream of the wing and thus increase lift for roll
control (and reduce induced drag). By extension, the same concept
could perhaps be applied to potentially create tip vortices on
symmetric nonlifting tail surfaces to generate lift in either direction
for yaw and pitch control.
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Studies on control of wing-tip vortices in order to influence lift and
drag have been carried out for several decades using jet injection [10–
15], suction [16], and synthetic jets [17]. These studies are usually
carried out with small wings in wind-tunnel experiments and have
reported positive results, with most of them involving spanwise
injection for which the increase in lift occurred mainly through the
outward spanwise displacement of the tip vortex. Despite their
encouraging results, some practical drawbacks of these air systems
could impede their applications on aircraft. For air injection systems,
these include the jet massflow (diverted from the engine), whichmay
have an effect on aircraft/engine performance, as well as the
mechanical/weight and maintenance issues associated with the
required valve/piping systems. For the suction systems, in addition to
the drawback associated with valve/piping systems, a source of
vacuumwould not be easily found on an aircraft. Finally for synthetic
jets, there is a maintenance concern associated with the risk of
clogging from particles in the dirty air. The use of plasma actuators,
by their solid-state and electrical nature, may overcome these
drawbacks as well as provide a potentially robust and fast-response
method for flight control. Ramakumar and Jacob [18] and
Santhanakrishnan et al. [19] briefly tested and discussed spanwise
plasma actuation near thewing tip as part of several lift enhancement
technologies. Their results were limited to very low Reynolds
number (30,000) and extreme angles of attack (14�), which has only
limited usefulness in the present context, and especially considering
that at high angles of attack where there is higher risk of boundary-
layer separation, streamwise plasma actuation on the suction side
[2,3] may have more effect on lift.

In contrast, the proposed concept and associated placement of the
plasma actuators combines both injection and suction effects to
diminish the negative influence of the tip vortex without necessarily
being limited to displacing it. Nevertheless, given thevery thin region
of plasma-induced flow and the relatively low strength of existing
plasma actuators, the questions that must be answered in this
preliminary assessment are as follows:

1) Can this concept effectively increase lift on a conventional wing
at zero angle of attack?

2) Can this concept be extended to generate lift on a symmetric
wing?

A computational approach combined with preliminary wind-
tunnel experiments is chosen to provide a preliminary assessment

and answer to the above questions. As plasma actuators are a
relatively new technology and still very much at the laboratory stage
of development, their maximum strength is presently modest and
experimental aerodynamic applications so far have been generally
limited in speed and Reynolds number to about 10–30 m=s and
104–105, respectively. Consequently, this first study of concept is
being performed for a small wing of 6 in. in chord at an incoming air
speed of 15 m=s, corresponding to a Reynolds number of about
150,000, which is in the range associated with radio-controlled
airplanes or small UAVs. However, plasma actuation strength has
been growing rapidly, and should this concept show promise, further
CFD simulations will allow estimation of the actuation strength
required under speeds and Reynolds numbers associated with larger
aircraft.

The next section describes themethodology, startingwith thewing
geometry, followed by the computational approach including the
plasma actuator model and its implementation in the CFD code, and
ending with the experimental setup. Subsequently, the results of the
simulations are shown and discussed, followed by experimental
results to support the predictions, and endingwith preliminary results
for lift generation on a symmetric wing. Finally, the conclusions of
the present work are summarized.

II. Methodology

A. Geometry Selection

For this first study of the proposed concept, the wing geometry is
selected based on simplicity and the ability to be tested in a subsonic
wind-tunnel test section of 0:61 � 0:61 � 2:44 m (24 � 24 � 96 in:)
in size, to have experimental data to support the findings of the
simulations. The chosen geometry is a two-dimensional (half) wing
with a semicircular rounded tip, and with a chord of 15.24 cm (6 in.)
and a span (including tip) of 31.88 cm (12.55 in.) to have a reasonable
aspect ratio while fitting in the test section. It is designed to be
installed vertically at zero angle of attack in the wind-tunnel test
section (Fig. 3) on an aerodynamic balance installed under the test
section to measure aerodynamic moment. A NACA 4418 cross
section is selected to give enough thickness to install a plasma
actuator on the rounded tip surface, if needed,while being reasonably
thin to minimize negative effects on the nominal lift from the tunnel
walls. Figure 4 shows the wing geometry with the placement, set by
the available space on the experimental wing, of the plasma actuators
on the upper/lower surfaces as well as on the wing tip. The actuators
on the suction and pressure sides extends from 10% chord to the
trailing edge, and their position, defined by the location of the center
of the gap between the exposed and hidden electrodes, is at 91%
span. Most simulations and the experiments carried out so far only
include these two actuators. A simulation is also carried out with an
actuator on the wing tip extending from 10 to 78% chord.

B. Actuator Model

A model of the DBD actuator is needed to carry out CFD
simulations of the concept. In the past few years, many models have
been developed, with varying complexity, to simulate the fluid
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Fig. 1 DBD plasma actuator.

Fig. 2 Proposed concept of lift enhancement via wing-tip plasma

actuation.

flow 

Fig. 3 Wing test configuration in wind-tunnel section.
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dynamic effect of plasma actuators. The simplest models replace the
actuator with a doublet [20] for incorporation into a panel method
code for flow around an airfoil or represent the plasma–fluid
dynamics coupling in one dimensionwith an electrostatic body force
[21] based on charge density. Shyy et al. [22] proposed a more
sophisticated, yet simple, model that provides a time-averaged linear
two-dimensional body-force distribution in terms of the actuator size
and input voltage amplitude and frequency. Suzen et al. [23]
developed a model that produces a more realistic body-force distri-
bution based on actuator geometry and the nature of the fluid and
dielectric material. This body-force distribution is then modulated in
time with the alternating voltage input. Orlov et al. [24] used a
network of electrical elements to model the dynamics of the glow
discharge (plasma) region over the encapsulated (hidden) electrode
to obtain a more accurate spatial and time variation of the induced
body force. Finally, the most sophisticated models [25–27] couple
the equations governing the motion of ions and electrons to the flow
equations. However, these models are too costly in computational
time and resources to be used directly in applied aerodynamics CFD
simulations at the macroscale level.

Among the models cited above, the time-averaged spatial body-
force distribution approach provides the most effective modelling of
plasma actuation for flow control in complex flow problems.
According to Orlov et al. [28], the time scales associated with the
ionization and with the ac input cycle of the actuator are six and two
orders of magnitude, respectively, faster than the response of the
flow. The plasma formation process is thus quasi-instantaneous from
the point of view of the flow, thus allowing for the use of a time-
averaged body-force distribution that captures the net spatial effect of
the actuation on the flow near surface boundaries, without adding
significant computational cost. This is the approach taken in most
numerical flow control studies with plasma actuator. Indeed, even an
approximate time-averaged linear spatial force distribution as
proposed by Shyy et al. [22] can generate an induced-velocity profile
shape that resembles the experimental profile. However, there has yet
to be a validated model giving an accurate time-varying body force
with respect to actuator geometry and input. Thus, the proposed
approach in this study consists of using the most accurate repre-
sentative time–averaged spatial body-force distribution possible that
is achievable with a low-cost model and scaling it to obtain the
desired total (integrated) induced body force. This total body force is
henceforth referred to as the actuator strength and is given per unit
length of actuator (mN=m). The model chosen in the present study is
a new hybrid model by Lemire and Vo [29] that combines the best
features of the models by Suzen et al. [23] and Orlov and Corke [24]
to give a body-force distribution, as shown in Fig. 5,which resembles
that obtained with one of the much more sophisticated models [27].
This body-force distribution, which is obtained by solving the model
equations [29] on a very fine rectangular mesh, is mapped onto the
coarser CFD mesh of the arbitrarily curved aerodynamic surface on
which the plasma actuator is placed using the method outlined by
Lemire and Vo [29]. The vectors are then scaled to obtain the desired
total induced body-force (actuator strength) value.

C. Computational Setup

Two computational studies are in fact carried out for the NACA
4418 wing. The first is a very preliminary study using the Reynolds-
averaged Navier–Stokes CFD code UNSTREST [30] from the
University of Cambridge to justify investing into developing more
accurate simulations and an experimental setup. UNSTREST is a
time-accurate turbomachinery CFD code, which had been modified
to implement body-force-type plasma actuator models and had
already been used for several studies of plasma actuation in compres-
sors [7,29]. Because of the nature of the code, the geometry of the
computational domain shown in Figs. 3 and 4 can only be approxi-
mated. The cantilevered wing is modeled as one of many identical
zero-stagger blades in a stator rowwith a large3m(118 in.) hub radius
and3.6m (142 in.) shroud radius, as shown inFig. 6a.Apinched tip is
used, giving an almost rounded tip in the region near the thickest part
of the airfoil, as shown in Fig. 6b, but not necessarily along the entire
chord. In this early study, a 0.3126 m (12.31 in.) span is simulated,
with the actuators placed closer to thewing tip (95%and98%span for
the suction- and pressure-side actuators, respectively). A structured
meshwith 862,000 nodes is used per blade passagewith highermesh
density near the blade surface and in the tip region. The airfoil design
codeXFOIL [31] is used todetermine the transitionpoint on theupper
and lower surfaces and input into UNSTREST, with a mixing-length
turbulence model and a wall function used downstream of this point.
Uniform stagnation pressure and temperature at atmospheric
conditions and axial flow are assigned as boundary conditions at the
domain inlet and a uniform static pressure value is imposed at the
domain exit to give the desired inlet velocity of 15 m=s. The
simulations with UNSTRESTonly incorporated the actuators on the
suction and pressure sides, modeled as the mapped body-force
distributions shown in Fig. 6b. The lift is obtained from summing the
pressure forces over the blade during postprocessing in MATLAB.

Following encouraging results from the simulations with
UNSTREST, the main and more accurate computational study is
carried out using ANSYS CFX 11, with a shear stress transport
turbulence model and a � � � boundary-layer transition model. A
user-defined function is written to implement the spatial force
distribution (representing the plasma actuator) in CFX. The fluid
domain incorporating thewingwithin thewind-tunnel test section, as
shown in Figs. 3 and 4 is meshed with GAMBIT. It is divided into
subdomains as illustrated in Fig. 7a to allow for a structured mesh,
shown in Fig. 7b, in order to facilitate mapping and implementation
of the spatial body-force distributions. The computational domain
has 507,400 nodes. Although the mesh density is increased in the
same regions as with UNSTREST, awall function is not used and the
first mesh above the wing surfaces is therefore set to have y� < 1 as
required by the transition model. The boundary-layer simulation by
CFX 11 has been checked in terms of transition locationwith XFOIL
and of the separation point through comparison with experimental
data [32] for a NACA 0018 airfoil. The boundary conditions at the
domain inlet consisted of uniform distributions of total pressure, total
temperature at atmospheric conditions and an imposed velocity that
is axial and 15 m=s in magnitude. The simulations are carried out in
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Fig. 4 Wing geometry and plasma actuator locations.
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steady mode. The lift and drag are obtained using the associated
standard functions in CFX.

D. Experimental Setup

Wind-tunnel experiments are carried out to provide preliminary
test data against which to verify the predictions by CFD for the low
end of the actuator strength range, on the order of the strength of the
tested actuators. The subsonic closed-loop wind-tunnel manufac-
tured byELD, Inc., (model 407B) possesses a rectangular test section

of 0:61 � 0:61 � 2:44 m and is capable of air speeds up to 91 m=s.
The wing is placed inside the test section as illustrated in Fig. 3. A
small Pitot tube is placed in the flow upstream and away from the
wing to measure the incoming flow velocity. The wing is connected
to an L-shaped balance system (Fig. 8) that allows measurement of
the aerodynamic moment by the change in force exerted on the
electronic scale, the distance between the scale and support can be
varied to increase the force exerted on the scale and thus increase
measurement resolution. The pivot of the balance consists of a
hollow tube mounted on a set of ball bearings through which the
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tip

pressure 
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blade 
tip

a) b)

Fig. 6 UNSTREST a) computational domain and b) plasma actuation model.
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Fig. 5 Plasma actuator body-force distribution.
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high-voltage actuator wires come out, to minimize to negligible
levels any effect of thewires on themeasuredmoment. The electronic
scale can thus be located far enough from the high-voltage wires to
avoid electromagnetic interference. The entire setup is placed inside
an airtight box within which the pressure is equal to the static
pressure of thewind-tunnel test section. Awindow on the box allows
reading of the electronic scale.

The wing is made from balsa wood and covered with a plastic
coating used for radio-controlled aircraft. A metal tube serves as the
main spar (and connection to the balance) in which run the input
cables to the actuators. The actuators are made with 0.076-mm-thick
tinfoil tape for the electrodes separated by a 0.305-mm-thick di-
electric made of layers of self-adhering Kapton tape (two layers at
0.127mm thick and one at 0.051mm thick). The exposed and hidden
electrodes are 3 and 12.7mmwide, respectively, with a zero axial gap
between them. The dielectric is mounted approximately flush with
the wing surface. This traditional configuration of plasma actuator
has been shown to give actuator strengths between 20 and 40 mN=m,
depending on the exact size of the electrodes and dielectric, the axial
offset between electrodes, and atmospheric conditions (humidity,
etc.). It must be noted that these experiments are meant as a
preliminary order-of-magnitude verification of the computationally

predicted forces with available actuators rather than an exact
validation of the computational results. Consequently, the exact
match between experiments and simulations, especially in terms of
the actuator strength, is not necessary in the context of this study.

The plasma actuators are driven by a Minipuls2 high-voltage
generator from ElectroFluid Systems with a 160 W, 0–25 kV peak-
to-peak, 5–30 kHz capability. All actuators are actuated in phasewith
a sinusoidal input from the generator set at 15.3 kV peak-to-peak (the
highest reachable value for the present actuator setup) and 7 kHz to
get the highest plasma density (optimized actuator strength). The
experimental procedure consists of saving the reading of the
electronic scale at zero incoming velocity and recording the change
in this reading at a desired air speed to deduce the moment without
actuation and repeating this measurement with the actuator turned on
to calculate the change in moment due to the actuators.

III. Results and Discussion

In the past few years, published actuator strengths have grown by
an order of magnitude [33] and thus actuator strengths on the order of
several newtons/meter can be expected in the near future for the next
generation of actuators with improved and optimized configurations
[28] and new input technologies such as nanopulsing [34]. This study
therefore considers actuator strengths of 40 mN=m (the best that can
be achievedwith traditionalDBDactuators), 200 mN=m (achievable
with the most recent actuators [35]), and 400 mN=m (considered to
be achievable in the short term).

Table 1 summarizes the results from the preliminary computa-
tional study with UNSTREST using the approximated geometry of
Fig. 6 with actuators on the pressure and suction sides only. They
indicate an approximately linear increase in lift (same as variation in

Fig. 7 CFX a) computational domain subdivisions and b) structured mesh.

wing 
(front view) 

wind tunnel test section 
(looking downstream) 

aerodynamic balance 

electronic 
scale

71.1 cm air-tight box 

pivot and 
HV cable 
exit 71.1 cm 

Fig. 8 Aerodynamic balance system for measuring aerodynamic
moment.

Table 1 Results from preliminary simulations with

UNSTREST with actuators on pressure and suction sides

Case number Actuator strength,
mN=m

CL Change in lift, %

01 0 0.2448 ——

02 40 0.2485 1.50
03 200 0.2625 7.23
04 400 0.2740 11.90
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lift coefficientCL) with actuation strength, starting fromwhat should
be experimentally measurable levels at 40 mN=m, and reaching
interesting levels for roll control at higher actuator strengths, even
with only two actuators.

The results from the more detailed and accurate computational
study with the intended geometry of Figs. 3, 4, and 7 using ANSYS
CFX 11 are shown in the subsequent tables and figures. Table 2
summarizes the main simulations carried out in CFX for actuation

no actuation 
case 1 

actuation on pressure and suction
sides at 400 mN/m (case 4) 

Fig. 9 Nondimensional (streamwise) vorticity contours one chord downstream of trailing edge without and with pressure- and suction-side actuation.
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Fig. 10 Nondimensional (streamwise) vorticity versus span for spanwise line through tip vortex center line at one chord downstream of trailing edge for
different pressure and suction sides actuator strength.
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Fig. 11 Effect of pressure- and suction-side actuation strength on angle of attack at 10% chord upstream of leading edge.
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opposing the tip vortex. There is a little difference in the predicted
CL and in increases in lift of cases 1 through 4 with those of the
preliminary study (cases 01 though 04 in Table 1) that could be due
to the difference in codes, mesh, turbulence models, and computa-
tional geometry, and exact actuator location. However, the match in
order of magnitude and in trend between the two different computa-
tional studies further reinforces the validity of the predictions. The

simulation cases 4 through 6 indicate that the total effect on lift is the
sum of the effect of each actuator, with the actuator on the suction
side contributing about 3 times more to lift increase than the one on
the pressure side. For case 7, an actuator is placed on the semicircular
wing tip, as shown in Fig. 4. However, due to problems with
body-force mapping onto this highly curved surface, only the main
body-force vectors were transferred causing the integral body force
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Fig. 12 Effect of pressure- and suction-side actuation spanwise lift distribution.
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Fig. 13 Transverse velocity vectors at midchord for different actuation configurations.
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to be about 75% of that of pressure- and suction-side actuators.
Even then, with 400 mN=m, the increase in lift is almost 20%.
Finally, the lift augmentation is accompanied by amodest increase in
drag.

The next part of the discussion focuses on the source of the
increase in lift and drag. The first aspect to investigate is the tip
vortex. Figure 9 shows the contours of axial (streamwise) vorticity,
nondimensionalized by the incoming velocity over the chord, on a
plane one chord downstream of the trailing edge, for the reference
case (case 1) and with 400 mN=m pressure/suction-side actuation
(case 4). Comparison of the two cases indicates that although the total
circulation of the tip vortex has not decreased, the vortex core is more
diffused, with a larger diameter and lower vorticity distribution as a
result of the actuation. This is also evident in Fig. 10,which shows the
streamwise vorticity for a line through the tip vortex center that is
parallel to thewing span at one chord downstream of the trailing edge
for cases 1 through 4. It is clear from this figure that the vortex core
intensity is reduced as the actuation strength is increased, but also that
the vortex core moves further outward, although only for the higher
actuator strengths. Furthermore Figs. 9 and 10 also show that the
wing-tip plasma actuation has created two regions of negative
vorticity around the tip vortex. All three of these effects reduce the
downwash caused by the tip vortex and are thus beneficial to thewing
lift. Moreover, the fact that 40 mN=m actuation (case 2) results in lift
increase even though the tip vortex has actually moved inboard (see
Fig. 10) indicates that outboard tip vortex displacement is not the
only mechanism contributing to lift improvement. As expected,
Fig. 11 points to an increasing alleviation of the negative angle of
attack induced by the downwash from the tip vortex with rising

actuation strength for cases 1 through 4. The benefit is observed in the
increased and more uniform spanwise lift distribution for case 4
versus case 1 in Fig. 12.

Figure 13 illustrates the mechanism by which each of the suction-
and pressure-side actuators contribute to weakening the tip vortex
with plots of the transverse flow field in the blade tip region at the
midchord. Case 1 illustrates the flow around the wing tip from the
pressure side toward the suction side that is at the origin of the tip
vortex formation. Case 5 shows that the outward-induced jet from the
suction-side actuator effectively blocks the flow around the wing tip,
markedly reducing it. For case 6, inward injection toward the wing
root on the pressure side relies on viscous flow induction to slow
down the flow around the wing tip, which it succeeds to do, but this
method is less effective than suction-side outward-induced flow. The
combination of both actuators (case 4) adds up the effects. Figure 14
illustrates the effect of the addition of the wing-tip actuator (case 7)
whose downward induced jet forms an additional barrier against the
flow from the suction side.

Although the reduced tip vortex intensity should have entrained a
reduction in drag (from a drop in induced drag), the results show a
modest increase in drag. This increase can be explained by looking at
the shear stress distribution on the wing surface, as plotted for the
suction side of case 5 in Fig. 15, which exhibits an increase in
the region of the induced spanwise jet from the actuator. Indeed, the
actuation induces additional turbulence in this region, resulting in
higher surface shear. This added turbulence and higher shear is also
evident from the much fuller streamwise velocity profile in the
suction-side boundary layer in the tip region for case 5 versus case 1,
as shown in Fig. 16. Although not shown, the same observation
applies to the plasma actuation on the pressure side.

Figure 17 presents the experimentally measured increase in
moment with the setup shown in Fig. 8 for pressure- and suction-side
actuation (comparable to case 2 in Table 2) for a constant actuator
strength at different incoming velocities. Three similar sets of runs
are carried out, with representative error bars placed on one set. The
error bars are based on measurement uncertainty from the accuracy
of the electronic scale and oscillations in the readings observed
during the tests. Since the actual strength of this type of KaptonDBD
actuator is usually in the 20–30 mN=m range, corresponding CFX
simulations at 25 mN=m actuator strength are carried out in advance
for comparison. For reasons related to the construction of the
experimental wing, its span had to be 20% longer than the simulated
wing. Since the CFD simulations show that the spanwise lift
distribution at the wing root is virtually constant and unaffected by a
25 mN=m actuation, the CFD results were appropriately corrected to
account for the difference in wing spans. The resulting predicted
moments are plotted in Fig. 17 alongwith the experimental data. Two
observations can be made. First, there is an order-of-magnitude
agreement in the predicted change inmoment from the actuation. The
experimental values are smaller than the CFD prediction. The most
likely reason could be that the wing-tip leading edge of the

Fig. 14 Transverse velocity vectors at midchord with pressure side,

suction side, and tip actuators (case 7).

Fig. 15 Effect of actuation on shear stress distribution on the suction surface.
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experimental wing has a 4 mm protrusion from the two high-voltage
wires connected to the exposed electrodes, which may affect the
aerodynamics in the tip region.

The second observation is the match between experiments and
CFDpredictions of the peculiar trend of lift increase versus incoming
flow velocity. Moreover, this trend shows a local minimum at
15 m=s, which implies even better performance of the concept at
other velocities for the same actuator strength.

Although done only for limited actuation strength, the experi-
mental results add further support for the CFD predictions and by
extension for the simulated performance of the proposed concept at
higher actuation strengths.

Finally, preliminary simulations in ANSYS CFX 11 are carried
out to assess the capability of the proposed actuation concept to
generate lift on a non lifting surface. A low-aspect ratio symmetric
wing (a reasonable representation of a tail surface) is simulated at
zero angle of attack. A larger wing with a 20.96 cm (8.25 in.) chord
and a 43.79 cm (17.24 in.) span using a NACA 0018 cross-section is
chosen to be mounted horizontally in the wind-tunnel test section, as
shown in Fig. 18, which also illustrates the upper and lower plasma
actuators at 78% span (from the midspan symmetry line) and

extending from 7 to 90% chord, while the actuators on the round
wing tips extend from 7 to 78% chord. For thewing-tip actuator, as in
the case of the NACA 4418 wing, only the main body-force vectors
weremodeled causing the integral body force to be also about 75%of
that of pressure- and suction-side actuators. Because of the
symmetry, a half wing span and fluid domain is simulated. The mesh
has 505,661 nodes. The results, summarized in Table 3, show an
increased lift generation with increasing actuation strength and
indicate that the generated lift is the sumof the effect of each actuator.
However, the total generated lift only becomes important relative to
drag at large actuator strengths. Preliminary investigation into the
source of lift generation indicates a dramatic effect of the actuation on
theflowfield at the symmetricwing tip. Figure 19 shows the contours
of axial (streamwise) vorticity, nondimensionalized by the incoming
velocity over the chord, on a plane one chord downstream of the
trailing edge. The reference case (case 11), and the case with
40 mN=m actuators on the pressure/suction sides and wing tip (at
30 mN=m) (case 16) are shown. In the reference case, there are two
symmetric small counter-rotating tip vortices. However, the actua-
tion creates an asymmetrical network of multiple counter-rotating
vortical structures in the outer span, whose combined influence

no actuation (case 1)  suction side actuation 400 mN/m (case 5)  

Fig. 16 Streamwise velocity profile on suction surface at midchord and 93% span.
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Fig. 17 Increase in lift versus incoming air speed at the lowest actuation strength.

Table 2 Results from CFX simulations for actuation against the tip vortex

Case number Actuator locations Actuator strength, mN=m CL Change in lift, % CD Change in drag, %

1 No actuation 0 0.1931 —— 0.0255 ——

2 Pressure and suction sides 40 0.1994 3.27 0.0257 0.75
3 Pressure and suction sides 200 0.2114 9.49 0.0261 2.22
4 Pressure and suction sides 400 0.2247 16.36 0.0265 3.80
5 Suction side only 400 0.2172 12.48 0.0262 2.71
6 Pressure side only 400 0.2009 4.01 0.0259 1.35
7 Pressure and suction sides

And wing tip
400 0.2307 19.48 0.0269 5.40
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generates lift on the symmetric wing. Further analysis is needed to
investigate more closely the results from this extension of the
proposed concept and is beyond the scope of this paper.

IV. Conclusions

Acomputational and preliminary experimental study is carried out
on a small NACA4418wingwith a rounded tip at Reynolds numbers
on the order of 150,000 to evaluate the concept of wing-tip plasma
actuation to alter lift for roll control at low angles of attack by
affecting the tip vortex in the context of vorticity distribution
downstreamof the trailing edge.CFD simulationswithANSYSCFX
show a noticeable increase in lift, even at small actuation strength of
40 mN=m, associated with conventional DBD actuators. This
increase in lift reaches almost 20% for an actuation strength of
400 mN=m, likely achievable in the short term. The largest contrib-
ution to lift improvement comes from the suction-side actuator
whose outward spanwise induced jet blocks the flow around the
blade tip that forms the tip vortex. Themarkedly smaller contribution
from the inward-pointing pressure-side actuator is almost linearly

added to obtain the total effect. The downward-pointing tip actuator
adds a further small contribution to the lift increase. The lift
augmentation results from alteration of the streamwise vorticity
distribution downstream of the trailing edge that results in a more
diffused tip vortex surrounded by negative vorticity induced by the
actuators and, but not necessarily, outboard displacement of the tip
vortex. These factors reduce the downwash upstream of thewing and
consequently increase its lift. A modest increase in drag is also
associated with the increase in lift, due to larger surface shear stress
levels near the actuator. A preliminary computational study with a
completely different CFD code and an approximated geometry show
similar changes in lift. Furthermore, wind-tunnel experiments with
low actuator strength also support the lift increase results of the CFD
study in magnitude and trend. Overall, the results are very promising
and encourage further research into this concept for flow control,
which should focus on two aspects. The first is the effect of change in
angle of attack on the change in lift for the same actuator strength.
However, only a relatively small range of angles of attack needs to be
covered, since at higher angles where the suction-side boundary
layer nears separation, plasma actuation directed streamwise on the

upper 
surface

lower 
surface

plane of 
symmet

flow upper surface 

lower surface 

Fig. 18 Symmetric NACA 0018 wing and plasma actuator locations.

Table 3 Results from CFX simulations for symmetric NACA 0018 wing

Case number Actuator locations (reversed actuation) Actuator strength, mN=m CL CD Change in drag, %

11 No actuation 0 �0:0002 0.0128 ——

12 Upper surface only 40 0.0041 0.0130 2.04
13 Lower surface only 40 0.0077 0.0131 2.69
14 Wing tip only 40 0.0017 0.0131 2.46
15 Upper and lower surfaces 40 0.0116 0.0134 4.73
16 Upper and lower surfaces and wing tip 40 0.0123 0.0136 6.70
17 Upper and lower surfaces and wing tip 200 0.0285 0.0152 18.86
18 Upper and lower surfaces and wing tip 400 0.0358 0.0166 30.11

Fig. 19 Nondimensional vorticity contours one chord downstream of the trailing edge on a NACA0018 wing without and with pressure- and suction-

side actuation.
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suction side may be more effective in altering lift. The second aspect
to investigate in future studies is the effectiveness of the proposed
concept and the actuation strength required for higher Reynolds
numbers associated with full-scale aircraft.

Preliminary computational simulations are carried out to evaluate
the generation of lift with the same proposed concept on a sym-
metrical wing to simulate a tail surface for pitch and yaw control. The
results do show lift generation increasing with actuator strength,
becoming larger than drag only at higher actuator strengths. Further
investigations need to be carried out into this extension of the
proposed actuation concept.
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