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Abstract

The present work aims to investigate the aerodynamic characteristics of the winglet cant
angle of Boeing 737-800 wing numerically and experimentally. The wing contain two swept
angles 38.3° and 29.13° respectively, taper ratio 0.15 and aspect ratio 8.04. The wing involves
three types of airfoils sections. Four cant angles for blended winglet have been considered (0°,
34°,60°, 83.3°). The winglet has been analyzed to find the best cant angle for the wing without
and with winglet. These models have been tested theoretically at Reynolds number of 2.06
x10° in order to study the winglet acrodynamic characteristics which consist of coefficient of
Drag, coefficient of lift and Lift to drag ratio, pitching moment coefficient and bending
moment coefficient for (0°, 2°, 4°, 6°, 8°, 10°) angles of attack. SOLIDWORK 2016 software,
was used to design the geometry of the wing and winglet. ANSYS FLUENT 17.0 in three
dimensions with (k - €) turbulent model was used to solve the governing equations. The
experimental tests were carried out in an open low subsonic wind tunnel of 70cm x 70cm
x150cm test section at Reynolds number of 4.33 x10°. The experimental lift, drag forces and
pitching moment measurement were considered by three component balance device at
different angles of attack. The results show that 34° cant angle is the best angle, at which 2-
3% increase in lift coefficient, 2-3.9% decrease in drag coefficient, 3.5-6% increase in pitching
moment coefficient and 3-6.6% increase in lift to drag coefficient by using blended winglet.
Good agreement between the experimental and computational results are shown.
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1. Introduction the best advantage in the recent years
The price of fuel is an important is the wingtip device. In early 1970,
factor in the civil aircraft. Engineers Richard T. Whitcomb with a team
are always working to optimize the work including Jacobs and Stuart G.
aircraft. In the field of civil aviation, Flechner were studied trailing vortices
in the research centre of NASA’s
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Langley. They proved the acceptability
of winglet idea in the state of reducing
the induced drag. Whitcomb’s studies
were based on NASA flight-tested KC-
135 aircraft in the Research Centre of
Dryden Flight at 1979-1980. The
results of the research had been proved
a possibility to increase 7% aircraft's
range at cruise speed.

It is found that when the drag of
the Boeing 747-400 was reduced by
2.5%, a 9.5 tons at take-off could be
saved Lambert Dimitri, 2008. The
performances well improved for the
Boeing 737, and 757-200, by using a
blended winglet, which save about two
hundred million dollars in fuel cost per
aircraft when the wing efficiency
increased by 2%, Reddy et al. 2014.
Winglet can be defined as a vertical
extension fix at the wing tips.
These devices increase the aircraft
efficiency by reducing the induced
drag which is being caused by the
vortices generated at the wing tip.
Atique et al. 2015. Many researches
and authors had studied the winglet
cant angles for different
wings and  different  winglets.
Abdelghany, et al. 2016 investigated a
numerical analysis of a three-
dimensional wing with winglets at
various cant angles 0°, 30° and 45°(the
angles measured from the vertical
axes), the wing with different types of
winglets (blended, finlet and bird like
winglet) was studied by Dwivedi et al.
2016 numerically and experimentally,

also, they found that 45° cant angle was
the best angle. For wing with blended
winglet Alka Sawale, et al. 2017
investigated the increment in the lift
force and decrement in the drag force
by using a blended winglet attached the
end of the wing with various cant
angles (15°, 30°, 60°). The angles were
measured from the horizontal axes).
The results showed an increase in L/D
increase and a decrease in the drag
force.

In the present work, numerical and
experimental investigation are
performed to analyse the winglet
performance for the Boeing 737-800
wing by changing the cant angle.

2. Mathematical model

The wing and winglet geometry
have been described in this section.
The details of configurations cross-
sectional airfoils, aspect ratio, taper
ratio, dihedral angles...... etc., are
presented as follows.

2.1 Wing Geometry

The wing model of Boeing 737-
800 airplane is used in this work, the
wing involves three types of airfoil
sections, root airfoil (b737a),
midsection airfoil (b737c), tip airfoil
(b737d) Atique et al. 2015. The wing
has two leading edge sweep back
angles (38.3°and 29.13°), taper ratio of
(0.159), aspect ratio of (8.04), span
length of (15m) and dihedral angle
(6°). The wing with winglet was
modeled by a SOLIDWORKS Design
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Modular, where the dimensions are
divided by the length of root chord. In
figure 1 shows the top and side view of
the wing.

Fig. 1 Top and side views of wing model
(all dimensions in centimeter)

2.2 Winglet Geometry

A blended winglet is attached to
the wing with span 3.59m, root
chord1.25m, taper ratio 0.36m and cant
angle 34° as shown in the figure 2. The
winglet is modelled by an airfoil
section of (b737d), all dimensions are
divided by the length of root chord of
the wing. Four cant angles of the
winglet have been studied (0°, 34°, 60°,
83.3°) as shown in the figure 3, at
different angles of attack as 0°, 2°, 4°,
6°, 8°, 10°.

111.04

68.87

/ /

39.64

Fig. 2 Top view of winglet model

B
I
i

Fig. 3 Types of winglet cant angle

3. Computational Approach
The governing equations are
solved by the FLUENT ANSYS
software which consists of three main
steps. The first is the pre-processing
which are a 3-D geometry modeling by
using SOLIDWORKS Software. The
second step is processing the
governing differential equations for air
flow around the wing without and with
winglet by ANSYS FLUENT solver
by utilizing a Finite Volume Method
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and Finally, the post-processing step in
which the aerodynamic characteristics
coefficient of lift (Cp), coefficient of
drag (Cp) and the Lift-to-Drag ratio
(L/D) at different angles of attack and
specified Re are evaluated. The
methodology is presented in the
following sections.

The following assumptions were
used by the software package for the
working fluid;

1. Steady flow

2. Three-dimensional flow about the
geometry.

3. Subsonic and incompressible,
(M<0.3).

4. Neglecting the body forces.

5. Neglecting heat transfer effects
with the physical properties are
constants.

6. Turbulent flow with (k-¢ turbulence
model).

7. The fluid is considered as a
continuum and Newtonian.

The governing equations used by
the software package are the steady
incompressible for each of continuity
and momentum equations:

0
T UTU
axi t O
aui 1 opP d aui
Uy—=—- —+ —0—— u;u;)..
Jax,- p 0x; ax,-( ox; L7
(2)

The system geometry in the present
work 1s a three dimensional with
Cartesian coordinates, where the z-

direction represents the air flow
direction, the system geometry
consists of rectangular domain and this
rectangular domain contains a wing
model. The size of the computational
domain chosen to extends one of wing
root chord length C in front of the
model and 3.25 C behind the trailing
edge of the wing, to simulate the wake
region of the wing. The distance
between the upper boundary and the
wing is set to 2 C. The distance
between the lower boundary and the
wing is set to 1.5 C. The distance
between the tip of the wing and the side
wall of the domain is set to one of wing
root chord, Atique et al. 2015. The
computational domain is formed with
appropriate dimensions as shown in
figure 4.

inlet velgeity

H > ”uutlei
} E TRSSITe
\ / \ f =

\ \
0 1.000 2000 (m}. atmospheric symmetric F d

0.500 1500

Fig. 4 Computational domain dimensions
and boundary conditions of the wing with
winglet.

A mesh is defined by dividing the
domain and model geometries into
simple shapes of small units, using
tetrahedral meshing with finer sizing
near the model to evaluate the flow
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characteristics accurately. The grid
was generated. The number of cells has
been examined between 5,000,000
cells to 7,000,000 cells. The chosen
grid is 6,270,000 cells; which selected
through grid independence test (see
figure 95).

0.15

0.1 . e

0.05

—
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0
4000000 5000000 6000000 7000000 8000000

Element

Fig. 5 Grid independence test

The Mesh of domain with 3D wing
model is shown in the figure 6. The
smallest cells are generated near the
adjacent surface of the wing, and the
larger cells are located near the

Fig. 6 Mesh of domain with wing model
4. Experimental Work
All the present experimental work
were performed in a low-speed, open
circuit wind tunnel shown in figure 7,

The dimensions of the test section are
(0.7m x 0.7m x 1.5m). The design and
construction of this tunnel was made
completely by a number of faculty staff
of the Department of Mechanical
Engineering at the College of
Engineering University of Baghdad.
Hussain et al. 2011 and Hussain and
Ali, 2014.

Fig. 7 Low speed wind tunnel
The designed winglet and the
Boeing (737 -800) wing were
manufactured with reduced size of
(1/13) and tested in wind tunnel. The
aerodynamic characteristics and flow
visualization were measured using a
modified three-component balance
device. The tests consist of wing with
winglet and clear wing at different
angles of attack. The coefficients are
calculated for final results to be
compared with numerical results.

The wing and winglets
manufactured by Perspex. After that,
the surface was polished and softened
until it became smooth and then was
painted with thermal paint as shown in
the figure 8. The winglet was
connected to the wing by small screws.
Then a base was built to hold the wing
with a shaft to connect the wing into a
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three component balance, as shown in
the figure 9 and figurel0.

Fig. 9 The model in the test section

Fig. 10 Three component balance and
wing (side veiw)

Figure 11 shows the modified
three component balance which is
used with the present wind tunnel to
find the force and moments of the
model. It consists of three actuators,
the drag actuator which acts in the
horizontal direction and passes
through the axis of the model support,
while other two lift actuator acts
vertically through a points that are in
the same Ilevel and equidistant
horizontally from the vertical axis.
The distance between the fore and aft
actuator 1s (150 mm) and the sum of
the forces in these load cells gives the
lift on the model in Newton while the
difference between them multiplied
by (0.075 m), gives the pitching
moment in Newton—meter.

The three component balance has
been accurately calibrated to obtain the
precise constant for lift and drag
cables. Connect the load cell in the
Digital Weighing Indicator SI 480
shown in the figure 11.

/ R weight indicator

,,m:rr a1 ‘r'r' fore lift actuator
N\
: i = | :.s'f..\
3 "' E v <

q drag actuator

& e
Fig. 11 Three component balance

The calibration was done against
dead weight with the use of calibrating
arm, which provided with a pivoted
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loading link from which dead weight
may be hung and located either at the
end of the rod or in two alternatives
position each displaced (0.15) from the
line center of the rod calibration should
be carried out with the balance
mounted on the tunnel, shown in the
figure 12, 13

Fig.13 Calibration of drag Spring

The experimental calculations for
the wing with and without winglet are
given below;

Total lift = L = (L1+L2) x 9.81 (N)
........................................ (3)

Total drag = D =DI1 x 9.81 (N)
........................................ (4)

Pitching moment =M = (L2 x 0.075 —
L1 x0.075) x 9.81 (N.m) .... (5)

The expression for the lift coefficients,
drag coefficients and the moment
coefficients are given by

L
A (6)
D
CD = 9 Pl g e (7)
PV
M
Cy= ma .8

1 2
5PooVoo SCref

The Pitot-Static tube and Micro-
Manometer were used to measure the
pressure at inlet of test section. The
free stream air velocity was 30 m/s.

5. Results and Discussions
5.1 Theoretical Results

Four models of cant angles (0°, 34°
(reference angle), 60°, 83.3°), are used
as shown in the figure 3. All the
previous geometric parameters are
considered constant when variation of
cant angle is considered.

The Lift coefficients for
various cant angles of different angles
of attack are presented in figure 14. It
is obvious that, when the cant angle of
the winglet increased, the wetted area
of the wing is increased causes the lift
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coefficient to increase. But for larger
cant angles a reduction in the lift
coefficient are noticed. The lift
maximized when the cant angle is
83.3° which be in horizontal extension
of the wing tip.

winglet cant angle
without winglet

08 —| 0 cant angle
34 cantangle
60 cant angle
83.3 cantangle

0
I

0 2 8 10

4 6
angle of attack(deg)

Fig.14 Lift coefficient versus angle of
attack for wing with winglet at different
cant angle

0.06 —

winglet cant angle
without winglet
0.05 — 0 cant angle
34 cantangle
60 cant angle
83.3 cant angle

0.01
I

0 2 8 10

4 6
angle of attack(deg)

Fig. 15 Drag coefficient versus angle of
attack for wing with winglet at different
cant angle

The drag coefficient for various
winglet cant angle at different angles
of attack is shown in the figure 15. It is
observed that the drag coefficient

increases with increasing the angle of
attack; at 0° degree angle of attack the
effect of wing with different winglet
cant angle is not important because the
induced drag is minimum value and the
frictional drag is dominant this angle.
At high angles of attack the induced
drag is increased making the total drag
to be large. The minimum reduction in
drag coefficient is found at 0° angle of
attack while the maximum at 34° for
different angles of attack.

The pitching moment coefficient
for various cant angles at different
angles of attack is presented in figure
16. It is obvious that when the cant
angle increment causes an increase in
the pitching moment, therefore the
stability of the wing is increased. The
wing with winglet at cant angle 83.3°
which is considered at tip extension
becomes more stable than others.

12 —

winglet cant angle
i without winglet
0 cant angle

34 cant angle
60 cant angle
83.3 cant angle

0
\

0 2 4 6 8 10
angle of attack(deg)

Fig. 16 Pitching moment coefficient
versus angle of attack for wing with
winglet at different cant angle
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Figure 17 indicates the bending

moment coefficient relation with a
variation of the angle of attack for
different models of cant angles. It is
obvious that the increasing of cant
angle causes an increase in the wetted-
area of the wing with winglet, the
reduction in the bending moment is
considerably greater for high cant
angles, which indicates that the
horizontal extension is not favorable in
designing the wing of airplane due to
increasing the bending moment. Also
the weight increased causes to increase
the bending moment at the root and
needing for more reinforcement.
The lowest bending moment
coefficient is at 0° cant angle of
2.58003% as compared to wing
without winglet for different angles of
attack. The highest bending moment
coefficient is at 83.3° cant angle about
6.64871% as compared to wing
without winglet for different angles of
attack.

-2
I I I I

0 2 4 6 8 10
angle of attack(deg)

Fig. 17 Bending moment coefficient
versus angle of attack for wing with
winglet at different cant angle

The ratio Ci/Cp is shown in the
figure 18, wing with winglet at cant
angle of 34° has the highest lift-to-drag
ratio, any increment more than 34°
causing a decrease in the ratio of
Cr/Cp.

The  previous aerodynamic
characteristics show that the increasing
of the cant angles causes an increase in
the coefficients as a result of increasing
the wetted area of the wing. This
increasing does not necessary be
preferable due to bending coefficient
increase which causes an additional
load consideration.

28—

wingiet cant ange
without winglet
Ocantange

8

\ \
4 6
angle of altack(deg)

Fig. 18 Lift to drag ratio versus angle of
attack for wing with winglet at different
cant angle
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The Streamlines in the wake region
at (0°, 34°, 60°, 83.3°) respectively of
winglet are presented in figure 19, 20,
21 and 22 at 4° angle of attack.

(]
] 140 0800 m I‘_. I
| s —

0200 0620

Fig. 19 Velocity vector in wake region at
0° cant angle of winglet

Fig. 20 Velocity vector in wake region at
34° cant angle of winglet

i
.

o 0400 0800 fm) :

[ e —

o300 o800

Fig. 21 Velocity vector in wake region at
60° cant angle of winglet

L]
] 1450 0900 4= L_, I

025 0675

Fig. 22 Velocity vector in wake region at
83.3° cant angle of winglet

From the results, the determination
of optimum winglet cant angle was
found to be equal to 34° which has a
minimum value of drag coefficient,
higher lift to drag coefficient and an
increase in the bending moment less
than 5%. So it gives an optimum
aerodynamics performance.

5.2 Experimental Results
To cover the investigated
parameters in the experimental part of
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this work, more than 12 test runs were
performed for Boeing 737-800 wing
without and with winglet. The lift
force, drag force and pitching moment
along the wing without and with
winglet were measured by the three
component balance to find the lift
coefficients, drag coefficients, and
pitching moment coefficients. The
required velocity in each test run was
found by measuring the dynamic
pressure at the inlet of the test section.
The Reynolds number where the
experiments have been performed is
433 x10°. The forces data were
recorded; and the data were collected
for different angles of attack (0°, 2°, 4°,
6°, 8°, 10°).

Figure 23; shows the experimental
lift coefficient along the wing with and
without winglet for different angles of
attacks. It is obvious that the Ilift
coefficient increased with increasing
the angles of attack in approximately
linear relation. The wing has been
enhanced by adding a winglet as
shown in the figure, which is identified
in the previous theoretical work. The
results show an increasing of lift
coefficient about 0.16% to 3.6% as
compared to wing without winglet for
different angles of attack. The effect of
winglet is increased as the angles of
attack increased except at high angle of
attack, this increment has been reduced
as shown in the figure.

08 —

N experimental without winglet ’
_____ experimental with winglet “

06 — Pd

r/
D04 —| 07

02 — /

o
\ \ \ \ \ \

0 2 4 6 8 10
angle of attack

Fig. 23 Experimental lift coefficient
versus angles of attack for wing
with/without winglet at Re= 4.33x10°

The experimental drag coefficient
for different angles of attack of wing
with and without winglet is presented
in figure 24. As discussed previously,
an increase in the drag coefficient is
shown in the figure with parabolic
behavior. The drag coefficient in the
experimental results decreases for
different angles of attack when the
winglet is added at the tip end of the
wing. This reduction is about 0.47% to
2.02%.
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e experimental without winglet )
----- experimental with winglet ’

0.06 —| 7

80.04 — .’I

>
0.02 — _a%
$=""

0 2 4 6 8 10
angle of attack

Fig. 24 Experimental drag coefficient
versus angles of attack for wing
with/without winglet at Re= 4.33x10°

The pitching moment coefficient is
presented in figure 25, for different
angles of attack. When the winglet is
added, the wing becomes more stable.
An increasing in the pitching moment
coefficient is noticed as compared with
experimental wing without winglet for
different angles of attack by a
percentage range 0f 0.91% to 7.27%.

Fig. 25 Experimental pitching moment
coefficient versus angles of attack for
wing with/without winglet at Re= 4.33x10°

figure 26 show the experimental
ratio of lift to drag coefficient for the
wing with and without winglet at
different angle of attack. It is clear that
Cr/Cp has the same effective angle of
attack which obtained by theoretical
results. The increased percentages of
lift to drag ratio in the experimental
results are 0.63% to 4.07%.

20 —

Vi 2 experimental without winglet
g —| a9 | ooeeoe experimental with winglet

angle of attack

Fig.26 Experimental lift to drag ratio
A versus angles of attack for wing
————— experimental without winglet . . .
N PR rpernentl wit il e with/without winglet at Re= 4.33x10°
- » - —’."’ -
08 —] . ‘—»—' -
;io.e — /,':’
0.4 — 44’,
,8
02— ,% ?
’
o
0 2 8 10
angle of attack
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angle of attack

Fig.27 Theoretical and experimental

verifications of lift coefficient versus

angles of attack for wing/winglet Re=
4.33x10°

0.08 —

— theoritical without winglet y
theoritical with winglet ’

----- experimental without winglet ’
006 — |===-=-= experimental with winglet P

o
8004 —

0
\ \ \ \ \

0 2 4 6 8 10
angle of attack

Fig.28 Theoretical and experimental
verifications of drag coefficient versus lift
coefficient for wing/winglet at Re=
4.33x10°

CL/CD

theoritical without winglet
theoritical with winglet
----- experimental without winglet
----- experimental with winglet

0
\ \ \ \ \

0 2 4 6 8 10
angle of attack

Fig.28 Theoretical and experimental
verifications of lift to drag Coefficient
variation versus angles of attack for wing
with/without winglet at Re= 4.33x10°

theoritical without winglet A
1 — theoritical with winglet P ".
----- experimental without winglet 05c
. L -
l | ||ocoeee experimental with winglet 2=
-§
0 2 8 10

6
angle of attack

Fig.30 Theoretical and experimental
verifications of pitching moment
coefficient variation versus angles of
attack for wing with/without winglet at
Re=4.33x10°
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6. Conclusions

The highest averages lift
coefficient difference
percentage as compared to wing
without winglet is 2.20763%for
83.3° cant angle.

The lowest reduction of drag
coefficient =~ percentage  as
compared to wing without
winglet is at 34° cant angle
-2.20763%.

that a stable pitching moment
for the wing with winglet at
83.3° cant angle which increased
about 7.9752%as compared to
wing without winglet for whole
angles of attack

that the lowest decreasing in
bending moment coefficient
averages percentage is at 34°
cant angle 3.37821% as
compared to wing without
winglet

the wing is more efficient at 34°
cant angle with increasing
averages percentage equal to
4.251501%in the C./Cp ratio
when compared with wing
without winglet for different
angles of attack

The optimum winglet cant angle
was found to be equal to 34°
which has a minimum value of
drag coefficient, higher lift to
drag coefficient and an increase
in the bending moment less than

5%. So it gives an optimum
aerodynamics performance.

Notation
L: lift force (N)
L1, L2: Aft and fore lift actuator

(Kg)

D1: Drag actuator (Kg)

D: drag force (N)

M: pitching moment (N.m)

Do density of free stream(Kg/m?)
Voo Velocity of free stream (m/s?)
S: projected area (m?)
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