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Oscillating-Wing Tip Vortex with Passive Short-Span
Trailing-Edge Flaps

L.Lee*and T. Lee'
McGill University, Montreal, Quebec H3A 2K6, Canada

Tip vortex flow behind an oscillating NACA 0015 wing with passive short-span trailing-edge flaps was investigated
experimentally at Re = 1.81 x 105. The spoiler was found to be very effective in diffusing the tip vortex, in terms
of the reduction of peak tangential velocity vgpeak and vortex strength, compared to a baseline wing, and also
led to additional vertical upward displacement of the vortex center. No significant influence on the vortex size
was observed, however. The spoiler-induced negative camber effects also translated into slightly reduced bound
circulation, total lift, and lift-induced drag. For a tab, the dynamic increase—decrease in the vortex size and strength
persisted and had values larger than for a baseline wing. No substantial change in vgyeak, compared to that for a
baseline wing, was noticed. The axial core velocity was always wakelike, and the vortex center was shifted relatively
outboard and vertically downward below the baseline wing. The tab also led to an increase in the lift and drag
forces. The symmetric flap provided a compromise in the critical vortex-flow quantities between the spoiler and

tab cases.

Nomenclature
b = (semi-)wing span
total drag coefficient
induced drag coefficient, = D; /5 pu% S
total lift coefficient, =L /3 pu? S
airfoil chord
induced drag
oscillation frequency
total lift
Reynolds number, =cu, /v
vortex core radius
vortex outer radius
wing area
time
mean axial velocity
freestream velocity
axial turbulence, (1)
transverse mean velocity
tangential velocity
spanwise mean velocity
streamwise distance
transverse distance
angle of attack
circulation or vortex strength
bound or root circulation
core circulation
total circulation
reduced frequency, = wfc/uqs
streamwise or axial vorticity
kinematic viscosity
= fluid density
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I. Introduction

OUNTER-ROTATING longitudinal vortices generated by air-

craft wing tips, because of their hazardous effects on flight
safety and airport capacity, continue to be of concern to the aviation
industry and aircraft manufacturers alike. Near-field tip vortex flow
also plays a significant role in the understanding and control of rotor-
craft blade—vortex interaction (BVI) noise and vibration. However,
in contrast to a fixed wing, which has relatively uniform lift loading
over its span, a concentration of aerodynamic forces is produced at
helicopter blade tips, due to the high local dynamic pressure, which,
consequently, shed strong vortices at each blade tip. Moreover, dur-
ing low-speed forward flight, the strength and position of the shed
tip vortex may also be significantly affected by the retreating-blade
dynamic-stall flow phenomenon.

Itis now well known that the predominant feature of dynamic stall
is the formation, convection, and shedding over the upper surface
of the airfoil of an energetic leading-edge vortex (LEV), or a dy-
namic stall vortex, which induces a nonlinearly fluctuating pressure
field and produces large transient variations in forces and moments
that are fundamentally different from their static counterparts. The
presence of a LEV leads to delayed stall through the delay of large
separation effects to increased angles of attack and enables the rapid
generation of significant unsteady lift forces before any vorticity is
shed. After the LEV begins convecting over the airfoil there is a
sudden increase in nose-down pitching moment, and once the LEV
passes the airfoil trailing edge and moves into the wake, the flow
progresses to a state of full separation over the upper surface and an
abrupt loss of lift is incurred. Furthermore, if and when the angle
of attack becomes low enough during the pitch-down motion, the
flow will finally reattach again from the leading edge. An excel-
lent review of unsteady airfoils is given by McCroskey.! However,
unlike the considerable experimental and numerical efforts made
toward the understanding and control of the tip vortex generated
by a fixed-wing tip, only limited results have been reported, to the
authors’ knowledge, on the tip vortex generated behind an oscillat-
ing wing.>™*

Ramaprian and Zheng? pioneered the quantitative study of the
near field of the tip vortex behind a square-tipped oscillating NACA
0015 rectangular wing using a three-component laser Doppler
anemometer at Re = 1.8 x 10° with «(¢) = 10° + 5° sin ot (i.e., the
light-stall oscillation case'*) and a reduced frequency « of 0.1.
They explored the unsteady velocity and vorticity fields associ-
ated with the evolving tip vortex in the near field for 0.16 <x/c <
2.66 and observed that the average trajectory of the oscillating tip
vortex was very nearly the same as for a stationary wing at the mean
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incidence. Also, the normalized circulation distribution across most
of the inner region of the vortex for x/c > 0.7 exhibited the same
universal behavior as the vortex behind a stationary wing. Chang
and Park* examined the hysteretic behavior of the wake behind a
NACA 0012 airfoil oscillated with «(z) = 15° 4+ 15° sin wt (i.e., the
deep-stall oscillation case!*®) at k = 0.09 for Re = 3.4 x 10* using
a triple hot-film probe at x /c =0.5 and 1.5. Chang and Park found
that the size of the vortex core and the vortex strength were larger
and the peak tangential velocity and the axial velocity deficit were
smaller during pitch-down than during pitch-up. The details of the
vortex-flow characteristics, however, were not reported in the Tech-
nical Note.

On the other hand, the interactions of concentrated tip vortices
with rotor blades are known to have an adverse influence on rotor
aerodynamics. When these shed vortices interact with the trailing ro-
tor blades, the unsteady pressure fluctuations induced on the blade
surfaces generally lead to severe dynamic structural loading and
noise generation. The blade—vortex interaction and BVI noise is
most likely to occur during helicopter low-speed forward flight and
descent. The interaction process is shown to involve a combination
of effects on the vortex structure, the strength, and the miss distance
between a vortex and a blade. Various control devices,®~!* such as
passive Ogee tips, winglets, spoilers, stub/subwings, and porous tips
and leading edges, as well as active higher harmonic control, indi-
vidual blade control, trailing-edge flaps, and steady and pulsating
injection, have been attempted to modify the vortex strength and
structure and the miss distance at the time of vortex production and
interaction. Among them, short-span spoilers located at the trailing
edge of the airfoil on the pressure side and perpendicular to the
chord, similar to a full-span Gurney flap,'* were found to be very
effective in diffusing the tip vortex by Liu et al. computationally.’
However, detailed documentation of the vortex-flow quantities is
still needed.

The objective of this study was to investigate the near-field tip
vortex- flow structure behind an oscillating NACA 0015 airfoil with
and without short-span trailing-edge flaps at Re = 1.81 x 10° using
a miniature triple hot-wire probe. Three different flap configura-
tions, of a 2.3%c hight (scaled with the boundary-layer thickness at
the wing trailing edge), including a symmetric arrangement, were
tested. The outboard edge of the spoiler and the tab were aligned
with the wing tip and were fitted normal to the local curvature on the
lower and/or upper surface at the trailing edge of the wing model.
Particular attention was given to the behavior of the phase-locked
ensemble-averaged crossflow and axial velocity fields, the vortic-
ity distribution, the turbulence structure, and the strength, size, and
trajectory of the vortex over one cycle of oscillation. Furthermore,
by means of thin-airfoil theory, the contributions to the total lift and
lift-induced drag from the short-span flaps were also estimated.

II. Experimental Methods

The experiment was conducted in the new 0.9 x 1.2 x 2.7 m
low-speed, suction-type wind tunnel at McGill University with a
freestream turbulence intensity of 0.03% at u,, = 35 m/s. A square-
tipped, untwisted, and rectangular NACA 0015 airfoil, fabricated
from solid aluminum, with a chord length ¢ of 20.3 cm and a
(semi)span b of 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 endplate with sharp leading
edges was fixed to an end support located 20 cm from the sidewall
of the test section. The gap between the wing and the endplate was
kept at less than 1 mm to minimize the leakage flow through the gap.
The origin of the coordinates was located at the trailing edge of the
airfoil with x, y, and z in the streamwise, normal, and spanwise di-
rections, respectively. The two-dimensional uniformity of the flow
distribution over the airfoil model (with the addition of a second
endplate to the tip of the wing) was checked by traversing a 5-um
normal hot-wire probe located 30%c downstream from the leading
edge of the airfoil and y =5 mm above the airfoil. The nonunifor-
mity was found to be £3% of the freestream value. The freestream
velocity was fixed at 14.2 m/s, which rendered a chord Reynolds
number of 1.81 x 10°.

Air flow
/ End plate
b
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¢ NACA 0015
‘ 4
. _/ Connected to
Trailing-edge 4-bar mechanism
tab or spoiler A 0135
x
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b) 2.3% spoiler

Fig. 1 a) Oscillating wing mechanism and b) short-span trailing-edge
flap configuration.

The effect of the short-span trailing-edge flap size was investi-
gated by testing a flap height & of 2.3% chord with thickness of
0.15% chord and a width of 13% span. The flap was located at
the trailing edge, centered at 93.5% span position, and was fitted
normal to the local curvature, on the lower (referred to as the tab)
or upper (referred to as the spoiler) surface, at the trailing edge
of the wing model. A symmetric flap formed by a combination of
a 2.3%c spoiler and a 2.3%c tab was also tested. The short-span
flaps were attached to the trailing edge using double-sided Mylar
adhesive film. The flap dimensions and configurations are given
in Fig. 1. A specially designed four-bar linkage and flywheel os-
cillation mechanism, capable of oscillating the airfoil sinusoidally
at various amplitudes and frequencies, mounted on the exterior of
the wind tunnel, was used in the present experiment. The mean
angle of attack was varied by changing the relative angle between
the rotating shaft and the rocker—shaft connector. The oscillation
amplitude was varied by attaching the coupler at specific radial lo-
cations on the flywheel. The flywheel was attached directly to an
Exlar Model DXM34C servomotor driven by an Emerson Model
FX316/PCM1 programmable motion controller. The oscillation fre-
quency was measured to an accuracy of +0.02 Hz. The four-bar
mechanism provided an output that was sinusoidal to within 2%.
The airfoil pitch axis was located at i-chord location. The instan-
taneous angle of attack «(r)(=14° + 8° sinwt, where w =2 f is
the circular frequency) of the airfoil and the phase reference signal
T = wt were recorded from both the servomotor feedback resolver
and a potentiometer mounted on the servomotor shaft. The airfoil
was oscillated through the static-stall angle o = 16.5° with a re-
duced frequency « of 0.093. A representative dynamic-lift coeffi-
cient loop of a two-dimensional NACA 0015 oscillating wing with
no tip effects, obtained from the integration of the surface pres-
sure distribution, is shown in Fig. 2, which clearly manifests the
various dynamic-stall events, as mentioned previously in Section I,
compared to a static wing. The surface-pressure distributions were
obtained from a second NACA 0015 wing model equipped with
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Fig. 2 Lift coefficient curves of a two-dimensional NACA 0015 wing.

48 pressure orifices covering x/c =0 to 96.5%. Also, in the fol-
lowing discussion, the suffix u is used to indicate pitch-up when
«a is increasing and d is used to indicate pitch-down when « is
decreasing.

The instantaneous velocities were subsequently ensemble-
averaged over 40-80 oscillating cycles to obtain phased-locked
averages of the flow properties at various phase positions during
the cycle. A miniature triple hot-wire probe (Auspex Model AVEP-
3-102 with measurement volume 0.5 mm?®) was used to measure
the mean and fluctuating velocity components. The mean flow-
fields behind the static wing was also examined using a seven-hole
pressure probe (with outside diameter 2.4 mm), which was used to
validate the corresponding triple hot-wire mean velocity measure-
ments. The pressure probe and triple hot-wire probe were calibrated
in situ, following the calibration procedures described by Wenger
and Devenport'> and Chow et al.,'® respectively, before the instal-
lation of the model. The low-pass filtered pressure and hot-wire
signals were sampled at 500 Hz and were recorded on a personal
computer through a 16-bit A/D converter board. Probe traversing
was achieved through a custom-built computer-controlled travers-
ing system with position resolution of 20 um in all three direc-
tions. The three-dimensional velocities downstream of the trailing
edge of the wing were measured in planes perpendicular to the
freestream velocity at x /c =2.0. Data planes taken in the near field
of the wing models had 46 x 92 measuring grid points with an in-
crement of Ay =Az=23.2 mm. Note that due to the limitation of
the probe traversing mechanism, the present wake survey region
did not encompass the entire wake: only 87% of the wing wake was
measured.

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%.
No wind-tunnel wall corrections were made to the present mea-
surements. Furthermore, it is known that the lateral excursions to
which a trailing vortex is prone when situated in a freestream con-
taining ambient turbulence have long cause problems in measure-
ment of vortex characteristics, and that the meander amplitude in-
creases with the level of freestream turbulence and with the down-
stream distance from the generating lifting surface. However, the
vortex meandering in the near field behind the static generating
wing was examined in the present low-turbulence wind tunnel us-
ing the correlation technique/criteria employed by Chow et al.'®
The meandering of the vortex was found to be small in the present
experiment.

III. Results and Discussion

To facilitate the investigation of the effects of the short-span
trailing-edge flaps on the nondimensional phase-locked ensemble-

averaged tip vortex-flow quantities behind a NACA 0015 wing os-
cillated with «(f) =14° + 8°sinwt and « =0.093, the tip vortex
behind an oscillating baseline wing at x /c = 2.0 was characterized
first and serves as a reference.

A. Baseline Wing

The dynamic loops of the critical vortex flow quantities and the
vortex trajectory of an oscillating baseline wing are presented in
Figs. 3a—3e. Also shown in Fig. 3 are the static-wing data. Figure 3a
shows that for a baseline wing, the peak tangential velocity vgpeax
increased with o and was found to be considerably lower during
pitch-down than during pitch-up (due to the LEV-induced massive
flow separation). The dynamic value of vgpe.x Was always below that
of a static wing for o < o, whereas it continued to increase above
the static-wing value for o < & < iy during pitch-up, attributed
to the boundary-layer improvement and LEV transient effects.'® A
similar increase—decrease trend in the magnitude of core vorticity
during pitch-up and pitch-down (not shown here) was also exhibited.
Figure 3a also shows that for a static wing, the axial core velocity
u. of the tip vortex was wakelike for « < 10° and became jetlike for
10° <« < 18°. The axial core velocity was, however, found to be
persistently wakelike and was decreased with increasing « during
pitch-up. During pitch-up, the variation of u, was characterized by
a sharp rise and drop at oy = 19° (with a local peak u, of 1.3u.,
compared to 0.63u at o, =21°) and then remained virtually un-
changed with u, ®u., for ay < a, except in the vicinity of oy,.
Moreover, in contrast to the considerably higher value observed in
Vgpeak during pitch-up than during pitch-down, the u. had a much
lower value during pitch-up than during pitch-down.

The variation of the vortex core radius r,. (defined as the radius
at which v, is a maximum) and outer radius 7, (obtained by mea-
suring the extent as I'(r,) reached 98% of the total circulation) with
o of both a static wing and an oscillating baseline wing are dis-
played in Fig. 3b. The vortex center was taken as the position of
local maximum vorticity. For an oscillating wing, the vortex size
not only increased (above the static-wing value) with increasing o,
but also had larger values during pitch-down than during pitch-up.
The dynamic loops of the nondimensional total I, and core I, cir-
culation of the tip vortex are presented in Fig. 3c. The circulation
was computed based on Stokes’s theorem. The increase—decrease
trend observed in I during pitch-up and pitch-down was found to be
similar to the dynamic behavior of the lift coefficient curve shown
in Fig. 2. It is, however, noteworthy 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 instant. By assuming that within the streamwise length-
scale considered, any streamwise distortion of the flow structure that
occurs is negligible, and that the convection speed u.y i constant,
thus the angle of attack through which the wing has swept during
the convection time can be directly calculated. An upper and lower
bound are generally imposed upon the convection 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,
Ucony Was approximated as the upper-bound freestream speed, be-
cause it resulted in the smallest phase-lag correction, a phase-lag
compensation scheme suggested by Chang and Park.* The compen-
sated and uncompensated dynamic I", loops and the angles of attack
are presented in Fig. 3d and Table 1, respectively. The measure-
ments reported in this study were phase-lag compensated by letting
Ucony = Uoo-

Figure 3c also clearly demonstrates the hysteretic property ex-
isting in the dynamic I", and I", loops between pitch-up and pitch-
down. For an oscillating wing, both the values of I, and I', increased
with increasing « and had higher circulation during pitch-up than
during pitch-down. Furthermore, for o, <., there was a slight
increase in the vortex strength, compared to their static counter-
parts (due to the boundary-layer improvement effects'®), suggest-
ing a less turbulent and better organized tip vortex with a slightly
stronger circulation during the pitch-up attached-flow regime. For
g < A, < Omax, the values of I'. and I', continued to increase, as
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Fig. 3 Baseline-wing critical vortex flow quantities.

Table1 Compensated and uncompensated angles of attack in degrees

Pitch-up Pitch-down
Uncompensated Compensated Uncompensated Compensated
6 6 22 2221
7 6.59 21 21.62
8 7.19 20 21.00
9 7.82 19 20.35
10 8.49 18 19.65
11 9.22 17 18.89
12 10.01 16 18.07
13 10.87 15 17.17
14 11.81 14 16.19
15 12.83 13 15.13
16 13.93 12 13.99
17 15.10 11 12.78
18 16.35 10 11.51
19 17.65 9 10.18
20 18.99 8 8.81
21 20.38 7 7.41
22 21.79 6 6

a result of the presence of flow reversal and the LEV transient
effects, and were found to be significantly higher than the static-
wing values. During pitch-down with «; < o, the vortex strength
was, however, found to be lower than for a static wing. Moreover,
the position of the vortex center during one oscillation cycle was
found to be shifted further inboard and vertically downward below
the wing, especially, during the pitch-down motion, compared to
that for a static wing (Fig. 3e).

B. Wing with a Spoiler

The effect of short-span trailing-edge flaps on the variation of the
vortex-flow structure, specifically vgpeax, vortex size and strength,
and vortex trajectory, compared to a baseline wing, is summarized
in Figs. 4-7. The results show that with the addition of a spoiler of
height 2.3%c, the changes in vortex structure can best be empha-
sized by the measurement of the isovorticity contours (Fig. 4b) and
the strength of the tip vortex (Fig. 5). For clarity, only the tip vortex
is shown in Fig. 4, although as much as 87% of the wake was mea-
sured. It is evident that the presence of a spoiler promoted trailing-
edge flow separation and shifted the lift curve vertically downward
(similarly to an inverted Gurney flap'*) during pitch-up, and, conse-
quently, caused, a reduction in the vorticity contour levels (Fig. 4b),
compared to those for a baseline wing (Fig. 4a). As a result of the
spoiler-induced negative effective camber effects, especially in the
trailing-edge region, there was a drastic reduction in vortex strength,
especially in I'., during pitch-up, compared to that for a baseline
wing (Figs. 5a and 5b); a minor reduction in the vortex strength was,
however, observed during pitch-down due to the fact that the spoiler
was completely embedded in a largely separated flow. The hys-
teresis loop of I'. was greatly reduced, which was attributed to the
negative effective camber effects-induced substantial lift reduction
during pitch-up and the largely unaffected lift performance during
pitch-down. It is of significance to note that the substantial reduction
in I", during pitch-up (Fig. 5a), compared to that for a baseline wing,
further suggests that the spoiler-equipped wing was very effective
in the alleviation of the strength of a tip vortex. A direct comparison
of typical vortex-flow distributions across the vortex center of the
spoiler-equipped wing with those of a baseline wing is presented
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Fig. 5 Dynamic loops of core and total circulation.
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Fig. 6 Typical vortex flow distribution across the vortex center for o, = 12°.

in Fig. 6 for o, = 12°. Figure 6 clearly indicates that the spoiler
caused rapid radial redistribution of rotational velocity and vortic-
ity, as a result of the higher level of turbulence (Fig. 6¢) induced
by an earlier boundary-layer flow separation, compared to that of
a baseline wing, for «, < ag. The reduction in ¢ and v, (Figs. 6a
and 6b) and the increase in u’ also led to increased axial wake deficit
(Fig. 6d).

The effect of a spoiler on the dynamic curves of the critical vortex-
flow quantities (i.e., Vgpeaks U, e, and 7,) and the vortex trajectory
over one oscillation cycle are summarized in Figs. 7a—7f. Figure 7a
further demonstrates that the most noticeable quality, in addition
to the reduction in the vortex strength, was the lack of high rota-
tional/tangential velocities in the center region of the tip vortex,
due to the unloading of the tip region by the use of a spoiler. Simi-
larly to the case of a baseline wing, vgpeax had higher values during
pitch-up than during pitch-down. A substantial reduction in vgpeak
during pitch-up compared to that during pitch-down was observed.
A similar reduction in u. (compared to the trend observed in vgpear)
to values below those of a baseline wing during pitch-up was also
observed for the spoiler case (Fig. 7b). No significant variation in u,
was observed during pitch-down, compared to a baseline wing, ex-
cept for the small reduction in the local peak value of u, at oy = 19;
a local peak of 1.17u., compared to 1.3u,, was noticed. It is sig-
nificant to note that, in contrast to the marked reduction in I and
Vgpeak (@s a result of the addition of a spoiler), no noticeable vari-
ation in r, (Fig. 7c), compared to that for a baseline wing, except
for the lower—« range during both pitch-up and pitch-down, was
observed. The observed increase in r, in the lower—« range sug-
gests that the effect of a spoiler was most pronounced for the pitch-
up attached-flow regime (i.e., before the drastic thickening of the
turbulent boundary layer and the onset of flow reversal) and the
pitch-down flow-reattachment process. Similar variation in r,, com-
pared to r., was also observed (Fig. 7d), except for large decrease
in the outer radius during pitch-up, compared to that for a baseline
wing.

The variation of the vortex trajectory under the influence of short-
span trailing-edge flaps is summarized in Figs. 7e and 7f. For the
spoiler case, the vortex center was found to be shifted further inboard
and more vertically upward above the wing, compared to a baseline
wing. The vertical displacement of the vortex center during pitch-up
was particularly pronounced. Figures 5-7 reveal that for a spoiler-
equipped oscillating wing, the tip vortex was altered with its peak
tangential velocity and core circulation greatly reduced, and the
core vorticity was found to be relatively more diffused or spread
out for o < a, compared to that for an oscillating baseline wing.
The observed favorable substantial reduction in vgpea and I'. and
basically unchanged r. (except in the lower—a« range), together with
the large vertical upward shifting of the vortex trajectory (which
translates into an increased miss distance between the tip vortex and
the interaction rotor blade at BVI) and the mitigation of undesirable
hysteresis in I', should certainly lead to a less detrimental effect on
the loads during blade—vortex interaction.

The observed reduction in the vortex strength, compared to that
for a baseline wing, also suggests an inboard shift of the spanwise
circulation I'(z), or lift, distribution. Typical normalized I" (z) distri-
butions, covering —0.1 < z/b <0.75, along the wing span with and
without passive trailing-edge flaps were determined and are pre-
sented in Fig. 8 at selected «. The I (z) distribution clearly indicates
that 1) the lift distribution across a wing varies from a maximum at
midspan, or root, to zero at the tips; 2) there was a dip in the I'(z)
distribution near the tip for all cases tested, which suggests a tip
vortex of greater strength compared to an elliptically loaded wing;
and 3) the presence of a small spoiler shifted the tip vortex further
inboard with increasing « (Figs. 8a and 8b), compared to a baseline
wing, implying a decrease of the tangential velocity. A reduction in
the extrapolated bound or root circulation I';, at z = b was observed
for a spoiler-equipped wing (Fig. 9a), compared to a baseline wing;
that is, less lift force was generated in the spoiler-equipped wing-tip
region, which gave rise to a lower vortex strength and lift-induced
drag, compared to those for a baseline wing. Note that the present
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Fig. 7 Dynamic loops of critical vortex flow quantities.

wake flowfield measurements also allow the estimation of the total
lift coefficient C; with the total lift force L obtained from the inte-
gration of I'(z) along the wing span through the lifting-line theory,

b/2
L= pUm/ I'(z)dz (1)
0

Figure 9b shows that the addition of a spoiler [of height 2.3%c¢
and a span 13%b] caused a slight reduction in Cy, during pitch-up,
compared to a baseline wing; a much less noticeable reduction was,
however, found to exist during pitch-down. The overall behavior of
C | over one oscillation cycle was in good agreement with those of I'
(Fig. 5) and I';, (Fig. 9a). There is close similarity and consistency
between the curves of I', and C,. Finally, the lift-induced drag
coefficient Cp,; and the lift-induced drag D; can also be estimated

based on the I'(z) distribution,

1 2T (dr/dz)d
D; = Lsina; = Lsing;(zg) = f (dl'/dz) dz - L
47TUOO —b)2 Z 20
2

where «; is the induced angle. Figure 9c clearly indicates that the
spoiler-induced reduction in the vortex strength and lift also trans-
lates into a similar reduction in the lift-induced drag coefficient,
compared to that of a baseline wing, throughout the entire oscilla-
tion cycle.

C. Wing with a Tab or a Symmetric Flap Configuration
The effects of a 2.3%c tab on the tip vortex flow were also exam-
ined and are discussed in Figs. 4-9. As expected, the tab-induced
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positive camber effects led to a local increase in the pressure on
the lower surface but a decrease on the upper surface (similar to
that of a Gurney flap'*), and, consequently, a vertical upward shift
of the lift curve and the dynamic I', and I', curves (in contrast to
the downward shift induced by a spoiler), compared to a baseline
wing (Fig. 5). The tab, however, only led to a slight change in the
degree of asymmetry, or hysteresis, in the dynamic-I" loops (Fig. 5),
compared to a baseline wing. The tip vortex was, however, of much
higher ¢ contour levels (Fig. 4c), compared to both a baseline wing
and the spoiler case, during pitch-up. Also, in contrast to a spoiler,
the observed substantial increase in the vortex strength (as shown
in Fig. 5) was accompanied by an increased vortex size (Figs. 7¢
and 7d), compared to a baseline wing. The addition of a tab also led
to minor variation in vgpeax (compared to a baseline wing; Fig. 7a),
in contrast to the substantial reduction for the spoiler case. The u,
curve was found to be shifted vertically downward and was mostly
wakelike (Fig. 7b), and had larger velocity deficits during pitch-up
than during pitch-down, similar to those of a wing with and without
a spoiler. Furthermore, despite the change in location of the centers
of concentration of vorticity, the general form of the vortex-flow dis-
tributions remained virtually unchanged (Fig. 6); the vortex center
was found to move slightly outboard from the wing tip and relatively
downward below the wing relative to the trailing edge, compared to
a baseline wing, as o was increased and decreased over the entire
oscillation cycle (Figs. 7e and 7f). The increase in vortex strength
and size and the virtually unchanged vgpeax, compared to those for
a baseline wing, are also reflected by the increase in the I'(z) dis-
tribution (Fig. 8) and, consequently, in I';, and C; as well (Figs.
9a and 9b). Note that the dip in the near-tip I'(z) distribution, as
shown in Fig. 8, was found to be shifted further outboard. Also,
in contrast to the reduction in Cp; of the spoiler case, the addition
of a tab led to an increase in Cp;, compared to that of a baseline
wing. In other words, the tab delayed the trailing-edge flow sepa-
ration and the dynamic lift stalling and rendered an increase in I';,
and C;, compared to a baseline wing, but at the price of increased
Chpi.

Finally, the possibility of the passive control of both the detri-
mental hysteresis in the dynamic circulation loops and the desirable
increase in r. and decrease in vgpeax Of an oscillating airfoil via
short-span tabs or spoilers can also be reflected in the application of
a symmetric flap configuration (Fig. 1b). The results show that the
2.3%c/2.3%c configuration provided a compromise, in terms of the

1.1

--------- , baseline wing
—, 2.3%c spoiler
09 —,2.3%ctab

, symmetric flap

Tv/u.c

0.5

031

0.1
4 24

a)

2.0

CL 1o0f

0.5

0.0
4 24

0.05 -

0.00
c)

24

Fig. 9 T, and coefficients of Cy and Cp;.

reduction of vgpeax and I'. and the increase in . and the displace-
ment of the vortex trajectory between a (2.3%)c spoiler and a 2.3%
tab. The influence of a symmetric flap on the critical vortex flow
quantities is summarized in Figs. 5-9 (denoted by dashed lines) and
Fig. 4d. In summary, the addition of passive tabs and/or spoilers
to an oscillating wing should provide another look into the control
of rotorcraft and also the blade—vortex interaction (BVI) via an ac-
tively controlled trailing-edge tab, which involves a combination
of upward and downward tab deflections of selected tab actuation
duration and amplitude and start time.

IV. Conclusions

The tip vortex behind a sinusoidally oscillating NACA 0015 wing
with and without short-span trailing-edge flaps was investigated at
k= 0.093 and x/c =2 and Re=1.81 x 10°. The small trailing-
edge flaps imposed a strong discrepancy in the vorticity contour
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shapes and the magnitudes of the critical vortex flow quantities be-
tween the pitch-up and pitch-down phases of the oscillation cycle,
compared to a baseline wing. The spoiler was found to be very effec-
tive in diffusing the tip vortex. Because much of the lift generated
at the tip was destroyed, the tip vortex was subsequently weaker
than that of a baseline wing. The addition of a spoiler also resulted
in an additional vertical upward displacement of the vortex center
(i.e., an equivalent favorable increase in the miss distance at BVI)
and a reduced vgpeqx, compared to that of a baseline wing, implying
lower induced velocities at BVI. However, no significant change in
the vortex size was observed. Also, similarly to a baseline wing, the
vortex strength and vgpe, were found to be higher during pitch-up
than during pitch-down, whereas an opposite trend was exhibited in
variation of vortex size and axial core velocity. The spoiler-induced
negative camber effects also translated to a slightly reduced I';, C;,
and Cp;. For a tab, the dynamic increase—decrease in the vortex size
and strength (with no significant change in vy comparing to a
baseline wing) persisted, while the corresponding magnitudes were
above the baseline-wing values, as a result of the tab-induced pos-
itive camber effects. The axial core velocity was always wakelike,
and the vortex center was shifted relatively outboard and vertically
downward below the wing, compared to baseline wing. The tab also
led to an increase in C; and Cp;. The symmetric flap provided a
compromise in the tip vortex strength, size, and trajectory between
the spoiler and tab cases. Detailed knowledge of the wing loadings,
especially in the trailing-edge region, however, is needed to better
quantify the findings reported here.
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