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ABSTRACT
Aerodynamic characteristics for the aircraft model with NACA (National Advisory Committee for Aeronautics) wing No. 65-
3-218 have been studied using subsonic wind tunnel of 1000 mm x 1000 mm rectangular test section and 2500 mm long of

Aerodynamics Laboratory Faculty of Engineering (Universiti Putra Malaysia). Six components wind tunnel balance is used

for measuring lift, drag and pitching moment. Tests are conducted on the aircraft model with and without winglet of two
configurations at Reynolds numbers 1.7 x 10°, 2.1 x 10°, and 2.5 x 10°. Lift curve slope increases more with the addition of
the elliptical winglet and at the same time the drag decreases more for the aircraft model with elliptical shaped winglet giving
an edge over the aircraft model without winglet as far as Lift/Drag ratio for the elliptical winglet is considered. Elliptical

winglet of configuration 2 (Winglet inclination 60°) has, overall, the best performance, giving about 6% increase in lift curve

slope as compared to without winglet and it is giving the best lift/drag ratio.
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INTRODUCTION

The aerodynamic efficiency and drag of aircraft wing
shapes depend on profile drag as well as on the induced drag.
By introducing various types of wingtip devices in wingtip
region the aerodynamic efficiency of existing and advanced
aircraft can be improved and thereby their operational
capabilities can be enhanced. The idea behind all the wingtip
devices is to diffuse the strong vortices released at the tip and
optimise the span wise lift distribution, while maintaining the
additional moments on the wing within certain limits. For this
purpose one should be able to produce favorable effects of the
flow field using wing tip and reducing the strength of the
trailing vortex with the aid of wingtip devices, e.g., winglets,
wing tips of complex plan-form, sails, and various
modifications of the wingtip side edge.

Modern interest in winglets spans the last 25 years. In July
1976, Whitcomb[1-2] of NASA Langely Research Centre
published a general design approach that summarised the
aerodynamic technology involved in winglet design. Small and
nearly vertical fins were installed on wings of KC-135A
aircraft and flight was tested in 1979 and 1980. Whitcomb
showed that winglets could increase an aircraft’s range by as
much as seven percent at cruise speeds. A NACA contract [3]
in the 1980s assessed winglets and other drag reduction
devices, and they found that wingtip devices (winglet, feathers,
sails, etc.) could improve drag due to lift efficiency by 10 to
15% if they are designed as an integral part of the wing.

The “spiroid” wingtip [4] produces a reduction in induced
drag at the same time blended winglet [5] reduces drag by
eliminating the discontinuity between the wing tip and the
winglet. A smoothed version is used on the gently upswept
winglet of the Boeing 737-400. Boeing Business Jets and
Aviation Partners, Inc. have embarked upon a cooperative
program to market conventional winglets for retrofiting to the
Boeing 7xx series of jetliners. Flight tests on the Boeing
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NOMENCLATURE

c Airfoil chord (m)

o Angle-of-attack ( °)

D Drag force (N)

L Lift force (N)

M Pitching moment (Nm)

P Air density (kg/m’)

S Reference area (m?)

V. Free stream velocity (m/s)
q. Dynamic pressure (Pa)

C, Drag coefficient

C, Lift coefficient

Cy Pitching moment coefficient

Cl Load No. 1
Cc2 Load No.
C3 Load No.
C4 Load No.
C5 Load No.
Co6 Load No.

(o) NV I SNV 8]

Business Jet 737-400 resulted in a 7% drag reduction.
Theoretical predictions had indicated that the configuration
would have only a 1-2% improvement, and wind tunnel tests
had shown only 2% drag reduction [6]. This indicates that wind
tunnel test results of winglet configurations should be reviewed
with some caution.

The first industrial application of the winglet concept was in
sailplane. The Pennsylvania State University (PSU) 94-097
airfoil has been designed for use on winglets of high-
performance sailplanes [7]. To validate the design tools, as well
as the design itself, the airfoil was tested in the Pennsylvania
State Low-Speed, Low-Turbulence Wind Tunnel from Reynolds
numbers of 2.4 x 10° to 1.0 x 10°. Performance predictions from
two well-known computer codes are compared to the data
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obtained experimentally, and both are found to generate results
that are in good agreement with the wind tunnel measurements.

To improve the performance of a wing, the multi-winglet
[8] design was evaluated to demonstrate its advanced
performance potential over the baseline wing, an equivalent
single winglet. The results of their wind tunnel testing show
that certain multi-winglet configurations reduced the wing
induced drag and improved L/D by 15-30% compared to the
baseline 0012 wing. In Europe, an extension to the wing tip
airfoils called Wing-Grid has been developed [9]. Wing-Grid
is a set of multiple wing extensions added to the wing. These
small wings are added at various angles so that their tip
vortices do not interact to form a strong vortex. These smaller
vortices dissipate the vortex energy so that the lift distribution
is modified and the induced drag of the wing is reduced. But
this concept is limited, since it is not able to change
configuration in flight to optimise drag reduction.

The aerodynamic characteristics for the aircraft model with
NACA wing No. 65-3-218 have been presented in this paper.
The study on the enhanced performance of the aircraft models
is also given by incorporating winglets of different
configurations.

MATERIALS AND METHODS

a) Wind Tunnel, Model Details and Instrumentation

Honey comb

Settling Contraction Electric motor

chamber cone

Figure 1: Schematic diagram of open loop low speed wind tunnel
(OLWT-1000)

A Subsonic wind tunnel of 1000 mm x1000 mm rectangular
test section and 2500 mm long at Aerodynamics Laboratory of
the Faculty of Engineering (Universiti Putra Malaysia) is used
for carrying out the experiments. The wind tunnel (Figure 1) can
be operated at a maximum air speed of 50 m/s and the turntable
has a capacity for setting an angle of attack of 14 degree. The
aircraft model used for the present study consists of a cylindrical
body with NACA 65-3-218 airfoil rectangular wing. The aircraft
model has a span of 0.66 m and a chord of 0.121m. The elliptical
shaped winglets (Figure 2) were designed to be made of wood
with chord length of 0.121m, which matches the chord length of
the wing. Figure 3 shows a photograph of the aircraft model with
elliptical shaped winglet, which is mounted horizontally in the
test section of the wind tunnel.

The tests are conducted with free-stream velocity of 21.36
m/s, 26.76 m/s, and 32.15 m/s with and without elliptical
winglet. The ambient pressure, temperature and humidity were
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Figure 2: Schematic diagram of the aircraft model with the
winglet at 600 inclination

Figure 3: Aircraft model with elliptical winglet

recorded using barometer, thermometer, and hygrometer
respectively for the evaluation of air density in the laboratory
environment. Longitudinal tests were carried out at an angle of
attack ranging from zero degree to 14 degree with an increment
of 2 degree. During the test the pitching moment, lift and drag
forces were measured using the six-component external
balance and the coefficients of lift, drag and moment are
obtained using the Equation (1-3) [10-11] given below,
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Table 1: Calibration loads applied at different load locations
Coefficient of lift is defined as

Loads at load locations

L Step
C, = T 1 No. C1 2 3 C4 C5 c6
~pV.CS 1) keo | ey | oo | oo | oo | keo
o PV
Step I 0984 | 0 0 0 0 0
Coefficient of drag is defined as
Step II 0984 | 1.975 | O 0 0 0
_ D
Co=7—— ; @ StepIII | O 0 1975 | 0 0 0
Ep VoS S
tep
v 0 0 0 1975 | 0 0
Coefficient of pitching moment is defined as StepV | 0 0 0 0984 | 1975 | o
M
Cu=7——— f,‘lep 0 0 0 0 0 1.975
5 pV. Se 3
Table 2: Equivalent forces and moments for different load locations
. . . i}ep Equivalent Force Equivalent Moment
b) Calibration Details 0- v v <
Calibration of the balance: Fx Fy F; x N z
The objective of the calibration is to revalidate the 8t 8t 8t m) m) m)
calibration matrix and compare it with the calibration matrix Step 0 10.984 0 -0.100 0 0.167
data provided by the manufacturer of the six-component StI
. . . . €]
external balance. Figure 4 shows the drawing of a calibration HP 0 -2.959 0 -0.300 0 -0.168
rig/fixture gsed'for the Yahdaugn of calibration matrix. Step 1975 0 0 0 0,200 R
The calibration rig/fixture is to be mounted on the upper 1
platform of the balance in place of a model. To check the Slt\e]p 0 0 |-1975| o |-0316| o0
calibration of the six-component external balance, the Step
: : 0 0 -2.959 0 0.159 0
following procedure is adopted. N4
The amount of loads to be applied step by step at the Step 0 0 11975 | 0316 0 0
. . . . oL, . VI ) )
various locations shown on the calibration rig is given in Table
1. For the loads applied against the individual step e.g. step I
(Tablel), the equivalent forces and moments are calculated in {Li} = [K;] {F;} 4)
the X, Y, and Z directions and they are given in Table 2. The
corresponding sensor readings from all the load cells are noted Where, [K;] is the coefficient matrix.
and given against the step I, in the first row of Table 3. The {L;} is the signal matrix.
same procedure is followed for obtaining the sensor readings {F.} is the load matrix.
for the other steps e.g. steps II to VI and they are also given in
Table 3 Table 3: Sensor readings corresponding to load applied at different
’ . . . . locations of the calibration ri
The relationship between signal readings and the loads f ¢
applied on the calibration rig are given by the following )
matrix equation. Step Sensor Readings
Ho. L1 L2 L3 14 L5 L6
Volts Volts Volts Volts Volts Volts
L 170 mm 170 R StepI | -0.032 | -1330 | 2311 | -1.492 | 1461 | -0.008
160 mm 160 mm Step
o 0.115 4.051 -0.720 | 4972 | 4.981 -0.044
C3
ol cs T Step
<2724 | -0.177 | 0.175 | -2.450 | -2.474 | 4.819
—. :_$ ....... ]i_e ........... .$_: .. 11
i Slts,p 0.003 | 0029 | -0.072 | 1.128 | 1.065 | -0.238
160mm Sfl’p -0.012 | -0.017 | -0.028 | 0683 | 0627 | 1.618
Y
Cl1 Co6 Cc2 Step
‘ VI -0.010 | -0.018 [ -0.006 [ -0.257 | 1.460 | 0.749
@ Flow
Direction X . X . . . .
Using the data of loads applied, F, at the calibration rig
(Table 2) and the corresponding signal output, L; (Table 3), six
Figure 4: Plan view of the calibration rig equations obtained for step I. In this way the 36 equations are
Journal - The Institution of Engineers, Malaysia (Vol. 66, No. 4, December 2005) 3
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obtained using the applied load and observed signal data of all
the steps in terms of 36 unknowns. These unknowns are solved
using MAT Lab software giving the coefficient matrix K;. The
calibration matrix is obtained by finding the inverse of the
coefficient matrix K.

RESULTS AND DISCUSSIONS

Wind-tunnel measurements were done using the aircraft
model at Reynolds numbers 1.7x10° 2.1x10°, and 2.5x10°. The
lift coefficient characteristics of the aircraft model under test
are shown in Figure 5 for all Reynolds numbers. The lift
increases with increase in angle of attack to a maximum value
and thereby decreases with further increase in angle of attack.
The initial value of lift coefficient at zero angle of attack for
1.7x10° Reynolds number is 0.237 and the corresponding
values of the lift coefficient for the Reynolds numbers 2.1x10°,
and 2.5x10° are 0.259 and 0.306 respectively. The maximum
values of the lift coefficient for the above three Reynolds
numbers are 0.805, 0.817, and 0.879 respectively and all these
maximum values occur at an angle of attack of 8 degree. The
maximum value of the lift coefficient appears to increase with
the increase in Reynolds number. The experiments have been
done up to an angle of attack of 14 degree. At the maximum
value of the angle of attack the lift coefficient characteristic has
a mixed behavior e.g. the value of the lift coefficient first
decreases with increase in Reynolds number and then increases
with further increase in Reynolds number. At the maximum
angle of attack of 14 degree the lift coefficients are 0.657,
0.584, and 0.733 respectively for the Reynolds numbers of
1.7x10°, 2.1x10°, and 2.5x10°.

The reason for a drop in lift coefficient beyond a certain
angle of attack e.g. 8' is probably due to the flow separation,
which occurs over the wing surface instead of having a
streamlined laminar flow there. This condition is called stalling
condition and the corresponding angle of attack is called
stalling angle. The stalling angle happens to be approximately
8" for all the Reynolds numbers under the present study. The
slope of the linear portion a,_ gLL is called the lift slope and its

o

values are 3.72, 4.01, and 4.11 respectively for the three
Reynolds numbers under study.

The lift coefficient data for elliptical winglet for the two
configurations i.e. configuration 1 (winglet inclination Oo), and
configuration 2 (winglet inclination 60°) are given in Figures 6
and 7 respectively. In the case of the winglet for both
configurations 1 and 2 a similar pattern is observed. In general
it is observed that the coefficient of lift increases with the
increase of Reynolds number. For the maximum Reynolds
number of 2.5x10° the lift coefficients for configuration-1
(Figure 6) and for configuration-2 (Figure 7) are 0.934 and
1.018 respectively corresponding to an angle of attack of §°
which is also the stall angle of attack. The other details of the
lift coefficients are given in Table 4.

The drag coefficients of the aircraft model under test for all
Reynolds numbers are shown in Figure 8. The drag increases
slowly with increase in angle of attack to a certain value and then
it increases rapidly with further increase in angle of attack. The
initial value of drag coefficient at zero angle of attack for 1.7x10°
Reynolds number is 0.085 and the corresponding values of the
drag coefficient for the Reynolds numbers 2.1x10°, and 2.5x10°
are 0.083 and 0.065 respectively. The values of the drag

coefficient at the transition point i.e. at an angle of attack of 4
degree for the above three Reynolds numbers are 0.104, 0.100,
and 0.085 respectively. The value of the drag coefficient appears
to decrease with the increase in Reynolds number. The
experiments have been done up to an angle of attack of 14

1.4
—~ 1.2
m
L 1o
T
2 0.8
2
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Angle of Attack (a)

Figure 5: Lift coefficients for the aircraft model without winglet
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Figure 6: Lgft coefficients for the aircraft model with elliptical
winglet at 0 (Configuration 1)
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Figure 7: Lij? coefficients for the aircraft model with elliptical
winglet at 60 (Configuration 2)

Table 4: Lift coefficients from experimental data

Lift coefficient, Cr.
Serial Reynolds
Numb Winglet Configuration Number
umber 10° Initial Angle of Stall Angle of Final Angle of
Attack Attack Attack
o P 14
17 0237 0805 0.657
1 “Without Winglet 21 0259 0817 0.584
25 0306 0879 0733
17 0299 0829 0641
Tlliptical Winglel,
2 Configuration 1 (0" anele) 21 0327 0.889 0700
25 0359 0934 0713
17 0386 0930 0.729
Tlliptical Winglel,
3 Configuration 2 (60" 21 0394 0934 0815
angle)
25 0416 1.018 0385
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degree. At the maximum value of the angle of attack the drag
coefficient characteristic has a mixed behaviour e.g. the value of
the drag coefficient decreases with increase in Reynolds number
and then increases with further increase in Reynolds number. At
the maximum angle of attack of 14 degree the drag coefficients
are 0.249, 0.275, and 0.211 respectively for the Reynolds
numbers of 1.7x10°, 2.1x10°, and 2.5x10°. The rapid increase in
drag coefficient, which occurs at higher values of angle of attack,
is probably due to the increasing region of separated flow over
the wing surface, which creates a large pressure drag.

Table 5: Drag coefficients from experimental data

Drag coelficient, Cp.
Serial Reymolds
Number Winglet Configuration N“I’:;I‘e‘ Initial Angle of Transition Angle | Final Angle of
Attack of Attack Attack
o ¥ 140

17 0085 0.104 0249
! Without Winglet 21 0.083 0.100 0275
25 0065 0085 0211
17 0.053 0.058 0.136

2 Elliptical Winglet,
f 10 anle) 2.1 0.050 0.056 0.140
25 0049 0053 0128
17 0.070 0.078 0.166

Elliptical Winglet,
3 Configuration 2 (60° 21 0.058 0.065 0.153

angle)

25 0047 0060 0134

0.30

=
LS
2 0.20
5
T
£ 015
5
S 010 —e—Re=1.7°E5
2 —=—Re=2.1°E5
£ o005
—&—Re=2.5"E5

0.00 - T T T T T T d
0 2 4 6 8 10 12 14
Angle of Attack (a)

Figure 8: Drag coefficients for the aircraft model without winglet
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Figure 9.'0 Drag coefficients for the aircraft model with elliptical
winglet 0 (Configuration 1)
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Figure 10: Drag coefficients for the aircraft model with elliptical
winglet 60 (Configuration 2)
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The drag coefficient data for elliptical winglet for the two
configurations i.e. configuration 1 (winglet inclination 0"), and
configuration 2 (winglet inclination 60°) are given in Figures 9
and 10. In the case of elliptical winglet for both configurations
1 and 2 a similar pattern has been observed. In general it is
observed that the coefficient of drag decreases with the
increase of Reynolds number. For maximum Reynolds number
of 2.5x10° and at 0° angle of attack the drag coefficients for the
elliptical winglet of configuration-1 (Figure 9) and elliptical
winglet of configuration-2 (Figure 10) are 0.049 and 0.047
respectively. The other details of the drag coefficients are given
in Table 5.

The pitching moment coefficients of the aircraft model
under test for all Reynolds numbers are shown in Figure 11.
The moment coefficient curve is nearly linear over most of the
practical range of the angle of attack (0" to 6); that is, the slope
of the moment coefficient curve, m, = %4 is essentially

constant. The initial value of pitching moment coefficient at
zero angle of attack for 1.7x10° Reynolds number is -0.075 and
the corresponding values of the pitching moment coefficient for
the Reynolds numbers 2.1x10°, and 2.5x10° are -0.089 and
-0.110 respectively. The values of the pitching moment
coefficient at the transition point i.e. at an angle of attack of 6
degrees for the above three Reynolds numbers are -0.098,
-0.135, and -0.161 respectively. The variation becomes
nonlinear at high angle of attack, when the flow separates from
the top surface. As shown in the case of the moment curves, the
linear portion of the moment curves have very small effects of
Reynolds numbers. The pitching moment decreases rapidly
with increase in angle of attack to a certain value and then it
decreases more rapidly with further increase in angle of attack.
The value of the pitching moment coefficient appears to
decrease with the increase in Reynolds number. The
experiments have been done up to an angle of attack of 14
degree. At the maximum angle of attack of 14 degree the
pitching moment coefficients are -0.370, -0.493, and -0.632
respectively for the Reynolds numbers of 1.7x10°, 2.1x10°, and
2.5x10°. The rapid decrease in pitching moment coefficient,
which occurs at higher values of angle of attack, is probably due
to the increasing region of separated flow over the wing surface.
The pitching moment coefficient data for elliptical winglet for
the two configurations i.e. configuration 1 (winglet inclination
0’), and configuration 2 (winglet inclination 60") is given in
Figures 12 and 13. In the case of elliptical winglet for both
configurations 1 and 2 a similar pattern has been observed. In
general it is observed that the coefficient of pitching moment
decreases with the increase of Reynolds number. For maximum
Reynolds number of 2.5x10° and at 0" angle of attack the pitching
moment coefficients for the elliptical winglet of configuration-1
(Figure 12) and elliptical winglet of configuration-2 (Figure 13)
are -0.100 and -0.359 respectively. At the range of the angle of
attack 8 to 14° the pitching moment coefficient characteristic has
a mixed behaviour e.g. the value of the pitching moment
coefficient decreases with increase in Reynolds number and then
increases with further increase in Reynolds number. The other
details of the pitching moment coefficients are given in Table 6.
The values of the lift/drag ratio of the aircraft model under test
are shown in Figure 14 for all the Reynolds numbers considered
in this study. The lift/drag ratio increases with increase in angle of
attack to its maximum value and thereby it decreases with further
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Table 6: Pitching moment coefficients from experimental data

Pitching moment coefficient, Cy
Serial Reynolds
Number Winglet Configuration N“m?ef Initial Angle of Transition Angle of Final Angle of
10 Attack Attack Attack
0’ 6’ 14°
1.7 -0.075 -0.098 -0.370
1 Without Winglet 2.1 -0.089 -0.135 -0.493
25 -0.110 -0.161 -0.632
1.7 -0.068 -0.106 -0.400
Elliptical Winglet,
2 Configuration 1 (0° 2.1 -0.082 -0.132 -0.440
angle)
25 -0.100 -0.158 -0.636
1.7 -0.292 -0.367 -0.971
Elliptical Winglet,
3 Configuration 2 (60° 2.1 -0.330 -0.413 -0.998
angle)
25 -0.356 -0.414 -0.976
Table 7: Lift/Drag ratio experimental data
Lift/Drag ratio (I/D)
Serial Reynolds — —
Winglet Configuration | Number Initial Angle of Transition Transition | gy ) Angle
Number 5 & Angle of Angle of &
10 Attack S 2 of Attack
0 Attack Attack 0
0 40 6 14
1.7 2.8 5.7 5.7 2.6
1 Without Winglet 2.1 31 6.1 5.9 2.1
25 4.7 7.71 7.0 35
17 5.61 11.27 11.09 4.73
Elliptical Winglet
2 Configuration 1 (O° 21 653 1230 11.84 502
angle) 25 733 13.73 13.19 5.55
1.7 55 8.8 93 4.4
Elliptical Winglet .
3 Configuration 2 (60° 2.1 6.7 10.8 11.4 53
angle) 25 838 130 135 66
W
g 2 4 6 8 10 12 14
3 0.0 g 0.2
g 0 3
£ o £ 04°
g7 8
S 031 £ o6
g 041 —+—Re=l.PE5 é 08l —e—Re=1.T'ES
2 g5 ] TOReRTE 2 —=Re=2.1E5
2 —4—Re=2.5'E5 £ 4.0
S 06 £ —a—Re=2.5'E5
£ ., * a2l
Angle of Attack (c) Angle of Attack (a)
Figure 11: Pitching moment coefficients for the aircraft model Figure 13: Pitching moment coefficients for the aircraft model
without winglet with elliptical winglet 60 (Configuration 2)
0.0
4 6 8 10 12 14 9
= -01 8
< g7
5 02 =
% 0.3 E 5
Q = 4
E’:, 04, —e—Re=1.7T'E5 g, —s—Re=1.7'ES
£ —=—Ro=2.1°E5 B 5| —e—Re=2PES
2 05 —a—Re=25'E5 <, —+—Re=2.5"E5
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& 07 Angle of Attack () Angle of Attack (o)
Figure 12: Pitching moment coefficients for the aircraft model Figure 14: Lift/Drag ratio for the aircraft model without winglet.
with elliptical winglet (Configuration 1)
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Lift/Drag ratio (L/D}

0 2 4 6 8 10 12 14
Angle of Attack (a)

Figure 15: Lift/Drag ratio for the aircraft model with elliptical
winglet 0" (Configuration 1)

—e—Re=1.7"E5
—a—Re=2.1"ES
—&—Re=2.5"ES

Lift/Drag (L/D) Ratio

0 2 4 6 8 10 12 14
Angle of Attack (a)

Figure 1 6.'u Lift/Drag ratio for the aircraft model with elliptical
winglet 60 (Configuration 2)

increase in the angle of attack for the aircraft model. The initial
value of the lift/drag ratio at zero angle of attack for 1.7x10°
Reynolds number is 2.8 and the corresponding values of the
lift/drag ratio for the Reynolds numbers 2.1x10°, and 2.5x10° are
3.1 and 4.7 respectively. The maximum values of the lift/drag
ratio are 5.7, 6.1, and 7.71 for the above three Reynolds numbers
respectively and all these maximum values occur at an angle of
attack of 4 degrees. At the maximum value of the angle of attack
the lift/drag ratio has a mixed behaviour e.g. the value of the
lift/drag ratio first increases with increase in Reynolds number
and then decreases with further increase in Reynolds number. At
the maximum angle of attack of 14 degree the lift/drag ratios are
2.6, 2.1, and 3.5 respectively for the Reynolds numbers of
1.7x107, 2.1x107, and 2.5x10°.

The lift/drag ratio data for elliptical winglet for the two
configurations i.e. configuration 1 (winglet inclination 0°), and
configuration 2 (winglet inclination 60°) and given in Figures 15
and 16. In the case of elliptical winglet for both configurations 1
and 2 a similar pattern is observed. For a Reynolds number of
2.5x10° the maximum values of the lift/drag ratio for elliptical
winglet of configuration-1 (Figure 15) have been observed at an
angle of attack of 4° and the respective value is 13.73 whereas for
elliptical winglet of configuration-2 (Figure 16) the maximum
value occurs at an angle of attack of 6° and the respective value
is 13.5. The other details of the lift/drag ratio at other angle of
attacks are given in Table 7 considered in this study.

CONCLUSIONS

Following are the conclusions drawn from this investigation,

i) Aerodynamic characteristics for the aircraft model with
NACA wing No. 65-3-218 have been presented.

ii) Lift curve slope increases more with the addition of the
elliptical winglet and at the same time the drag decreases

Journal - The Institution of Engineers, Malaysia (Vol. 66, No. 4, December 2005)

more for the aircraft model with elliptical shaped winglet
giving an edge over the aircraft model without winglet as
far as Ly for the elliptical winglet is considered.

iii) Elliptical winglet of configuration 2 (Winglet inclination
60°) has, overall, the best performance, giving about 6%
increase in lift curve slope as compared to without winglet
and it is giving the best lift/drag ratio.
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