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Abstract—The performance of an aircraft wing is highly affected by
induced drag caused by wingtip vortices. Winglets are intended to
reduce the formation of these vortices. This paper describes the wind
tunnel experiments conducted on three wing models i.e. (a)
rectangular wing (b) wing with conventional winglet and a (c) wing
with corrugated winglet, having NACA 0012 airfoil cross section.
The objective of the analysis is to examine the effect of the
corrugation of winglets in improving the aerodynamic efficiency of
the wing. The experiment was done in a subsonic low-speed wind
tunnel. Six Component Balance was used to obtain aerodynamic
characteristics such as Coefficient of Lift (C), Coefficient of Drag
(Cy) and C/C, at Reynolds number 116000. Smoke flow visualization
was done to find vortices and regions of separated flow at Reynolds
number 22000. Tuft flow visualization was done to observe regions of
strong cross-flow, reverse flow, and flow separation at Reynolds
number 172000. Both the aerodynamic characteristics and flow
visualization results showed that the corrugated winglet performed
aerodynamically better than the wing with conventional winglet and
rectangular wing.

Introduction

The wings are the most important lift-producing part of the
aircraft. To produce lift, air below the wing is at a higher
pressure than that of the air above the wing, this pressure
difference causes air to flow from the lower surface around the
wingtip towards the upper surface, leading to the formation of
vortices along the wing tip. These vortices quickly roll up to
produce wingtip vortices, thereby causing induced drag [1].

In order to increase the aerodynamic efficiency, wings are
required to produce low induced drag. Theoretically, a wing
with infinite aspect ratio would produce no induced drag.
However, since this is not practically possible, the use of wing
tip extensions or winglet was proposed. These winglets reduce
the formation of wing tip vortices by increasing the effective
aspect ratio [2].There have been many investigations and
experiments conducted on the shape and usage these winglets
[3-9].

The recent computational and experimental study on bio-
inspired corrugated surface of the wing revealed that the
corrugation delayed the flow separation, enhanced the lift and
reduced the drag [10-13]. The flow behavior of these bio-
inspired corrugated wings for micro air vehicles is of great
interest today.

It was proved from the previous work [14-17] that the
corrugations are very effective and efficient in the low
Reynolds number flows, i.e. regimes in which micro air
vehicles are generally used. The current work on this topic is
initiated to combine the concepts of winglet and corrugation
and assess the aerodynamic performance of a winglet with
corrugation at low Reynolds number flight. To fully analyze
this effect, the obtained results were compared with the
aerodynamic performance of a rectangular wing and wing
with conventional winglet, having the same planform area.
The flow visualization by smoke and tuft were done to
understand flow behavior of the different wings. Results
revealed that the wing with corrugated winglet performed
better than the rectangular wing and wing with conventional
winglet.

Methods

The wing geometry was designed using NACA 0012 airfoil
profile, having span length of 0.36 m and chord 0.1 m. All the
three wings have the same planform area, chord and aspect
ratio, which allow the aerodynamic characteristics of the three
wings to be compared. The geometries of the wing and
winglets were designed using CATIA V6 software. Based on
this design all the models were hand cut from Medium
Density Fiber (MDF) wood. Photographs of the models during
the design and during manufacturing process are shown in
Figure 1 and figure 2 respectively.
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Figure 1: CATIA model of wing with Conventional Winglet

Figure 2: Corrugations of Winglet

The experimental analysis was carried out in an open loop low
speed subsonic wind tunnel, with test section dimensions 0.6
m x 0.6 m x 2 m. The forces acting on all the three models
were determined using a six component balance (6 component
balance instrumentation WBAL-00106; Sunrise Technology
Bangalore, having maximum experimental error of 2%) at
Reynolds number 116000 and for angles of attack ranging
from 0° to 187 at every 27 interval. An average interval of 5
seconds, gain of 421 with voltage accuracy of 0.05 V was
taken in the six component balance. Two sets of data have
been taken for each wing and the average of the two results
has been considered. For smoke flow visualization, the smoke
was generated from paraffin oil by using smoke generator
supplied by the wind tunnel manufacturer. The regions of flow
separation and formation of vortices were observed for the
models at angles of attack ranging from -4° to 12¢ at every 4°
interval. For tuft flow visualization cotton tufts of 0.02m
length were arranged with a gap of 0.0lm between two
adjacent tufts, from wingtip to wing center line and the motion
of the tufts was observed at —4°,0° 4° 8° 10°, 12° 14°, 16°
angles of attack.

Results and Discussion

The wind tunnel tests were undertaken at the Department of
Aerospace Engineering, GITAM (deemed-to-be) University,
Hyderabad. Reynolds number was calculated taking the
characteristic length as chord length, 0.1m, operating
Reynolds number is 116000. Based on the data obtained from
the six component balance, the analysis was focused on the

Coefficient of Lift (C;), Coefficient of Drag (C,) and their
ratios (C/Cy). Graphs have been plotted for C; VS angle of
attack (AOA) (Fig. 3), C4 VS AOA (Fig. 4) and C/C4 VS AOA

(Fig. 5).

From the figure 3, the experimental results indicated that the
wing with conventional winglet exhibits the highest Cjnax
value among the three wings; however it stalls at 8 AOA. On
the other hand, even though, the wing with corrugated winglet
comparatively has a slightly lower Cn,y the stalling is delayed
to 10° AOA. A delay of stall is observed upto 20% on
corrugated winglet.
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Figure 3: Coefficient of lift versus Angle of Attack

Figure 4, clearly shows that the amount of drag coefficient
produced in the wing with corrugated winglet was
significantly lower than the other two wings at all the tested
angle of attack. It is also noticed that from 27 to 10° AOA, the
value of coefficient of drag is significantly lower than the
other tested wings; it is noteworthy that at these angle of
attack (0°-10°) the aircraft is likely to consume least
propulsive power. It can also be noted that at the cruise flight
angles of attack of an aircraft which are normally between 4°
to 8" AOA, the wing with corrugated winglet performed
exceptionally well.

Figure 5, shows the result of aerodynamic performance C,/Cqy
versus AOA. The results indicate that the performance of the
wing with corrugated winglet was found significantly higher
at all the tested angles of attack. Particularly at 4 AOA, the
ratio of C/Cy was exceptionally high, nearly 21, this gives
high gliding capabilities in case of engine failure, cruise flight
condition.
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Figure 4: Coefficient of drag versus Angle of Attack
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Figure 5: C/C,4 versus Angle of attack

From the smoke flow visualization, it can be observed that at
0° AOA the flow pattern was almost the same for all the three
wings (Figure 6- a, b, c). However, after 8% AOA, the
formation of vortices of the rectangular wing was more
compared to the other two wings.

(a) Rectangular Wing

(¢) Wing with Corrugated Winglet
Figure 6: Smoke flow visualization at 0° AOA

During tuft flow visualization a slightly higher rate of
disturbances was observed near the wing center as when
compared to the wing tip. This indicates the presence of
spanwise flow over the wing. At 0° and -4 AOA there were
no disturbances observed in the tufts on the rectangular wing
but there was a slight movement observed at the trailing edge
of the other two wings. From 8% AOA onward the motion of
air around the trailing edge caused flow reversal. At 12 AOA,
this flow reversal of the tufts was very prominent only near the
center line of the rectangular wing but the same movement
was observed throughout the span of both the other wings
(Figure 7- a, b, ¢).

(b) Wing with Conventional Winglet
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(¢) Wing with Corrugated Winglet
Figure 7: Tuft flow visualization of at 12° AOA (Arrows show
regions of flow reversal)

Conclusions

The experimental results showed that the wing with
corrugated winglet displayed best aecrodynamic performance
in comparison with the rectangular wing and wing with
conventional winglet. This is observed because the
corrugations produce leading edge vortices; these vortices
circulate inside the corrugated valleys and reduce drag.

e  Maximum coefficient of lift for the wing with corrugated
winglet occurred at 10 AOA and was found to be 2.3%
lesser than the wing with conventional winglet and 6.9%
higher than the rectangular wing. However both the wing
with corrugated winglet and rectangular wing stall at 10°
AOA, whereas the wing with conventional wing stalled at
8= AOA.

e The coefficient of drag for the wing with corrugated
winglet was significantly lower than the other two wings
at almost all the tested angles of attack.

e Maximum C/Cy ratio was observed for the wing with
corrugated winglet at 4° AOA.

e Smoke flow visualization indicates that formation of
vortices for the wing with corrugated winglet and wing
with conventional winglet was comparatively lesser than
the rectangular wing.

e  Tuft flow visualization results showed that in all the three
wings tested, flow fluctuation was observed at the mid
portion of the wings. Less fluctuation of flow was
observed near the wing tip in the corrugated wing was due
to blockage of tip vortices.
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