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Active flow control using fluidic actuators, via arrays of synthetic jet actuators, was used to provide control power
for the Stingray unmanned aerial vehicle in the longitudinal (pitch) and lateral (roll) directions at low angles of
attack. Using this technique, the pitch and roll moments were altered such that the effect is similar to that of a
deflection of conventional control effectors. The control effectiveness of the synthetic jets on the aerodynamic
performance of the Stingray unmanned aerial vehicle was investigated experimentally in a wind tunnel. Global flow
measurements were conducted, where the moments and forces on the vehicle were measured using a six-component
sting balance. The effect of the actuation was also examined on the surface static pressure at two spanwise locations.
In addition, a particle image velocimetry technique was used to quantify the flowfield over the model, both the global
flowfield as well as the localized interaction domain near the synthetic jet orifice. The synthetic jets were able to alter
the local streamlines and displace the boundary layer through the formation of a small quasi-steady interaction
region on the suction surface of the Stingray unmanned aerial vehicle’s wing. Phase-locked particle image
velocimetry data were acquired to provide insight into the growth, propagation, and decay of the synthetic jets
impulse and their interaction with the crossflow. Furthermore, the changes induced on the moments and forces can
be proportionally controlled by either changing the momentum coefficient or by driving the synthetic jets with a pulse

modulation waveform. This can lead the way for future development of closed-loop control models.

Nomenclature

A, = wing area

b = span

b = local span

Cp = drag coefficient

C, = lift coefficient

Cip = lift coefficient for the baseline wing

Cis = lift coefficient with flow control

C, = pitching moment coefficient about the moment
reference center

Cn, = pitching moment coefficient for baseline wing about
the moment reference center

Cns = pitching moment coefficient with flow control about
the moment reference center

Cp = pressure coefficient

C, = rolling moment coefficient

Cyp = rolling moment coefficient for baseline wing

Cyr = rolling moment coefficient with flow control

C, = synthetic jets momentum coefficient

c = mean aerodynamic chord

Clocal = local chord length

c, = root chord

F* = reduced frequency

fe = synthetic jets carrier frequency

fmoa = synthetic jets modulation frequency

h; = width of the synthetic jet slit

I; = time-averaged synthetic jet momentum

l; = length of the synthetic jet slit
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n = number of active synthetic jets

Rey = aerodynamic chord Reynolds number

Itor = time of ﬂlght? ftor = Uoo/clocal

Uy = freestream velocity

u; = phase-averaged synthetic jet centerline velocity

Xurc = moment reference center location from nose

X = coordinate in the streamwise direction

X; = coordinate in the streamwise direction from the
synthetic jet orifice

y = coordinate along the wing span

zZj = coordinate in the vertical direction from the synthetic
jet orifice

o = angle of attack, degrees

AC; = lift control power, C;;—Cy,,

AC,, = pitching control power, C;—C\p

AC, = rolling control power, C,—~Cy,

AZ; = normal distance between consecutive velocity vectors

8 = boundary-layer thickness

Ag = leading-edge sweep angle, degrees

v = kinematic viscosity

P = air density

T = synthetic jet outstroke time, T = T/2

¢ = phase along the synthetic jet cycle

Q, =y component of the vorticity, 2, = (dw/dx) —

(0u/dz)

1. Introduction

ESEARCH on flow control has been one of the major topics in

fluid mechanics in the past couple of decades. Most flow
control techniques have been focused on control of separation, which
has been achieved by either passive or active techniques. The active
flow control techniques typically exploit the combined narrowband
receptivity of the separating shear layer and the upstream boundary
layer to external actuation (e.g., Ho and Huerre [1]). Oster and
Wygnanski [2] and Roberts [3] showed that the actuation can affect
the global flowfield by modifying the evolution and interactions of
the large-scale vortical structures. These modifications can lead to a
Coanda-like deflection of the separating shear layer toward the
surface (e.g., Seifert et al. [4]) such that the layer vortices are
advected downstream in close proximity to the surface.
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The approach of virtual modification of the surface may also be
applied at low angles of attack, as was shown by Chatlynne et al. [5]
and Amitay etal. [6] on a2-D Clark-Y airfoil. This approach makes it
more attractive for the majority of aircraft, which do not fly near
separation conditions. When fluidic modification to a baseline is
used, the airfoil shape is virtually altered, which can have significant
implications for vehicle flight control using flow control. Thus, it
might be possible to replace the conventional control surfaces (e.g.,
flaps, ailerons, rudder, etc.) with active flow control. This is one of
the goals of the present paper.

Over the past couple of decades, flow control over finite wings has
focused on controlling the flow over delta wings at high angles of
attack, where the flow separates from the leading edges and forms
shear layers that roll up into two large vortices. As the angle of attack
further increases, the leading-edge vortices break down; this can
result in wing stall and induce vibrations and buffeting (Sheta et al.
[7]). Control of these types of flows has been achieved by using either
steady or unsteady means. The steady techniques include leading-
edge slats, spanwise blowing, tangential blowing, trailing-edge
blowing, and along-core blowing (e.g., Mitchell and Delery [8]).
Recently, Gutmark and Guillot [9] used along-core blowing on a
highly swept delta wing, which incorporated a jet directed down the
vortex core and showed a delay of the vortex breakdown.
The unsteady techniques include unsteady blowing, synthetic
jets (e.g., Margalit et al. [10]), and oscillating leading-edge
microelectromechanical system fabricated flaps (Huang et al. [11]).
Although a lot of work has been done on finite wings, it has focused
on high angles of attack.

Fluidic surface modification opens up a broad range of alternative
flow control methodologies. Amitay et al. [6] showed that the
combination of a solid obstruction with a synthetic jet actuator on a 2-
D airfoil resulted in the formation of a quasi-steady recirculating
region, where its streamwise and cross-stream extent depends on the
actuation frequency and the momentum coefficient of the synthetic
jet. They showed that, as the actuation frequency increases, the size
of the circulation region decreases. In the present paper, we present a
technique for 3-D configurations, focusing solely on the ability of
arrays of synthetic jets to create similar quasi-steady regions near the
surface of the wing.

Such control capability has important applications, not only for
external flows but also in a number of internal flows (e.g., between
blades of successive stages in turbomachinery, flow in short
serpentine inlets, etc.). An important attribute of active modification
of the apparent shape of aerodynamic surfaces is that it can enable a
new approach to aerodynamic design and emphasize the utility of
this approach in lieu of conventional control surfaces, thus saving
weight and improving vehicles’ overall performance throughout
their flight envelope.

Almost all the existing active flow control techniques fail to induce
meaningful effects when the flow is fully attached (i.e., low angles of
attack). The concept proposed by Chatlynne et al. [5] and Amitay
et al. [6] of modifying the apparent aerodynamic shape of
aerosurfaces to prescribe the streamwise pressure distribution, and
therefore to influence its aerodynamic performance, is not new and
was addressed in a substantial body of work in the 1940s and 1950s.
One example of this approach is the use of a stationary, trapped
vortex to alter the apparent local surface curvature and therefore the
direction of the external flow (Perkins and Hazen [12]). They used a
suction slot near the trailing edge of an airfoil and an upstream cavity
to trap a vortex near the trailing edge, and reported substantial lift
(C; = 1.2) at zero angle of attack at relatively low (3%) suction
coefficient. Mandl [13] used a split flap located on the pressure side
of an airfoil combined with suction (at the flap) to trap a vortex and to
enforce tangential flow near the trailing edges of the airfoil and the
flap and alter the Kutta condition of the airfoil.

In the present work, we experimentally explore the feasibility of
using fluidic control (via synthetic jet actuators) on the Stingray
unmanned aerial vehicle (UAV) at low angles of attack. This is
accomplished by the formation of a small quasi-steady flow
interaction domain adjacent to the surface that displaces the local
streamlines sufficiently to modify the local pressure distribution.

Here, the interaction domain is formed on the upper (suction) surface
of the Stingray wing (near the leading edge) by activating arrays of
synthetic jet actuators.

Recent work by Amitay et al. [14,15], Parekh et al. [16], and
Washburn and Amitay [17] showed very promising results of the
integration of active flow control (via leading-edge synthetic jet
actuators) in flight control of the Stingray UAV. In these
experiments, synthetic jet actuators were mounted along the leading
edges and were driven with a pulse modulation waveform, where the
effects of the modulation frequency, duty cycle, and the momentum
coefficient on the moments and forces were investigated at moderate-
to-high angles of attack. The most striking result from that work was
that active flow control via leading-edge zero-net-mass-flux-jets was
able to affect significant control moments on the vehicle even when
compared with conventional flaps. For example, at moderate-to-high
angles of attack, flow control yielded similar or even larger roll
moments than the ailerons (deflected at up to 15 deg). Furthermore,
using synthetic jets, in addition to the flaps, results in an even larger
roll moment. Another striking result was that the direction of the roll
can be changed merely by adjusting the modulation frequency.

These effects are related to the interaction mechanism of the arrays
of the synthetic jets with the 3-D flowfield, which is more complex
than the “virtual aeroshaping” on 2-D airfoils described by Amitay
etal. [6] and Chen and Beeler [18]. From pressure data, it was evident
that different modulation frequencies result in different “virtual”
modification of the shape, which varies at different locations on the
wing. However, for a low aspect ratio wing (i.e., the Stingray), the
vorticity cannot be accumulated in a manner similar to 2-D airfoils
due to the continuous advection and shedding of vorticity near the
leading edges.

The major objective of the present paper is to expand the
application of the virtual surface modification technique to the
Stingray at low angles of attack, where “conventional” flow control
techniques have very limited (to no) effect. This could enable the
vehicle to be controlled without any moving (external) parts, which
can be applied in stealth vehicles during cruise. The motivation here
is to use synthetic-jet-based active flow control for longitudinal
(pitch) and lateral (roll) control of the Stingray UAV during cruise
flight (i.e., at low angles of attack) instead of conventional control
surfaces, and thus improve its stealth capabilities. Note that other
benefits of using synthetic jets are their simplicity, light weight, and
cost, as discussed by Amitay et al. [15] on a full-scale model of the
Stingray UAV.

II. Experimental Setup

The experiments were conducted in a closed-return low-speed
wind tunnel at Rensselaer Polytechnic Institute having a square cross
section of 60 cm, with a maximum speed of 100 m/s, and a
turbulence level of less than 0.25%. The wind tunnel is equipped with
a six-component sting balance, a dedicated hot-wire anemometry
system, a 32 channel pressure scanner, and a particle image
velocimetry (PIV) system.

In the present experiments, a 12.5% scale model of the Stingray
UAV was designed and fabricated using stereolithography. The
model has aroot chord of 22 cm, a span of 30 cm, and was designed to
incorporate different configurations of elevons at varying degrees to
obtain the vehicle’s conventional control authority. Figure 1 presents
the model with an assortment of elevons that were tested. Note that,
for the experiments where active flow control was used, a 14% scale
model of the Stingray UAV was designed and fabricated. The 14%
scale model has a root chord of 25 cm, a span of 38 cm, a leading-
edge sweep angle of 50 deg, and the moment reference center is
located 11 cm from the nose. The model incorporates 41 static
pressure ports on the starboard wing (and nine on the port wing for
symmetry evaluation), which are located in two pairs of two arrays
(one parallel to the flow direction, one perpendicular to the leading
edge of the wing) at y/b = 0.33 and 0.66. In the present experiments,
pressure data were acquired only at the ports parallel to the flow
direction. The model also has the ability to incorporate four hot film
shear stress sensors to detect flow separation; however, because the
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Fig. 1 Stingray wind-tunnel model instrumented with multiple
configurations of conventional elevons.

 Static pressure measurement ports

% Moment reference center
= Shear stress sensors

Fig. 2 Stingray wind-tunnel model upper surface geometry with the
locations of the static pressure ports, shear stress sensors, and synthetic
jet actuators slots.

Piezoceramic
disks

Tubing for Static
Pressure Measurement
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Fig. 4 Comparison of sinusoidal waveform to a pulse modulation
waveform.

present work focused on low angles of attack, they were not used in
the data presented here.

The pressure scanner, used to measure the static pressure
distribution, incorporates a combination of channels with a
maximum range of each =1 psid (pounds per square inch
differential) and £10 in. of water column (£0.36 psid), with an
approximate error of +0.05% of full scale, which corresponds to
errors in the reading of 41.8 x 107* psid and 45 x 10~* psid,
respectively. Likewise, the six-component sting balance had
maximum ranges of +50 1b for each lift, drag, and side force,
£75 in - 1b for each pitch and yaw moment, and £25 in - Ib for roll
moment, and with an approximate error of +0.15%, corresponding
to £0.075 Ib, £0.1125 in - 1b, and 0.0375 in - Ib, respectively.

The model incorporates 12 pairs of synthetic jets (six on each
wing) that are issued through rectangular orifices, each having a
width of 0.5 mm and a length of 8 mm. The synthetic jets are located
10 mm from the leading edge. Figure 2 shows the pressure port
locations, the synthetic jet slots, and shear stress sensor locations on
the top surface of the model, whereas Fig. 3 shows a photo of the
Stingray wind-tunnel model with the bottom cover removed for
viewing the internal instrumentation. The synthetic jets are formed
by the periodic motion of a 20-mm-diam piezoelectric disk mounted
on the bottom wall of a sealed cavity. (The formation and evolution
of synthetic jets is described, in detail, in the work by Glezer
and Amitay [19], Amitay and Cannelle [20], and Cannelle and
Amitay [21].)

In the present experiments, the synthetic jets are driven at a carrier
frequency of f. = 1900 Hz, where the characteristic frequency of
the flow over the Stingray model is O(200 Hz), based on the
freestream and the mean chord. Thus, the actuation frequency is at
least an order of magnitude higher, which results in a quasi-steady
virtual shape modification (as will be shown later). Furthermore, this
enables the use of different actuation waveforms, as shown in Fig. 4
and described by Amitay and Glezer [22]. Three modulation
frequencies were tested: 380, 190, and 95 Hz, each of which was
tested at two duty cycles. The first duty cycle was 25% of the
modulation period and the second duty cycle was coupled with the

Fig. 3 Stingray wind-tunnel model with bottom cover removed for viewing of the internal instrumentation.
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Stingray
Model

Fig. 5 Wind-tunnel integrated PIV system layout.

modulation frequency to obtain one cycle of the carrier frequency per
modulation period, yielding a duty cycle of 20, 10, and 5%,
respectively.

In the present work, the freestream velocity was kept constant at
30.5 m/s for the 12.5% scale model and 25 m/s for the 14% scale
model, resulting in a mean aerodynamic chord Reynolds number of
Rey = 185,000. The Reynolds number is defined as

.
Rey = o€

(M

v

where U, is the freestream velocity, ¢ is the mean aerodynamic
chord of the wing, and v is the kinematic viscosity.
The strength of the synthetic jets relative to the freestream is
quantified by the momentum coefficient C,,, defined as
c nl; @
" (1/2)pU%A,

where U, is the freestream velocity, A, is the wing area, p is the
density of air, n is the number of active synthetic jets, and I ; is the
time-average synthetic jet momentum during the outstroke,
defined as

- 1 T
Ij=;,oljhj/0 ui(r)de 3)

where 7 is the synthetic jet outstroke time (one-half of the actuation
time period), /; and &, are the length and width of the synthetic jet slit,
respectively, and u;(¢) is the phase-averaged centerline velocity at
the synthetic jet exit plane (measured using a single hot-wire sensor).
For the experiments presented in this paper, the momentum
coefficient range was 6.25 x 1075 < C, <1 x 1073,
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a)

Fig. 6 PIV measurement planes on the top surface of the Stingray
wind-tunnel model. Dashed lines are measurement planes.

The interaction of the synthetic jets with the cross stream was
captured and investigated through the use of PIV. Two-dimensional
velocity vector fields, in the streamwise direction, were collected
above the surface of the Stingray model, focusing on the location
near the leading edge to explore the interaction between the synthetic
jets and the crossflow. The PIV system used is a commercial
LaVision System of hardware and software, including two 120 mJ
Nd:YAG lasers and a 1376 x 1040 pixel resolution thermoelectri-
cally cooled 12-bit charge-coupled device (CCD) camera.
Cylindrical lenses of 50 or 20 mm (for the zoomed-in or zoomed-
out measurements, respectively) were used to create the light sheet
and afocal lens (with a focal length range of 500—1500 mm) was used
to focus the sheet at the measurement domain (the thickness of the
light sheet at the center of the measurement domain was about 1 mm).
The laser light sheet was then aligned with the area of interest using a
computer-controlled three-axis traversing system mounted on the
ceiling of the test section. Flow was seeded with O(1 um) smoke
particles, generated by a theatrical fog machine, in the form of a
vertical sheet injected into the freestream flow in the settling chamber
of the wind tunnel (Fig. 5). The flowfield was imaged using the CCD
camera mounted on its own independently controlled three-axis
traverse. Measurements were acquired at six spanwise planes on the
Stingray model, focusing on the centerlines of synthetic jet
numbers 3 and 5 (SJO3 and SJOS5, respectively) on the starboard wing
of the model and 5 mm to either side of centerline planes (Fig. 6).

The streamwise velocity components (U, V) were computed from
the cross-correlation of pairs of successive images with 50% overlap
between the interrogation domains. The images were processed

- - -0 -
L - -0 _
0.1} oL
F-mmao
b - T T e - - ==&
Cn 0T ~-0__

~0---0---0---0

b)

Fig. 7 Baseline vehicle forces and moments with conventional elevon deflections vs o: a) lift coefficient and b) pitching moment coefficient.
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using an advanced multipass method where the initial and final
correlation passes were 64 x 64 pixels and 16 x 16 pixels,
respectively. Five hundred image pairs were acquired for both the
time-averaged and phase-averaged measurements. The camera was
mounted at a perpendicular distance of approximately 1 m to the laser
light, such that the distance between pixels is from 20 to 106 pm for
the zoomed-in and zoomed-out measurements, respectively. The
maximum velocity (25 m/s) corresponds to an average displace-
ment of approximately 8 pixels with an approximate error of
£0.1 pixels, which corresponds to a maximum error of £1.25% of
the freestream velocity (£0.5 m/s).

III. Results and Discussion

Synthetic-jet-based flow control on the Stingray UAV has been
previously investigated thoroughly at moderate-to-high angles of
attack by Amitay et al. [14,15], Parekh et al. [16], and Washburn and
Anmitay [17]. However, aircraft do not normally operate under these
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Fig. 8 Synthetic jets are activated with sinusoidal waveform at several
momentum coefficients: a) lift control power, b) pitching moment control
power, and c¢) aerodynamic efficiency vs o.

conditions, opening the question on the effectiveness of synthetic jet
control at low angles of attack. In the following discussion, the effect
of flow control, via arrays of synthetic jet actuators, was explored in
wind-tunnel measurements on the Stingray model at low angles of
attack. The aerodynamic characteristics of the baseline Stingray with
conventional effectors are presented in Sec. IIL.A, followed by the
effects (on the aerodynamic characteristics) produced by the
synthetic jet actuators in Sec. IIL.B. The aerodynamic characteristics
of the model were analyzed through the use of a six-component sting
balance and surface pressure measurements at two spanwise
locations (y/b = 0.33 and 0.66). Finally, these effects were further
investigated in Sec. II.C through PIV measurements that were
acquired globally, across the full wing chord, as well as locally, at a
location near the leading edge (to explore the interaction domain) at
two spanwise locations (y/b = 0.48 and 0.82).

A. Baseline Aerodynamics

Before examining the effect of synthetic-jet-based flow control on
the aerodynamic performance of the Stingray UAV, the control
effectiveness of the conventional effectors was evaluated. The
aerodynamic coefficients of the baseline Stingray (i.e., no synthetic
jets) and the control power of the effectors were measured using a six-
component sting balance, and are presented in Fig. 7. The change of
the lift coefficient with angle of attack is presented in Fig. 7a, whereas
the pitching moment is displayed in Fig. 7b, each at different elevon
deflection angles. Without elevon deflection, the lift coefficient
increases linearly with angle of attack for o < 7deg (Fig. 7a),
whereas, for larger angles of attack, the increase of the lift coefficient
is more gradual. As expected, when the elevons are deflected down
(positive §,) or up (negative §,) symmetrically, the lift is increased
and decreased, respectively, with respect to the baseline case (i.e., no
elevon deflection).

In addition to the forces, the moments were also measured and the
pitching moment (about the moment reference center) is shown in
Fig. 7b. Without elevon deflection, the pitching moment has a
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— —O— — Wingtip - C, = 1.25x10"4
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Fig. 9 Sinusoidal waveform excitation of only two synthetic jets at the
wingtip: a) lift control power and b) pitching moment control power vs «.
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Fig. 10 Control power vs « for various frequency modulations: a, d) lift; b, e) pitching moment; and c, f) rolling moment; a—c) one cycle of the carrier
frequency, and d—f) 25% duty cycle where C,, = 5.14 x 10~* for (a-b, d—e), and C, =2.57x 10~ for (c, f).

negative value throughout the range of angles of attack tested and is
relatively constant for 2 < o < 8deg (Fig. 7b), as expected. As the
elevons are deflected down, the pitching moment becomes more
negative (nose down), whereas negative elevon deflection results in
an increase in the pitching moment (i.e., less negative and positive for
8, > 10deg, nose up). These plots demonstrate the conventional
anticipated aerodynamic performance of a deltalike wing at low
angles of attack, which correlate nicely with previous work done on
the Stingray UAV (Parekh et al. [16]).

B. Global Measurements with Synthetic Jets

In previous work (Amitay et al. [14,15], Parekh et al. [16], and
Washburn and Amitay [17]) the synthetic jet actuation was
implemented at the leading edge. In the current experiments, the
synthetic jets are located on the suction side (top surface) of the
model, 6.5 mm normal to the leading edge (similar to the model
tested by Farnsworth et al. [23]).

The following subsections discuss the effects of the actuation
produced by three groups of synthetic jets. The first group includes
activation of all 12 synthetic jets, the second group uses only six
synthetic jets (SJO1, SJ03, and SJ04 on each wing, see Fig. 2), and the
third group includes the synthetic jets near the wingtip (SJO5 and
SJ06). For each group, data were collected for symmetric actuation
(i.e., the synthetic jets on both sides of the wing were activated) to
investigate the longitudinal control power (i.e., pitch control), and for
asymmetrical actuation (only the starboard jets activated) to
investigate the lateral control power (i.e., roll control). Note that the
changes in the yaw moment (when control was applied) were within
the resolution of the sting and thus are not presented.

1. Effect of Momentum Coefficient

The effect of the momentum coefficient on the aerodynamic
performance of the Stingray UAV is presented here. The idea of
incrementally adjusting the amplitude of the driving signal to the
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Fig. 11 Pressure coefficient distributions for six synthetic jets: a,¢) C,, = 5.14 x 10~*; and 12 synthetic jets: b, d) C, =1.03x 103 aty/b = 0.33 for (a—

b), and 0.66 (c—d) at « =4 deg.

actuators, or the activation of selected actuators, to obtain
proportional output of control affect on the vehicle is a highly
desirable trait for future development of closed-loop control models.
Figures 8a and 8b present the change (with respect to the baseline) in
the lift and pitch coefficients, respectively, at the range of angles of
attack from O to 10 deg, whereas Fig. 8c presents the aerodynamic
efficiency L/D. In these figures, four values of C, are used
(1.87 x 1074, 3.75 x 107*, 5.14 x 1074, and 1.03 x 10~%), where
the first and third cases correspond to activation of six synthetic jets,
and the second and fourth cases correspond to activation of all 12
synthetic jets.

Figure 8a presents the lift control power as a function of angle of
attack, where the activation of the synthetic jets yields a noticeable
change in the lift; namely, below « ~ 2 deg, the activation of the
synthetic jets for any of the momentum coefficients produces an
increase in the observed lift, whereas for higher angles of attack, the
lift coefficient is reduced. However, for the pitching moment control
power (Fig. 8b), the inverse of this trend is observed, where below
o & 2 deg, actuation results in an increase in the nose-down moment,
whereas for o > 2 deg, the actuation results in a reduction of the
nose-down moment. The lift and the pitching moment display similar
proportional effects where, as C,, is changed, for either the 6 or 12
synthetic jets, the control effect is increased. Moreover, when
comparing the cases where either 6 or 12 jets are activated, it is clear
that activation of 12 jets at a lower C, results in a larger effect
(compared with the six jets case), suggesting that the C, is not the
only parameter governing the control effectiveness. The location of
the actuation can, in some instances, have an even more profound
effect on the surrounding flowfield; this will be further discussed
throughout the paper. Note that the effect of using elevons is also
included in Figs. 8a and 8b where all four elevons are deflected at
—5 deg. The effect of the synthetic jets is comparable to the case were
all four elevons are deflected at ~ —2deg, which is more than
enough to trim the vehicle in pitch.

The effect of the synthetic jets on the aerodynamic efficiency
C,/Cp is presented in Fig. 8c as a function of angle of attack. When
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Fig. 12 Velocity vector field: a) baseline flowfield, b) time-averaged,
and c) phase locked at 120 deg for all 12 synthetic jets actuated at
C,, = 1.03 x 10~3 with no frequency modulation.
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control is applied, the aerodynamic efficiency is similar to that of the
baseline case, within the measurement uncertainty.

In Figs. 9a and 9b, longitudinal control is again observed through
alteration of C,,, where only the two synthetic jets that are located the
closest to the wingtips are activated (SJO5 and SJO6 on each wing),
and the momentum coefficient is varied from 1.25x 10™ to
3.43 x 10~*. Through activating only these two jets at the wingtips,
similar control effectiveness is observed when compared with the
actuation of 6 and 12 jets across the wing (presented in Figs. 8a and
8b). This result further justifies the significance of the actuation
location in the control data. Essentially, fluidic actuation on this
configuration is more effective in producing longitudinal control
near the wingtip (as displayed from comparing the six-actuators case
to the two-actuators case). This result will be further discussed when
analyzing the static pressure measurements and the PIV data in the
later sections.

2. Effect of Frequency Modulation

Another way to obtain proportional control is to drive the synthetic
jet with a pulse modulation waveform (see Fig. 4) instead of the
continuous sinusoidal waveform. Using pulse modulation, the
carrier frequency of the jet is held constant, thus the momentum
coefficient per carrier cycle is held constant, but the power
consumption of the jet is still altered as a function of the modulation
frequency or the duty cycle.

In Fig. 10, the momentum coefficient (for one carrier frequency
cycle)is held constantat5.14 x 10~ for the lift coefficient (Figs. 10a
and 10d) and pitching moment (Figs. 10b and 10e) and 2.57 x 10~*
for the roll coefficient (Figs. 10c and 10f). However, when the
modulation frequency is used (having a single cycle of the carrier
frequency), the energy consumed by the synthetic jets for f,,s = 95,
190, and 380 Hz (with duty cycle of 5, 10, and 20%, respectively) is
one-twentieth, one-tenth, and one-fifth the power compared to the

continuous sinusoidal waveform case. Using modulation frequency
yields proportional control in both longitudinal and lateral control.

Figures 10a—10c present the case where the duty cycle (for each
modulation frequency) is selected such that a single cycle of the
carrier frequency is produced, whereas Figs. 10d—10f show the case
where the duty cycle is held constant at 25% for all three modulation
frequencies. In both the single-cycle modulation and the 25% duty
cycle cases, actuation results in proportional control; however, in the
cases where the duty cycle and modulation frequency were coupled
to produce one cycle per modulation period, the vehicle responds
with a well-defined proportional effect. Proportional control is
obtained for the longitudinal direction (pitching moment, Figs. 10b
and 10e) as well as in the lateral direction (roll moment, Figs. 10c and
10f).

The preceding results show the global effect of the actuation (i.e.,
the effect on the moments and forces). To further explore the effect
that the synthetic jets impose on the vehicle, the surface static
pressure data were collected at two spanwise locations on the model
and are presented in Fig. 11. Figures 11a and 11c display the pressure
coefficient distribution at y/b = 0.33 and 0.66, respectively, for
six synthetic jets being activated, whereas Figs. 11b and 11d present
the pressure coefficient when 12 synthetic jets were activated. The
effect of the synthetic jets on the static pressure coefficient is
relatively subtle, <5% of the baseline value, but a noticeable
proportional change in the static pressure coefficient is shown,
especially for the pressure distribution closer to the wingtip
(Figs. 11c and 11d).

These data display several key features: first, the alterations to the
global forces and moments on the vehicle are also displayed through
corresponding changes in the static pressure measurements, as would
be expected. However, a more significant finding is associated with
the difference in the two measurement locations. The pressure data
support the previous supposition that the actuators display more
control effectiveness toward the outboard portions of the wing (near
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Fig. 13 Vorticity concentrations at SJ03 plane: a, c-d) baseline, and b, d, f) sinusoidal waveform actuation; a-b) inboard, c-d) centerline, and e-

f) outboard planes for C, =1.03 x 1073,
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the wingtip). Clearly, from the pressure data, the inboard actuators
produce only minute contributions to altering the flowfield. Also,
when analyzing the outboard pressure data (Figs. 11c and 11d), it is
worth mentioning that the activation of the actuators results in a slight
increase to the static pressure (or reduction of negative pressure),
which corresponds with the observed reduction in the global lift force
on the model (Fig. 8a). Because the loss of lift is more significant
toward the wingtip, a reduction in the nose-down pitching moment is
measured (Fig. 8b), because the highly swept geometry places the
wingtip aft of the moment reference center. The pressure results
suggest an explanation for alterations to the global forces and
moments, however, to explain physical physics of the pressure field
alteration across the upper surface of the model, the velocity and
vorticity fields were measured as discussed in the next section
(Sec. IIL.C).

C. Particle Image Velocimetry Measurements with Synthetic Jets

To explain the effect of the synthetic jets on the global forces and
moments, the flowfield over the Stingray was measured using PIV.

FARNSWORTH, VACCARO, AND AMITAY

Data at six two-dimensional streamwise measurement planes were
acquired across the starboard wing of the Stingray UAV model (see
Fig. 6). The data were acquired at three planes centered about SJ03a,
b,andc (y/b = 0.45,0.48, and 0.51) and three planes centered about
SJ05a,b,and ¢ (y/b = 0.79,0.82, and 0.85) to understand the three-
dimensionality of the flow within the local interaction domain of the
synthetic jets. Also, in each of the following figures associated with
PIV data, the flow is from left to right. Before conducting the PIV
experiments, tuft flow visualizations were conducted on the Stingray
vehicle verifying that, at @ = 4 deg (where the PIV measurements are
taken), the flow is fully attached and predominately two-
dimensional. Corresponding flow results were observed in the work
by Ol [24] where a similar vehicle configuration, namely the 1303
UCAV, was tested in water through dye visualization and PIV
measurements.

The following subsections focus on the local effects that
the synthetic jets impose on the flowfield when all 12 synthetic
jets are activated using a sinusoidal waveform with no
modulation. A representative case of a low angle of attack of 4 deg
is presented.
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1. Inboard Synthetic Jet Interactions (SJO3)

Figures 12a-12c display the velocity vector fields in the
streamwise direction, along the centerline of the synthetic jet slot 03
(SJO3D, see location in Fig. 6). Figure 12a presents the velocity field
of the baseline case (i.e., no actuation), whereas Figs. 12b and 12¢
correspond to the time-averaged and phase-locked forced cases,
respectively. Note that the location of the synthetic jet in this plane is
the origin of the coordinate system (x 2= 0, 0; marked with the
arrow in Figs. 12b and 12c¢), and the phase-locked data were acquired
at an angle of 120 deg (during the blowing portion of the cycle) in the
synthetic jet carrier cycle. At this low angle of attack, the flow over
the baseline model (Fig. 12a) is clearly attached to the surface, as
expected. Furthermore, from these plots it looks like the synthetic jets
induce no noticeable change on the global (time-averaged and phase-
averaged) flowfields over the model. Therefore, to further explore the
effect of the synthetic jets, a local interaction domain between the
crossflow and the jets (marked by the dashed rectangle in Fig. 12¢)
has been investigated in detail.

Figures 13a—13f present the zoomed-in, time-averaged vorticity
field for the baseline case (i.e., no actuation, Figs. 13a, 13c, and 13e)
and the forced case (Figs. 13b, 13d, and 13f) at the three local
measurement domains centered around synthetic jet orifice 03
(SJ03a, b, and c, respectively). The baseline flow exhibits an attached
flow over the surface. When the synthetic jets are activated, thereis a
clear alteration of the vorticity field in the centerline case SJO3b
(Fig. 13d) where the thickness of the vorticity layer, downstream of
the synthetic jet slot, increases compared to the baseline case.
Furthermore, by x;/¢ = 0.12, the thickness of the forced boundary
layer is similar to that of the baseline case, suggesting that a quasi-
steady-state “virtual bump” was formed downstream of the synthetic
jet slot. When comparing the vorticity field to the off-centerline
cases, it is apparent that no change (with respect to the baseline case)
is visible at the outboard plane (SJO3c, Fig. 13f). However, at the
inboard plane (SJ03a, Fig. 13b), the quasi-steady-state thickening of
the boundary layer is apparent. At this location, the thickening does
not begin until a distance of x;/¢ = 0.1 downstream of the orifice.

a)

)
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This is probably due to the fact that the flow over the wing, at this
location, has a spanwise inboard component due to the sweep of the
wing, and thus the impulse from the synthetic jet advects both in the
streamwise and spanwise directions.

To further understand the quasi-steady alterations of the boundary
layer, Fig. 14 shows the cross-stream distributions of the normalized
streamwise velocity component for three chordwise locations
(x;/¢ =10.017, 0.065, and 0.14; Figs. 14a—14c, Figs. 14d-14f, and
Figs. 14g-14i, respectively) at each of the three spanwise
measurement planes (SJ03a, b, and c; Figs. 14a, 14d, and 14g,
Figs. 14b, 14e, and 14h, and Figs. 14c, 14f, and 14i, respectively). At
locations SJ03a and b, the velocity gradient in the cross-stream z
direction is noticeably reduced with the activation of the synthetic
jets, causing a reduction in the shear stress at the wall. This is
accompanied with thickening of the boundary layer that was
observed and discussed previously (the effect is larger at the SJ03b
plane). Moreover, at the SJO3a plane, the increase in the boundary-
layer thickness (compared with the baseline case) becomes larger
with downstream distance, whereas, at the SJO3b plane, the
thickening of the boundary layer initially increases and then
decreases toward the baseline value. Figures 14c, 14f, and 14i
present the velocity profiles at SJO3c, where there is hardly any
alteration of the boundary layer. The data presented in Figs. 14a—14i
suggest that the effect of the synthetic jets is confined to a small
region, in the vicinity of the jets; however, as was shown in Figs. 10—
12, they induce a global modification on the vehicle (on the moments
and forces). To estimate the error associated with the spatial
resolution of the PIV, Fig. 14h is used as a test case. Here, the
boundary-layer thickness for the baseline and actuated cases is
approximately 2.5 and 5 mm, respectively, and the distance between
vectors is 0.165 mm. This results in a spatial resolution AZ;/§ of 6.6
and 3.3%, respectively (corresponding to 8 and 16 vectors within the
boundary layer).

The quasi-steady alteration to the flow, observed in the time-
averaged data, is formed due to the fact that the actuation frequency is
an order of magnitude larger than the characteristic frequency of the

0.4

Fig. 17 Vorticity concentrations at SJ05 plane: a, c—-d) baseline, and b, d, f) forced cases; a—b) inboard, c-d) centerline, and e-f) outboard planes for

C, =1.03 x 10~
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flow. To understand the formation of the quasi-steady region, data
were also acquired phase locked to the carrier cycle of the synthetic
jet actuator. First, data were acquired at two phases during the cycle
for the three spanwise locations (SJ03a, b, and c). Figures 15a, 15c,
and 15e present the phase-locked vorticity field at ¢ = 120deg,
whereas Figs. 15b, 15d, and 15f display the vorticity fields for
¢ =240deg. At ¢ = 120deg on the centerline of the synthetic jet
(SJO3Db, Fig. 15¢), ahigh concentration of positive vorticity is present
in the flowfield just outside of the boundary layer downstream of the
synthetic jet orifice (x;/c = 0.06), which is associated with the
synthetic jet’s previous cycle. Farther downstream, the reminiscence
of the vorticity of the cycle before that is seen where the vorticity
magnitude is smaller (compared with that at x;/c = 0.06). When
¢ =240deg (Fig. 15d), the vortical concentration is advected
downstream and losses its strength. When analyzing the spatial
development off of the centerline of the synthetic jet, similar positive
vorticity concentrations are again observed at SJ03a (Figs. 15a and
15b); however, at SJ03c (Figs. 15¢ and 15f), vortical structures are
not visible. This suggests that these vortical structures are advected

downstream as well as inboard on the wing, displaying the complex
three-dimensional nature of the interaction.

It is also worth noting that, in Figs. 15a and 15b, there appears a
negative concentration of vorticity (marked by the arrows) in
conjunction with the larger positive concentration. The production of
these counter-rotating regions of vorticity is attributed to the basic
nature of the synthetic jet. In the absence of a crossflow, the synthetic
jet is known to induce counter-rotating vortex pairs (Glezer and
Anmitay [19]) due to its unique operation, thus when a crossflow is
added, counter-rotating regions of vorticity are possible. The reason
for the presence of unbalancing of the vorticity regions can be
explained by the simple addition of the crossflow, which induces
positive vorticity near the surface, thus enhancing the positive
vorticity and weakening the negative vorticity produced by the
synthetic jets.

The interaction of the synthetic jets with the crossflow is further
explored by measuring the phase-locked (to the actuation cycle)
flowfields at six different phases along the cycle of the synthetic jet.
Figures 16a—16f present the phase-locked vorticity fields at ¢ =0,
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60, 120, 180, 240, and 300 deg, respectively (note that phases at 0 and
180 deg correspond to the beginning of the blowing and suction
portion of the cycle, respectively). Here, the formation and advection
of vorticity concentration, associated with the vortex pair formed by
the synthetic jet, is clearly visible as the vorticity concentrations
travel downstream as the cycle progresses. At ¢ = 0deg (Fig. 16a),
two vortical concentrations are present in the flowfield (at x;/¢ ~
0.04 and 0.11), which are associated with the impulse of the previous
synthetic jet cycles. These concentrations grow as they are advected
downstream through ¢ = 120deg (Fig. 16c). At ¢ = 180deg
(Fig. 16d), the structure associated with the previous cycle loses its
coherence (and magnitude) as it detaches from the surface while
advecting downstream. As the cycle continues (¢ = 240deg,
Fig. 16e), the structure is further diffused and a new structure is
visible near the synthetic jet orifice, which is associated with the
current impulse of the synthetic jet. Finally, at ¢ = 300deg
(Fig. 16f), the impulse of the previous cycle continues to diminish,
and the impulse of the current cycle is clearly visible immediately
downstream of the synthetic jet slot. Note also the presence of small
concentrations of negative vorticity, marked by the arrow, that are
associated with the negative portion of the synthetic jet vortex pair.
The entire growth and decay of the synthetic jet impulse occurs at a
time scale that is an order of magnitude greater than the “time of
flight” over the wing at this location (f1op = Uy /Cioca)- Moreover,
within less than a nondimensional length of ~14% of the mean
chord, the vortical structures diminish and thus produce a quasi-
steady virtual bump in the flowfield. Note that this small change
contributes to the measurable alterations to the forces and moments
for trim control, as previously discussed.

2. Outboard Synthetic Jet Interactions (SJ05)

The interaction of the synthetic jets with the crossflow was also
examined near the wingtip (at the SJO5 plane, see location in Fig. 6).
Figures 17a, 17c, and 17e and Figs. 17b, 17d, and 17f present the
time-averaged vorticity fields for the baseline and forced cases,
respectively, at SJ05a, b, and c planes (Figs. 17a and 17b, Figs. 17c
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and 17d, and Figs. 17e and 17f, respectively) across the full local
chord of the outboard wing. Without flow control, there is a high
concentration of positive vorticity near the surface due to the
boundary layer, as expected. When the synthetic jets are activated,
thickening of the boundary layer is observed, mainly at locations
SJ05a and b (Figs. 17b and 17d, respectively), as was previously
observed at the SJO3 plane. The largest thickening appears to be
primarily on the centerline of the synthetic jet (location SJO5b,
Fig. 17d), where the boundary-layer thickness is doubled. However,
the effects are also noticeable off the centerline, especially on the
inboard side of the synthetic jet (SJO5a, Fig. 17b). Note also the high
vorticity concentration just downstream of the synthetic jetatx;/c ~
0.05 (Fig. 17d).

Next, the effects of the synthetic jet on the boundary-layer
development in planes SJ05a, b, and c are displayed in Figs. 18a—18i.
Figures 18a—18c, Figs. 18d—18f, and Figs. 18g—18i correspond to the
boundary layer profiles at x;/c =0.043, 026, and 0.43,
respectively, in locations SJ05a, b, and c (Figs. 18a, 18d, and 18g,
Figs. 18b, 18e, and 18h, and Figs. 18¢, 18f, and 18i, respectively). At
x;/c =0.043, the effect of the control is clearly visible in the
centerline and outboard planes (Figs. 18b and 18c, respectively),
whereas there is hardly any effect in the inboard plane (Fig. 18a).
Farther downstream, at x;/c¢ = 0.26, thickening of the boundary
layer is obtained in the inboard plane (Fig. 18d), and a larger effect is
observed in the centerline plane (Fig. 18e). However, the effect of the
control on the boundary-layer profile in the outboard (Fig. 18f)
diminishes. As the downstream distance increases, the effect of the
synthetic jets becomes more pronounced in the inboard plane
(Fig. 18g), whereas the alteration of the boundary layer along the
centerline plane is smaller (Fig. 18h). Moreover, at this downstream
location, the boundary layer along the outboard plane (Fig. 18i) is
hardly affected by the activation of the synthetic jets. The results
presented in Fig. 18 support the finding at the upstream location (at
the SJO3 plane), where the effect of the synthetic jets is localized and
is convected both downstream and inboard, as will also be discussed
in Fig. 19.
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Fig. 19 Phase-locked vorticity concentrations at the SJ05 plane at a, ¢, e) 120 deg, and b, d, f) 240 deg; a-b) inboard, c-d) centerline, and e-f) outboard
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€)
Fig. 20 Phase-locked vorticity concentrations at a) ¢ = 0, b) 60, ) 120, d) 180, e) 240, and f) 300 deg at the centerline of SJ0S plane. C,, = 1.03 x 10-3.

To further explore the interaction domain, phase-locked data were
acquired and are presented in Figs. 20a—20f, where the vorticity
fields phase locked at ¢ = 120 and 240 deg are displayed at SJ05a, b,
and ¢ measurement planes. As was shown in the SJO3 planes, the
quasi-steady thickening of the boundary layer is caused by the high-
frequency advection of vortical concentrations. Similar structures are
observed in the SJO5 planes, as is shown in Figs. 19a—19f. The
strength and coherence of these structures are the largest along the
centerline plane, whereas off the centerline, they are weaker. Note the
arrows on the figures that mark the negative vorticity concentrations,
which is the negative portion of the synthetic jet’s vortex pair.
Moreover, the locations of the vortical structures (numbered) show
their spanwise advection, as was also the case in the SJO3 planes.

Finally, the formation and advection of the vortical structures are
presented in Figs. 20a-20f, at six equally spaced phases, via the
phase-locked vorticity fields along the SJO5 centerline plane (SJO5b).
From the phase-locked progression, coherent vortical concentrations
are formed just downstream from the synthetic jet orifice, initially
grow in size and advect with the cross-stream velocity (with
diminishing strength), and are shed into the wake. The vorticity
associated with the synthetic jet’s previous cycle is marked with the
number 1, as a representative vortical concentration. This shows the
formation and advection of the coherent vorticity concentration
during the synthetic jet cycle. (Note the presence of negative vorticity
in Figs. 20e and 20f, representing the negative vorticity associated
with the synthetic jet’s impulse.)

By associating the PIV results with the previously discussed
global forces and moments, as well as the static pressure
measurements, a clear correspondence is observed. Namely, the
same difference in effectiveness of the synthetic jets between the two
spanwise locations is observed in the PIV results as was previously
discussed in the force and pressure measurements. At each spanwise
location, time-harmonic vortical structures are produced and
advected downstream; however, the strength of these structures at the
inboard location, SJ0O3, diminishes much faster than that of the
outboard location, SJOS5. As previously stated, because the actuation
frequency is an order of magnitude larger than the characteristic

frequency of the flow over the vehicle, the actuation results in a quasi-
steady thickening of the boundary layer, which increases the static
pressure on the upper surface of the wing, inducing a reduction in the
local lift. Through the global alteration of the lift distribution across
the wing, the global forces and moments can then be altered,
providing control authority to the vehicle. Furthermore, through
manipulation of the actuators’ frequency and momentum coefficient,
the advection frequency and strength of the vortical structures can
thus be controlled, providing proportional control of the local time-
averaged boundary-layer thickness as observed by the proportional
changes to the global forces and moments.

IV. Conclusions

This paper presents an experimental investigation of a technique
for control of the Stingray UAV in longitudinal (pitch) and lateral
(roll) motions at low angles of attack using flow control via synthetic
jets. The control effectiveness of the synthetic jets on the
aerodynamic performance of the Stingray UAV was investigated in
wind-tunnel experiments. Global flow measurements were
conducted, where the moments and forces on the vehicle were
measured using a six-component sting balance. Static pressure
measurements on the upper (suction surface) were obtained at two
spanwise locations, whereas a PIV system was used to quantify the
flowfield over the model.

The synthetic jets were able to displace the local streamlines
through the formation of a small quasi-steady interaction region on
the suction surface of the Stingray UAV’s wing. Detailed PIV
measurements were performed, providing insight into the growth,
propagation, and decay of the synthetic jets impulse and their
interaction with the crossflow. Although the effect of the synthetic
jets is localized, it is sufficient to induce global changes on the
moments and forces to enable possible vehicle control. It was shown
that the changes to the global moments and forces can be
proportionally controlled by either changing the momentum
coefficient or by driving the synthetic jets with a pulse modulation
waveform. Using active flow control, proportional control of both the
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longitudinal and lateral directions was exhibited, leading the way for
future development of closed-loop control models.
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