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Abstract: The aviation sector faces a significant challenge in balancing the rising demand
for air travel with the need to reduce its environmental impact. Because air travel accounts
for approximately 2.5% of global carbon emissions, there is a need to find sustainable
solutions to reduce its environmental impact. Improving aerodynamic performance is a
crucial area for reducing fuel consumption and emissions. Nowadays, more focus is given
to commercial aviation, which contributes to global aviation emissions. The A380 is the
largest passenger aircraft in the world at the moment. It was observed in real life that the
wake turbulence from the A380 led to a sudden loss of the Challenger aircraft’s control
and a rapid descent of more than 10,000 feet. This Challenger incident is a wake-up call
to address the A380’s wake turbulence. Hence, this research focuses on designing and
analysing blended winglets for the Airbus A380 to reduce wake turbulence. With the use
of modern computational fluid dynamics tools, the current A380 winglets’ performance
was evaluated to identify the level of lift, drag and wake vortex patterns. To address these
challenges, the performance of newly designed blended winglets with different cant angles,
i.e., 0, 15, 45 and 80, was analysed computationally using the K-ω SST turbulent model
in the software ANSYS Fluent 2024 R1. It resulted in a decrease in the wake vortex size
accompanied by a 1.724% decrease in drag. This research project evidenced that addressing
the wake turbulence issue on a large aircraft could improve aerodynamic performance and
thus contribute towards sustainable aviation.

Keywords: aerodynamics; wake turbulence; induced drag; blended winglet; computational
analysis

1. Introduction
The aviation industry, a cornerstone of modern global transportation, faces the sig-

nificant challenge of balancing the rising demands of air travel with efforts to minimise
its environmental impact. For example, the United Kingdom’s Department for Transport
aims to reduce aviation emissions to 19.3 metric tons of carbon dioxide by 2050 [1]. The
aviation industry contributes to about 2.5% of global carbon emissions [2]. The COVID-19
pandemic caused a brief drop in air travel, but the demand is predicted to rebound by 2030,
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highlighting the need for sustainable aviation solutions. Improving aerodynamic perfor-
mance is essential to reducing fuel consumption and carbon emissions. The efficiency of an
aircraft is greatly impacted by optimising lift and drag forces, especially with the help of
winglets which can on average cut fuel consumption by 4–6% [3]. Lift is the force necessary
to counteract an aircraft’s weight; it is influenced by the wing shape and airspeed [4]. Drag
is the resistance an aircraft experiences while in motion. Anderson [5] explained that there
are two main types of drag. They are (i) induced drag, which is caused by the generation of
lift, and (ii) parasitic drag, which is caused by the shape and form of the aircraft. Apart
from the negative lift vector, the induced drag generation is also influenced by the shape
and size of the wing. The formula for the induced drag coefficient (CDi ) is [6]

CDi =
C2

L
πARe

(1)

where CL is the lift coefficient, AR is the aspect ratio, e is the efficiency factor and π is
equal to 3.14. Fundamentally, lift generation is dependent on the formation of a pressure
difference between the upper and lower surfaces of the wing [7]. Due to this pressure
difference, the region near the tip of the wing experiences a flow of high-pressure air
from beneath the wing moving to a low-pressure region above, resulting in the formation
of wingtip vortices which contribute to induced drag. Wingtip vortices are the swirling
air motion that trails behind the wing. When viewed from behind, these vortices rotate
counterclockwise around the right wingtip and clockwise around the left wingtip. When
these vortices combine, it generates a downward airflow known as downwash, which
reduces the lift and increases drag [8]. Figure 1a,b illustrate this phenomenon.
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Figure 1. (a) Induced drag [9] and (b) wingtip vortex [10].

The larger and stronger the vortices and their associated downwash, the greater
the impact of induced drag. Kroo [11] states that induced drag from wingtip vortices
can account for 30–40% of the total drag on an airliner during the cruise phase of flight.
During take-off and landing, the wingtip’s vortices decay rapidly near the ground due to
the ground effect, which limits vortex formation, as the ground acts as a barrier [12]. In
addition to increasing the induced drag and impacting the efficiency of an aircraft, these
vortices can pose a risk to other aircraft, potentially causing wake turbulence that can lead
to an unexpected loss of control and altitude of another aircraft flying behind or in its flight
path [13]. On 7 January 2017, the Challenger 604 encountered severe wake turbulence from
an A380 (shown in Figure 2), causing a rapid uncontrolled descent of more than 10,000 feet.
The crew managed to regain control and performed an emergency landing [14].
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Figure 2. The Airbus A380 [15].

Due to its significant vortices, the A380 received a special “Super” classification, as
listed in Table 1, to mitigate wake turbulence incidents. Many standards and procedures
are established to safeguard other aircraft when operating near the A380. For departing
aircraft taking off behind the Airbus A380, it is recommended that a heavy category aircraft
maintain at least 2 min of separation and medium/light category aircraft maintain at
least 3 min of separation. For arriving aircraft landing behind the Airbus A380, it is
recommended that a medium category aircraft maintain at least 3 min of separation and
light category aircraft maintain at least 4 min of separation.
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Table 1. ICAO wake turbulence classification [16].

Class Maximum Take-Off Weight (Kilograms) Name of the Aircraft

J (Super) 560,000 Airbus A380

H (Heavy) ≥136,000 Boeing 747-8

M (Medium) <136,000
>7000 Airbus A320

L (Light) ≤7000 Embraer Phenom 100

Figure 3 shows the hazards of wake turbulence, emphasising the importance of
analysing wingtip geometry to minimise vortex formation and reduce induced drag. Re-
ducing the induced drag can be achieved by increasing the aspect ratio, which is the ratio of
the wingspan to the average chord length. Extending the wingspan creates a slender wing
shape that reduces the induced drag by minimising lift at the wingtips, resulting in smaller
vortices [17], as depicted in Figure 4a. However, longer wings can cause structural issues,
reduce measurability and limit airport gate compatibility. Guzelbely [18] suggested altering
the taper ratio where the chord length decreases from the root to tip, as shown in Figure 4b,
and reducing airflow towards the wingtip and diminishing vortices. However, tapering
optimises lift distribution and can introduce structural challenges [19]. Based on the ob-
servations noted in previous research [20–25], it was concluded that sharkskin-inspired
surfaces would not be suitable for induced drag reductions.
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Controlling the induced drag generated at the wingtips is crucial for enhancing effi-
ciency. To minimise induced drag, the most common solution is the addition of winglets.
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These devices are fixed at the wingtips to obstruct the circulation of high-pressure air from
below the wing to the lower-pressure area above it. Winglets also introduce secondary
vortices that disrupt the primary vortices. During the 1980s, the Boeing Company produced
canted winglets on the Boeing 747-400 to increase the load-carrying capacity and range of
the aircraft. A cant angle is defined as the angle between the vertical axis and the winglet.
However, winglets may not perform optimally in all phases of flight. Guerrero et al. noted
that winglets can generate parasitic drag (in their Onera M6 wing with a 3.06 angle of attack
analysed at 0.8 Mach using the K-omega turbulence model), so their viability depends
on whether the reduction in induced drag outweighs the increase in parasitic drag [28].
Figure 5 depicts the performance of two hypothetical wings with and without winglets.
During the climb phase, winglets reduce overall drag for the same lift coefficient, justifying
their use. However, during cruise, the reduction in lift-induced drag is lower than the
additional increase in parasitic drag.
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Newman [29] performed both computational (using a steady state and implicit solver
with a laminar flow model at 0.3 Mach) and experimental (using a wind tunnel) analyses to
find the effects of varying winglet cant angles on aerodynamic values and suggested that
different winglet cant angles can lead to varying outcomes. Their findings indicated that a
30-degree winglet performed best during take-off and cruise with the lowest drag, while a
0-degree winglet is more suitable for descent due to higher drag values. Winglets can also
be easily retrofitted to existing aircraft and are therefore a more viable solution. Richard’s
work at the NASA Langley Research Centre demonstrated that winglets could reduce
induced drag by up to 20% and improve the lift/drag ratio by 6–9% [30]. This improvement
translates to better fuel efficiency, longer range and enhanced overall aircraft performance.
Blended winglets are an advanced form of winglet technology. Unlike traditional winglets,
which are typically angular and resemble a fold at the wingtip, blended winglets feature a
smooth curved transition from the wing to the upward extension. This design minimises
interference drag, which occurs when two lifting surfaces intersect, leading to a more
efficient airflow around the wingtip. These winglets not only reduce fuel consumption by
4–6% but also decrease carbon dioxide emissions by up to 6% and nitrogen oxide emissions
by 8%. Additionally, they improve take-off performance, particularly at high altitudes or
high-temperature airports. Hence, in this study, a blended winglet with the optimal cant
angle was designed and investigated to minimise the wingtip vortices, reduce induced
drag and improve the efficiency of the Airbus A380. A new modified blended winglet at
four different cant angles was evaluated to test the impacts of the wake vortex size. Unlike
other studies, this study mainly focuses on the issues of wake turbulence for large aircraft.
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2. Computational Design
The Airbus A380 wing design incorporates three distinct aerofoils [31]. The NASA SC (2) 0610

aerofoil is used for both the root and middle sections, while the NASA SC (2) 0606 is used
at the wingtip. These aerofoils are shown in Figure 6a. This aligns with the characteristics
of the supercritical wing used on the A380. The supercritical aerofoil designs are optimised
to delay the onset of wave drag at transonic speeds [32]. Unlike traditional aerofoils,
supercritical designs feature a flattened upper surface and a heavily cambered aft section
as well as a large leading-edge radius. These characteristics significantly reduce shock-
induced boundary layer separation and produce smaller or weaker shock waves positioned
further aft on the wing. This results in a more efficient wing that allows for lower wing
sweep and thickness without increasing wave drag. The coordinates of aerofoils were
obtained from aerofoiltools.com and then imported into Fusion 360.
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The three-dimensional computational model of the A380 wing was developed based
on technical drawings from Airbus [33]. These drawings provided the foundation for both
the wing and wingtip fence design. The wing measures 36.42 m with a chord length of
18.23 m. The primary aerofoil, with a chord length of 18.25 m, was placed at the origin and
the second aerofoil, with a chord length of 13.74 m, was positioned at 7.98 m from the first,
and they were connected using the loft command. This process was repeated for the third
aerofoil, which has a chord length of 3.8 m, positioned 28.38 m from the middle aerofoil, and
another loft command was used to connect them, which is shown in Figure 6b. Both ends
of the wing were sealed with the patch command to convert the surface into a solid body.
Finally, the wingtip fence was created using an extrude operation based on a sketch of the
wingtip fence. Due to limitations in computational power and time, the original A380 wing
model was scaled down to 1:10 proportions. This scaling resulted in a model measuring
3.64 m long with a chord length of 1.82 m, as shown in Figure 7. This scaled-down model
significantly reduced the computational domain required for analysis, allowing for the use
of a denser mesh. A denser mesh enables more accurate simulations of the flow over the
wing and wingtips, providing precise results while minimizing computational resources
and time. The blended wing and winglet models were constructed similarly to the primary
wing model. Figure 8 depicts the A380 wing model with different cant angle configurations
(0, 15, 45 and 80 degrees) of the blended winglet. The lengths and cant angles of the designs
are listed in Table 2.
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(b) 15 degrees, (c) 45 degrees and (d) 80 degrees.

Table 2. Dimensions of wing and winglets.

Wing/Winglet Cant Angle (Degree) Length (m)

Wing (1:10 ratio) N/A 3.637

Winglet 1 0 0.5455



Eng 2025, 6, 68 8 of 17

Table 2. Cont.

Wing/Winglet Cant Angle (Degree) Length (m)

Winglet 2 15 0.4561

Winglet 3 45 0.3954

Winglet 4 80 0.2013

3. Computational Simulations
3.1. Computational Domain

The wing model was imported into the Ansys Design Modeler 2024 R1, where a C-type
computational domain was created, as shown in Figure 9. This boundary extends 10 m
in front of the wing and 18 m behind it. A C-grid domain creates a high-density region
in crucial areas along the wing’s top and lower surfaces, where flow perturbations are
most significant. This configuration excels at resolving the wake region behind the wing,
accurately simulating vortex generation [34]. The concentrated grid distribution enhances
the accuracy of predicting pressure distribution and shock location, especially in transonic
flows. A body of influence was added near the wing to improve mesh refinement in that
region, resulting in better simulation outcomes. The entire domain was converted to a fluid
domain, setting up the simulation to model fluid flow around the wing. The wing model
itself was subtracted from the domain using a Boolean command, effectively creating a
void in the fluid domain where the wing model is positioned. This ensures an accurate
representation of the airflow interaction with the wing.
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3.2. Computational Mesh

In Ansys Meshing, the primary element size was set to 0.2 m and body sizing was
applied to the body of influence with an element size of 0.15 m to refine the mesh in areas
near the wing, where capturing flow characteristics is critical. To accurately capture the
wing’s surface geometry, face meshing was employed. Furthermore, an inflation layer
was added to the mesh. The first layer height was set to match the wall y-plus value,
ensuring proper resolution of the boundary layer. In this case, the first layer height was
set at 5.1 × 10−6 m, calculated to achieve a wall y-plus value of one [35]. The bulk of
the mesh consists of tetrahedral cells, and they offer flexibility and precision, especially
in complex geometries [36]. The mesh obtained has an average skewness of 0.24 and an
average orthogonal quality of 0.75, indicating good mesh quality. Skewness measures how
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closely the mesh elements match ideal geometric shapes, with lower values indicating less
distortion [37]. An inflation layer was used on the wing to add the first layer thickness to
achieve a y-plus value of 1. The orthogonal quality evaluates how perpendicular adjacent
mesh elements are, with higher values indicating better alignment. Overall, these metrics
suggest that the mesh is of good quality. Figure 10 displays the complete mesh along with
a close-up of the boundary layer.
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3.3. Computational Analysis

The Navier–Stokes equations are fundamental for understanding turbulent flows.
However, solving these equations for practical engineering applications is often impractical,
even with advanced supercomputers [38]. Reynolds-averaged Navier–Stokes equations
are a simplified form of the Navier–Stokes equations and are often used in engineering
simulations. They function by taking the average of turbulent fluctuations across time [39].
The K-ω SST turbulence model was selected because it is widely used in engineering
applications and is particularly good at predicting the rates at which free shear flows spread,
which is an important feature of turbulent flow simulations. Additionally, this model
performs exceptionally well in predicting turbulent flows close to the boundary, which is
essential for accurately modelling flow separations, recirculation zones and boundary layer
phenomena [40,41]. The K-ω SST model is a versatile model that can handle a wide range
of flow regimes, including detached and attached flows, transitional states and complex
geometries. These characteristics make it especially suitable for studying wake turbulence.
The final mesh has 2.9 million elements. A density-based solver is used, as it is suitable for
compressible flows [42]. A steady-state solver that is not time-dependent is utilised, since it
requires less computational time. The properties of air are estimated using the ideal gas
option for the density and the Sunderland model is used for the viscosity model. In terms
of boundary conditions, the simulation is carried out at an altitude of 13,000 m, which is
typical for the Airbus A380 [43]. A 3.06-degree angle of attack is used at a speed of Mach
0.85. A pressure far-field condition is utilised at the intake with an operating pressure of
16,491 Pa and a temperature of 216.7 K. The explicit solver is used to improve computing
performance. The Reynolds number [44] is calculated using the formula

ρvL
µ

= 9820372

where ρ = the density of the fluid, v = the velocity of the fluid, L = the linear dimension
and µ = the dynamic viscosity of the fluid. The fluid flow is identified as turbulent. The
study involved five independent simulations of the Airbus A380 original wing with a
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wingtip fence configuration, as well as four different simulations of the A380 wing with
blended winglets at different cant angles (0, 15, 45 and 80 degrees). Cruise flight conditions
were assumed.

4. Result Analysis and Discussion
4.1. Lift Coefficient

Table 3 clearly lists all of the lift coefficients obtained at the end of the analysis of
the original wingtip fence and blended winglet models at different cant angles. When
rounding off to 0.8, the lift values look a bit similar to one another. As expected, the wing
with a blended winglet (especially at a zero-degree cant angle) performed much better than
the original A380 wing with a wingtip fence.

Table 3. Lift coefficient results.

Cant Angle Lift Coefficient Change in Lift (%)

0 0.802 3.886

15 0.761 −1.425

45 0.745 −3.497

80 0.737 −4.533

Wingtip Fence (A380 Wing) 0.772 -

4.2. Drag Coefficient

Table 4 clearly lists all of the drag coefficients obtained at the end of the analysis of
the original wingtip fence and blended winglet models at different cant angles. When
rounding off to 0.6, the lift values look a bit similar to one another. As expected, the wing
with a blended winglet (especially at an 80-degree cant angle) performed much better than
the original A380 wing with a wingtip fence.

Table 4. Drag coefficient results.

Cant Angle Drag Coefficient Change in Drag (%)

0 0.063 8.621

15 0.061 5.172

45 0.058 0.000

80 0.057 −1.724

Wingtip Fence (A380 Wing) 0.058 -

4.3. Lift to Drag Ratio

The lift-to-drag (L/D) ratio is an important metric in aerodynamics that indicates how
efficiently an aircraft generates lift relative to drag. A higher L/D ratio signifies better
efficiency, allowing the aircraft to fly further and carry more payload while consuming
less fuel. This research revealed a lift-to-drag ratio of 13 for the original A380 wing with a
wingtip fence configuration. Figure 11 shows the similar ratios calculated from the A380
wing with blended winglet configurations at 0-, 45- and 80-degree cant angles. This implies
that the aerodynamic efficiency of the A380 has been preserved by the modified designs.
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4.4. Alternative Wingtip for A380

Figure 12 illustrates that the wing with a blended winglet and zero-degree cant angle
increases the coefficients of lift and drag to 3.886% and 8.621%, respectively. At a fifteen-
degree cant angle, the drag increases by 5.172% with no significant change in the coefficient
of lift. At forty-five degrees, the coefficient of drag remains constant. At eighty degrees,
the coefficient of lift decreased by 4.533% with no major variation in the coefficient of drag.
This research proves that changing the cant angle has an impact on aerodynamic forces, i.e.,
lift could be increased by up to 3.89% and drag could be reduced by up to 1.724% and the
lift-to-drag ratio can be stabilised at 13. Overall, the changes in aerodynamic performance
remain relatively consistent across different cant angles (especially at 15 and 45 degrees).
Hence, these blended winglet designs can be used as an alternative for a wingtip fence on
A380 aircraft.
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4.5. Wingtip Vortex Elevation

Figure 13 shows that at a zero-degree cant angle, turbulence is significant over the
wing’s midsection and trailing sections. Increasing the cant angle to 15 and 45 degrees
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reduced the turbulence at the wingtip by moving the vortex to a height above the wing
surface. At 80 degrees, the vortex is lifted further away from the main wing surface area
and there is reduced induced drag generation, which is reflected in the total drag coefficient
obtained. The blended winglets with cant angles of 15 and 45 degrees indicate a notable
decrease in the size of the wingtip vortex when compared to the original wingtip fence and
0-degree cant angle designs. The vortex size is the smallest at an 80-degree cant angle.
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4.6. Downstream Wake Reduction

Figure 14 shows that the wing models with wingtip fence and 0-degree cant angle
configurations exhibit large downstream vortices, characterised by a broad area of green
contour lines signifying disruption in the airflow and regions of slower-moving air. When
the cant angle was increased to 15 and 45 degrees, the length of these slow-moving dis-
ruptive fluids was reduced. At 80 degrees, the downstream wake was minimised. This
suggests that the turbulent airflow (wake formation) is significantly weakened at higher
cant angles.

4.7. Discussion

Figures 13 and 14 clearly show that the size of the wingtip vortex was reduced from
a larger level, as shown in Figures 13a and 14a, to a much smaller level, as shown in
Figures 13c–e and 14c–e. This was due to the addition of winglets, which lifted the vortices
from the wingtip to a height further away from the main wing surface. This reduced the
influence of wingtip vortices on the main wing surface and hence resulted in improved
aerodynamic values. Moreover, the size of the disturbance was reduced by using winglets
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at different cant angles. In terms of lift, the wing with a winglet at a zero-degree cant
angle performed well. In terms of drag, the wing with a winglet at an 80-degree cant angle
performed well.
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5. Validation
5.1. Method Validation

A validation study based on Guerrero’s [45] research was conducted to assess the com-
putational method used. Guerrero’s research explored the efficiency of blended winglets
in reducing induced drag and vortex formation. The ONERA M6 wing’s simplicity has
made it a standard validation case for computational fluid dynamics in external flows. To
verify simulation methods, a three-dimensional model of the ONERA wing was created,
replicating specified dimensions. The computational domain size and mesh were accurately
reproduced with 4.5 million elements due to computational constraints. A Fluent setup was
replicated, and results were closely matched to Guerrero’s research, as shown in Table 5.
This process validated the methodology for simulating the A380 wing effectively.

Table 5. Method validation.

Model Lift Coefficient Drag Coefficient

Guerrero’s ONERA wing 0.2608 0.01863

Redesigned ONERA wing 0.2647 0.01805
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5.2. Mesh Validation

Performing a mesh convergence analysis, also known as a grid dependency study, is
crucial for understanding the impact of cell size on the simulation error. As the cell size
decreases, spatial discretisation errors also decrease [46]. Achieving mesh independence
indicates that additional refinement in the mesh has minimal influence on the simulation
outcomes. This process is vital to achieve stable and reliable simulation results. Two sepa-
rate mesh convergence studies were conducted. Figure 15a shows the mesh-independent
studies of the A380 wing with a wingtip fence that were conducted using five different
meshes ranging from 1.8 to 2.2 million elements. All of these simulations were evaluated
at a 3.06-degree angle of attack. Similarly, a mesh-independent study was conducted
for the A380 wing with blended winglet configuration at a zero-degree cant angle using
five different meshes ranging from 1.7 to 4 million elements. The results stabilised after
2.7 million elements and are depicted in Figure 15b.
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6. Conclusions
The new blended winglet designs with different cant angles demonstrated that they

could possibly replace the wingtip fence on the A380 wing after further experimental
investigations. The blended winglets can increase the coefficient of lift by 3.886% at a zero-
degree cant angle. When the cant angle increased, the size of the vortex was reduced. The
80-degree cant angle generated the smallest vortex in comparison to the original wingtip
fence. The blended winglets have the potential to maintain the overall lift-to-drag ratio at
the same level as that of the A380’s current wing. With the ability to modify the cant angle,
the blended winglet model can optimise aerodynamic performance across different flight
conditions, potentially reducing fuel consumption and increasing operational flexibility.
The main aim of this research was to reduce the downstream wake turbulence that the A380
creates, particularly to prevent incidents like that which the Challenger encountered and to
reduce fuel consumption. This was achieved at many cant angles, especially 80 degrees,
which weakened the downstream wake and reduced drag. In future, a detailed analysis
needs to be performed on these winglets under many conditions such as different angles of
attack, speed, flight phase, and so on, for a clearer understanding of their benefits.
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