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Nomenclature

CD = drag force coefficient
CL = lift force coefficient
CN = surface normal force coefficient
CT = surface tangential force coefficient
C� = momentum coefficient, time-mean component,

J=cq1
hC�i = momentum coefficient, oscillatory component,

hJi=cq1
c = model chord length
DC = duty cycle
F� = reduced excitation frequency, fmc=U1
f = plasma driving frequency
fm = pulsed-modulation frequency
J = time-mean component of jet momentum
hJi = oscillatory component of jet momentum
q1 = freestream dynamic pressure
Re = Reynolds number based on chord length
s = model semispan length
sL = local semispan length at corresponding x=c
t = wing thickness
U,V,W = chordwise coordinate system
Up = plasma-jet velocity
U1 = freestream velocity
x, y, z = chordwise coordinate system
x0, y0, z = leading-edgewise coordinate system
� = angle of attack
� = delta-wing sweepback angle
� = control-cycle phase angle
!x = streamwise vorticity, @W=@y � @V=@z

I. Introduction

F LOWover the sharp leading edges of a delta wing at high angles
of attack separates and forms shear layers that roll up into two

large vortices, which are primarily responsible for lift generation at
low speeds. These vortices are only weakly dependent on Reynolds
number when the leading edge is sharp [1]. As the angle of attack
increases, the swirl velocity of the vortices also increases. When the
ratio of swirling velocity to axial velocity at any point in the vortex
exceeds approximately 1.3, the vortex breaks down; that is, it
expands into a highly fluctuating structure in which the velocity
components are drastically reduced in the central part of the structure
[1]. Consequently, vortex breakdown is generally associated with
delta-wing stall and can induce vibrations resulting in tail buffet, loss
of control, and possible wing damage.

A number of investigators have suggested that shear-layer
instabilities are linked with both the development of leading-edge
vortices and their breakdown [2,3]. Vortices that have undergone
breakdown can be viewed as curved shear layers, and perturbations
introduced along the leading edge profoundly affect them, producing
significant changes to the wing’s normal force [4]. The underlying
mechanism of performance enhancement by periodic excitation on a
delta wing is unclear, with speculations ranging from delay of vortex
breakdown to vortex enhancement. It was suggested in [5] that
vortex breakdown could be delayed by about 25% of the chord by
introducing periodic perturbations at the leading edge. In contrast,
water-tunnel particle image velocimetry (PIV) data [6] suggest that
the vortex-breakdown location is not altered, but that the
downstream directed velocity close to the surface is increased,
thereby decreasing the upper-surface pressure. A follow-up study [7]
ascertained that excitation from the aft half of the leading edge in the
vicinity of the vortex-breakdown location was most effective. PIV
measurements revealed that the shear layer transports high
streamwise momentum fluid into the wake, downstream of the
breakdown location. The most detailed study appears to be that of
[4], in which cavity-installed piezoelectric actuators were employed
to effect control. Optimum performance was achieved when the high
resonance frequency was burst-modulated to produce F� �O�1�,
with duty cycles (DCs) around 5%. Two-dimensional PIV
measurements suggested that excitation enhances the momentum
transfer across the shear layer, downstream of the original vortex-
breakdown location, generating a streamwise vortex for which the
size is commensurate with the local wingspan.

For delta wings or swept planforms with a low aspect ratio and at
lowReynolds numbers [typical of somemicro air vehicles (MAVs)],
leading-edge vortices also serve as a dominant mechanism of lift
generation. It therefore stands to reason that periodic excitation may
be effective for enhancing MAV performance or controlling flight.
However, on vehicles of this size (typically, � 15 cm), it may be
impractical to install zero-mass-flux actuators within the vehicle
structure or to attach oscillators to the surface. In these instances,
dielectric barrier discharge (DBD) actuators [8,9] emerge as a strong
candidate for leading-edge vortex control. Previous work by some of
the authors of this Note [10–12] demonstrated the effectiveness of
such actuators on airfoils at Re < 100; 000 (or U1 < 10 m=s),
consistent with typical MAV Reynolds numbers.

The present limited investigation addressed two specific
objectives. The primary objective was to maximize delta-wing
performance at low speeds (Re � 75; 000) using leading-edge DBD
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plasma actuation. The secondary objective involved an investigation
of the flowfield corresponding to conditions under which active
control was most effective, within the limitations of the actuation
methods employed here. To achieve this, a semispan delta-wing
model was constructed, equippedwith a leading-edgeDBD actuator,
and wind-tunnel-tested. The flowfield was interrogated by means of
flow visualization, PIV, and laser Doppler anemometry (LDA). The
present Note differs from the original conference paper [13] in the
following respects: the preliminary Gurney flap data are not
included, the conventional DBD actuator was eliminated, and the
actuator calibration was repeated based on a more accurate
measurement and data processing technique. These items are
subsequently discussed further.

II. Experimental Setup

Measurements were conducted in the test section of a 400 �
280 mm blowdown-type wind tunnel, driven by a 1-kW radial
blower, with a 0.8–10-m=s velocity range. The tunnel incorporated a
6:25:1 contraction ratio, and the turbulence level did not exceed
0.15%. A three-component aluminum bending-beam strain-gauge-
type balance was mounted on top of the test section, and the delta-
wing model was attached vertically to the balance by means of the
sting. The model was constructed from 2-mm-thick fiberglass with a
200-mm chord, a 60-deg sweep angle, and a sharp leading edge
(Fig. 1a). A DBD plasma actuator was deployed at the leading edge
(see Fig. 1b). The configuration of the actuator differed somewhat
from those commonly employed in published studies (e.g., [8,9]). In
the original study [13], the common configuration was tested, with
no significant effect on wing performance measured; hence, that
configurationwas not tested in detail. For all data reported herein, the
encapsulated and exposed electrodes (both 70 �m thick) were
mounted on opposite surfaces of the wing, separated by three layers
of 50-�m-thick Kapton tape (Fig. 1b), and this arrangement

produced a plasma-induced jet inboard from the leading edge, as
indicated in Figs. 1a and 1b. The maximum uncertainty associated
with the aerodynamic coefficients was �0:015 at the lowest
Reynolds number tested: namely,Re	 20; 000. The actuator output
in terms of momentumwas calibrated by direct measurement using a
two-dimensional LDA, and this is described in Sec. III.

In addition to model load measurements, two-dimensional PIV
was performed above the model upper surface at locations
x=c	 0:2, 0.5, and 0.8. The PIVmeasurement planeswere normal to
the surface and root chord line. For the optimum control case,
additional phase-averaged data were acquired at x=c	 0:5.
Measurements were made with two Nd:YAG 17-mJ lasers and a
1024 � 1024 pixel CCD camera. Data were processed in 32 � 32
pixel interrogation areas with 50% overlap. A commercial seed-
particle generator was used to generate particles with an average
diameter of 1 �m. Interrogation areas were cross-correlated, and a
local median filter was used to eliminate spurious vectors. The
eliminated data were replaced via interpolation from the adjacent
interrogation areas. The resulting vector field was used for an
adaptive cross-correlation of the data, spurious data were filtered
again, and the adaptive cross-correlation was reapplied. The
percentage of spurious vectors never exceeded 2% for any
measurement plane.

III. Actuator Calibration

The actuator was calibrated (i.e., its momentum output was
directly measured) before the wind-tunnel investigation. This was
achieved by placing the model in a Plexiglas box (60 � 40 � 20 cm)
and measuring the wall jet produced by the actuator using LDA. The
calibration was carried out at five locations along the leading edge in
the range of 0:15 � x0=c � 0:85 at 3, 5, and 7 mm downstream of,
and normal to, the trailing edge [13]. At distances less than
approximately 3 mm from the actuator, no data were measurable,
because the LDA probe volume was located in the plasma sheath.
Moreover, profiles acquired further downstream of the actuator
indicated, as expected, that the wall jet loses momentum.
Consequently, the calibration was based on the momentum
generated at y0 	 3 mm downstreamof the actuator,measured atfive
locations along the leading edge.

For all data acquired, the actuator was driven in pulsed-
modulation mode (i.e., square-wave modulation), because it was
shown in [4] that this mode was superior to other wave forms using
zero-mass-flux jets. In the conference paper [13], the pulsed-mode
calibration was based on the assumption that the actuator responds
instantaneously to the drive signal. Direct calibration, however,
showed that this introduced unacceptably large errors. Con-
sequently, the momentum coefficients reported here are based on a
direct calibration of the actuator for a wide range of pulsation
frequencies and duty cycles, and this calibration procedure is
described in detail in [12]. It was observed in [12] that the direct
analogy of a pulsed DBD actuator with zero-mass-flux blowing is an
oversimplification, because the actuator produces both time-mean
and oscillatorymomentum. In this sense, it is analogous to a nonzero-
mass-flux pulsed jet, inwhich the relativemomentumcoefficients are
denoted as �C�; hC�i� [12]. The relative magnitude of these two
coefficients can have a profound effect on airfoil and wing
performance.

With the exception of the data acquired at x0=c	 0:15, the
momentum variation along the leading did not exceed a 20%
deviation from the mean in the region defined by
0:35 � x0=c � 0:85. The relatively small variations in jet
momentum were traced to changes in dielectric properties resulting
from dielectric heating of the glue used to bond theKapton tape strips
to one another.

IV. Discussion of Results

A. Baseline Performance

Given the low Reynolds number range, the model performance in
terms of CN , CL, and CD was reasonably independent of the
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Fig. 1 Schematic of the semispan delta-wing model: a) top-view

showing the dimensions and coordinate system and b) layout of the DBD

plasma actuator at the wing leading edge.
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Reynolds number [13]. This was attributed to the sharp leading edge,
which ensured a fixed separation and roll-up of the leading-edge
vortex. Up to �
 24 deg, the normal force coefficient was
comparable with that of [4], but stall occurred at a somewhat lower
angle, resulting in a somewhat lowerCL;max [13]. This was attributed
to a combination of the low Reynolds number and relatively thin
(t=c	 1%) wing employed here.

B. Dependence on Control Parameters

As is common in active flow control studies, the effect of the
plasma-induced jet on poststall performance was assessed by
performing a frequency scan with the wing at a relatively large
poststall angle of attack (i.e., �	 36 deg). This angle is
representative of deep stall (typically, more than 10 deg beyond
the static stall angle), in which the vortex is completely broken down
(see Sec. IV.C). The results for normal force and lift coefficients for
a range of Reynolds numbers are shown in Fig. 2a and 2b. These
data are broadly consistent with the zero-mass-flux study of [4], with
some differences in the details. First, there is a more clearly defined
peak at F� 
 1; this is true for Re � 50; 000, presumably because
the forcing amplitude is sufficiently large and exceeds a threshold
hC�i. Second, the larger hC�i that results from lower Reynolds
numbers does not change the basic form of the curves, but generally
produces performance enhancement; nevertheless, there is a small,
but surprising, drop in performance between Re	 35; 000 and
20,000. It should be expected that the relative increase in hC�i
would improve performance. Finally, in the piezo study, changes to
the lift coefficient were not reported, and although it was stated that
no meaningful CL;max were observed, poststall CL increases by 0.2
here.

Further insight into the actuator’s operation and into the
performance differences between Re	 35; 000 and 20,000 can be
gained by considering the duty-cycle scan shown in Figs. 3a and 3b

for F� 
 1. The corresponding calibrated momentum coefficients
are shown in Table 1 (see [12] for calibration-method details). A
sharp rise in CN and CL at a low DC is observed at both Reynolds
numbers, which is consistent with an equally sharp rise in the
momentum produced by the actuator in the range of 0 � DC � 5%.
On airfoils, it is commonly observed that a threshold hC�i � 0:1%
should be exceeded for effective flow control [14], and this is also
observed here. As the DC increases, hC�i crosses a threshold above
which it becomes dominant and excites the unsteady-lift mechanism
(see Sec. IV.C). With zero-mass-flux jets, once the threshold is
exceeded, leading-edge control effectively saturates and an increase
in momentum by 1 order of magnitude has a relatively small effect
[14]. In the present context, the actuators produce both steady and
oscillatory components of momentum and hence as the DC increases
the effect is dramatically different, depending upon the Reynolds
number (see the steady and unsteady momentum coefficients in
Table 1).

At Re	 20; 000 for DC> 5%, the continuous increase in the
steady momentum coefficient begins to dominate and gradually
reduces and ultimately destroys the unsteady-lift enhancement
mechanism; for DC � 40%, the lift is in fact reduced. At
Re	 35; 000, the steady component does not dominate, due to its
reduced value, and hence the unsteadymechanism at hC�i � 0:1% is
not materially affected. The effect of the magnitude of the mean and
oscillatory-momentum coefficients is illustrated by observing that
both coefficients are similar for DC	 10 and 40% at the lower and
higher Reynolds numbers, respectively (see Table 1); consequently,
similar normal force and lift coefficients result (see Figs. 3a and 3b).
At Re	 75; 000, the oscillatory-momentum coefficient is relatively
small hC�i 	 0:04% and, consequently, has only a small effect on
wing performance, as shown in Figs. 2a and 2b.

Wing performance as a function of � is shown for Re	 20; 000
and 35,000 in Figs. 4a–4c, in which control is applied at close to the
optimum conditions F� 
 1 and DC	 10%. As expected, the
normal force coefficient shows a substantial increase in its maximum
value of approximately 0.2. Unlike previous investigations, there is
also an increase inCL;max of approximately 0.1 and a reduction inCD.
These data clearly have implications for delta-wing poststall control
and maneuverability, as well as for minimum takeoff and landing
speeds. It is unlikely that the drag reduction observed here results
from the momentum of the actuator, because at DC	 10%, the
maximum combined momentum output in the stream direction is
�C� � hC�i� cos�� 0:004 and �0:001 at Re	 20; 000 and
35,000, respectively (see Table 1).

C. Flowfield Measurements and Data Analysis

An attempt to gain understanding of the control mechanism was
undertaken by performing two-dimensional PIV measurements in
the y–z plane at x=c	 0:2, 0.5, and 0.8 (Figs. 5–7, respectively).
Detailed phase-averaged data were acquired at x=c	 0:5 for 45-deg
intervals of the control cycle (Figs. 8a–8h). All PIV data are shown
from behind the wing, looking upstream, and the coordinates of each
data set are measured from the leading edge and nondimensionalized
with respect to the localwingspan sL. For the present case, thewing is
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Table 1 Steady and oscillatory-momentum coefficients

(percentages) as a function of duty cycle for selected Reynolds

numbers at F� � 1

Re	 20; 000 Re	 35; 000 Re	 75; 000

Duty cycle, % C� hC�i C� hC�i C� hC�i
1 <0:01 <0:01 <0:01 <0:01 <0:01 <0:01
3 0.19 0.11 0.06 0.03 �0:01 �0:01
5 0.39 0.34 0.13 0.11 0.03 0.02

10 0.52 0.59 0.17 0.19 0.04 0.04
20 0.95 1.24 0.31 0.40 0.07 0.09
30 1.23 1.52 0.40 0.49 0.09 0.11
40 1.65 1.90 0.53 0.61 0.12 0.13
50 2.08 1.89 0.67 0.61 0.15 0.13
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well beyond its stall angle, and the separated flow forms a shear layer
at the leading edge. In this deep stall state, no remnant of the leading-
edge vortex remains (see Figs. 5a, 6a, and 7a). As expected (i.e.,
consistent with the measured increases to CN and CL), control
produces a strong effect on the vortex. At the leading edge, the shear
layer is oriented inboard and a strong vortex centered at y=sL � 0:5 is
generated above on the wing surface. The combination of the no-slip
conditions near the wall and the velocity field just above the surface,
flowing outward toward the leading edge, generates a region of
relatively large countersigned vorticity.

A qualitatively similar situation is apparent further downstream
(x=c	 0:5), in which control is shown for both 5 and 10% duty
cycles; the difference between the two control cases is very small,
and this is fully consistent with the load measurements shown in
Fig. 3a. Nevertheless, there are two important differences between
the controlled flowfields at x=c	 0:2 and 0.5. First, the shear layer
that forms at the leading edge in the later case is not deflected
inboard as in the former case. Second, the vortices in the latter case
are much more diffuse and significantly weaker; that is, peak
vorticity is approximately half of that at x=c	 0:2 (note the
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different scaling that is used to render the vorticity levels visible). In
addition, the vortex is further from the surface: z=sL 
 0:4 vs 0.3
for x=c	 0:2 and 0.5, respectively. This is not immediately clear
from the figure, because the coordinates are nondimensionalized
with respect to the local span sL; hence, the relative distance
increase from the surface between the two locations is
approximately �0:3=0:4� � �0:5=0:2� 
 2. With increased down-
stream distance (x=c	 0:8), this trend continues with a further
reduction in peak vorticity, roughly one-sixth of that at x=c	 0:2,
and with a greater relative distance from the surface (approximately
3.5). Thus, it can be concluded that the vast majority of vortex lift
occurs near the wing apex, perhaps within the first 30% of chord.

The phase-averaged data shown in Figs. 8a–8h furnish some
added insight into the mechanism of control. In pulsed mode for
DC	 10%, control commences at �	 0 deg and terminates at
�	 36 deg. At �	 0 deg (Fig. 8a), relatively strong shear is seen
at the leading edge and a curved shear layer is evident above the
wing surface. This flow state essentially represents the end of the
flow control cycle, because this is when the plasma-induced body
force is initiated. The resulting effect of this body force, which
terminates at �	 36 deg for the 10% duty cycle, can be seen at
�	 45 deg as the shear layer at the leading edge is significantly
deflected inboard, severing it from the remainder of the curved
shear layer. Simultaneously, the vortex center moves slightly
upward, away from the surface. At �	 90 deg, the shear layer
snaps back and reestablishes the curved shear layer. During the
remainder of the cycle, the curved shear layer is visible and the
vortex traverses an almost circular path with a local diameter of
y=sL 
 z=sL 
 0:2.

Some understanding of the optimum reduced frequency reported
here and the distribution of lift generation along the wing can be
gained following the analysis of [15], in which it was assumed that
perturbations generated at the leading edge are amplified and
convected downstream, normal to the leading edge, much like their
two-dimensional counterparts. The effect of sweep enters only
through the component of freestream velocity tangential to the wing
leading edge. The analysis showed that the perturbation trajectories
are swept across the span as a result of the tangential velocity
component; hence, perturbations introduced near the apex will have
a far greater effect that those introduced at the tip, because the latter
will be swept off the wingwithout producing anymeaningful change
to the aerodynamic loads. This is fully consistent with the present
observations in which the greater load changes were observed near
the apex (discussed previously).

The analysis further indicates that just as there is a optimum
frequency associated with control using DBD actuators on an
unswept wing, there will also be an optimum frequency when sweep
is introduced; this is indeed what was observed here. A central
difficulty lies in choosing an appropriate length scale in the definition

of F�, because when the conditions normal to the leading edge are
used [15,16], the length scale varies from zero at the leading edge to a
maximum (c cos� is used here), resulting in F� 	 fmc=U1, and
then back to zero at the tip. Separation control on an unswept flat
plate using a similar DBD actuator indicated an approximate
optimum reduced-frequency range: 0:3 � F� � 0:6 [10–12]. For
F� > 1 on the unswept plate, vortices rolled up near the leading edge
and dissipated over a short downstream distance, thus proving
ineffective for separation control. It is assumed that a similar
mechanism is operating on the delta wing tested here, and this is
consistent with the analysis already described. Nevertheless, the
observation that the optimum delta wing F� is approximately twice
that associated with unswept plate indicates that the length scale
chosen here (namely, c cos�) is too large and should be more in
keeping with the reattachment location, as suggested by [14].

V. Conclusions

The present study considered the active control of a leading-edge
vortex on a semispan delta wing at typical MAV Reynolds numbers
bymeans of a DBD plasma actuator. It is asserted here that studies of
this nature can have implications for both MAVs and large-scale
aircraft. In the first instance, it is clear that plasma actuation can be
employed directly to enhance the performance of MAVs. Generally
speaking, laboratory studies employ conventional high-voltage
generators in which a key objective is to minimize the power
supplied to the actuators. This is mainly due to the difficulty
encountered when attempting to develop lightweight systems that
can be carried onboard a MAV. Nevertheless, if the power
requirements are low enough, lightweight systems can be developed,
because high-kilovolt-level voltages are routinely generated inmany
low-power electronics applications.

In the second instance, due to their surface-application flexibility,
DBD actuators can be placed in various orientations and locations
with relative ease. There are no other known actuators that have such
flexibility. Therefore, studies such as these can have direct relevance
to large-scale low-aspect-ratiowings, such as delta-wing aircraft, and
can be used for risk-reduction studies. For example, low-cost small-
scale wind-tunnel testing can be performed to isolate the optimum
control locations, configurations, frequencies, etc., before more
expensive large-scale or full-scale testing. Themain premise is that at
low speeds (for example, for landing and high-alphamaneuvers such
as low-Mach-number, mildly compressible, flows), the flow
separates from the leading edge of a delta wing at high Reynolds
numbers, much like it does at low Reynolds numbers. Thus, actuator
placement, relative momentum addition (C� and hC�i), etc., can be
considered to be relevant at the large scale, to afirst approximation, at
flight Reynolds numbers under mildly compressible conditions.
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