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The impact of a trailing-edge tab, actuated at different start times andhigher harmonic frequencies, on the size and

strength and the position of a tip vortex generated by an oscillating NACA 0015 wing was investigated. The results

show that for all the tab control cases tested, the peak tangential velocity of the tip vortex was found to be a weak

function of the tabmotion, whereas the core radius and circulation were strongly dependent upon the tab deflection.

The 2=revolutions higher harmonic tab control actuated during pitch up produced the largest reduction in the peak

tangential velocity and the greatest increase in the core radius and also provided the most promising blade-vortex-

interaction suppression. Similar control effectiveness was also observed for 3=revolutions higher harmonic tab

control motion but to a lesser extent. The 4=revolutions higher harmonic tab control was, however, most effective

during the pitch-down flow-reattachment process.

Nomenclature

b = semispan
Cl = section lift coefficient
Cp = pressure coefficient
c = wing chord
dmiss = vortex-blade miss distance
fo = oscillation frequency
L = lift
l = span over which 2-D blade-vortex interaction

occurs
NP = nth harmonic of fo
Re = Reynolds number,�uoc=�
r = radial position
rc = core radius
t = time
u = mean axial velocity
uo = freestream velocity
u0 = rms velocity fluctuation
v� = tangential velocity
x, y, z = axial, transverse, and span-wise

direction
� = angle of attack
�m = mean �
�max = maximum �
�min = minimum �
� = vortex strength or circulation
�c = core circulation
�o = total circulation
� = BVI parameter, ��cc=�yc � c�2uojcontrolled �

�cc=�yc � c�2uojuncontrolled
� = deflection amplitude
� = streamwise vorticity
� = reduced frequency,��foc=uo
� = fluid kinematic viscosity
�o = freestream fluid density
	 = phase angle, �!t� 2�fot

Subscripts

d = pitch down
u = pitch up

I. Introduction

T HE impulsive blade-vortex interaction noise, a notable and
undesirable characteristic of helicopter low-speed descent

flight, is very loud and annoying to the nearby community. This BVI
noise is generated by interactions of the rotor blades with the shed
concentrated tip vortices from the preceding blades, which induce
large unsteady pressure fluctuations on the blade surfaces and, thus,
severe dynamic structural loading and impulsive blade-vortex-
interaction noise generation. A great deal of progress in the rotor-
blade wake measurements and the prediction of blade-vortex-
interaction noise generation can be found in the representative work
of Mahalingam and Komerath [1], McAlister and Heineck [2], and
Duraisamy et al. [3]. Mahalingam and Komerath [1] measured the
vortical trailing wake behind a helicopter rotor in forward flight by
using LDV and observed that the tip vortex of a rotating blade
differed considerably in structure from a fixed-wing vortex.
McAlister and Heineck [2] measured the near wake behind a two-
bladedmodel rotor in light climb by using particle image velocimetry
(PIV). They reported that the core-radius circulation increased
slightly with wake age, but the large-radius circulation appeared to
remain relatively constant. The radial distributions of swirl velocity
and vorticity exhibited self-similar behaviors, especially within the
core. Also, the diameter of the vortex core was initially about 10% of
the rotor-blade chord but more than doubled its size after one
revolution of the rotor. Duraisamy et al. [3] studied the formation and
roll up of a tip vortex trailed from a hovering helicopter rotor blade
using both computations and PIV measurements. Secondary and
tertiary vortices resulting from cross-flow separations near the blade
tip along with a part of the trailed wake, which ultimately entrained
into the tip vortex downstream of the trailing edge, were observed.

In addition, it is also known that the rotorcraft BVI noise is a highly
complex, three-dimensional, and time-dependent phenomenon. In
low-speed descent, there can be multiple BVI events occurring on
both the advancing and retreating sides of the rotor disks. Two
important blade-vortex interaction extremes occurwhen the vortex is
either normal or parallel to the blade, which are known to have a large
influence on rotor aerodynamics, rotor noise, and rotor-blade stress.
For the main rotor, the more nearly parallel the tip vortex is to the
blade at the time of interaction, the more intense the noise [4–6]. The
BVI strength is dominated by two important parameters: the miss
distance between the rotor blade and the trailing vortex, and the size
(or intensity) of the vortex. Hardin and Lamkin [6] further suggested
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theoretically that the magnitude of the aeroacoustic pressure time
history p�x; t� produced by the blade-vortex interactions can be
expressed as p�x; t� � �Ll=�od

2
miss. One promising BVI noise

reduction concept is therefore to increase the miss distance and/or to
decrease the vortex strength and size at the blade-vortex encounters.

A number of passive control devices [7–11] have been attempted
to modify the shed vortex structure by altering the blade tip shape,
adding other aerodynamic surfaces mounted at the rotor tip (such as
winglets, spoiler, stub/subwing, etc.), or blowing air along the vortex
axis so as to spread out and diffuse the vortex so that the BVI is
weakened and therefore radiates less noise. In the meantime,
increasing efforts have also been devoted to implementing active
BVI control techniques, which involve amomentary change in blade
pitch at just the right azimuth using higher harmonic control (HHC)
[12–17], individual blade control [18], and an active trailing-edge tab
or flap [19,20]. Among them, the higher harmonic pitch control has
been attempted rigorously to obtain reductions in vortex strength and
increases in blade-vortex separation distances during vortex-blade
encounter so as to reduce the intensity of the BVI fluctuation loading
and, thus, noise. Note that although the use of HHC of blade pitch

angle has historically been introduced as a means to reduce
helicopter vibration levels by implementing active control of the
rotor swashplate to change the pitch at the root of the blades, its use to
reduce noise offers potential. Past investigations have indicated that
higher harmonic pitch control would not only modify pitch but also
modify the strength of the shed vortices as well as possibly the
interaction locations. The pioneering analytical study in the 1950s by
Payne [12] showed the potential effectiveness of HHC in alleviating
retreating blade stall. Recently, Enenkl et al. [20] suggested that the
way an active trailing-edge servotab reduces noise and vibrationmay
vary depending mainly on flap chord, control frequency, and the
blade’s torsional stiffness. The details of the vortex flow charac-
teristics, however, were not reported.

The motive of this study was to investigate the possible reduction
of the strength and size, and the vertical displacement of the tip
vortex, generated behind an oscillating NACA 0015 wing by using a
moveable trailing-edge tab operatedwith 2=rev, 3=rev, and 4=rev (or
2P, 3P, and 4P) HHC pitch inputs at selected phases and amplitudes.
The oscillating wing was chosen to simulate the quasiperiodic first
harmonic angle-of-attack variations that are found on helicopter

Fig. 1 a) Experimental setup and b) HHC motion profiles and

definitions.

Table 1 Values of tab motion parameters

HHC �max ts �u HHC �max ts �u

2P 16 deg �0:5� 6 deg��min 3P 16 deg 0� 14 deg
2P 16 deg �0:25� 8.3 deg 4P 16 deg �0:5� 6 deg
2P 16 deg 0:0� 14 deg��m 4P 16 deg �0:25� 8.3 deg
2P 16 deg 0:25� 19.7 deg 4P 16 deg 0� 14 deg
3P 16 deg �0:5� 6 deg 4P 16 deg 0:25� 19.7 deg
3P 16 deg �0:25� 8.3 deg —— —— —— ——

Fig. 2 Uncontrolled wing. Filled circles denote critical unsteady
boundary-layer and dynamic-stall events � symbols denote the start of

tab actuation.
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rotors during low-speed forward flight [21–23]. Special emphases
were placed on the determination of the phase-locked ensemble-
averaged core vortex flow parameters, obtained by using a miniature
triple hot-wire probe, over one cycle of oscillation. These vortex flow
measurements were then used to evaluate the effectiveness of the
HHC tab motion on the suppression of BVI noise via the expression
suggested by Hardin and Lamkin [6].

II. Experimental Methods

The experiment was conducted in the 0:9 m � 1:2 m � 2:7 m
low-speed suction-type wind tunnel at McGill University with a
freestream turbulence intensity of 0.03% at uo � 14:2 m=s. A
square-tipped, rectangular, untwisted NACA 0015 airfoil, fabricated
from solid aluminum, with c� 20:3 cm and b� 49:5 cm, was used
as the test model. The wing model was mounted horizontally at the
center of the wind-tunnel test section. A 40-cm-diam aluminum
endplatewith sharp leading edgeswasfixed to an end support located

20 cm from the sidewall of the test section. The origin of the
coordinates was located at the wing leading edge. A specially
designed four-bar oscillation mechanism, in conjunction with an
Exlar model DXM340C servomotor driven by an Emerson model
FX3161 PCM1 programmable motion controller, was used to
oscillate the wing model through the static-stall angle (�16:5 deg)
with ��t� � 14� � 8� sin!t and �� 0:1 at Re� 1:86 � 105. The
oscillation frequency was measured by the use of a potentiometer
mounted on the servomotor shaft to an accuracy of 	0:02 Hz. The
four-bar mechanism provided an output, which was sinusoidal to
within 2%. The airfoil pitch axis was located at the one-fourth-chord
location. The instantaneous � of the wing and the phase reference
signal were recorded from a potentiometer mounted on the
servomotor shaft. Note that when the phase angle was within the
range �0:5� 
 	 
 0:5�, the wing was described to be in pitch up;
when 0:5� 
 	 
 1:5�, the wing was said to be in pitch down.

The wing model was equipped with a moveable trailing-edge tab
(of a chord of 25%c and a span of 13%b), which was activated and

Fig. 3 Effect of NP on critical vortex flow quantity for ts ��0:25�.
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deactivated independently by a Maxon servomotor (model Re-35),
incorporating a 4:3:1 helical gearbox and an optical encoder
(Fig. 1a). The tab motion, triggered in response to the oscillating
wing phase angle 	, can be programmed into a series of saw-tooth
deflections. The time of tab actuation (i.e., start time ts) and peak-to-
peak deflection amplitude �max (�8 and 16 deg or equivalently
36:4%�max and 72:8%�max) were determined by a Maxon EPOS 70/
10 programmable motion controller. Tab deflections described by an
HHC saw-tooth waveform at 2P (i.e., a two-per-oscillation angle-of-
attack variation on top of a one-per-oscillation cyclic angle-of-
attack), 3P, and 4P of different ts and �max were employed in the
present experiment (Fig. 1b). The tab actuation start time ts
(�� 0:5�, �0:25�, 0�, and 0:25�, corresponding to �u � 6, 8.3,
14, and 19.7 deg, respectively) were tested to quantify their effects on
the critical vortex flow parameters. The parameters describing the tab
actuation profile in various units are given in Table 1.

The instantaneous velocities were subsequently ensemble
averaged over 40–80 oscillating cycles to obtain phased-locked
averages of the vortex flow properties at various phase positions
during the cycle. A miniature triple hot-wire probe (Auspex Model
AVEP-3-102 with a measurement volume of 0:5 mm3) was used to
measure the mean and fluctuating velocity components in planes
perpendicular to the freestream velocity at x=c� 3:0. The triple-hot-
wire probe was calibrated in situ, following the calibration
procedures described by Chow et al. [24], before the installation of
the model. The hot-wire signals were sampled at 500 Hz and were
recorded on a PC through a 16-bit A/D converter board. Probe
traversing was achieved through a custom-built computer-controlled
traversing system. Data plane taken in the near field of the wing
model had 56 � 56 measuring grid points with an increment of
�y��z� 1:6 mm (or 0:8%c). The streamwise vorticity was
calculated by differentiation according to �� @w=@y � @v=@z. The
maximum experimental uncertainties in the results reported have
been estimated as follows: mean velocity 3.5%, vorticity component
8%, vortex radius 4%, and velocity fluctuation 3%.

III. Results and Discussion

A. Uncontrolled Wing

To better understand the impact of the HHC tab motion on the tip-
vortex flow characteristics (such as the peak tangential velocity
v�peak, core radius rc, core �c, total �o circulation, and the vortex
position), the variation of v�peak, rc, �c, and �o of the baseline, or
uncontrolled, wing with � over an oscillation cycle is discussed first
in Fig. 2 and also serves as a comparison. Also presented in Fig. 2a is
the dynamic Cl–� loop, calculated via the Cp distributions obtained
from 48 0.35-mm-diam pressure taps distributed over the upper and
lower surfaces of the wing model [25], of the 2-D wing. Figure 2a
shows that for a NACA 0015 wing oscillated with ��t� �
14 deg�8 deg sin!t and �� 0:1, the unsteady boundary layer
remained attached up to �u � 18 deg (denoted by point 2) and was
followed by the onset of flow reversal and its upstream propagation
for �u � 18 to 21 deg (denoted by points 2 to 3). With a further
increase in � (from �u � 21 deg to �max � 22 deg; points 3 to 4),
there was a brief presence of a dynamic-stall vortex (DSV) of about
30%c observed in the leading-edge region of the upper wing surface
[26]. The DSVwas “spilled” prematurely (a characteristic of a light-
stall oscillation [21,22]) as soon as the pitch-down process began,
resulting in a drastic during-stall Cl loss, and was followed by a
gradual Cl recovery for �d � 15 to 6 deg (denoted by points 5 to 1)
during the pitch-down flow-reattachment flow process.

Figure 2a also indicates that, as expected, a similar variation in the
total circulation �o (indicative of the bound circulation and thus the
Cl value), corresponding to the Cl-� variation over an oscillation
cycle, was also noticed. The circulation, or vortex strength, was
obtained by summing the vorticity multiplied with the incremental
area of the measuring grid. The value of �o generally followed the
change inCl data (up to �u � 18 deg) during pitch-up attached-flow
process, whereas an increasing discrepancy appeared for
18 deg<�u < 21 deg due to the presence of flow reversal. Note
that the �o had a noticeably smaller value during pitch down than

during pitch up. A core circulation-to-total circulation �c=�o ratio
ranging between 0.5 and 0.76, coinciding with the attached-flow and
DSV-formation-flow processes, respectively, was observed. The
peak tangential velocity was also found be of higher value during
pitch up than during pitch down (Fig. 2b), suggesting that during
pitch down, the vortex had amuch smaller rotational speed compared
with the vortex during pitch up. In contrast to the large variation
observed in v�peak and�c during pitch up and pitch down, the value of
the core radius rc (identified by the location of v�peak) was found to be
generally small, within measurement error, regardless of pitch-up or
pitch-down flow process, except duringDSV spillage. In summary, a
maximum (minimum) Cl, �o=cuo, �c=cuo, v�peak=uo, and rc=c of
1.45, 0.65, 0.475, 0.49, and 0.148 at�max, and aminimum 0.08, 0.11,
0.09, 0.21, and 0.07 at �d � 8 deg were observed, respectively.
Note also that because of the convection time required for a tip-
vortex flow structure to propagate from the wing to the downstream
location of the sensor, there is a phase lag between any instantaneous
sensor reading and the position of the wing at that instantaneous
instant. By assuming that, within the streamwise length scale
considered, any streamwise distortion of the flow that occurs is
negligible, and the convection speed uconv is constant, then the angle
of attack through which the wing has swept during the convection
time can be directly calculated if uconv can then be approximated. An
upper and lower bound is subsequently imposed upon the convection

Fig. 4 Typical vortex flowdistribution across vortex center along y axis

for �u � 15 deg and ts ��0:25�.
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speed because it cannot fall outside of the range of axial velocities
measured within the volume through which it has moved. In the
present experiment, uconv was approximated as the upper-bound
freestream speed because it resulted in the smallest phase-lag cor-
rection and, by extension, a more conservative result. The compen-
sation scheme proposed by Chang and Park [27], in which uconv was
approximated with a spatial average axial velocity in the vicinity of
the vortex core, could somewhat inflate the convection speed. The
measurements reported in this study were phase-lag compensated by
letting uconv � uo.

B. Effects of NP

The influence of higher harmonic tab motion (i.e., NP� 2P, 3P,
and 4P), actuated at ts ��0:25� (or �u � 8:3 deg during pitch up)
with �max � 16�, on the magnitude of v�peak, rc, �c, �o, the peak
vorticity �peak, and the vertical position of the vortex center yc is
summarized in Fig. 3. For clarity, the dynamic variation of these
parameters over an entire oscillation cycle is presented in an unfolded
format in contrast to the closed-loops presented in Fig. 2. The overall
change in v�peak, rc, and�c with NP, compared with the uncontrolled
wing, can be clearly seen (Figs. 3a–3c). These changes were found to
be quite substantial starting from �min up to the moment of DSV
spillage, although they were of much lesser extent during poststall
because the tab deflection was embedded in the DSV-induced
separated flow region. A substantial suppression of v�peak was,
however, reestablished during the pitch-down flow-reattachment
flow process. Also, similar to the uncontrolled wing, the hysteretic
property existing in v�peak, rc, �c, and �o (Fig. 3d) between pitch up
and pitch down was also exhibited, regardless of NP. The present
measurements also reveal that for all the HHC tab control tested with

��	4 deg, the variation of the critical vortex flow parameters
followed those of ��	8 deg (or �max � 16 deg) but had a much
lesser extent, and is, therefore, not reported here.

Figure 3a further shows that for a 2P tab motion actuated at
ts ��0:25�, the peak tangential velocity was always reduced
during pitch up and DSV spillage. The observed reduction in v�peak
was accompanied by a more diffused vortex with an increased rc
(Fig. 3b). However, in contrast to the smallest v�peak observed at
around �max (as much as 23% below that of the uncontrolled wing),
the 2P tab control case rendered a highest v�peak value (above the
uncontrolled wing) during pitch-down flow reattachment among the
three NP tested. There was no significant variation in v�peak,
regardless of NP, during stall. The consecutive upward and
downward 2P tab deflections also led to a decreased �c during pitch
up for �u 
 18 deg and an increased �c for �u � 18 deg to �d �
21 deg (Fig. 3c). A maximum 13% increase in �c at �� �max was
observed for the 2P control case. The results also show that a similar
variation (but of a much lesser extent) in �o with NP, compared with
�c, was also observed (Fig. 3d). It can therefore be concluded that
although very effective at controlling the vortex core flow quantity,
regardless of NP, the HHC tab motion did not exercise significant
control on the vortex in its entirety. Figures 3a–3c further reveal that
the 3P tab control also provided a reduction in v�peak but was
accompanied bymore a drastic deviation in rc and�c during pitch up
in comparison to the 2P control case. Special attention should be
given to the drastic reduction in rc and �c (i.e., a more concentrated
vortex core of a reduced circulation) for �u � 18 to 21.5 deg for the
4P HHC control case.

Figure 3e reveals that the 2P and 3P control cases always rendered
a substantial decrease (asmuch as 40%below the uncontrolledwing)
in the peak vorticity �peak during the pitch-up and during-stall flow

Fig. 5 Variation of� with NP and ts.
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processes. For 4P tab control, �peak was, however, found to decrease
first, reaching a local minimum at �u � 16 deg and was followed by
a consistent increase with increasing � until �u � 20 deg. The
variation in �peak during pitch downwas also found to be ofmuch less
degree compared with during pitch up, regardless of NP. The impact
of the HHC tab motion on the vortex core flow can also be reflected
from the distributions of v� and � across the vortex center (identified
by the location of �peak) along the y axis, for example, at
�u � 15 deg, displayed in Figs. 4a and 4b. The variation of v�peak
and �peak with NP can be clearly seen. Note that for a nearly
axisymmetric vortex the v� and � distributions (for �u < 17 deg) are
independent of the azimuthal angle and had jv�maxj � jv�minj. For
�u > 17 deg, the vortex shapewas distorted and the core vortex flow
values reported are circumferentially averaged values. The present
measurements also show that the 2P control case generally produced
a lowered u0 compared with that of the uncontrolled wing (Fig. 4c),
whereas the 3P and 4P control cases rendered an elevated level of
streamwise velocity fluctuations. Note the pronounced and
consistent increase in u0 as the vortex center was approached,
regardless of NP, suggesting that the vortex center could be of
turbulent nature. No vortex meandering compensation was
employed in the data presented in Fig. 4c. However, it is known
that in the nearfield, the rms amplitude of themeandering is generally
less than 0:5%c which led to a maximum 5 and 6% vortex-
meandering-induced variation in the core radius and the peak
tangential velocity [28], respectively, and that the effects of vortex

meandering only gains significance in the far field [23]. Additional
measurements are needed to quantify the vortex meandering
associated with the unsteady-wing experiments.

The present measurements also show that, in addition to the
observed significant impact of the HHC tab motion on v�peak, rc, and
�c, a large vertical displacement of the vortex center, that is, yc
throughout the entire oscillation cycle, was also achieved (Fig. 3f). It
is of importance to note that the present�c and yc measurements also
provide a comparative assessment of the potential HHC tab control
of the BVIs via Hardin and Lamkin’s prediction. An estimator �

� �cc=�yc � c�2uojcontrolled � �cc=�yc � c�2uojuncontrolled

which is equal to the difference between the magnitude of �=d2miss

between a tip vortex with and without a tab, was used to evaluate the
potential of theHHC tab control of theBVI strength. Figure 5a shows
that the 2P control case provided a relative better improvement in�
(<0) during pitch up compared with the 3P and 4P control cases,
except in the vicinity of�max. The 4P controlwas found to provide the
most significant BVI suppression at �� �max. No significant
discrepancy in � was, however, noticed during pitch down for the
three NP tested.

C. Effects of ts

The variation of the magnitude of the phase-locked ensemble-
averaged �peak, rc, �c, v�peak, yc, and � with the tab actuation start
time ts (�� 0:5�,�0:25�, 0�, and�0:25�) is presented in Figs. 5–
8. For 2P tab control, the ts ��0:5� and�0:25� control cases led to
a considerably reduced �peak during pitch up (Fig. 6a); the earlier the

Fig. 6 Variation of critical vortex flow quantity with ts for 2P HHC. Fig. 7 Variation of critical vortex flow quantity with ts for 3P HHC.
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tab actuation, the smaller, in general, �peak was. The ts � 0� and
�0:25� control cases, however, created a rather minor change in
�peak. The 2P control case with ts ��0:5� was found to be most
effective in the reduction of �peak, and, subsequently, a more diffused
vortex of enlarged rc (Fig. 6b) with a slightly increased �c (Fig. 6c).
During pitch-down flow reattachment, the later the tab actuation, the
lower the �peak became (except the ts ��0:25� control case),
whereas the values of rc and �c remained virtually unchanged.
Furthermore, the v�peak was found to be reduced for ts < 0�, while
equal to or slightly above the uncontrolled wing for ts � 0�. Note
that the ts ��0:25� control case provided the lowest v�peak among
the ts tested, except for the pitch-down flow-reattachment flow
regime and early on in the upstroke. A local peak in rc and �c and a
localminimum in �peak at�max was also observed for the ts ��0:25�
control case. Figures 6a–6d also reveal that the hysteresis associated
with �peak, rc, �c, and v�peak was also found to be generally narrowed
with earlier tab actuation. The vertical displacement of the vortex
center, implying the potential collision of the blade leading edgewith
the vortex, was evaluated together with the variation in�c in terms of
� (Fig. 5b). Figure 5b indicates that, in general, the later the tab
actuation, the more effective the BVI suppression during pitch up.

The ts � 0:25� control case provided the largest local reduction in�
at around �max, whereas the ts ��0:25� control case provided the
most unfavorable BVI suppression.

For 3P tab control, the change in rc (Fig. 7a)was accompanied by a
corresponding increase and decrease in �c (Fig. 7b) and �peak
(Fig. 7c), respectively. An opposite change in magnitude of v�peak
(Fig. 7d) in comparison to the variation observed for rc was noticed.
The ts ��0:25� control case led to a generallymore diffused vortex
(for �u � 14 to 21 deg) and a significantly reduced v�peak and �peak
compared with the uncontrolled wing during pitch up. The ts � 0�
control provided the lowest v�peak and �c during the final stage of the
pitch-down flow-reattachment flow process. The � calculation,
however, shows that the ts ��0:25� control case created a
maximum BVI alleviation at �max, whereas the ts � 0� control case
seemed to be a more effective, except in the vicinity of �max in terms
of� (Fig. 5c). The present measurements also indicate that for 4P tab
control actuated at different ts, the ts ��0:25� and 0:25� control
cases provided a relatively improved� parameter comparedwith the
ts ��0:5� and 0� control cases (Fig. 5d).

Amore in-depth look into the response of v�peak, rc,�c, and yc can
be revealed by looking at the increment relative to the uncontrolled

Fig. 8 Vortexflowquantities relative to uncontrolledwing. a) 2Pandb) 3P. Solid line, ts ��0:5�; dashed line, ts ��0:25�; dotted line, ts � 0�; dashed-
dotted line, ts ��0:25�.
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wing as a function of phase angle. Note that in the following
discussion, the variation of these tip-vortex quantities is described as
inversely proportional, or inverse, when it decreases with increasing
tab angle � and increaseswith decreasing �, and directly proportional,
or proportional, when it increases with increasing � and decreases
with decreasing �. For the 2P control cases (Fig. 8a), v�peak varied
inversely with tabmotion except in the period between the formation
of the DSV (at �u � 20 deg) and the beginning of flow reattachment
(at �d � 16 deg) when it varied proportionally, irrespective of ts.
The tab had no noticeable effect on v�peak when the flow was
completely separated. The rc also varied inversely with the tab
motion, however, with two exceptions; 1) for ts ��0:5�, the
response of rc during the attached-flow phasewas tomake the vortex
more diffused regardless of the tab motion being up or down, and
2) for ts ��0:25�, before �u � 14 deg and subsequent to
�d � 12 deg, rc did not change significantly. Interestingly, of all the
parameters, it was �c that followed most closely the tab motion,
albeit with an inverse relation. With regards to �peak, the oscillation
cycle was divided into two distinct portions. In one portion, the �peak
variationwas inversely proportional to �, whereas in the other portion
it was directly proportional. In general, the �peak variation began the
cycle inversely proportional, switched to directly proportional
during pitch up (the time of the switch increased with ts), and then
changed back to inversely proportional (usually near �d � 13 deg).
Lastly, as expected, the location of the vortex center yc followed
quite closely the motion of the tab. An upwards or downwards
deflection induced an upwards or downwards displacement,
respectively. Note, however, that yc oscillated somewhat during the
DSV formation and spillage, being rather significant for the ts �
�0:25� and ts � 0� control cases.

For the 3P control case (Fig. 8b), similar statements can bemade as
for the 2P control case. The v�peak, in general, followed the tabmotion
quite closely; however, there existed sometimes a short delay when
the tab changed direction. The relation to �was similar to that of �peak
in the 2P case (i.e., it changed from inverse, to direct, and then back to
inverse). The value of rc varied inversely with �. The value of �c
follows extremely faithfully the tab motion. This is most
predominant for ts ��0:5� and ts � 0� and is rather minor for
ts ��0:25�. Conversely, the �peak was, in general, found not to
respond in any predictable way to the tab motion. There are certain
instances in which �peak followed, either inversely or proportionally,
the tab motion; these instances, however, were interspersed in an
otherwise irregular trend. Contrary to �peak, the vortex center tracked
very closely themotion of the tab. For the 4P control case (not shown
here), the magnitude of v�peak and �peak suggests that the tab motion
exceeded the response time of the tip vortex because no general trend
was discernible; sometimes they followed the tab motion inversely,
sometimes proportionally, and sometimes not at all. Furthermore,
there seemed to be a phase lag. On the contrary, rc, �c, and yc did
track the tab motion quite well. The value of yc was directly
proportional to, and followed closely, the tab motion, except during
the DSV formation, where it deviated slightly.

IV. Conclusions

The impact of prescheduled higher harmonic tab motion on the
characteristic tip-vortex flow structure, generated behind an
oscillating NACA 0015 wing, was investigated at
Re� 1:86 � 105. These vortex flow measurements were then used
to estimate the effectiveness of potential BVI suppression. For all the
tab control motions tested, the peak tangential velocity was observed
to be a weak function of the tab motion, whereas the core radius and
circulation and the peak vorticity were strongly dependent upon the
tab motion. The 2P tab control produced the largest reduction in the
peak tangential velocity and vorticity and the largest increase in the
core radius and circulation, as well as the maximum BVI
suppression. The 3P HHC tab control provided a similar variation in
the core vortex flow quantities but to a lesser extent compared with
2P tab control. The 4P tab control created a strong control of the
vortex flow during pitch-down flow reattachment. In summary, the

higher harmonic tab control of the unsteady-wing tip vortex and the
subsequent BVI strength seems favorable; experiments with a
rotating wing model, however, are needed to further support the
findings reported here.
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