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Abstract - Winglets are aerodynamic devices installed at
aircraft wingtips to reduce induced drag by weakening
wingtip vortices generated during lift production. The
aerodynamic effectiveness of winglets is significantly
influenced by geometric parameters such as cant angle,
sweep angle, toe angle, and winglet height. This paper
presents a comprehensive literature review on the effect of
winglet geometry on induced drag reduction at low
Reynolds numbers, which are commonly encountered in
unmanned aerial vehicles (UAVs), gliders, and light aircraft.
Previous experimental, analytical, and computational
studies reported in the literature are reviewed and
compared to evaluate the influence of different winglet
configurations on aerodynamic performance. The review
indicates that optimized winglet geometries can
significantly improve the lift-to-drag ratio by reducing
vortex strength and enhancing the effective aspect ratio of
the wing. Among the various geometric parameters, cant
angle and winglet height are found to have a substantial
influence on induced drag reduction. Furthermore,
advanced winglet concepts such as blended and spiroid
winglets have demonstrated additional aerodynamic
benefits under specific operating conditions. The findings of
this review provide valuable insights into winglet design
optimization for improving aircraft efficiency and
performance at low Reynolds numbers.
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Number, Aerodynamic Efficiency, Lift-to-Drag Ratio,
UAV, Wingtip Vortices.

1. INTRODUCTION

The aviation industry continuously seeks
innovative methods to improve aerodynamic efficiency,
reduce fuel consumption, and minimize environmental
impact. One of the major contributors to aerodynamic
losses in aircraft is induced drag, which arises as a
consequence of lift generation. During flight, a pressure
difference exists between the upper and lower surfaces of
a wing, causing air to flow around the wingtip and form
vortical structures known as wingtip vortices. These
vortices alter the local airflow around the wing and
generate induced drag, which reduces the overall
aerodynamic efficiency of the aircraft.

The concept of induced drag was first explained through
classical aerodynamic theories developed by Lanchester

[4]. Since then, extensive research has been conducted to
understand vortex formation and methods to reduce its
adverse effects. Among the various drag-reduction
techniques, winglets have emerged as one of the most
effective aerodynamic devices. Winglets are vertical or
inclined extensions attached to the wingtip that weaken
the formation of wingtip vortices and improve the
effective aspect ratio of the wing. As a result, aircraft
equipped with winglets can achieve lower fuel
consumption, improved lift-to-drag ratio, increased range,
and enhanced flight performance. The modern
development of winglets is largely attributed to Whitcomb
[3], whose pioneering wind tunnel investigations
demonstrated significant reductions in induced drag at
high subsonic speeds. Following Whitcomb's work,
numerous winglet configurations have been proposed,
including blended winglets, wingtip fences, spiroid
winglets, and biomimetic winglets. Researchers have
investigated the influence of geometric parameters such as
cant angle, sweep angle, toe angle, and winglet height on
aerodynamic performance.

At low Reynolds numbers, which are commonly
encountered in unmanned aerial vehicles (UAVs), gliders,
and light aircraft, aerodynamic behaviour becomes
increasingly sensitive to geometric modifications. Flow
separation, boundary-layer development, and vortex
interactions may significantly influence the effectiveness
of winglet designs. Consequently, optimizing winglet
geometry for low-Reynolds-number applications has
become an important area of research in modern
aerodynamics. Several experimental, computational, and
analytical studies have reported improvements in
aerodynamic efficiency through the use of optimized
winglets. Maughmer et al. [11] demonstrated the
importance of winglet airfoil selection for low-speed
aircraft, while Williams et al. [8] investigated the
aerodynamic benefits of winglets for small unmanned
aerial systems. Beechook and Wang [9] as well as Munshi
et al. [15] highlighted the influence of cant angle on lift-to-
drag ratio and overall aircraft performance through
computational studies. Furthermore, recent investigations
into spiroid and biomimetic winglets have shown
promising potential for additional drag reduction and
improved vortex control [22-24].

The objective of this review is to examine the
effect of winglet geometry on induced drag reduction at
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low Reynolds numbers. Particular emphasis is placed on
the influence of cant angle, sweep angle, toe angle, and
winglet height. Previous studies are reviewed and
compared to identify common trends, aerodynamic
benefits, design limitations, and future research
opportunities. The findings presented in this review aim to
provide a comprehensive understanding of winglet
performance and its significance in enhancing the
aerodynamic efficiency of modern aircraft.

2. FUNDAMENTALS OF INDUCED DRAG
2.1 Lift Generation and Pressure Difference

Aircraft wings generate lift by creating a pressure
difference between the upper and lower wing surfaces.
According to aerodynamic principles, the airflow over the
upper surface travels at a higher velocity, resulting in lower
pressure, while the airflow beneath the wing experiences
relatively higher pressure. This pressure difference
produces an upward force known as lift, which enables an
aircraft to overcome its weight and remain airborne.

While lift generation is essential for flight, it also
produces unavoidable aerodynamic consequences. The
pressure imbalance between the lower and upper wing
surfaces causes air to move around the wingtip from the
high-pressure region to the low-pressure region. This
spanwise movement of air initiates the formation of
wingtip vortices and contributes to induced drag.
Lanchester [4] first explained this phenomenon through
the vortex theory of lift, establishing the relationship
between lift generation and induced drag.

2.2 Wingtip Vortex Formation

Wingtip vortices are rotating masses of air
generated at the wingtip due to pressure equalization
between the lower and upper wing surfaces. As the high-
pressure air beneath the wing flows outward and upward
around the wingtip, it rolls into a spiralling vortex
structure. These vortices trail behind the aircraft and
persist over considerable distances.

The existence of wingtip vortices alters the
airflow pattern around the wing. Instead of moving purely
in the freestream direction, the airflow acquires a
downward velocity component known as downwash. This
downwash changes the effective angle of attack
experienced by the wing and reduces aerodynamic
efficiency. Tucker [1] demonstrated the influence of
wingtip structures in nature through studies on gliding
birds, showing that wingtip modifications can reduce
vortex intensity and improve
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Figure 1: Wingtip vortex formation

flight efficiency. Similar principles have been applied in
aircraft winglet design.

The strength of wingtip vortices depends on several
factors, including wing loading, aspect ratio, flight speed,
and wing geometry. Aircraft operating at high lift
coefficients generally experience stronger vortices and
higher induced drag. Consequently, controlling vortex
formation has become an important objective in
aerodynamic design.

2.3 Induced Drag Mechanism

Induced drag is the component of aerodynamic drag
directly associated with lift generation. It arises because
the downwash created by wingtip vortices tilts the lift
vector slightly rearward. The rearward component of this
tilted lift vector acts as a drag force opposing the forward
motion of the aircraft.

The magnitude of induced drag can be expressed using the
classical relationship:

CDi=CL2/mARe}
where:

* CDi = induced drag coefficient
* CL = lift coefficient

* AR = aspect ratio of the wing
* e = Oswald efficiency factor

This equation indicates that induced drag increases with
the square of the lift coefficient and decreases with
increasing aspect ratio. Therefore, wings with larger
aspect ratios generally exhibit lower induced drag.
However, increasing wingspan may introduce structural
and operational limitations. Winglets provide an
alternative solution by increasing the effective aspect ratio
without significantly increasing the physical wingspan.
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Eppler [13] emphasized that properly designed winglets
can reduce induced drag by modifying the vortex system
near the wingtip and improving spanwise lift distribution.

Whitcomb's pioneering investigations [3] further
demonstrated that winglets can achieve substantial drag
reductions  while maintaining practical aircraft
dimensions.

2.4 Importance of Induced Drag Reduction

Reducing induced drag offers several operational
and economic advantages. Lower induced drag leads to
reduced fuel consumption, increased aircraft range,
improved climb performance, and enhanced aerodynamic
efficiency. These benefits are particularly important for
modern commercial aircraft, unmanned aerial vehicles,
and gliders, where maximizing lift-to-drag ratio is a
primary design objective.

At low Reynolds numbers, induced drag reduction
becomes especially significant because aerodynamic
performance is strongly influenced by viscous effects and
flow separation. Optimized wingtip devices can help
maintain favourable aerodynamic characteristics while
improving overall efficiency. As a result, substantial
research has been directed toward understanding how
winglet geometry affects induced drag under various
operating conditions.

The following sections review the development of
winglet technology and examine how geometric
parameters such as cant angle, sweep angle, toe angle, and
winglet height influence aerodynamic performance and
induced drag reduction.

3. DEVELOPMENT OF WINGLET TECHNOLOGY

3.1 Historical Background

The concept of reducing induced drag through wingtip
modifications has been studied for more than a century.
Early aerodynamic theories developed by Lanchester [4]
established the relationship between lift generation,
wingtip vortices, and induced drag. Researchers recognized
that controlling the flow near the wingtip could improve
aerodynamic efficiency by reducing vortex strength and
improving lift distribution.

Observations from nature also provided valuable
inspiration for aerodynamic design. Tucker [1] investigated
the wingtip feathers of gliding birds and demonstrated that
natural wingtip configurations can reduce drag and
improve flight performance. These findings encouraged
aerospace engineers to explore artificial wingtip devices
capable of producing similar aerodynamic benefits.

3.2 Whitcomb Winglets

Modern winglet technology is largely attributed to the
pioneering work of Whitcomb [3] at NASA during the
1970s. Through extensive wind tunnel investigations,
Whitcomb demonstrated that properly designed winglets
could reduce induced drag without increasing aircraft
wingspan significantly.

The primary objective of Whitcomb's winglet design was
to weaken wingtip vortices by redirecting the airflow near
the wingtip. The winglet generated a side force that
interacted with the vortex system, thereby reducing
vortex intensity and improving aerodynamic efficiency.
Experimental results showed significant reductions in
induced drag and improvements in fuel efficiency,
particularly during cruise conditions. Whitcomb’s work
revolutionized wingtip design and established the
foundation for many modern winglet configurations used
in commercial and military aircraft today.

3.3 Evolution of Winglet Designs

Following Whitcomb's success, researchers
developed several winglet configurations to further
improve aerodynamic performance. These designs differ
in geometry, structural characteristics, and aerodynamic
behavior.

3.3.1 Conventional Winglets

Conventional winglets consist of nearly vertical
surfaces mounted at the wingtip. They are designed
primarily to reduce induced drag by decreasing the
strength of wingtip vortices. Their relatively simple
geometry makes them suitable for a wide range of aircraft
applications.

Studies by Gall and Smith [10] and Maughmer [7]
demonstrated that conventional winglets can improve lift-
to-drag ratio and enhance aircraft performance, especially
for low-speed aircraft and gliders.

3.3.2 Blended Winglets

Blended winglets incorporate a smooth
aerodynamic transition between the wing and winglet,
reducing interference drag and improving airflow
continuity. Unlike conventional winglets, blended winglets
avoid abrupt geometric changes that may cause local flow
separation.

These winglets are widely used in modern
commercial aircraft because they provide significant fuel
savings while maintaining structural efficiency. Their
aerodynamic advantages have contributed to widespread
adoption in passenger aircraft and business jets.
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3.3.3 Wingtip Fences

Wingtip fences consist of vertical surfaces
extending both above and below the wingtip. Their
purpose is to reduce spanwise airflow and limit vortex
formation. This configuration has been successfully
implemented on several commercial aircraft to improve
aerodynamic efficiency while minimizing structural
modifications. Wingtip fences provide an effective
compromise between aerodynamic performance and
manufacturing simplicity.

3.3.4 Spiroid Winglets

Spiroid winglets represent an advanced wingtip
configuration characterized by a closed-loop geometry.
Unlike conventional winglets, spiroid winglets form a
continuous curved structure that significantly alters the
vortex system generated at the wingtip. Guerrero et al.
[22], Mostafa et al. [23], and Murtaza et al. [24] reported
that spiroid winglets can achieve additional drag
reduction and improved vortex control compared with
conventional designs. However, their increased structural
complexity and manufacturing requirements may limit
widespread implementation.

3.4 Winglets for Low-Speed and Low Reynolds
Number Applications

Spiroid winglets represent an advanced wingtip
configuration characterized by a closed-loop geometry.
Unlike conventional winglets, spiroid winglets form a
continuous curved structure that significantly alters the
vortex system generated at the wingtip. Guerrero et al.
[22], Mostafa et al. [23], and Murtaza et al. [24] reported
that spiroid winglets can achieve additional drag
reduction and improved vortex control compared with
conventional designs. However, their increased structural
complexity and manufacturing requirements may limit
widespread implementation.

3.5 Current Research Trends

Recent developments in winglet technology focus
on aerodynamic optimization using computational fluid
dynamics (CFD), biomimetic design approaches, and
multi-objective optimization techniques. Researchers
continue to investigate the effects of cant angle, sweep
angle, toe angle, and winglet height to identify
configurations that maximize aerodynamic efficiency
while minimizing structural penalties. Modern studies
increasingly employ CFD simulations and optimization
algorithms to evaluate large numbers of winglet
configurations efficiently. These approaches have
accelerated the development of advanced wingtip devices
capable of improving aircraft performance across a wide
range of flight conditions.

Overall, the evolution of winglet technology
demonstrates a continuous effort to reduce induced drag
and improve aerodynamic efficiency. From Whitcomb's
original concept to advanced spiroid and biomimetic
configurations, winglets have become an essential
component of modern aircraft design. The next section
examines how specific geometric parameters influence
winglet performance and induced drag reduction.

4. EFFECT OF WINGLET GEOMETRY

The aerodynamic performance of a winglet is highly
dependent on its geometric configuration. Parameters
such as cant angle, sweep angle, toe angle, and winglet
height directly influence the strength of wingtip vortices,
induced drag, lift distribution, and overall aerodynamic
efficiency. Several experimental and computational
studies have demonstrated that optimizing these
geometric parameters can significantly improve the lift-to-
drag ratio and aircraft performance. This section reviews
the influence of major winglet geometric parameters on
induced drag reduction at low Reynolds numbers.
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Figure 2: Winglet geometry parameters (Cant, Sweep,
Toe, Height)

4.1 Effect of Cant Angle

Cant angle refers to the inclination of the winglet
relative to the horizontal wing plane. It determines the
degree to which the winglet extends vertically from the
wingtip and influences the interaction between the
wingtip vortex and the winglet-generated flow field. A
small cant angle results in a more outward-oriented
winglet, whereas a large cant angle produces a nearly
vertical winglet. Increasing cant angle generally enhances
the winglet's ability to reduce wingtip vortex strength by
redirecting airflow and increasing the effective aspect
ratio of the wing.
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winglets and reported that cant angle significantly affects
aerodynamic efficiency. Their results indicated that
moderate cant angles can provide substantial reductions
in induced drag while maintaining favorable lift
characteristics. Similarly, Munshi et al. [15] performed
CFD analysis on the ONERA M6 wing and found that
optimized cant-angle configurations improved lift-to-drag
ratio and overall aerodynamic performance. However,
excessively large cant angles may increase parasitic drag
and structural loading. Therefore, an optimum cant angle
must balance vortex reduction benefits with drag and
weight penalties. Literature indicates that winglets with
cant angles between 60° and 80° often provide favorable
aerodynamic performance for low-speed applications.

Influence of Cant Angle

. Increases effective aspect ratio.

. Reduces wingtip vortex intensity.

. Improves lift-to-drag ratio.

. Excessive cant angles may increase

parasitic drag and structural stress.
4.2 Effect of Sweep Angle

Sweep angle refers to the forward or backward
inclination of the winglet relative to the vertical direction.
It influences airflow attachment, pressure distribution,
and aerodynamic loading along the winglet surface.
Backward-swept winglets are the most commonly used
configuration in modern aircraft because they provide
improved aerodynamic stability and smoother airflow
characteristics. The swept geometry helps control the
development of vortical structures and may reduce
interference effects between the wing and winglet.

Mattos et al. [17] emphasized the importance of
sweep angle during winglet design and optimization. Their
study demonstrated that sweep angle affects both
aerodynamic efficiency and structural behavior. Kubrynski
[18] also reported that sweep angle plays a significant role
in determining the effectiveness of winglets in low-speed
applications. A moderate backward sweep generally
promotes favorable aerodynamic performance, whereas
excessive sweep may reduce the winglet's effectiveness in
controlling vortex formation. Therefore, sweep angle must
be optimized in conjunction with other geometric
parameters.

Influence of Sweep Angle

. Controls airflow attachment along the winglet.

. Influences pressure distribution.

. Affects aerodynamic stability.

. Moderate backward sweep often improves

efficiency.

4.3 Effect of Toe Angle

Toe angle describes the small rotational
alignment of the winglet relative to the local airflow
direction. A winglet may be configured with toe-in or toe-
out orientation depending on the design objective. Toe
angle is considered a fine-tuning parameter because even
small changes can significantly alter local flow behavior.
Proper toe angle alignment ensures efficient interaction
between the winglet and surrounding airflow, thereby
maximizing drag reduction and lift generation.

Masud et al. [21] investigated the influence of
various winglet design parameters and reported that toe
angle contributes to aerodynamic optimization by
modifying local flow structures near the wingtip.
Appropriate  toe-in  configurations can improve
aerodynamic efficiency, whereas excessive toe-in or toe-
out may lead to increased drag and flow separation.
Although toe angle receives less attention than cant angle
or winglet height, it remains an important design
parameter during winglet optimization studies.

Influence of Toe Angle

. Controls local flow alignment.

. Influences lift generated by the winglet.

. Affects drag characteristics.

. Improper toe angle may cause flow separation.

4.4 Effect of Winglet Height

Winglet height refers to the vertical extension of
the winglet above the wingtip. Increasing winglet height
effectively increases the aerodynamic span of the wing
without physically increasing wingspan. A taller winglet
generally provides stronger vortex suppression and
greater reductions in induced drag. This improvement
occurs because the winglet intercepts a larger portion of
the wingtip flow and modifies the vortex formation
process more effectively.

Maughmer [7] reported that winglet height is one
of the most influential parameters affecting aerodynamic
performance in low-speed aircraft. Similarly, Williams et
al. [8] demonstrated that increased winglet height
improved the lift-to-drag ratio of small unmanned aerial
vehicles. Despite these advantages, excessive winglet
height may increase structural loads, bending moments,
and overall aircraft weight. Consequently, practical
winglet design requires balancing aerodynamic benefits
against structural considerations.

Influence of Winglet Height

. Increases effective wingspan.
. Reduces induced drag.
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. Improves lift-to-drag ratio.
. Excessive height increases structural loading.

4.5 Comparative Influence of Winglet Geometry
Parameters

The effectiveness of a winglet depends on the combined
interaction of cant angle, sweep angle, toe angle, and
winglet height. Among these parameters, literature
generally identifies cant angle and winglet height as the
most influential factors affecting induced drag reduction.
Sweep angle contributes to aerodynamic stability and flow
management, while toe angle serves as a refinement
parameter that optimizes local airflow conditions. Table 1
summarizes the primary aerodynamic influence of each
geometric parameter.

B CONVENTIONAL
———— VINGTP

Figure 3: Comparison of winglet types

Table 1. Influence of Winglet Geometry Parameters

Parameter Description Primary Effect
Reduces
Cant Angle V(?rtlcal inclination of 1nducgd drag
winglet and improves
L/D ratio
Inward/outward O.ptlmlzes local
Toe Angle . airflow
alignment . .
interaction
Increases
. . effective aspect
Winglet Height Vertical extension ratio and
length
reduces vortex
strength
Controls
Sweep Anele Forward/backward airflow
pAng tilt attachment
and stability

Overall, the reviewed literature demonstrates that
proper optimization of winglet geometry can significantly
improve aerodynamic efficiency at low Reynolds numbers.
The next section discusses the application of winglets in

low Reynolds number flight regimes, particularly for
unmanned aerial vehicles, gliders, and light aircraft.

5. WINGLETS FOR LOW REYNOLDS NUMBER
APPLICATIONS

Low Reynolds number aerodynamics is
encountered in aircraft operating at relatively low flight
speeds and small characteristic dimensions, such as
unmanned aerial vehicles (UAVs), gliders, model aircraft,
and light aircraft. Under these conditions, viscous effects
become more significant, making the airflow more
susceptible to separation, transition, and vortex-related
losses. Consequently, induced drag represents a
considerable portion of the total aerodynamic drag,
particularly during take-off, climb, and low-speed cruise
conditions.

Winglets have gained increasing attention in low
Reynolds number applications because they offer an
effective means of reducing induced drag without
increasing wingspan significantly. Their ability to modify
wingtip vortex formation can substantially improve
aerodynamic efficiency and flight endurance.

5.1 Winglets in Unmanned Aerial Vehicles (UAVs)

Unmanned aerial vehicles typically operate at
Reynolds numbers ranging from 10° to 10° where
aerodynamic efficiency is crucial for maximizing flight
endurance and mission performance. Since UAVs are often
constrained by battery capacity or fuel storage limitations,
even small improvements in aerodynamic performance
can produce significant operational benefits. Williams et
al. [8] investigated the effects of winglets on small
unmanned aerial systems and reported measurable
improvements in lift-to-drag ratio. Their results indicated
that properly designed winglets can enhance aerodynamic
efficiency and extend flight duration by reducing induced
drag.

Similarly, = CFD-based investigations have
demonstrated that winglets can effectively reduce vortex
strength and improve wing performance under low-speed
operating conditions [19]. These findings suggest that
winglets are valuable design features for surveillance,
mapping, and reconnaissance UAVs where endurance is a
primary requirement.

5.2 Winglets in Gliders

Gliders operate almost entirely on aerodynamic
efficiency because they rely on atmospheric lift rather
than engine thrust. Consequently, minimizing drag is a
critical design objective. Natural examples of efficient
gliding flight can be observed in birds. Tucker [1]
demonstrated that the slotted wingtip feathers of gliding
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birds reduce vortex formation and improve flight
efficiency. These biological observations inspired several
winglet concepts used in modern glider design. Maughmer
[7] reported that winglets can improve the lift-to-drag
ratio of sailplanes and gliders by reducing induced drag
during soaring flight. Improved aerodynamic efficiency
allows gliders to maintain altitude longer and travel
greater distances with minimal energy loss.

5.3 Winglets in Light Aircraft

Light aircraft often operate within flight regimes
where induced drag contributes significantly to total drag.
Unlike commercial airliners that spend much of their flight
at high altitudes and high Reynolds numbers, light aircraft
frequently operate at lower speeds and lower altitudes.
Research conducted by Maughmer et al. [11]
demonstrated that winglet airfoil design plays a crucial
role in achieving aerodynamic benefits for low-speed
aircraft. Their studies showed that optimized winglet
configurations can improve climb performance, fuel
efficiency, and overall handling characteristics. Kubrynski
[18] further emphasized that winglet geometry
optimization is particularly important for low-speed
applications because small geometric changes may
significantly influence aerodynamic performance.

5.4 Aerodynamic Challenges at Low Reynolds
Numbers

Although winglets provide significant benefits,
their effectiveness at low Reynolds numbers depends
strongly on proper geometric optimization. Several
aerodynamic challenges must be considered:

. Increased susceptibility to flow separation.

. Greater influence of viscous effects.

. Strong interaction between wingtip vortices and
boundary-layer development.

. Sensitivity to winglet geometry variations.

Poorly designed winglets may increase parasitic
drag or cause unfavorable flow behavior that offsets the
benefits of induced drag reduction. Therefore,

. Increase in lift-to-drag ratio.

. Enhanced flight endurance.

. Improved fuel efficiency.

. Better climb and cruise performance.

These benefits are particularly valuable for UAVs,
gliders, and light aircraft where aerodynamic efficiency
directly influences operational effectiveness. As a result,
winglet optimization remains an active area of research in
low Reynolds number aerodynamics.

6. COMPARATIVE REVIEW OF PUBLISHED
STUDIES

Numerous researchers have investigated the
influence of winglet geometry on aircraft aerodynamic
performance using experimental methods, wind tunnel
testing, computational fluid dynamics (CFD), and
analytical approaches. The studies reviewed in this paper
collectively demonstrate that winglets can significantly
reduce induced drag and improve lift-to-drag ratio when
properly optimized. Table 2 summarizes selected studies
relevant to winglet geometry and induced drag reduction.

Re | Author( | Yea Method Winglet K_ey_
f. s) r Type Findings

Demonstra
ted
significant
induced
Convention | drag

al Winglet reduction
and
improved
cruise
efficiency.

Whitco 197 | Wind
mb 6 Tunnel

(3]

Winglets
improved
aerodynam
Low-Speed | ic
Winglet performanc
e of low-
speed
aircraft.

Maughm | 200 | Design

(7] er 6 Study

Increased

lift-to-drag

William | 201 | Experimen | UAV

optimization of cant angle, sweep angle, toe angle, and 8] | cetal |5 tal Winglets ratio  and
winglet height is essential for maximizing aerodynamic flight
endurance.
performance.
Cant angle
Beechoo strongly
5.6 Summary of Low Reynolds Number o] | k 2 | 201 | cpp Variable affects
Applications 3 Cant Angle | aerodynam
Wang i
The reviewed literature indicates that winglets efficiency.
can provide substantial aerodynamic benefits in low I_mpro"ed
Reynolds number applications. Improvements commonly ) ) life )
reported include: [10 | Gall & | 198 | Experimen | Biplane characteris
p ' ] Smith 7 tal Winglets tics and
L reduced
. Reduction in induced drag. drag.
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[11 | Maughm
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2

Design &
Testing

Winglet
Airfoil

Optimized
airfoil
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winglet
effectivene
ss.

[15 | Munshi
] etal.

201

CFD
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Winglet
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subsonic
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[20 | Roglin &
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[21 | Masud
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[22 | Guerrer
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Numerical
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Spiroid
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[23 | Mostafa
] etal
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Parametri
¢ Study

Spiroid
Winglet

Geometry
optimizatio
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aerodynam
ic
efficiency.

[24 | Murtaza
] etal

201

CFD

Spiroid
Winglet

Demonstra
ted
additional
drag
reduction
compared
to
convention
al winglets.

6.1 Trends Observed in Literature

The reviewed studies consistently indicate that
winglets improve aerodynamic performance by reducing
the intensity of wingtip vortices. Most investigations
reported reductions in induced drag accompanied by

improvements in lift-to-drag ratio. The magnitude of
improvement depends strongly on winglet geometry and
operating conditions.

Among the various geometric parameters, cant
angle emerged as one of the most influential design
variables. Studies conducted by Beechook and Wang [9]
and Munshi et al. [15] reported that moderate cant angles
generally provide the most favorable balance between
induced drag reduction and overall aerodynamic
efficiency. Winglet height was also identified as a critical
parameter because it effectively increases the
aerodynamic span of the wing. However, excessive winglet
height may lead to increased structural loading and weight
penalties.

6.2 Comparison of Winglet Types

Conventional winglets remain the most widely
adopted configuration due to their simplicity and proven
effectiveness. Blended winglets offer additional benefits by
reducing interference drag through smoother wing-
winglet transitions. Advanced configurations such as
spiroid winglets have demonstrated superior vortex
control and drag reduction in several studies [22-24].
Nevertheless, their  structural complexity  and
manufacturing requirements currently limit widespread
implementation.

6.3 Research Gaps

Although significant progress has been made in winglet
design, several research opportunities remain:

. Limited experimental data at very low Reynolds
numbers.

. Insufficient studies on combined optimization of
cant, sweep, toe angle, and height.

. Need for  multidisciplinary = optimization
considering  aerodynamic and  structural
performance simultaneously.

. Further investigation of biomimetic and adaptive

winglet concepts.

Future research addressing these areas may contribute to
the development of more efficient wingtip devices for
next-generation aircraft and unmanned aerial systems.

6.4 Most Influential Winglet Parameter

Based on the reviewed literature, cant angle
appears to be the most influential geometric parameter
affecting winglet performance. Studies conducted by
Beechook and Wang [9] and Munshi et al. [15]
demonstrated that variations in cant angle significantly
influence induced drag reduction, lift generation, and
overall lift-to-drag ratio. By modifying the vertical
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orientation of the winglet, cant angle directly affects the
interaction between the wingtip vortex and the winglet-
generated flow field. A properly selected cant angle
increases the effective aspect ratio of the wing and
weakens vortex strength, resulting in reduced induced
drag. Literature indicates that moderate cant angles
generally provide the best aerodynamic performance by
balancing vortex suppression and parasitic drag effects.
Excessively large cant angles may increase structural loads
and skin-friction drag, while very small cant angles reduce
the effectiveness of vortex control.

Winglet height is identified as the second most
influential parameter because it directly affects the
effective aerodynamic span of the wing. Taller winglets
generally provide greater induced drag reduction but may
introduce structural penalties. Sweep angle and toe angle
primarily serve as optimization parameters. While they
contribute to airflow management and aerodynamic
refinement, their influence is generally less significant
than cant angle and winglet height. Therefore, based on
the reviewed studies, the relative importance of winglet
geometry parameters can be summarized as:

Cant Angle > Winglet Height > Sweep Angle > Toe
Angle

This ranking reflects the overall trends reported in the
literature for low Reynolds number aerodynamic
applications.

7. DISCUSSION

The literature reviewed in this study clearly
demonstrates that winglets are effective aerodynamic
devices for reducing induced drag and improving aircraft
performance. Although the extent of performance
improvement varies among studies, a common trend is the
reduction of wingtip vortex strength through appropriate
winglet design.

Among the geometric parameters investigated,
cant angle consistently emerges as the most influential
factor affecting aerodynamic performance. Studies by
Beechook and Wang [9] and Munshi et al. [15] indicate
that moderate cant angles provide a favorable balance
between induced drag reduction and structural feasibility.
By increasing the vertical component of the winglet, cant
angle enhances the effective aspect ratio of the wing and
weakens vortex formation. However, excessively large
cant angles may increase parasitic drag and structural
loading, reducing the overall benefit. Winglet height is
identified as the second most important parameter.
Increasing winglet height generally improves vortex
suppression and reduces induced drag. Nevertheless,
practical limitations such as structural weight,
manufacturing complexity, and wing-root bending

moments restrict the maximum feasible height. Therefore,
an optimum height must be selected based on both
aerodynamic and structural considerations.

Sweep angle influences the aerodynamic loading
and flow attachment characteristics of the winglet.
Moderate backward sweep configurations are commonly
preferred because they provide stable aerodynamic
performance and improved flow behavior. Although
sweep angle contributes to performance optimization, its
influence is generally less pronounced than that of cant
angle and winglet height. Toe angle serves primarily as a
fine-tuning parameter. Small adjustments in toe-in or toe-
out orientation can alter local airflow characteristics and
influence the lift generated by the winglet. While toe angle
optimization can improve efficiency, its overall impact is
generally smaller than the effects produced by cant angle
and height variations.

The reviewed literature also highlights the
growing importance of advanced winglet configurations
such as blended and spiroid winglets. Studies by Guerrero
et al. [22], Mostafa et al. [23], and Murtaza et al. [24]
suggest that these designs may provide additional
aerodynamic benefits by further reducing vortex strength
and improving flow control. However, their increased
structural complexity and manufacturing costs currently
limit widespread adoption. For low Reynolds number
applications such as UAVs, gliders, and light aircraft,
winglet optimization becomes particularly important.
Under these conditions, aerodynamic performance is
strongly influenced by viscous effects, boundary-layer
behavior, and flow separation. Consequently, winglets
designed for large commercial aircraft may not necessarily
provide optimum performance for small-scale aircraft.
This observation emphasizes the need for application-
specific winglet design methodologies.

Overall, the literature indicates that successful
winglet design requires a balance between aerodynamic
efficiency, structural considerations, and operational

requirements. Future research should focus on
multidisciplinary optimization techniques that
simultaneously consider aerodynamic performance,

structural integrity, and manufacturing feasibility. Such
approaches may lead to the development of more efficient
wingtip devices for next-generation aircraft.

8. CONCLUSION

Winglets have become one of the most effective
aerodynamic devices for reducing induced drag and
improving aircraft performance. By modifying the airflow
near the wingtip, winglets weaken the formation of
wingtip vortices and increase the effective aspect ratio of
the wing, resulting in improved aerodynamic efficiency
and reduced fuel consumption. This review examined the
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influence of winglet geometry on induced drag reduction
at low Reynolds numbers. Particular emphasis was placed
on four major geometric parameters: cant angle, sweep
angle, toe angle, and winglet height. The reviewed
literature indicates that all four parameters contribute to
aerodynamic performance; however, their relative
influence varies significantly.

Among the parameters investigated, cant angle
was found to be the most influential factor affecting
induced drag reduction and lift-to-drag ratio
improvement. Winglet height was identified as the second
most significant parameter due to its direct effect on
effective wingspan and vortex suppression. Sweep angle
contributes to aerodynamic stability and flow
management, while toe angle serves primarily as a fine-
tuning parameter for local airflow optimization. The
review also highlighted the growing importance of
advanced winglet concepts such as blended winglets and
spiroid winglets. Several studies reported additional
aerodynamic benefits from these configurations, although
their practical implementation may be limited by
structural complexity and manufacturing considerations.

For low Reynolds number applications, including
unmanned aerial vehicles, gliders, and light aircraft,
winglet optimization remains a critical design
consideration. Proper selection of winglet geometry can
lead to substantial improvements in aerodynamic
efficiency, flight endurance, and operational performance.
Future research should focus on integrated aerodynamic
and structural optimization techniques, advanced
computational methods, and experimental validation of
novel winglet concepts. Such efforts will contribute to the
development of more efficient and environmentally
sustainable aircraft designs.
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