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tive in reducing the oscillation amplitudes and the correspond-
ing results are represented by the circles in Fig. 4.

The inverted wing with the planar upper surface presents
a case where the flaps' leading edge is closer to the vortices
originating from the leading-edge portion ahead of the flaps.
Consequently, for this configuration, smaller oscillation am-
plitudes are expected (indeed, as shown by the diamond sym-
bols in Fig. 4) due to the larger effect of the flap motion.
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Effects of Wing-Tip Vortex Flaps
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Nomenclature
AR = aspect ratio, b2/S
b = wing span
CD = drag coefficient, drag/qS
CL = lift coefficient, lift/qS
CLa = lift curve slope
CM = pitching moment coefficient, moment/'qSc
c = reference chord
e = Oswald efficiency factor
q = dynamic pressure of freestream
S = projected planform area
a = angle of attack
8F = wing tip vortex flap angle

Subscripts
cdmin = lift coefficient at which minimum drag occurs
min = minimum drag coefficient
0 = zero lift

Introduction

T HE trailing vortex system of a finite lifting wing induces
a downwash, and as a consequence a rotation of the

freestream velocity vector giving rise to vortex drag.
The importance of wing tip geometry in the generation of

vortex drag has propagated several tip-mounted drag reducing
devices aimed at improving wing efficiency. Successful con-
cepts include winglets1"3 and tip sails.4-5

Recently, the planar sheared tip has received attention, and
its most extreme application (the planar crescent wing) is
attributed with a theoretical efficiency exceeding that of a
wing with elliptic loading.6 Vijgen et al.7 reported in an in-
vestigation of sheared tip aerodynamics, an increase in both
(L/D)max and aerodynamic efficiency for sheared wings over
a comparative basic wing. Naik et al.8 in comparing a high-
aspect ratio wing with a rectangular, elliptic, and a sheared
tip, reported the lowest Oswald efficiency factor for the sheared
tip. These contradictory results suggest that the performance
of sheared tips has not been fully characterized. The drag

Received July 13, 1992; revision received Sept. 15, 1992; accepted
for publication Sept. 15, 1992. Copyright © 1992 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Graduate Student, 1 Jan Smuts Ave., P.O. Wits, 2050.
tProfessor, Branch of Aeronautical Engineering, 1 Jan Smuts Ave.,

P.O. Wits, 2050.



558 J. AIRCRAFT, VOL. 30, NO. 4: ENGINEERING NOTES

Table 1 Dimensions and aspect ratios of tested models

a)

I
X

•*— ———————— o i /.omm ————————— ••
——————— 248mm —————— -J

1

1

1

1 }

\ /

8F
-30 deg

Odeg
15 deg
20 deg
25 deg
30 deg

Basic wing

5, m2

0.1046
0.1057
0.1054
0.1052
0.1049
0.1046
0.1049

b, m
0.631
0.638
0.634
0.633
0.632
0.631
0.635

AR
3.81
3.85
3.81
3.81
3.81
3.81
3.84

INBOARD WING- SHEARED TIP7

FLAP HINGE LINE7

WING TIP VORTEX FLAP

Fig. 1 Geometry of the tip configurations tested: a) basic wing and
b) sheared wing showing wing tip vortex flap geometry.

reductions ascribed to sheared tips may be attributed to wake
deformation effects and changes in spanwise load distribu-
tion.7

An experimental investigation of sheared tips modified to
form a wing tip vortex flap (WTVF) as shown in Fig. Ib is
presented. The effect of similar devices has been determined
on slender delta wings.9"11 On these wings the flap is formed
by rotating a full span leading-edge extension either above or
below the plane of the wing. This has the effect of concen-
trating the suction of the leading edge vortex on the flap.10

When the flap is appropriately deflected a component of the
induced vortex force can oppose drag. In a similar manner,
it is suggested that a flap placed on the wing tip (Fig. Ib),
and appropriately deflected, may reduce drag by utilizing the
suction of the tip vortex if the vortex is "captured" by the
flap.

Experimental Equipment and Procedure
A wind-tunnel investigation was conducted in the Univer-

sity of the Witwatersrand's low-speed continuous wind tunnel.
This tunnel has an elliptic cross section with a minor axis of
610 mm and a major axis of 910 mm. The geometry of the
tip configurations tested is shown in Fig. 1. Applicable di-
mensions and aspect ratios are given in Table 1. The basic
wing shown in Fig. la consisted of a tip extension attached
to a rectangular flat plate wing. The wing had a rounded
leading edge, and a beveled trailing edge. For the aspect ratio
of this tip form to be comparable with those of the sheared
configurations, the outer rear trailing edges of the basic wing
were removed. The sheared tip extensions were attached to
the same inboard wing, and had a gothic planform as shown
in Fig. Ib. The hinge-line sweep angle was 75 deg, and the
trailing edge sweep angle was 45 deg. The sheared tip profile
was then rotated about its flap "hinge-line" to form a WTVF.
The flap angle 8F was measured perpendicular to the flap
hinge-line. A positive flap angle was defined as one where
the flap was rotated below the plane of the wing. The leading
edge of the WTVF was sharp to enforce flow separation.

A six-component Pyrimidal balance was used to determine
the forces and moments acting on the wing. By repeating tests

for a given configuration the repeatability of the balance was
estimated as:

CL = ±0.0014

CD = ±0.0008

CM = ±0.0039

All the forces and moments from the tests were corrected
for blockage using the procedure outlined in Ref. 12. Tare
and interference effects as well as the tunnel flow angularity
were established using an image system.12 Tests were con-
ducted at a freestream velocity of ^46 m/s (equivalent to a
Mach number of «*0.13), corresponding to a dynamic pressure
head of approximately 1050 Pa. The set angle of attack was
varied from -2 to 22 deg in 2 deg increments. The Reynolds
number was 430,000, based on a root chord length of 173
mm.

All forces and moments were nondimensionalized using the
projected planform area of the respective configuration. All
moments were referred to the wing's quarter chord. In the
tests the WTVF angle was varied.

Results
The WTVF of the sheared tip shown in Fig. Ib was posi-

tioned at 8F = -30, 0, 15, 20, 25, and 30 deg. A summary
of results for these configurations is given in Table 2. The
results obtained using some of these flap angles are omitted
in the graphical presentation of the data to improve clarity.
Figure 2 shows the lift curves for the above. From the data
it appears that deflecting the tip flap has a similar (but op-
posite ) effect to that of deflecting a trailing-edge flap, in that
«0 shifts negative for the negative flap angle, and positive flap
angles move a0 positive. There is a gradual reduction in the
lift curve slope and lift value with downward flap deflection,
as shown in Fig. 2 and Table 2. CLmax also reduces as the flap
is deflected downwards. It is probable that the lift increments
are due to increased vortex lift generation, and increased
potential lift from the tip regions (on surface flow visualization
verified that flow separation adjacent to the tip was reduced,
however, space limitations do not allow inclusion of this data).
This is especially so for 8F = — 30 deg as the wing tips are at
a greater effective incidence than the rest of the wing due to
their upward cant. The nature of the stall is gradual for all
angles, with a peak being less pronounced with downward
flap rotation. Up to CL ~ 0.55, the sheared tip with 8F = 0
deg and basic wing have similar performance. At higher angles
of attack in the nonlinear range, the lift of the basic wing
drops off more than most of the WTVF configurations, and
approaches that with 8F = 25 deg.

The drag polar for the various WTVF angles is shown in
Fig. 3. In the low-to-moderate lift regions (CL < 0.5) there
is minimal variation in drag between the various flap settings.
This may be attributed to the fact that all the configurations
have equal wetted areas. For a CL greater than 0.6, drag
reduces with upward flap deflection. This may be ascribed to
the reduction in required angle of attack for a given lift coef-
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Table 2 Data summary for tested configurations
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Fig. 3 Effect of WTVF deflection angle on measured drag polar.

ficient. At a lift coefficient of 0.7, the drag reduction com-
pared to the basic wing is 20.1 and 16.5% for 8F - -30 and
0 deg, respectively. In Fig. 2 it may be seen that at high angles
of attack the lift coefficient of the sheared tip wing with a
WTVF angle of 25 deg is the same as that of the basic wing
and yet, as shown in Fig. 3, experiences a large reduction in
drag. This could be attributed to a component of thrust being
generated by the vortex flaps.

As the effect of WTVF deflection is analogous to that of
camber, it would be reasonable to approximate drag as

CD = (CL - (1)

The Oswald efficiency factors in Table 2 were calculated
using Eq. (1). Unfortunately the constant e incorporates vor-
tex and pressure drag, both of which vary with the square of
the lift coefficient. To separate out the two components is
difficult, thus the tabulated e values include viscous effects.
It can be seen in Table 2 that induced performance (e) in the
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Fig. 4 Effect of WTVF deflection angle on measured pitching mo-
ment.

linear lift range is roughly similar for most of the flap angles,
with the sheared tip with 8F = 15 deg recording the highest
efficiency factor, an increase of 5.6% over the basic wing.

Figure 4 shows pitching moment as a function of lift coef-
ficient. It is apparent that the addition of the sheared tips
leads to an increase in nose down pitching moment. The action
of the tip vortices would probably lead to reduced flow sep-
aration in the tip regions.7 The basic wing has an approxi-
mately constant value of dCM/dCL up to a lift coefficient of
0.4. This indicates that the aerodynamic center of the flat
plate wing was located approximately at the reference point
where the measurements were made, i.e., at the quarter chord.

Conclusions
From the experimental data the following conclusions may

be drawn:
In the nonlinear lift range at lift coefficients greater than

0.6, all the sheared wing WTVF angles showed a drag re-
duction compared to the basic wing. This reduction increased
as the WTVF was rotated upwards and was a maximum for
8F = -30 deg. Similarly CLmm increased as the WTVF was
rotated upwards, and was also a maximum for 8F = - 30 deg.
In the linear lift range, 8F = 15 deg recorded the best induced
efficiency. Varying the wing tip vortex flap angle had a similar,
but opposite, effect to that of camber addition, with «0 shifting
negative for a negative flap angle and vice versa. The addition
of the sheared tips increased nose down pitching moment.

Due to the low Reynolds number at which the tests were
conducted, the validity of the results at higher Reynolds num-
ber is uncertain, as is their relevance to higher aspect ratios.
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