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ABSTRACT

In order to improve the aerodynamic performance of an aircraft as well as reduction of the required fuel
consumption of the commercial aircraft, wingtip device must be properly designed to diffuse the strong
vortices produced at the tip and thereby optimise the span wise lift distribution. Based on the previous
researches and developments of wing tip devices for the aircraft, winglets have been developed. This paper
describes the influences of two pair of elliptical and circular shaped winglets with the wing of the aircraft
model for the reduction of induced drag without increasing the span of the aircraft. Aerodynamic
characteristics for the aircraft model with and without winglet having wing with NACA section No.
65-3-218 has been studied using a subsonic wind tunnel of Im X Im rectangular test section. Lift
measurement has been carried out using a six component external balance. Experiments have been carried
out on the aircraft model with and without winglet at the Reynolds numbers 0.17x10°, 0.21x10° and
0.25x10°. The experimental results show that lift curve slope increases by 1-6% with the addition of certain
winglet configurations as compared to the aircraft model with and without winglet for the maximum
Reynolds number considered in the present study.
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1. INTRODUCTION

For a number of years many investigations have been
carried out to prove the possible benefits of modifying
wing tip flow. The aerodynamic performance of an
aircraft can be improved by a wingtip device which
diffuses the strong vortices produced at the tip and
thereby optimize the span wise lift distribution, while
maintaining the additional moments on the wing within
certain limits. For this purpose the researchers have been
doing experiments 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. The
winglet is cambered and twisted so that the rotating
vortex flow at the wing tip creates a lift force on the
winglet.

From the beginning of aviation era, designers were
searching for methods and technologies for reducing the
required fuel consumption of the commercial aircraft.
Wingtip devices aimed at the reduction of induced drag,
which was responsible for 30-40% of the total drag of a
transport-aircraft at long-range cruise condition and for
considerably downgrading the climb performance of an
aircraft [1]. Winglet alongside with tip tanks, raked
wingtips, and aligned fans are belonged to this class of
devices.

Modern interest in winglets spans the last 25 years. In
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July 1976, Richard Whitcomb of NASA Langely
Research Centre published a general design approach
that summarized the aerodynamic technology involved
in winglet design. Small and nearly vertical fins were
installed on a KC-135A and flights were tested in 1979
and 1980 [2-3]. Whitcomb showed that winglets could
increase an aircraft’s range by as much as 7% at cruise
speeds. A NASA contract [4] in the 1980s assessed
winglets and other drag reduction devices, and are
designed as an integral part of the wing.

The “spiroid” wingtip [5] produces a reduction in
induced drag at the same time blended winglet [6]
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 retrofit to the Boeing 7xx
series of jetliners. Flight tests on the Boeing Business Jet
737-400 resulted in a 7% drag reduction. Theoretical
predictions had indicated that the configuration would
have only a 1-2% improvement of drag reduction, and
wind tunnel tests had shown only 2% drag reduction [7].
This indicates that wind tunnel test results of winglet
configurations should be reviewed with some caution.

The advantages of single winglets for small transport
aircraft were investigated by Jones [8], on which they can
provide 10% reduction in induced drag compared with
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elliptical wings. Winglets are being incorporated into
most new transport aircraft, including the Gulfstream III
and IV business jets [9], the Boeing 747-400 and
McDonnell Douglas MD-11 airliners, and the
McDonnell Douglas C-17 military transport. The first
industry application of the winglet concept was in
wingtip sail. The Pennsylvania State University (PSU)
94-097 airfoil has been designed for use on winglets of
high-performance sailplanes [10]. To validate the design
codes, as well as the design itself, the airfoil was tested in
the Penn State Low-Speed, Low-Turbulence Wind
Tunnel from Reynolds numbers of 0.24x10° to 1.0x10°.
Performance predictions from two well-known computer
codes are compared to the data obtained experimentally,
and both are found to generate results that are in good
agreement with the wind tunnel measurements.

Another investigation was carried out on wing tip
airfoils by J. J. Spillman at the Cranfield Institute of
Technology in England [11]. He investigated the use of
one to four sails on the wingtip fuel tank of a Paris MS
760 Trainer Aircraft. The flight test results confirmed the
wind tunnel test results and demonstrated shorter takeoff
rolls and reduced fuel consumption [12]. Spillman later
investigated wingtip vortex reduction due to wing tip
sails, and found lower vortex energy 400-700 m behind
the aircraft, although the rate of decay beyond that was
somewhat lower [13].

There has been limited investigation of multiple
winglets for aircraft. The split-tip design [14] by Heinz
Klug for an aircraft wing is considered a primitive
multiple winglets which was created to exploit the
non-planar wake geometry by reducing induced drag and
wing stress. A biologist with an aerodynamic background
has done extensive investigation of the split wingtips of
soaring birds and he demonstrated that the tip slots of
soaring birds reduce induced drag and increase the span
factor of the wings [15]. He found remarkable
improvements of slotted wingtips compared with
conventional wing with a Clark Y airfoil and he
investigated that with the same increase in angle of attack,
the Clark Y airfoil tip increased the base wing drag by
25%, while the feathered tip actually reduced the drag by
6%.

To improve the performance of a wing, the
multi-winglet [16] design was evaluated to demonstrate
its advanced performance potential over the baseline
wing and an equivalent single winglet. The results show
that certain multi-winglet configurations reduced the
wing induced drag and improved L/D by 15-30%
compared with the NACA 0012 wing section. In Europe,
an extension to the wing tip airfoils has been developed
called Wing-Grid [17]. 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 optimize drag
reduction.

Aerodynamic characteristics for the aircraft model
with and without winglet having wing with NACA
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section No. 65-3-218 has been presented in this paper.
The study on the enhanced performance of the aircraft
models is also given by incorporating elliptical and
circular winglets. An interaction matrix method has also
been presented to revalidate the calibration matrix data
provided by the manufacturer of the six-component
external balance. The calibration of free stream velocity
and flow quality in the test section has been established
and documented.

2. METHODOLOGY

2.1 Speed calibration

Subsonic wind tunnel of 2.5m length, 1m width and
Im height rectangular test section at the Aerodynamics
Laboratory of the Aerospace Engineering Department,
University Putra Malaysia is used for carrying out the
experiments. The ambient pressure, temperature and
humidity are recorded using barometer, thermometer,
and hygrometer respectively for the evaluation of air
density in the laboratory environment.

The airflow velocity is controlled by the RPM
controller of the wind tunnel. For the different Hz
settings at the RPM controller the flow velocities in wind
tunnel test section are recorded using six-component
external balance software. In addition to this dynamic
pressure at the pitot tube is recorded with digital
manometer and corresponding velocities are calculated
[18] (Table 1). The validity of the digital manometer was

Table 1: Speed calibration data

Free stream flow velocity
S m/s
No. Hz External Digital Mano-
balance meter
manometer
software tube
1 0.0 0.00 0.00 0.00
2 3.0 1.93 2.21 2.70
3 5.0 3.87 3.69 4.04
4 7.5 6.40 6.72 6.67
5 10.0 9.07 9.42 9.30
6 12.5 11.60 12.06 12.07
7 15.0 14.03 14.76 14.77
8 17.5 16.50 17.35 17.42
9 20.0 18.83 20.08 20.15
10 | 22.5 21.17 22.65 22.82
11 25.0 23.50 25.17 25.45
12 | 27.5 25.80 27.65 28.00
13 | 30.0 27.93 30.20 30.41

confirmed by comparing the dynamic pressure measured
through the digital manometer and through the tube
manometer used along with the pitot tube mounted in the
test section. The flow velocity versus RPM controller
speed curves is plotted for the data obtained through six
components external balance software, digital
manometer and tube manometer and are given in figure-1.
Least square fit lines are drawn through the data and the
corresponding lines are given in figure-1.
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Fig 1: Free stream velocity vs. RPM controller speed.

It is observed that the curves for the digital
manometer and the tube manometer readings are
practically the same whereas the curve for the data using
six component external balance software deviates a little
from the other two curves. The experimental error using
the external balance is nearly 6%. The flow velocity
readings of the external balance are corrected through the
following calibration equation obtained through the data
shown in figure-2,

y=1.0796x -0.2336 O

where x denotes external balance software velocity
(m/s) and y denotes digital manometer velocity (m/s).
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Fig 2: Flow velocity calibration for external balance

Using the equation (1), the actual value of free stream
air velocity will be 21.36 m/s for corresponding 20 m/s of
air velocity from six-component external balance
software.

2.2 Flow Quality

The dynamic pressure is measured using digital
manometer at different locations in the test section in
YZ-plane by means of a pitot tube for a RPM controller
setting of 15 Hz. For different locations of the
measurement grid the experiments are repeated three
times and the experimental data is given in [18]. The
average (mean) dynamic pressure is obtained from the
measured dynamic pressure data. The dynamic pressure
variations from the mean are calculated in percentage at
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different locations of YZ-plane. Using these data
dynamic pressure variations from the mean (%) versus
distance from wind tunnel floor (cm) are plotted in
Figure 3. From figure-3 it is observed that the variation
of dynamic pressure in the test section is within £ 0.5%
which indicates that the there is very good uniformity of
flow in the test section of the wind tunnel.
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Fig 3: Dynamic pressure variation in the test section.

2.3 Wind Tunnel Model details

The wind tunnel test aircraft model consists of
rectangular wing with NACA section No.
65-3-218-aerofoil 0.66 m span and a 0.121 m chord. Two
sets of elliptical and circular shaped winglets were
designed of wood for the above wing. Figure-4 shows a

Fig 4: Aircraft model check for 0° angle of attack.

photograph of the model aircraft with winglet, which is
mounted horizontally in the test section of the wind
tunnel. The tests were carried out with free-stream
velocities of 21.36 m/s, 26.76 m/s, and 32.15 m/s
respectively with and without winglet of different
configurations. The ambient pressure, temperature and
humidity were 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 degrees with an increment of 2 degrees. The
coefficient of lift (Table 2), and lift curve slopes data
(Table 3) are obtained from the experimental results as
per the procedure explained in [18-19].
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Table 2: Lift coefficients experimental data

Lift coefficient, Cy,
s, | Winglet Initial | Stall | Final
No. | €onfig- | Reynolds | 4,010 | Angle | Angle
uration Num?er of of of
10 Attack | Attack | Attack
0’ 8’ 14°
0.17 0.237 0.805 0.657
1 WwW 0.21 0.259 0.817 0.584

0.25 0.306 | 0.879 | 0.733

0.17 0.299 | 0.829 | 0.641

2 EW1 0.21 0.327 | 0.889 | 0.700

0.25 0.359 | 0934 | 0.713

0.17 0.386 | 0.930 | 0.729

3 EwW2 0.21 0.394 | 0934 | 0.815

0.25 0.416 1.018 | 0.885

0.17 0.407 | 0.852 | 0.563

4 CWCl1 0.21 0429 | 0908 | 0.715

0.25 0.430 | 0.967 | 0.775

0.17 0.436 | 0.939 | 0.775

5 cwC2 0.21 0.451 0.957 | 0.737

0.25 0.487 | 0.985 | 0.823

Notifications: WW-Without Winglet; EWCI1-Elliptical
Winglet, Configuration 1 (0° angle); EWC2-Elliptical
Winglet, Configuration 2 (60° angle); CWCI1-Circular
Winglet, Configuration 1 (0° angle); CWC2-Circular
Winglet, Configuration 2 (60° angle)

Table 3: Lift curve slopes data

Free Lift curve slopes

stream | Reynolds

velocity | Number
m/s 106 WW | EWCI | EWC2 | CWC1 | CWC2
21.36 0.17 3.72 3.83 3.85 3.77 3.76
26.76 0.21 4.01 4.09 4.13 4.03 3.96
32.15 0.25 4.11 4.15 4.36 3.93 3.67

2.4 Calibration of the Balance

Calibration of the six-component balance has been
done to check the calibration matrix data provided by the
manufacturer. Figure 5 shows a photograph of the
calibration rig used for the validation of calibration
matrix, which is mounted on the upper platform of the
balance in place of model. The relationship between
signal readings, L; and the loads, F; applied on the
calibration rig are given by the following matrix equation,
the detailed procedure of calibration is explained
elsewhere [18-19]

{Li} = [Ky] {Fi} 2
Where, [Kj] is the coefficient matrix.

{L;} is the signal matrix.
{F;} is the load matrix.
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The calibration matrix is obtained by finding the
inverse of Ky, coefficient matrix and it compares well
with the calibration matrix data supplied by the
manufacturer with six component external balance.

Fig 5: Calibration rig mounted the test section

3. RESULTS AND DISCUSSION

Wind-tunnel measurements using the aircraft model
without winglet and with winglet of different
configurations as configuration 1 (Winglet inclination at
0°), and configuration 2 (Winglet inclination at 60°) were
done at Reynolds numbers 0.17x10°, 0.21x10° and
0.25x10°. The coefficient of lift and coefficient of drag
are calculated from the experimental results as per the
procedure explained in [18-19].

3.1 Lift Coefficient Characteristics

The coefficient of lift versus angle of attack for the
aircraft model with and without winglet studied in the
present investigation are shown in Figure 6 for the
maximum Reynolds number of 0.25x10°. From the
figure it is observed that 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 values of lift coefficient occur at zero angle of
attack and the maximum values of the lift coefficient
occur at an angle of attack of 8 degrees. Above this angle
of attack lift curve begins to decrease with further
increase in angle of attack. The reason for a drop in lift
coefficient beyond 8 degree angle of attack is probably
due to the flow separation, which occurs over the wing
surface instead of having a streamlined laminar flow
there. The stalling angle happens to be approximately 8°
for all the Reynolds numbers under the present study.
The least square fit lines are drawn through the data
obtained for different configurations until angle of attack

L

of 8 and the lift curve slopes, are found as 4.11,

4.15,4.36, 3.93, and 3.67 respectively. It is observed that

L
(24
same with only a marginally high slope, @, for elliptical

the

slope for all the configuration is practically

winglet of configuration 1 and 2 as compared to the
circular winglet and without winglet configuration. The
other details of the lift coefficients are given in Table 2.
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Fig 6: Lift Coefficients for the Aircraft Model

3.2 Lift curve slopes

From the Figure 6 it is observed that the lift curve
slope increases with the addition of the winglet (Winglets
inclination at 60° and 0°) ranging from 1% to 6% (Table
3) at the maximum Reynolds number of 0.25x10°. These
experimental results can be explained by comparing with
the results obtained at the Georgia Institute of
Technology [16]. The tests were run in three
configurations: winglets off (Configuration 0), winglets
installed at zero degrees (Configuration 1), and winglets
deployed at +20°, +10°, 0°, -10°, -20° (Configuration 2).
They showed that flat plate winglets set at zero degrees
(Configuration 1) increased lift curve slope by 10% for
the maximum Reynolds number of 0.29x10°. They also
showed that configuration 2 provided the largest increase
of lift curve slope, ranging from 15% to 22% increases.

From this investigation it is observed that at the
maximum Reynolds number of 0.25x10° elliptical
winglet of configuration 1 and 2 (Figure 6) provides the
largest increase of lift curve slope, ranging from 1% to
6% increases, giving an edge over other configurations.
Decisively it can be said that the elliptical winglet of
configuration 2 (Winglets inclination at 60°) has the
better performance giving about 6% increase of lift curve
slope as compared to other. Full results of the studies on
lift coefficient can be found in Reference [18].

4. CONCULSIONS

Following are the conclusions drawn from this
investigation:

The calibration matrix obtained through the
interaction matrix method compares well with the matrix
data as supplied by the manufactures of the
six-component balance.

Aerodynamic characteristics for the aircraft model
with and without winglet having NACA wing No.
65-3-218 have been presented.

Elliptical winglet at 60 degree incidence has the better
performance giving about 6% increase in lift curve slope
and thereby produces more lift as compared to other
configurations for the maximum Reynolds number
considered in the present study.
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7. NOMENCLATURE

Symbol | Meaning Unit
p Absolute pressure (N/m?)
T Temperature (K)
R Gas constant (Nm/kg.K)
3
P Air density (kg/m’)
M, Air viscosity (kg/m.s)
v, Free stream velocity (m/s)
c Chord length (m)
Re Reynolds number (Dimension]
ess)
b, Blade height (m)
q Blade width (m)
S, Blade frontal surface area | (M”)
b, Drag height (m)
c, Drag width (m)
S Drag device frontal | (m?)
2 surface area
S Total frontal area of wind | (m?)
T turbine
Wind power W)
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