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ABSTRACT

Birds are capable of performing complex maneuvers at low Reynolds numbers through the use of their feathers.
The primary feathers, located towards the tip of a bird’s wing, have shown to reduce the induced drag during
flight. Inspired by the primary feathers, aircraft designers have implemented wingtips to increase aircraft ef-
ficiency and reduce induced drag. Previous researchers have mainly investigated static wingtips, which limits
the use of such devices to a specific range of flight conditions. This research focuses on developing an adaptive
multi-wingtip (AMW) device which yields improved aerodynamic efficiency (L/D ratio) across a wide range of
angles of attack. This paper presents the initial steps in the design of the AMW device through the study and
selection of suitable wingtip configurations. The design of the wingtip system is inspired by Harris’s hawk. The
key parameters in the design of the configurations are the dihedral angle, incidence angle, and gap space. Wind
tunnel experiments of the wingtip configurations show that three wingtip configurations (planar no gap, planar
20 % gap, and non-planar 20 % Gap) are viable in yielding high aerodynamic efficiency and providing roll control
across ranges of the angles of attack.
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1. INTRODUCTION

Birds are capable of performing complex maneuvers such as take-off, landing, cruising, and diving under various
flight conditions'. Birds use their feathers during the flight to perform such complex maneuvers?. Among the
feathers, the primary feathers, located at the tip of the wings, have been shown to reduce the induced drag®.
Induced drag a is lift-independent drag that can account for up to 30 % of the total drag during cruising. Hence,
reduction in the induced drag is desired for high efficiency?.

Inspired by the primary feathers, aircraft designers have implemented devices at the tip of the wing, named
winglets, to reduce the induced drag of the aircraft. Winglets were first studied by Whitcomb. Wind tunnel
experiments show an increase in the aerodynamic efficiency, defined as the lift to drag ratio, through the reduction
in drag with the use of the winglets. In his experiments, Whitcomb compared the aerodynamic effects of adding
winglets and extending the wingtip. The winglets reduced the induced drag by about 20 % and increased the
lift-drag ratio by approximately 9 %, while the wingtip extension increased the lift to drag ratio by 4 % only.
Hence, Whitcomb’s study shows that the winglets improve the aerodynamic efficiency more than the wingtip
extension with the same structural weight penalty®.

In addition to the traditional winglets that cover the entire chord of the base wing tip, researchers developed
wingtip devices that partially cover the tip of the wing (Figure 1). Like the winglets, these wingtips, or wingtip
sails as named by Spillman?, increase the aerodynamic efficiency by reducing induced drag. A recent study by
Smith Et Al.S shows that multiple wingtips can be used to improve the L/D ratio when compared to traditional
winglets.

Most of the previous studies that investigated the aerodynamic benefits of multiple wingtips have concluded
that a single wingtip configuration can not improve L/D over the whole range of angles of attack®:>:6:7-8 At low
angles of attack, a planar wingtip configuration reduces the induced drag the most (Figure 2). However, at high
angles of attack, non-planar wingtip configurations reduce the induced drag more than planar configurations
(Figure 2). A planar wingtip configuration is defined as a configuration where the wingtips chord lines are
aligned with the base wing, while in a non-planar wingtip configuration, the plane of the wingtips is rotated with
respect to the base wing chord line. Hence, to reduce the induced drag at both low and high angles of attack for
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Figure 1. Winglet designed by Whitcomb® (Left). Wingtip sails designed by Spillman® (Right).
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Figure 2. Visual representations of planar and non-planar wingtip configurations.

high efficiency, at least two different configurations are desired during flight, namely a planar and a non-planar
wingtip configuration.

To achieve two, or more wingtip configurations, there is a need for an adaptive wingtip design that could
improve efficiency at both low and high angles of attack. Therefore, this research focuses on developing an
adaptive multi-wingtip (AMW) device which yields optimal aerodynamic efficiency (L/D ratio) across a wide
range of angles of attack. However, before designing an adaptive wingtip system, the configurations of the
wingtips suitable for the AMW device must first be identified and evaluated over a wide range of angles of attack.
This paper presents the design and wind tunnel experimental evaluation of several wingtip configurations.

2. METHODS
2.1 Design of Wing and Wingtips

The design of the wing and wingtip system was inspired by Harris’s hawks, a bird with slotted high lift wings
(Figure 3). The Harris’s hawk was selected as the source of inspiration because they share similar mission
requirements as small scale unmanned aerial vehicles (UAVs). Both small-scale UAVs and Harris’s hawk operate
at low Reynolds number? and their wings both need to support payloads while requiring decent maneuverability'°.
Harris’s hawks have slotted wingtips, which inspired the design of the wingtips presented in this paper.

First, inspired by the Harris’ hawk, the base wing was designed with a moderate aspect ratio to support
payloads while acquiring decent maneuverability. The wing has an aspect ratio of 4.63 (b = 312.5 mm, cgpe =
135 mm), which falls within the wing aspect ratio range of birds with slotted high lift wings, namely between
of 4 — 62. The base wing has a taper ratio of 0.8 (i.e., Croot = 150 mm, ¢4, = 120 mm) similar to the design
parameters given by Spillman®. An NACA 2414 airfoil, an airfoil commonly used for small-scale UAVs was used
as the airfoil for the base wing. The NACA 2414 has low camber (max. 2 % at 39.6 % chord) and moderate
thickness (max 14 % at 29.5 % chord)*!.

The design of the wingtips was inspired by the Harris’s hawks’ primary feathers, shown in Figure 4. The
slotting in the Harris’ hawk wing is due to the emargination and notching shown near the tip of the feathers®.
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Figure 3. Image of Harris’s hawk during flight. The primary feathers are encircled in red.
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Figure 4. Primary wing feather of birds. The region where emargination and notch exists is used as the design inspiration
of the wingtips. Adapted from Feather Atlas'?.

Therefore, the shape of the primary feather, especially in the region where the emargination and notch exists,
was used as the design inspiration for the shape of the wingtips.

The dimensions of the wingtips were modeled after the design parameters by Spillman* and the image analysis
of the wing and primary feathers of Harris’s hawk. Spillman designed the chord of the wingtip (¢,:) to be 16 %
of the chord of the tip of the wing (cup) (i-e., cwt = 0.16 c4p). The image analysis of Harris’ hawk show that
the chord of the wingtip (c,t) is 13 % of the chord of the root of the wing (¢root) (i-€., ¢yt = 0.13 ¢poot). For
this design,the wingtip chord (c,) of 19 mm and span (by:) of 85 mm, respectively, which results in a ¢, /cpip
= 0.16 and cy¢/¢root = 0.13. The overall dimensions of the designed wing and wingtips system are shown in
Figure 5.

2.2 Key Parameters and Test Configurations

Both planar and non-planar wingtip configurations were tested in this study. The key parameters in the design
of the wingtip configurations were the dihedral angle, incidence angle, and gap spacing, as shown in Figure 6.
These key parameters were selected based on configurations in the literature that yielded improvements in the
aerodynamic efficiency® % 7-8:13,

Dihedral angle is defined as the bending angle between the wingtip and the horizontal line of the wing (Figure
6, front view). Previous studies” ' show improvements in L/D ratio with a positive dihedral angle at the leading

Proc. of SPIE Vol. 11377 113770K-3



T bwt (85 mm)

—_— —

@ ICvn (19 mm)
Croot (150 mm)
;\//—/\- ciip (120 mm)

b (312.5 mm)

Figure 5. Dimensions of the designed wing and wingtips system.
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Figure 6. Key design parameters of the system. a) Dihedral angle: Bending angle between the wingtip and the horizontal
line of the wing. b) Incidence angle: Twist angle between the wingtip and the chord line of the wing. c¢) Gap space: Total
distance between the wingtips over the tip chord of the wing.

wingtip, cascading down to a zero dihedral angle for the trailing wingtip. The dihedral angles of 30° (leading),
15° (middle), and 0° (trailing) are tested in this study as this configuration yields the highest L/D ratio, as
reported by Cerén-Munoz and Catalano’.

Incidence angle is defined as the twist angle between the wingtip and the chord line of the wing (Figure 6,
side view). Previous studies® '® show improvements in L/D ratio for a negative incidence angle at the leading
wingtip, cascading up to a zero incidence angle at the trailing wingtip. The incidence angles of -10° (leading),
-5° (middle), and 0° (trailing) are tested in this study as this configuration yields the greatest Cp, yqp amongst
the wingtip configurations studied by Lynch Et Al®.

Gap space is defined as the total distance between the wingtips over the tip chord of the wing (Figure 6,
top view). The gap space between the wingtips is measured from the notch to the emargination. Lynch Et AL®
shows improvements in C7, 14, With the use of 20 % gap space between the wingtips. The effect of gap space on
the wingtip configurations was tested without the gap (0 %) and with the gap (20 %).

A summary of the test configurations is shown in Figure 7. The baseline and tip extension were tested
to compare the benefits of using the wingtip configurations. The wing tip extension has the same planform
area as the sum of the area of the three wingtips. As previously presented by Gustafson Et AL, both the
dihedral and incidence angles can be coupled using composite materials where the dihedral angle can induce an
incidence angle. Thus, for these experiments, planar configurations (i.e., configurations with no dihedral), have
zero incidence angles to simplify the actuation requirements for the AMW device.
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1. Baseline 3. Planar without Gap Space 5. Non-Planar without Gap Space

Dihedral : 0°, 0°, 0° Dihedral : 30°,15°, 0°
Incidence : 0°, 0°, 0° Incidence : -10°, -5°, 0°
Gap space : 0% Gap space : 0%
2. Tip Extension 4. Planar with Gap Space 6. Non-Planar with Gap Space
Dihedral : 0°,0°, 0° Dihedral : 30°, 15°, 0°
Incidence : 0°,0°, 0° Incidence : -10°, -5°,0°
Gap space : 20% Gap space : 20%

Figure 7. Summary of the test configurations. 1) Baseline. 2) Tip extension, which has the same planform area of the
sum of the three wingtips. 3,4) Planar configuration with and without the gap space. 5,6) Non-planar configuration with
and without the gap space.
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Figure 8. Schematic of the wind tunnel experiment setup. Velmex B48 rotary table is used for AoA adjustements and
ATI Gamma 6-axis force/torque transducer is used for lift and drag measurements at Re = 200,000.

2.3 Wind Tunnel Experiment

Wind tunnel experiments were conducted to answer:

1. Which wingtip configurations are suitable for maximizing the aerodynamic efficiency (L/D ratio) over a
wide range of angles of attack?

2. How do the wingtip configurations perform compared to the baseline and the tip extension?

3. Are the wingtip configurations viable for roll control?

The experiments were performed at the wind tunnel facility located at the University of Illinois at Urbana-
Champaign. The wind tunnel consists of four sections with the cross-section dimensions of 45 cm in length and
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90 cm in height. The experiment ran at the foremost section of the wind tunnel to minimize turbulence. Wind
speed was set to 23.0 m/s, which resulted in a Reynolds number of 200,000. The wind speed was measured and
calibrated using a digital anemometer placed at the front of the wing. Details about the wind tunnel facilities
and setup can be found in Reference'®.

The wind tunnel experimental setup is shown in Figure 8. The system of the wing and wingtips was attached
to the assembly of a rotary table and a 6-axis force/torque transducer. The assembly was placed at the sidewall
of the wind tunnel. A Velmex B48 rotary table was used to perform an angle of attack sweep from -4° to 26°.
An ATI Gamma 6-axis force/torque transducer was used to measure the forces acting on the wing. For each
configuration and angle of attack, data was collected three times to account for measurement variation.

3. RESULTS AND DISCUSSION
3.1 Wingtip Configurations for High Efficiency

4/ ~—#—Planar No Gap
Non-Planar No Gap
3 ~—Planar 20% Gap
—&— Non-Planar 20% Gap

0 5 10 15 20
Angle of Attack, « [deg|

Figure 9. L/D results of the four wingtip configurations. At low angles of attack, planar 20 % gap configuration shows
highest L/D ratio and at moderate to high angles of attack, non-planar 20 % gap configuration shows highest L/D ratio.

AoA< 4° AoA > 4°
Planar 20% Gap Non-Planar 20% Gap

Figure 10. Summary of configurations for high efficiency at low (AoA < 4°) and moderate to high (AoA > 4°) angles of
attacks.

The L/D results of the four wingtip configurations from angles of attack from 0° to 18° are shown in Figure
9. At low angles of attack (AoA < 4°), the planar configuration with 20 % gap shows the highest L/D ratio. At
moderate to high angles of attack (AoA > 4°), the non-planar configuration with 20 % gap shows the highest
L/D ratio. Therefore, to improve aerodynamic efficiency, the planar configuration with 20 % is needed at low
AoA and the non-planar configuration with 20 % gap is needed at the moderate to high AoA, as shown in Figure
10.

The difference in aerodynamic efficiency is due to changes in lift rather than drag. Figure 11 shows the lift
and drag results of the four wingtip configurations. The lift difference between the configurations is more notable
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compared to the drag difference. Thus, in these experiments the wingtips configurations affect lift more than
they affect drag.
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Figure 11. Lift (left) and drag (right) results of the four wingtip configurations. The lift difference is more notable
compared to the drag difference between the configurations.

3.2 Comparison of the Wingtip Configurations with the Baseline and Tip Extension

43 —&— Planar 20% Gap
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Figure 12. L/D results of the baseline, tip extension, and two wingtip configurations with the highest L/D ratio. The
baseline and tip extension show higher L/D ratio compared to the wingtip configurations.

The L/D results of the baseline, tip extension, and two wingtip configurations that improve L/D the most,
namely, the planar configuration with 20 % gap and non-planar configuration with 20 % gap configurations are
shown in Figure 12. The results show that the two wingtip configurations yield a lower L/D ratio compared to
the baseline and tip extension. Previous works of literature*:%:7-® show higher L/D ratio with the use of the

wingtips compared to the baseline and the tip extension. However, the results from the experiment display the
opposite.

Figure 13 shows the lift and drag results of the baseline, tip extension, and the two wingtip configurations.
The low L/D ratio of the wingtip configurations mainly results from the drag forces. The wingtip configuration
improve lift compared to the baseline. However, the same configurations result in a significant drag penalty. It is
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Figure 13.

Lift (left) and drag (right) results of the baseline, tip extension, and two wingtip configurations with the highest L/D
ratio. Low L/D ratio of the wingtip configurations mainly results from drag.

hypothesized that the drag penalty is due to the wingtip configurations’ geometry. The wingtips has a flat plate
cross-section, which is prone to stall. Hence, future work includes testing wingtips with airfoil-cross section.

The wingtips with airfoil cross-section may yield a higher L/D ratio compared to the baseline but not to
the tip extension. The tip extension generates more lift compared to the wing with wingtips. Therefore, the tip
extension may be more efficient compared to the baseline. However, there are advantages to using the wingtips
over tip extension especially once the drag penalties are resolved. The wingtips are structurally lighter than the
wingtip extension. Thus, adapting the configuration of the wingtips during flight is more feasible when compared
to the wingtip extension. Moreover, when actuated asymmetrically, the wingtip configurations are viable as roll

control effectors.

3.3 Wingtip Configurations for Roll Control
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Figure 14. Lift results of the wingtip configurations for roll control. Numbers 1, 2, and 3 denotes three regions: low,
moderate, and high angles of attack. The plot on the right shows simplified lift plot to observe three configurations viable

for roll control.
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AoA <4° 4° <AoA <10° AoA >10°
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Planar 20% Gap (R) Planar 20% Gap (R) Non-Planar 20% Gap (R)

Figure 15. Summary of configurations for roll control at low (AoA < 4°), moderate (4° < AoA < 10°), and high (AoA
> 10°) angles of attack.

Aside from the efficiency, the lift results from the experiment show the possibility of roll control due to the
lift difference between the configurations (Figure 14). Different wingtip configurations can be used on the left
and right wings to achieve a lift difference and create a rolling moment. At low angles of attack (AoA < 4°),
the non-planar 20 % gap and planar 20 % gap configurations can be used to create a relative lift difference of
19.5 %. At moderate angles of attack (4° < AoA < 10°), planar no gap and planar 20 % gap configurations can
be used to create an average lift difference of 7.14 %. At high angles of attack (AoA > 10°), planar no gap and
non-planar 20 % gap configurations can be used to create an average lift difference of 4.53 %. Hence, adapting
the shape of the wingtips between three wingtip configurations namely, non-planar 20 % gap, planar 20 % gap,
and planar no gap configurations can be used to generate a rolling moment across a wide range of angles of
attack. (Figure 15).

4. CONCLUSION AND FUTURE WORK

In this paper, wind tunnel experiments show the feasibility of using wingtip devices to achieve high aerodynamic
efficiency and roll control. The efficiency of the wingtips is lower than that of the tip extension in terms of L/D.
However, the benefits of using the wingtips over the tip extension exist. The wingtips generate lift close to that
of the tip extension with a lighter structural weight. Additionally, asymmetric actuation of the wingtips devices
can achieve roll control over a wide range of angles of attack.

For future work, wind tunnel experiments of the wingtip configurations with an airfoil cross-section wingtips
are required to mitigate the drag penalty. Based on these updated experimental results, we will select the feasible
configurations for the AMW device and design the actuation strategy needed to achieve both high aerodynamic
efficiency and roll control.
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