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Micromachined actuators have been used successfully to control leading-edge vortices of a delta wing by manip-
ulating the thin boundary layer before � ow separation. In an earlier work (Lee, G. B., Ho, C. M., Jiang, F., Liu, C.,
Tsao,T., andTai, Y. C., “Distributed FlowControlby MEMS,”American Society ofMechanical Engineers; Interna-
tional Mechanical Engineering and Exposition Nov. 1996), we demonstrated that small disturbances generated by
these microactuators could alter large-scale vortex structures and consequently generate appreciable aerodynamic
moments along all three axes for � ight control. In the current study, we explored the possibility of independently
controlling these moments. Instead of using a linearly distributed array of microactuators covering the entire lead-
ing edge as done in the previous study, we applied a shorter array of actuators located on either the forward or the
rear half-section of the leading edge. Both one- and two-sided control con� gurations have also been investigated.
Data showed that the pitching moment could be generated independently by appropriate actuation of the mi-
croactuators. To understand the interaction between the microactuators and leading-edge vortices, we conducted
surface pressure distribution, direct force measurements, and � ow visualization experiments. We investigated the
effects of microactuators on the vortex structure, especially vortex core location. Experimental results showed that
asymmetric vortex pairs were formed, which leads to the generation of signi� cant torques in all three axes.

Nomenclature
Cl = rolling moment coef� cients
Cm = pitching moment coef� cients
Cn = yawing moment coef� cients
C p = pressure coef� cient, ( P ¡ P1 ) / 1

2
q U 2

c = chord length
d = characteristic length
L v = vortex lift
P = surface pressure
P1 = freestream pressure
Re = Reynolds number
S = half-span
U = freestream velocity
a = angle of attack
q = density
h = angular position of the actuator array measured

from the bottom surface
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Introduction

F LOWS over delta wings have been studied extensively in the
literature.1 ¡ 5 Even at small angles of attack, a pair of spiral vor-

tices originatingfrom the leading edges characterize the � ow on the
leeward side of the wing (Fig. 1). Peckham6 reported that leading-
edge vortices could be observed at an angle of attack (AOA) as
low as 2 deg for delta wings with sharp leading edges. For wings
with rounded leading edges, the vortex pairs occur at higher angles
of attack as a result of a delay of � ow separation. Earnshaw and
Lawford7 found that these vortices start to appear at an angle of at-
tack of 5 deg. The boundary-layer� ow separating from the leading
edges will form a free shear layer, which will roll up into a core
of high vorticity residing above the leeward side of the wing. The
vortex core grows in radius along the downstreamdirection,and the
transverse size of the vortex is of the order of half the wing span at
high AOAs. In addition to the swirl velocity component, each of the
two leading-edge vortices contains an axial � ow component in the
central core region. As the vortex convects downstream, vorticity
is continuously fed into the core region, and the circulation about
the core increases.Thus, a low-pressureregion will be generatedby
the leading-edgevortices.“Vortex lift,” which is distinguishedfrom
potential lift, is created as the result of the presence of this low-
pressure region. At high AOAs, the cores of leading-edge vortices
on the wing tend to burst or break down.8 Before vortex break-
down occurs, a signi� cant portion of the total lift is attributed to the
emergenceof these leading-edgevortices.9 This implies that we can
generate a torque for � ight control if we can break the symmetry of
these two vortices.

The majority of vortex-control techniques discussed in the lit-
erature fall into � ve categories: a) blowing,10 ¡ 23 b) suction,24,25
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Fig. 1 Typical vortical � ow over a delta wing (with round leading
edges) at moderate angles of attack.

c) trailing-edge jet control,26,27 d) large mechanical � aps,28 ¡ 32 and
e) heating.33 These approaches achieve vortex control by either al-
tering the vorticity generation near the leading edges or manipulat-
ing the vorticity convection along the vortex core. Recently, a new
delta wing vortex-control strategy using a linearly distributed array
of microactuatorswas developed.34,35 This actuator array, covering
the entire leading edge from the apex to the trailing edge, called the
AT (apex–trailing edge) actuator, has been shown to be effective in
torque generation.It has been shown that if the de� ection amplitude
of the actuators is comparable to the boundary-layerthickness near
the leading-edge separation point, it is possible to perturb the sep-
arated � ow and break the symmetry of the primary vortex pair. For
this purpose, microactuatorswith out-of-planede� ection lengths of
the order of 1–2 mm have been used to control a delta wing. A sig-
ni� cant increase in rolling, pitching, and yawing moments has been
observed. It has also been found that the optimum angular location
of actuators for the maximum torque generation is closely related to
leading-edge � ow separation.27 On delta wings with rounded lead-
ing edges, the position of � ow separation depends not only on the
Reynolds number but also on the leading-edgecurvature that deter-
mines the local pressure gradient. Consequently, the leading-edge
� ow separationline usually is not a straight line from the apex to the
trailing edge. As a result, a straight array of distributedmicroactua-
tors cannotmatch exactlywith the curved separationline to produce
the optimum effect. Furthermore, a partially misplaced actuator ar-
ray can sometimes produce adverse effects to offset the overall con-
trol goal. In this paper, different types of distributed microactuators
are used to investigatepotential solutions to this problem. A shorter
arrayofmicroactuatorsthat coversonlyhalf the lengthfromthe apex
to trailingedge, called the HAT (half-apex to trailingedge) actuator,
was used to explore the possibility of providingmore robust vortex
control.Because the angular position of the HAT actuator array can
be adjusted to � t more closely to the separation line on the forward
(or rear) half-part of the leading edge, it is expected to generate
higher torques in all three axes. Consequently, fewer actuators will
be requiredfor effective� ight control,which implies a simpler hard-
ware arrangement and less power consumption. When we installed
the HAT actuator on one of the leading edges, we did destroy the
symmetry of the vortex pair and produced higher rolling, pitching,
and yawing moments. In addition, we also demonstrated a strategy
to control the pitching moment independentlyby applying HAT ac-
tuators on both sidesof the wing. Figure 2 presentsschematicallyall
different actuator con� gurations used in the paper. A detailed dis-
cussion of these results is presented in the Results and Discussion
section.Currently,we are proceeding to use a large number of actu-
ators for truly distributed control along the curved separation line.

In order to investigate the interactionbetween the microactuators
and the vortices, a fundamental understanding of the � ow� eld is
essential. In light of this, we conducted a series of aerodynamic
tests, including surface pressure, direct force measurements, and
� ow visualizationexperiments,with and without � ow control. The
objective of this work is to investigate how the vortex structure is

a)

b)

c)

d)

e)

Fig. 2 Actuators: a) AT, b) forward HAT, c) rear HAT, d) two-sided
HAT for pitching control, and e) two-sided HAT for yawing control.
(Note: actuators are represented by the thicker line segments.)

altered by the use of microactuators and how an unbalanced vortex
pair can be used to generate appreciable torques at high AOAs.

Experimental Setup and Procedures
A delta wing model with a sweep angle of 56.5 deg was sting

mounted in a 0.9 £ 0.9 m2 low-speed wind tunnel. The model sup-
port rig has a pitch angle range of ¡ 5 to 40 deg, resulting in a
45-deg range in AOA. The wing has a constant thicknessof 1.27 cm
( » 4.23% of the root chord) with a circular leading-edge pro� le
(Fig. 3). The maximum wind-tunnel blockage ratio is » 5%, and
no correction of the blockage effect was applied. Seven rows of
pressure-measuring sections, distributed uniformly between 30%
and 90% chord locations, were selected to provide upper-surface
pressure measurements. The lower-surface pressure distribution
was obtained by inverting the wing. At each row of the pressure-
measuring section, there were 18 pressure taps along the half-span,
including three taps located on the circular surface of the leading
edge. Each pressure tap was connected to a commercially available
solid-state gauge pressure sensor (NPC-1210, Lucas NovaSensor)
to map out the pressure distribution.Test Reynolds numbers range
from 2.1 £ 105 to 8.4 £ 105 , based on the wing root chord and the
freestream velocities from 10 to 40 m/s.

A robustmagneticmicroelectromechanical-systems(MEMS) ac-
tuator was designed and fabricated for this study.36,37 The surface-
micromachined magnetic actuator (Fig. 3c) has two torsional sup-
port beams and has been successfully used for vortex � ow control
in an earlier study.35 The actuator has a � ap-type structure with an
electroplated magnetic layer, which is supported by silicon nitride
torsional beams. The � ap can be activated under the in� uence of
an external magnetic � eld. Experimental results have demonstrated
that the � exural actuator can achieve a vertical displacement of
2 mm (at a de� ection angle of 90 deg) and is robust enough to with-
stand a high wind loading. In this work, The microactuators were
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a)

b)

c)

Fig. 3 a) Delta wing model, b) schematic of microactuators set up on
the leading edge, and c) picture of a surface-micromachined actuator.

Fig. 4 Experimental setup for � ow visualization.

appliedon the leading-edgesurface of the wing model to control the
vortices. Because of the limited supply of microactuators, we also
used miniature mechanical actuators for some wind-tunnel tests.
Basically, the mechanical actuatorhas the same de� ection length as
the microactuators,except that the stiffness of the mechanical actu-
ator is larger. The effects caused by using either MEMS actuators
or miniature mechanical actuators were found to be comparable.

Normal force and three-axis moment data were measured by us-
ing a six-component force/moment transducer (AMTI, Inc.). This
transducer system was used to record changes in torques induced
by the use of microactuators. Data were digitized by an analog-to-
digital converter and processed by a personal computer (PC).

Qualitative � ow behaviors with and without � ow control were
also observed by using a laser-sheet � ow visualization technique.
Special attention was placed on the tracking of the movement of
vortex cores under control conditions. Figure 4 shows the experi-
mental setup for the � ow visualizationon the upper side of the wing
model. For the � ow to be visualized, a sheet of laser light (2 mm
thick) from a pulsed Nd:YAG laser was projected across the wind
tunnel to intercept the delta wing at any chosen chordwise location.
Smoke particles generated from a stage smoke generator were used
to seed the � ow. The cross-�ow planeof the wing was illuminatedto
investigatethe structureof the vortices.The tests were conductedin
the 0.3 £ 0.3 m2 low-speed wind tunnel at University of California,
Los Angeles. This wind tunnel is speciallydesigned for the purpose
of � ow visualization. A half-scaled wing model of the one used in
0.9 £ 0.9 m2 wind tunnel was used for � ow visualization. Shorter
1-mm MEMS actuators were used instead of 2-mm actuators in the
large wind tunnel, because of the relatively smaller size of the wing
model.An image-processingsystem,consistingof a high-resolution
charge-coupleddevice video camera, an image interface card, and
a PC, was used for image acquisition.

Results and Discussion
Baseline Testing

First, tests were conducted without � ow control to establish the
baseline condition. Figures 5a and 5b represent the variation of
the pressure coef� cient, Cp , along the spanwise location at differ-
ent cross sections at an AOA of 25 deg. For each of the measured
pro� les, the negative pressure distribution reaches a maximum at
» 65% spanwise location. This negative peak value increases to-
ward the wing apex and attains a maximum value of ¡ 3.5 at 30%
chord location. This indicates that the leading-edge vortex has a
well-de� ned conical structure and that the vortex core is located
approximately above this spanwise position. Further downstream,
the negative peak pressure regions gradually expand and their peak
values decrease, signifying the downstream growth of the vortex.
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a)

b)

Fig. 5 a) Schematic setup for surface pressure measurements for a
delta wing and b) pressure distributionsof a delta wing at AOA = 25 deg.

However, the negative pressure peak at each chordwise location
still remains close to 65% spanwise location. Although not pre-
sented here, similar pressure distributions were also measured at
several other AOAs; ranging from 5 deg to 35 deg. By integrating
the pressure distributions on both the upper and lower surfaces of
a delta wing, one can obtain the total normal force acting on the
wing. Note that pressure distributions near the apex were extrapo-
lated from the measured data based on the conical vortex structure
assumption. Figure 6a shows the results of the integrated pressure
force at differentAOAs. The normal force increaseswith AOA until
it reaches a maximum value at an AOA of 30 deg. When this was
compared with data obtained from the six-component transducer
system, it was found that the difference was within 3% for each
case. This con� rms the reliability of the aerodynamic loading data
obtained by integrating the surface pressure distributions.

Apex–Trailing Edge Microactuators

The previous study34 has shown that rolling and pitching mo-
ments could be generated by activating a linearly distributed array
of AT microactuatorsat strategic locations. Figures 6b and 6c show
the increased rolling and pitching moments obtained from integrat-
ing the surface pressure � eld, while AT actuators were activated
at different Reynolds numbers. The rolling and pitching moments
obtained from the six-component transducer are also plotted on the
same � gures for comparison. In order to characterize the effective-
ness of the vortex controlon the wing’s maneuverability,the torques
measured either from the six-componenttransduceror from the sur-
face pressure integration were normalized by a reference torque,
which is de� ned as the estimated magnitudeof the torque generated

a) Normal force

b) Rolling moment

c) Pitching moment

Fig. 6 Comparison of the normal force from surface pressure mea-
surements and a six-component sensor.

by a single vortex. The proceduresused for the normalizationof the
torque data are described as follows. First, the magnitude of vortex
lift (L v ) at a speci� c AOA is calculatedfrom theoreticalprediction.9

The theoretical formula has been veri� ed by experimental data for
vortical � ow before vortex breakdown occurs. Then, the reference
torque produced by this vortex is de� ned by multiplying this vortex
lift to a characteristic length (d), which is chosen as the distance
from the centerlineof the whole wing to the centroid of a half-wing
(Fig. 3). The reference torque represents the nominal capability of
a single leading-edgevortex to produce torque on a delta wing, and
it can be used as a standard to measure the relativemagnitude of the
torque generated by using the actuators. In this paper, all changes
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of the three-axis torques were normalized by this reference torque
for easy comparison.

Data in Fig. 6b show thechangeof normalizedrollingmomentas a
functionof theReynoldsnumber.An approximately70%increaseof
normalizedrollingmoment can be achievedfor a Reynoldsnumbers
higher than 6 £ 105. It is believedthat the microactuatorsbecome in-
creasinglymore effectivebecause the leading-edgeboundary layers
are thinner at higher Reynolds number cases. For pitching moment
generationas shown in Fig. 6c, the incrementof normalizedpitching
moment also shows slight dependenceon the Reynolds number. An
approximately 30% increase in pitching moment can be achieved
at a Reynolds number of 2 £ 105. Data from integration of the sur-
face pressure � eld are consistent with those measured by using the
six-component transducer. The maximum difference between data
measured by these two methods is less than 5% for all cases.

The data from six-component transducers were also converted
into moment coef� cients as shown in Fig. 7. The pitching, yawing,
and rolling moment coef� cients are de� ned, respectively, as

Cm = D Mm /q 1 Asc (1)

Cn =
D Mn

2q 1 AS S
(2)

Cl =
D Ml

2q 1 AS S
(3)

where D Mm , D Mn , and D Ml are changes in the pitching, yawing,
and rolling moments induced by microactuators; q1 , As , and C
are the dynamic pressure of the freestream, the wing area, and the
distance measured between the apex and the centroid of the wing.
The maximum pitching and rolling moment coef� cients are 0.025
and 0.028,respectively.However, the maximumvalueof the yawing
moment coef� cient is measured to be only 0.0043.

Half-Apex to Trailing Edge Microactuators

In a previous study,35 an AT actuator array (Fig. 2a), covering
the whole leading edge from the apex to the trailing edge, was used
to successfully generate torques for � ight control. In addition, it
was also shown that two-leading edge vortices appeared to act in-
dependently when they were under external control. In the present
case, a shorter actuator array coveringonly half of the leading edge,
called the HAT actuator (Figs. 2b and 2c), was used to explore the
possibility of more effective torque generation. Also, two HAT ac-
tuator arrays (called two-sided HAT actuators, as shown in Figs. 2d
and 2e) were placed along each side of the leading edge of the wing
in order to control the two leading-edgevortices individually,hence
increasing the control capability.

Fig. 7 Maximum rolling, pitching, and yawing moment coef� cients at
AOA = 25 deg.

Rolling Moment

From a previous study,35 it has been shown that the normalized
rolling moment can be increased up to a maximum of §35% by us-
ing a linearly distributed array of 2-mm AT actuators (Fig. 8). The
variation of the rolling moment is plotted as a function of the angu-
lar position (as de� ned in Fig. 3) of the actuator array for different
Reynolds numbers. A positive peak is generated when the actuator
array is placed at an angle between 40 deg and 50 deg, whereas a
negative peak appears when the actuator is located at an angle of
80 deg. In the current study, we concentrated on investigating the
use of the HAT actuator for more effective torque generation. Ini-
tially, a single HAT actuator was placed at the forward half of one
side of the leading edge at an AOA of 25 deg (as shown in Fig. 2b).
Figures 9–11 show the changesof normalized rolling, pitching, and
yawing moments when HAT actuators are placed at different an-
gular locations, respectively.Somewhat surprisingly, the maximum
increase of the positive rolling moment (55% at a 60-deg angle)
obtained under this control condition(Fig. 9) was found to be much
higher than the increased value (35%) obtained by using the AT
actuator array (Fig. 8). In contrast, the maximum increase of the
negative rolling moment is not as high relative to that generated by

Fig. 8 Normalized rolling moment vs actuation locations at AOA =
25 deg for AT actuators.

Fig. 9 Normalized rolling moment vs actuator location at AOA =
25 deg for forward HAT actuators.
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Fig. 10 Normalized pitching moment vs actuator location at AOA =
25 deg for forward HAT actuators.

Fig. 11 Normalized yawing moment vs actuator location at AOA =
25 deg for forward HAT actuators.

using an AT actuator array ( ¡ 15% at a 100-deg angle as compared
with ¡ 35%). This mightbe becausethe separationline is not straight
along the leading edge and the vortical � ow in different sections re-
spondsdifferentlyto the localactuatorarray. In order to examine this
possibility, we measured the separation line (from apex to trailing
edge of the wing) by using distributed micromachined shear-stress
sensors,34 and the result is shown in Fig. 12. The micromachined
shear-stress sensor array is a thermal-type sensor that relates the
convectiveheat loss of an electricallyheated sensor to the local sur-
face shear stress. It has been applied successfully in the detectionof
boundary-layerseparation.34 It is noticed that the optimum angular
position of the HAT actuator where the maximum rolling moment
is produced (h = 60 deg) is very close to the measured separation
line on the forward half of the leading edge. This is reasonable, as
microactuators should be most effective when placed close to the
separationline, where the separatingboundary layer is most suscep-
tible to external perturbations.In contrast, an AT actuator array that
spans the whole length of the leading edge cannot closely match the
entire separation line. Consequently there might be some adverse
effectscausedby thismismatch, and the use of a full AT actuatorcan
actuallyreduce the overall control.Further investigationconcerning
the effect of the actuator array on the rear half of the wing was also
undertaken by placing a HAT actuator at the rear half of the wing
as shown in Fig. 2c. It was found that the rear-half HAT actuator

Fig. 12 Boundary-layer separation line along the wing’s leading edge,
determined with distributed shear-stress sensors at AOA = 25 deg (Re =
6 £ 105 ). The contour lines indicate the constant value of shear stress
and the thicker line represents the locationwhere � ow starts to separate.

Fig. 13 Normalized rolling moment vs actuator location at AOA =
25 deg for rear HAT actuators.

array case was not as effective in generating rolling moment as the
forward-half case (Fig. 13 as compared with Fig. 9). The maximum
increaseof the rolling moment is only » 30% or lower, and it occurs
at an angle of 60 deg; close to the optimum angle for the forward
HAT case. It is speculated that the rear HAT actuator cannot follow
closely the rear half of the separation line because it curves inward
toward the upper surface of the wing more as compared with the
separation line in the forward section (Fig. 12). Moreover, it takes
time for the vorticity of the separated shear layer to roll into a vor-
tex, and perturbationsgenerated at the leading edge will only affect
the region further downstream of the wing section. Therefore, the
vortex control is more effective when the actuator is placed close
to the apex of the wing. This is consistentwith the fact that most of
the vorticity within the leading-edgevortex actually originates near
the apex of the wing. Another interestingobservation is that the rear
actuator array does not generate negative rolling moment (Fig. 13).

Pitching and Yawing Moments

In addition to the rolling moment, pitching and yawing moments
can also be induced by manipulating the leading-edge vortex pair.
The generationof pitchingand yawingmoments couldbe explained
by the redistributionof surface pressure � eld caused by microactu-
ators, which will be discussed in detail in the next section. When a
singleHAT actuator is placed at the forward half of the wing, a max-
imum peak of 15% for pitching moment (Fig. 10) and 4% to ¡ 4%
for yawing moment (Fig. 11) can be achieved.For the forward HAT
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Fig. 14 Normalized pitching moment vs actuator location at AOA =
25 deg for rear HAT actuators.

Fig. 15 Normalized yawing moment vs actuator location at AOA =
25 deg for rear HAT actuators.

actuators, the most effective angular positions for the pitching and
the yawing control are different. The optimum angle is h = 60 deg
for the pitching moment and h = 40 deg for the yawing moment.
Furthermore, when the results were compared for the forward and
rear HAT actuators, the forward HAT actuatorwas found to be more
effective for pitching moment control (15% in Fig. 10 as compared
with 5% in Fig. 14), whereas the rear HAT actuatorwas more effec-
tive for yawing moment control (4% in Fig. 11 as compared with
7.5% in Fig. 15).

Two-Sided HAT Actuators

In an earlier study, it was demonstratedthat the two leading-edge
vortices could be controlled independently.34 Taking advantage of
this behavior,we � nd it possibleto obtainadditionalrollingmoment
if we can simultaneously activate two HAT actuator arrays located
on both sides of the leading edges of the wing. For example, for a
wing at an AOA of 25 deg; we can place one HAT actuator array at
a 60-deg angle on one leading edge and place the other array at a
100-degangle on the opposite side of the wing (Fig. 2d). As a result,
a total rolling moment increase of 70% can be achieved if two HAT
actuators are activated simultaneously at both leading edges.34

Anothermajor objectiveof this work is to investigatethe possibil-
ity of controlling pitching, rolling, and yawing moments indepen-
dently by using microactuators. As shown in Figs. 9–11, all three

Fig. 16 Normalized pitching moment vs Reynolds number at AOA =
25 deg. Actuators are located at µ = 60 deg.

Fig. 17 Normalized yawing moment vs Reynolds number at AOA =
25 deg, two-sided HAT actuators.

moments are produced at the same time when the actuator array
is activated on only one side of the leading edge. Based on sim-
ple geometric consideration,the rolling moment is produced by the
emergence of an asymmetric vortex pair with respect to the wing’s
centerline. This implies that we can eliminate the rolling moment
by activating two symmetrically located actuator arrays. As shown
in Fig. 16, a maximum of 30% pitching moment can be generated
by this con� guration without the production of appreciable rolling
(<2.8%) and yawing (<1.5%) moments. This test suggests that it
is possible to provide pitching moment without generating rolling
and yawing moments. A similar attempt was made to provide the
maximum yawing moment by using the two-sided control con� gu-
ration as shown in Fig. 2e. A yawing moment of the order of 10%
could be generated without inducing signi� cant pitching moment
change (<2%). However, we could not avoid the generation of no-
table rollingmoments ( » 20%) by using this con� guration (Fig. 17).



704 LEE ET AL.

a) Positive rolling moment

b) Negative rolling moment

Fig. 18 Surface pressure distribution on the upper side of the wing for
actuators: a) before and b) downstream of the separation line.

Mechanisms for Torque Generation

The rolling moment can be generated by two possible mecha-
nisms. The � rst possibility is that the global structureof the leading-
edge vortex is distorted such that an asymmetrically distributed
vortex pair is generated. However, it is also possible that the rel-
ative strength of the two vortices has been altered by the actuators.
Figure 18 shows the surface pressure � elds at several cross sections
on the left-handside of the wing with and without actuationcontrol.
The distortionof the global vortex structurecan be observedby sur-
face pressure measurements.The results indicate that, on one hand,
if the microactuatorarray is placedupstreamof the separationpoint,
it can move the peak of the surface pressure distributions outboard
(Fig. 18a), generating a positive rolling moment mainly as a result
of an increase of the moment arm with respect to the centerline.On
the other hand, the activation of microactuators downstream of the
separation point moves the peak of the surface pressure distribu-
tions inboard (Fig. 18b), and a negativerolling moment is generated
as the moment arm is shortened. From both the integration of the
surface pressure � eld and the direct force measurement data, the
normal force of the wing does not show any appreciable change
when microactuators were activated on only one side of the delta
wing. This seems to suggest that the overall strength of the vortex
system has not been changed drastically under control.

From our measurements, the maximum positivepeak rolling mo-
ment emerged when the actuator array was placed at an angular
position of 60 deg, whereas the maximum negative rolling moment
took place when the actuator array was located at 100 deg (Fig. 9).
It was expected that the most dramatic changes would occur at
these angles; therefore, they were chosen to investigate the effects
of microactuators’positionson vortex structures.Figure 19 shows a
sequenceof three � ow visualizationpictures corresponding,respec-
tively, to the leading-edgevortex without control and with actuator
control placed at two different angular positions. All three pictures
were taken at the same chordwise location, which was 30% chord
downstream of the apex where vortex breakdown had not yet oc-
curred. Figure 19a shows the right-sided leading-edge vortex with
no control, and it clearly reveals that a pair of counter-rotatingsta-

a)

b)

c)

Fig. 19 Vortical structure: a) without microactuators, b) with actua-
tors at µ = 50 deg, and c) at µ = 100 deg.

tionary vortices lies on the leeward side of the wing. One can see the
shear layer separatingfrom the leading edge and rolling into a large
vortex, the primary vortex.The primary vortex reattaches to the sur-
face but separates again as the attached � ow moves outboard. This
leads to the emergence of the secondary vortex, as can be clearly
seen underneaththe separatingshear layer. When the locationof the
vortex core was measured carefully from the picture, it was found
that the vortex core was located at an » 65% spanwise location for a
wing at an AOA of 25 deg. This result is consistentwith the surface
pressure measurements (Fig. 18).

The correspondingvortexstructurewhenanarrayof forwardHAT
actuatorsis activatedat h = 60 deg is shown in the followingpicture
(Fig. 19b). It can be clearlyseen that the core of thevortexhasmoved
outboard relative to the uncontrolled vortex. This observation is
concordantwith the result from the surface pressuremeasurements.
It is also evident that the shear layer separates from the leading edge
with a steeper angle. It seems that the effect of the microactuators
is to push the shear layer “away” from the surface. Because at this
angular position the microactuatorsare placed ahead of the original
separationpoint, the � ow is forcedto separateearlieras a resultof the
higherpressuregradientcausedby thepresenceof themicroactuator.
Consequently, the separationvortex moves outboard and a positive
rolling moment is generated because the vortex pair is unbalanced.
Finally, the controlled case appears to have a larger primary vortex
anda smallersecondaryvortexas comparedwith thecaseof thewing
without control. From both the direct force and the surface pressure
measurements,the strengthof the displacedprimary vortexdoes not
seem to increase drastically. It is believed that the vortex is simply
becoming more diffuse rather than being strengthened.

Figure 19c shows the � ow visualizationresult of the vortex when
a HAT actuator is activated at h =100 deg. Also consistent with
the data from surface pressure measurements, the core of the vortex
under this mode of actuation control has shifted inboard relative to
an uncontrolled vortex. It is also noticed that the shear layer now
separates from the leading edge with a smaller angle. It appears that
the microactuators tend to pull the separating shear layer “toward”
the wing’s surface.One possiblemechanismis explainedas follows.
When the � ap actuator extends away from the surface downstream
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of the original separationpoint, it actually reduces the effectivecur-
vature experienced by the local � ow such that the adverse pressure
gradient is alleviated.As a result, the � ow follows the surface longer
and the separation is delayed. It is expected that the boundary layer
eventuallyseparates from the surface and reattaches to the extended
tip of the actuator array, where it experiencesa stronger inward � ow
stream and, consequently, the separated layer is pulled further in-
ward and the resultingvortexalso moves inboard.A negativerolling
moment is thereforegenerated.The vortexappears to be smaller but
closer to the surface. As a result, the pressure � eld induced by the
vortex does not change signi� cantly (Fig. 18).

In the following paragraphs, we focus our visual observation on
the region near the leading edges of the delta wing, where the in-
teraction between the microactuators and the separated � ow is the
most critical to ensure an effective � ow control. Our objective is to
identify the relationship between the leading-edge separation pat-
tern and the position of the actuator array.

Figure 20 shows the vortical � ow patterns near the leading edge
corresponding to the same con� gurations as shown in Fig. 19. Our
interpretationsof the behavior of the vortex under different control
conditions are illustrated schematically next to the corresponding
� ow visualization pictures. Without control, the � ow accelerates
near the leading edge and separates as a result of the presence of
an adverse pressure gradient further downstream. From this picture
(Fig. 20a), the boundary-layer � ow separates at » 60 deg. If an ar-
ray of actuators is used before the separation line at h = 50 deg, it is
found that the � ow separates earlier and the de� ection angle of the
shear layer after separation is changed (Fig. 20b). Because of the
presenceof the microactuators,the boundary layer is forced to sepa-
rate from the tip of the actuatorarray and the separatedshear layer is
pushedaway from the surface.The � owat this locationtendsto carry
the shear layer further outwardand, consequently,the de� ection an-
gle of the shear layer is larger than that in the case without any actu-
ation.As a result, the vortex structureis moved outboard,as has also
been discussedbefore (Fig. 19b). Accordingly, the suction pressure

a)

b)

c)

Fig. 20 Streakline � ow pattern near the leading edge: a) without any
actuator, b) with actuators before the original separation line, and
c) with actuators downstream of the original separation line. Dashed
lines indicate the original streamlines; solid lines represent separating
streamlines under control.

peak associatedwith the vortex also moved outboard and a positive
rolling moment was generated by the unbalanced vortex pair.

In contrast,when the actuatorswere placedat h = 100 deg, down-
stream of the uncontrolledseparationposition, a different trend was
observed; the results were as shown in Fig. 20c. The separated
boundarylayer seems to attachback to the extended tip of the actua-
tor.The effectivelocalcurvatureneartheactuatortip is muchsmaller
than that without the � ap. Consequently, the out� ow tends to turn
more sharplytoward the surfaceof thewing so that it carriesthe shear
layer further inward. As a result, the de� ection angle of the shear
layer becomes smaller and the vortex structure is moved inboard
(Fig. 19c). This is consistentwith the results presented in the previ-
ous sections. Consequently,a negative rolling moment is created.

Conclusions
A pair of nearly symmetric vortices separating from the leading

edge characterizes the � ow over a delta wing. At high angles of at-
tack, these vorticesmake a signi� cant contributionto the total lift of
the wing. Hence, if the symmetry of these vortices can be broken by
using microactuators,it is possibleto generateappreciablemoments
for � ight control. A linearly distributed array of MEMS actuators
was applied in a previous study31 to generate torques for � ight con-
trol successfully. In this study, a HAT actuator covering only half
the length from the apex to the trailing edge was used to explore the
possibility of providing robust vortex control. It was found that a
higher rolling moment could be obtained by activating an array of
HAT microactuators at an appropriate location, because it could be
aligned more closely to the separation line. Two-sided HAT actua-
tor arrays were also tested to increase the control capability. Data
showed that the pitchingmoment could be generated independently
without rolling and yawing moments by applyingsymmetric actua-
tion on both sidesof the wing. A laser-sheet� ow visualizationof the
delta wing � ow� eld was used to examine the interaction between
microactuators and the cross-� ow patterns of the separated bound-
ary layer near the leading edge. Special attention was focused on
the identi� cation of the distortion of the vortex structure, particu-
larly the movement of the vortex core, under the in� uence of the
actuation control. It was found that the shear layer separated with a
steeper angle if the actuator array was placed at or before the orig-
inal separation point; hence, the vortex moved outboard and away
from the surface, generatinga positive rolling moment. In contrast,
the shear layer separated with a smaller angle if the actuator array
was positioned downstream of the original separation point. This
type of control forced the vortex to move inboard and closer to the
surface,producinga negativerolling moment. These � ow visualiza-
tion observationsare consistentwith data obtained by using surface
pressure and direct force measurements.
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