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Abstract  Öz 

Continuous research and development have focused on 

optimizing wing aerodynamics and reducing fuel 

consumption in air vehicles since their inception. Winglets, 

fixed curved structures at wingtips, gained significant 

attention during the oil crisis for their fuel-saving potential 

in the aviation industry. This study focuses on designing a 

morphing winglet using a shape memory alloy (SMA) for 

improved aerodynamic efficiency and fuel economy under 

various conditions. The XFLR5 software analyzes the 

wing's lift and drag ratios at different aircraft stages (take-

off, cruise, landing) for different cant angles. Results 

indicate that a moving winglet enhances the lift/drag ratio 

and reduces induced drag. Cant angle and angle of attack 

(AOA) variations play key roles in increasing this ratio. 

Optimal values for different aircraft stages are determined 

and discussed alongside existing mechanisms for moving 

winglets. Experimental data validation from previous 

studies in the literature concludes the research. 

 Sürekli araştırma ve geliştirme, başlangıcından bu yana 

hava araçlarında kanat aerodinamiğini optimize etmeye ve 

yakıt tüketimini azaltmaya odaklanmıştır. Kanat 

uçlarındaki sabit kavisli yapılar olan kanatçıklar, havacılık 

endüstrisindeki yakıt tasarrufu potansiyeli nedeniyle petrol 

krizi sırasında büyük ilgi görmüştür. Bu çalışma, çeşitli 

koşullar altında gelişmiş aerodinamik verimlilik ve yakıt 

ekonomisi için şekil hafızalı alaşım (SMA) kullanan bir 

geçiş kanatçığı tasarlamaya odaklanmaktadır. XFLR5 

yazılımı, farklı eğim açıları için farklı uçak aşamalarında 

(kalkış, seyir, iniş) kanadın kaldırma ve sürükleme 

oranlarını analiz eder. Sonuçlar, hareketli bir kanatçığın 

kaldırma/sürükleme oranını arttırdığını ve indüklenen 

sürüklemeyi azalttığını göstermektedir. Cant açısı ve 

hücum açısı (AOA) varyasyonları bu oranın arttırılmasında 

anahtar rol oynamaktadır. Kanatçıkların hareket 

ettirilmesine yönelik mevcut mekanizmaların yanı sıra, 

farklı uçak aşamaları için en uygun değerler belirlenmekte 

ve tartışılmaktadır. Literatürdeki önceki çalışmalardan elde 

edilen deneysel verilerin doğrulanması araştırmayı 

sonuçlandırmaktadır. 

Keywords: Morphing winglet, Variable cant angle, Shape 

memory alloy, morphing winglet mechanism 

 Anahtar kelimeler: Dönüşen kanatçık, Değişken eğim 

açısı, Şekil hafızalı alaşım, Geçiş kanatçık mekanizması 

1 Introduction 

Low fuel consumption is a highly critical issue in the 

aerospace industry. Therefore, civil aviation regulators are 

asking manufacturers to reduce the long-term cost of fuel 

consumption, reduce carbon dioxide 𝐶𝑂2 and nitrogen oxide 

𝑁𝑂2 emissions and thus, increase the efficiency of aircraft 

consumption. In order to increase the efficiency, it is 

necessary to examine the aerodynamic structure of the 

aircraft. Aircrafts fly based on pressure differences on the 

wing surfaces. Therefore, speed and pressure of air passing 

under and over the wings differ to keep the aircraft in the air. 

Due to this pressure difference, lift-induced drag might 

occur. For example, a transport aircraft shows that the 

magnitude of the lift-induced drag can be 40 % of the total 

drag at cruise conditions and 80 - 90% of the total drag 

during take-off and climb conditions [1-5]. 

One way to reduce lift-induced drag is to increase the 

wingspan. However, increasing the wingspan requires 

further strengthening of the wing structure. The increase in 

the wingspan also increases the moment affecting the wing. 

Aircraft manufacturers use a curved wing tip which they call 

"a winglet" in order to reduce lift-induced drag. Aircraft 

manufacturers have produced curved wing structures in 

different forms [6, 7]. Many studies have found that winglet 

addition to an aircraft can achieve a fuel burn reduction by 

about 4-6 %, reduce the take-off distance and increase the 

climb rate. Note that the fuel consumption of an aircraft 

should be minimized during the flight period. Studies on this 

subject suggest curved wingtip designs [3-5, 8]. 

In the winglet condition, vortices formed at the wing tips 

were reduced, and fuel savings were achieved. However, 

with this type of wing, there is also a decrease in the lifting 
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force, which is needed during take-off. By comparing these 

two situations, it could be adjusted in the most efficient 

positions with a morphing winglet. In Figure 1, the use of 

winglets on aircraft can reduce the impact of vortex 

separations, which occur when air moves from high to low 

pressure. This effect is demonstrated by comparing the 

vortex separations with and without winglets on the aircraft. 

 

 

Figure 1. Vortex distribution for different wingtips 

 

As the wing's lift deflects air, the overall lift vector is 

tilted backward. The aft component of the lift vector induces 

drag. Thus, induced drag is the rear component of the lift 

vector. By increasing the lift system's horizontal span or 

vertical height, the induced drag can be reduced (i.e. the 

length of the trailing edge holding the vortices can be 

increased). The lift force at the wing tips increases by 

widening the distribution of the vortices along the trailing 

edge through vanes. As a result, the induced drag is reduced. 

The induced drag reduction's main benefit depends on the 

wing's lift distribution in the direction of the wing span [6]. 

Figure 2 proves that the total drag of the wing with the 

winglet is less than the total drag of the wing without the 

winglet while operating above the crossing line or the line 

passing through the crossing point (the place where the two 

poles connect). In comparison, the overall drag of the wing 

without a winglet is lower than that of the wing with winglets 

when operating below the diagonal line. Therefore, winglets 

should not be used if you want to reduce overall drag. On the 

other hand, the employment of a winglet is aerodynamically 

justifiable if the wing is to function in ascending conditions 

(the light grey zone in Figure 2), as the wing creates less drag 

for a given lift. As a result, an aircraft may be more effective 

if its wing form can be modified according to its flight 

mission [9]. 

 

 

Figure 2. The drag polar of two hypothetical wings in an 

assumed flight condition [9] 

During the 1970s and 1980s, researches conducted by 

NASA [10, 11] led to the development of vertical extensions 

that can be attached to wing tips to reduce aerodynamic drag 

without increasing the wing span. The first aircraft to adopt 

winglets were within the general aviation and business jet 

communities. In the mid-eighties, Boeing produced the 747-

400 commercial jetliner, which used winglets to increase its 

range [12]. 

The SMAs are a class of metallic materials that have the 

ability to return to a predefined shape or size when subjected 

to certain stimuli, typically heat.  They can undergo a 

reversible phase transformation from a low-temperature, 

deformed state to a high-temperature, stress-free state. When 

the material is heated, it reverts back to its original shape, 

and when it is cooled again, it retains that shape until the next 

heating cycle [13]. 

Crystal structure is an important factor that determines 

the physical and chemical properties of materials. Crystal 

structure affects the hardness, fracture toughness, thermal 

conductivity, electrical conductivity, optical properties and 

many other properties of materials. As described in Figure 3, 

these alloys are sensitive to heat changes and can also have 

two different crystal structures above or below critical 

conversion temperatures. Although they deform at low 

temperatures, they can return to their former state at high 

temperatures [14]. 

 

 

Figure 3. Temperature and load-induced phase 

transformations in the SMAs [13] 

 

At high temperatures, nitinol assumes an interpenetrating 

simple cubic structure referred to as austenite (also known as 

the parent phase). At low temperatures, nitinol 

spontaneously transforms to a more complicated monoclinic 

crystal structure known as martensite (daughter phase). 

There are four transition temperatures associated to the 

austenite-to-martensite and martensite-to-austenite 

transformations [15]. 

Nitinol alloys exhibit two closely related and unique 

properties: the shape memory effect and superelasticity. 

Superelasticity is the ability for the metal to undergo large 

deformations and immediately return to its undeformed 
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shape upon removal of the external load. Nitinol can deform 

10–30 times as much as ordinary metals and return to its 

original shape [16]. Crucial to nitinol properties are two key 

aspects of this phase transformation. First is that the 

transformation is "reversible", meaning that heating above 

the transformation temperature will revert the crystal 

structure to the simpler austenite phase. The second key 

point is that the transformation in both directions is 

instantaneous. 

The Carnot cycle consists of four reversible processes: 

isothermal expansion, adiabatic expansion, isothermal 

compression, and adiabatic compression. The Carnot cycle 

is a theoretical construct and is not used in practice, but it is 

useful for exploring the efficiency limits. When the latter 

properties are important, the given design rules should be 

handled with care. In general, a SMA actuator can never have 

a greater efficiency than a Carnot cycle between heating and 

cooling temperature [17]. 

 

Table 2. Efficiency and energy density of actuators 

manufactured using the NiTi alloys based on different 

loading types [18] 

Loading Type 
Efficiency 

(%) 

Absorbed Amount 

(J/kg) 

(Carnot) 9.9 - 

Tensile 1.3 446 

Torsion 0.23 82 

Bending 0.013 4.6 

Note: Calculated using only elastic deformation quantities for comparison 

 

The benefit of using wires as an active element is that the 

material is used to its fullest extent and that the least amount 

of the SMA is used to generate the appropriate amount of 

work. Table 1 provides an illustration of the benefits of using 

tension laden straight wires. In order to compare three load 

situations, the numbers in this table were derived using a 

pure elastic deformation, which is merely an approximate 

estimate. There are similar considerable solutions in this 

field; most examples in this domain are folding winglets for 

ground-based operations [19-22], reduction of induced drag 

when the aircraft is in the air at different cant angles [23-25], 

wing load alleviation mechanisms [26]. In other examples, 

the SMA has been used to reduce induced drag when the 

aircraft is in the air at different cant angles, but less work has 

been done for this purpose [27-29]. 

The temperature required to induce the shape-memory 

effect in shape-memory alloys is determined by their 

chemical composition. For nickel-titanium alloys, this 

temperature range is between -100 and +100 °C. It’s 

important to note that there is a limit to the amount of strain 

that shape-memory alloys can withstand. If the material is 

deformed beyond this limit, full shape recovery cannot be 

achieved. The strain limit for nickel-titanium alloys is 

approximately 8.5%, which is high enough for many 

aerospace applications [30]. 

The variables in the wing must be determined to find the 

optimum position at different stages for a designed wing and 

winglet. Thus, the optimum position can be found by 

analyses by changing aerodynamic and characteristic 

properties of the wing. Some of the affecting wing 

aerodynamics are AOA, sweep angle, cant angle and aspect 

ratio. These values vary according to different conditions and 

requirements for aircrafts. For this reason, parametric 

analysis, variables and constants should be determined. 

The AOA is the angle between oncoming air or relative 

airstream and a chord line on the aircraft. Sometimes the 

reference line connects the leading and trailing edges at an 

average point on a wing. Most commercial jet aircraft use the 

fuselage centerline or longitudinal axis as the reference line 

[31]. 

As the nose of the wing turns up, the geometric AOA as 

well as lift increases. Drag goes also up, but not as quickly 

as lift. Therefore, increasing the geometric AOA until a 

certain point is efficient because of the increasing lift. This 

certain point is called critical or stall angle-of-attack. The lift 

coefficient decreases as the AOA decreases below the 

critical AOA. Conversely, as the AOA increases over the 

critical angle-of-attack, air begins to flow less smoothly 

across the airfoil's upper surface and begins to separate from 

it. 

 

 

Figure 4. The AOA on an airfoil 

 

The cant angle is an important parameter that should be 

considered in the design when aerodynamic factors are 

considered in the airfoil system. As seen in Figure 4, the cant 

angle is the angle of the winglet's normal line with the wing's 

normal line parallel to the surface. The cant angle determined 

as an independent variable in our analyses is shown in Figure 

5. It is determined as the angle made by the wing tip with the 

horizontal. 

 

 

Figure 5. Cant angle relative to the horizontal reference 

line on the wing with winglet 

 

Wing span is defined as the width of an aircraft wing as 

shown in Figure 6. It represents the longest distance from one 
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end of the wing to the other. This distance directly affects lift 

and drag of the wing. As the wing span increases, so does the 

lift of the wing, but also the drag. Wingspan is considered a 

decisive parameter in wing design. It is related to the size, 

weight, and placement of the wing and is one of the main 

design factors that affect the performance of aircraft. 

 

 

Figure 6. The front view of the wing with a winglet in the 

Figure on the top, the top view of the wing with a winglet, 

and the wing with winglet parameters in the Figure on the 

bottom 

 

Sweep angle is the angular change of the wing from the 

root to the tip, which is the difference between the angle 

which the wing makes with the horizontal plane at the root 

and at the tip. This angle on the designed winglet is shown 

in Figure 7. This parameter affects the aerodynamic 

performance of the wing, especially the behavior of the 

boundary layer at the wingtip. 

 

 

Figure 7. Winglet sweep angle according to the vertical 

and horizontal reference lines on the wing with winglet 

 

As the speed of the aircraft increases, airflow passes over 

the wing more quickly and the wing generates more lift. 

However, at high speeds, the drag also increases, which 

increases the resistance of the wing. Therefore, the design of 

aircraft is optimized according to their speed, and the design 

of the winglet is also made in accordance with this speed. 

The speed of the aircraft can be expressed by the Mach 

number. The Mach number is a parameter that expresses the 

speed of the aircraft in relation to the speed of reaching sound 

(the speed of sound). The wing design and the aerodynamic 

performance of the winglet are closely related to the Mach 

number of the aircraft. 

Airfoil design is an important parameter in winglet 

design. The airfoil is defined as the cross section of the wing. 

It greatly affects the aerodynamic performance of the wing. 

The airfoil design is determined to optimize buoyancy, 

resistance, and strength characteristics of the winglet. The 

airfoil design, working together with the shape, size and 

sweep angle of the wing, determines aerodynamic 

characteristics of the wing. The aerodynamic efficiency of 

the wing and the design of the airfoil is typically studied 

carefully to make sure that the airfoil design is done correctly 

and is compatible with other factors in the design of the 

winglet. Since a passenger aircraft is examined in this study, 

the Boeing-737 airfoil is applied. 

2 Method and analysis 

In this study, a mechanism capable of different cant 

angles was targeted. According to this purpose, the cant 

angle should be set in the horizontal position in the same 

position as the base wing or the vertical position (including 

intermediate cant angles). Moreover, the winglet can be 

positioned according to the best lift-induced drag reduction 

for different flight conditions (take-off, climb, cruise, 

landing). When the aircraft is on the ground, the wingspan 

can be reduced to fit more easily into gangways and hangars. 

In different weather conditions, the winglet can be adjusted 

to the position that will apply the least moment to the aircraft 

with the winglet feedback system in side winds. 

First, speeds of a commercial aircraft under optimum 

take-off and cruise conditions were taken into account. Mach 

number equivalents of these values were determined as 0.3 

for take-off and 0.84 for cruise [32]. Furthermore, depending 

on results of numerical studies, winglet angles at which the 

best aerodynamic performance is obtained according to the 

flight phases are proposed. Then, based on these 

optimizations, a mechanism using the SMA is suggested to 

move the winglet. 

One of the objectives of this research is to compare drag 

and lift forces of the aircraft at take-off and cruise stages 

using the different AOA values. In this way, it is desired to 

be able to comment on the induced drag change. Figure 8 

shows the layout of these airfoils on the Boeing 737 wing. 

While designing the wing, the wing parameters of the Boeing 

737 aircraft were taken and scaled [33]. Winglet span, 

according to the information obtained from the sources, is 

recommended to take 10-20% of the wing span determined 

for the baseline wing [1,34]. In this study, the wingspan was 

determined as 15%. Additionally, a sweep angle of 60° was 

selected, as shown in Figure 7, which yielded the best 

efficiency according to the research [9]. Since the aircraft 

will be moving at low speeds during take-off, analysis results 

at Ma= 0.3 and higher AOA values are relevant for the state 

of the aircraft during take-off. For the aircraft during the 
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cruise, the analysis is performed for Ma=0.84 and lower 

AOA values. 

 

 

Figure 8. Boeing 737 airfoil layout on the wing 

 

All required data for the analysis are summarized and 

given in Table 2 and 3. 

 

Table 2. The wing parameters for the analysis 

Design Variables Values 

Winglet cant angle 0°, 15°, 45°, 80° 

Angle-of-attack at 𝑀𝑎 = 0.3 0°-20° (spaced at intervals of 2) 

Angle-of-attack at 𝑀𝑎 = 0.84 0°-10° (spaced at intervals of 2) 

 

Table 3. The wing parameter constants for the analysis 

Design Constants Values 

Wing airfoil geometries Boeing 737 

Winglet sweep angle 60° 

Wingspan Base wing + 15 % 

 

In this study, analyses were performed using the XFLR5 

software.  Neumann and Dirichlet can be selected for the far-

field boundary condition in the analysis. Thus, there are no 

significant gradients normal to surface boundaries. The wing 

is modeled as a no-slip wall, i.e. a continuous wall for 

turbulent values. There are four different analysis methods 

for XFLR5; LLT (wing only), Horseshoe vortex (VLM1) 

(No sideslip), Ring vortex (VLM2), and 3-D Panels methods. 

In this study, analyses are performed using the 3-D Panels 

method. Documentation for the software states that viscous 

effects might not be captured properly especially for the 3D 

panel method (leading to 20% error in lift coefficient 

estimates). It provides the opportunity to observe breaks in 

the transition from wing to fin by obtaining the pressure 

graph. When wing and winglet were modeled in accordance 

with these parameters, the first airfoil analysis was 

performed. These analyzes were performed with different 

Reynolds numbers that were increased regularly because the 

XFLR5 program determines trends of the aircraft in different 

weather conditions and at different speeds after the 

integration of the airfoil into the wing according to the data 

obtained from this airfoil analysis. For this reason, we 

introduced the program by increasing the iterations by 

considering all conditions while performing the airfoil 

analysis. Note that it is desired to obtain a result by 

converging the Reynolds number to one value at different 

AOA values at different velocities. After this 2D airfoil 

analysis, we created a 3D wing structure and interpreted 

these results by obtaining the lift force, drag force, induced 

drag and Lift/Drag ratio for the wing using the 3-D Panels 

method. 

Lift (L) and drag (D) forces are obtained by integrating 

pressures applied to the wing surface and wall shear stresses. 

Lift coefficient CL and drag coefficient CD are obtained as 

follows, 

 

𝐶𝐿 =
𝐿

0.5 × 𝜌 × 𝑉∞
2 × 𝑆𝑟𝑒𝑓

 (1) 

 

and 

 

𝐶𝐷 =
𝐷

0.5 × 𝜌 × 𝑉∞
2 × 𝑆𝑟𝑒𝑓

 (2) 

 

where 𝜌 is the air density, 𝑉∞ is the free-stream velocity 

and 𝑆𝑟𝑒𝑓  is the wing reference area. It is the wing area in the 

top view when specifying the 𝑆𝑟𝑒𝑓  for the lift. 𝑆𝑟𝑒𝑓  for drag 

is the wing area in the front view. By the flight principle, the 

drag force should be reduced while trying to increase the lift 

force. An aerodynamic efficiency parameter (𝐶𝐿/𝐶𝐷) is 

obtained based on this situation. The higher this value, the 

higher the efficiency will be. 

3 Mechanism design 

The design was developed based on an extensive review 

of existing research and studies on winglet mechanisms 

developed with and without the SMA. The main objective is 

to propose a new winglet movement mechanism using the 

SMA that meets desired criteria. The aim of this study is to 

determine advantages and limitations of the SMA-based 

mechanisms over their non-SMA counterparts by examining 

the current situation in winglet design. Results might 

contribute to the development of an optimized SMA-based 

winglet mechanism with improved performance. 

The primary objective of this study is to achieve the 

desired winglet angle by converting linear movement into 

rotational movement through heating SMAs within a range 

of motion between 0° and 90°. Furthermore, the mechanism 

should incorporate a locking system to ensure the winglet 

angle remains fixed at the desired position. 

In the design of the winglet movement mechanism, 

emphasis is placed on minimizing friction losses to optimize 

the movement power of the SMAs. The mechanism is 

designed with simplicity in mind, utilizing a limited number 

of materials and straightforward elements. This approach 
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facilitates easy maintenance and assembly processes. 

Additionally, careful consideration is given to the size and 

strength of the mechanism to ensure suitability for the 

wingtip application. 

 

 

Figure 9. BOM ID of mechanism components 

 

Table 4. Name, quantity, and material properties according 

to the BOM ID 

BOM 

ID 
Name Quantity Material 

1 Base wing 1 Composite 

2 Female slot cylinder 1 Aluminum alloy 

3 Roller 1x2 Chrome steel 

4 SMA spring 6x2 
Shape memory 

alloy 

5 
Mechanism bearing-male 

slot 
1 Aluminum alloy 

6 Winglet 1 Composite 

 

Table 4 shows the bill of material of the parts of the 

mechanism. The working logic of the mechanism (Figure 9) 

is described as follows: 

The working principle of the mechanism is the 

conversion of linear motion into rotational motion. 

Heating the SMA springs with the help of electric current 

creates linear motion. This movement causes the female-slot 

cylinder in the mechanism to make a rotational movement. 

This movement is transferred directly to the winglet and 

allows the angle of the winglet to be changed. 

When the desired angle is reached with the help of the 

encoder, it is assumed that the locking mechanism in the 

system activates and ensures the fixation of the mechanism 

at this angle (Figure 10). 

 

 

Figure 10. Top: Male slot. Bottom: Connection with 

female slot 

The power to be obtained with the amount of the SMA to 

be used in the mechanism depends on the weight of the 

winglet, the forces it is exposed to during flight, the losses of 

the mechanism due to friction, the difficulty of the SMAs on 

opposite sides against the movement and the difficulty of the 

locking mechanism used. 

Depending on the power requirement, the number of 

mechanisms to be used and their dimensions may vary. With 

these changes, compact and synchronous operation of the 

mechanism is important. Insulation techniques will be used 

to keep the SMA springs at the desired temperature. A 

control mechanism is also required to provide remote control 

of the mechanism. 

 

 

Figure 11. Weight and high-pressure vectors acting on 

the winglet 

 

Figure 11 displays the forces acting on the winglet. Due 

to the difficulty of by high pressure due to the airflow during 

the change of angle of the winglet, the weight of the winglet 

alone is insufficient to move in reverse. The reason why the 

SMA springs are used on both sides of the mechanism is that 

it provides force in addition to weight to overcome this high 

pressure. 

 

 

Figure 12. Slot on the winglet not affected by the linear 

movement of the cylinder as it rotates 

 

While the cylinder in the mechanism converts the linear 

movement it receives from the SMA springs to rotational 

movement, its horizontal movement should not be 

transferred to the winglets. It is desirable to change the angle 

of the winglet only by vertical movement. Therefore, as 

shown in Figure 12, there is an open slot in the middle that 
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connects the winglet to the mechanism, thus, absorbing the 

horizontal movement. 

Advantages: 

Mechanical simplicity: The design of the mechanism is 

simple and does not require a large number of components. 

This reduces the complexity of the system and makes it 

easier to manufacture and maintain. 

Lightness: The mechanism is lightweight, which is 

important because any additional weight at the wing tips can 

create extra momentum and reduce fuel efficiency. The use 

of small springs and a small number of elements contributes 

to the lightness of the mechanism. 

Cost: The use of a movable blade model reduces the cost 

of the mechanism. This is because the movable blade model 

is less expensive to manufacture than a fixed blade model. 

Additionally, the movable blade model requires less 

maintenance, which further reduces the overall cost of the 

mechanism. 

Disadvantages: 

Power Requirements: The SMA materials require 

significant amounts of electrical power to heat and activate 

their shape memory effect. This could result in increased 

power consumption, especially if the multiple SMA 

elements are used in the mechanism. 

Control Complexity: The SMA-based mechanisms often 

require precise control systems to achieve the desired 

movement and angle. Developing and implementing a 

reliable control algorithm for the mechanism may be 

challenging, especially if it involves multiple SMA elements 

and interaction with other control systems in the aircraft. 

4 Results and discussion 

Results of analyses of the aerodynamic performance of 

the wing with winglets at different cant angles are presented. 

They correspond to the Mach number equal to 0.84, which is 

the cruise speed of a typical civil aircraft. In addition, 

conclusions were made regarding the state of the aircraft and 

winglet at different cant angles with respect to the variation 

of the AOA from 0° to 10° and the subsonic cruise level 

changes at medium and long distances. As seen in Figure 14, 

when the cant angle increases, 𝐶𝐿𝑚𝑎𝑥
 decreases due to the 

decrease in the pressure difference. In contrast, when the cant 

angle decreases, 𝐶𝐿𝑚𝑎𝑥
 increases since the change in the 

pressure difference also decreases. This decrease in the 

pressure difference due to the winglet also affects the drag, 

as shown in Figure 13. However, in this case, the reduction 

in pressure difference has a positive effect on the drag and 

intensity of the wingtip vortices. 

The wing aerodynamic performance will be compared 

for 𝐶𝐷 values at the same 𝐶𝐿  value for different positions in 

the air. Since less 𝐶𝐿 is required when the aircraft is on cruise, 

the average change in 𝐶𝐷 between 𝐶𝐿 = 0.1 and 𝐶𝐿 = 0.2 

was analyzed. Since higher 𝐶𝐿 is required for cruise level 

changes, 𝐶𝐿 was taken as 0.35. Results are summarized in 

Table 5 and 6 for the cruising state (0.1 < 𝐶𝐿 < 0.2). The 

highest drag reduction value was observed between 0° and 

45°. For cruising level change (𝐶𝐿 = 0.35), the optimum 

result was obtained at cant angle values of 15°. However, 45° 

cant angle is also acceptable to create less drag at the same 

𝐶𝐿 value. 

 

 

Figure 13. Drag coefficient versus the AOA at the Mach 

number of 0.84, sweep angle of 60° and different values 

of cant angle 

 

 

Figure 14. Lift coefficient versus the AOA at the Mach 

number of 0.84, sweep angle of 60° and different values 

of cant angle. 

 

Table 5. CD and drag reduction percentage for a target CL 

between 0.1 to 0.2 at the Mach number of 0.84 

Winglet cant angle 𝐶𝐷 3D Wing Drag reduction (%) 

0° 0.00218 10.1 

15° 0.00216 11.2 

45° 0.00252 -3.2 

80° 0.00249 -2.0 

 

Table 6. CD and drag reduction percentage for a target CL 

equal to 0.35 at the Mach number of 0.84 

Winglet cant angle 𝐶𝐷 3D Wing Drag reduction (%) 

0° 0.00481 17.1 

15° 0.00472 18.6 

45° 0.00488 15.9 

80° 0.00512 11.7 
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Secondly, the aerodynamic performance analysis for 

civil aircrafts at constant sweep angles and different cant 

angles for take-off and landing cases (for 𝑀𝑎 = 0.3) is 

presented. In addition, analyses have also been carried out 

considering the change in the AOA. The AOA value can be 

up to 20° at take-off, and the change of different parameters 

(induced drag, lift) was observed for the AOAs up to 20°. 

The points discussed in this section are similar to those in 

earlier, since 𝑀𝑎 = 0.3, compressibility effects and wave 

drag cannot be mentioned in this stage. Thus, increasing the 

cant angle leads to a noticeable reduction in 𝐶𝐿. As for the 

pressure difference, larger cant angles result in decreased 

pressure towards the wing's tip, contributing to the reduction 

in 𝐶𝐿. A higher pressure difference during take-off benefits 

lift force. Comparing configurations, the winglet setup with 

0° cant angle exhibits the smallest 𝐶𝐷 at low speeds, 

explaining the use of winglets. Figure 15 demonstrates that 

increasing the cant angle proportionally increases 𝐶𝐷, with 

the most significant drag reduction occurring at cant angles 

between 45° and 15° is mainly because it is the biggest cant 

angle increase. In Figure 16, at a sweep angle of 60°, 𝐶𝐿 

remains stable up to 2° AOA, peaking at 20° AOA for the 

winglet configuration with 0° cant angle. However, the 

winglet with 80° cant angle minimizes 𝐶𝐷 at high AOA, 

potentially affecting the lift force during take-off (at low 

Mach numbers and high AOA values). 

 

 

Figure 15. Drag coefficient versus the AOA at the Mach 

number of 0.3, sweep angle of 60° and different values of 

cant angle 

 

For the same 𝐶𝐿 value for the wing aerodynamic 

performance at take-off, 𝐶𝐷 values were compared. 𝐶𝐿 = 0.6 

is taken because higher 𝐶𝐿 is required during the take-off of 

the aircraft. 

According to the results in Table 7, the highest drag 

reduction for the take-off phase (𝐶𝐿 = 0.6) is the 

configuration where the cant angle is 80°. As it is known, as 

the cant angle value increases, the 𝐶𝐷 value increases in 

parallel with it and the drag reduction value decreases. In 

addition, with these results, one of the significant reasons 

why winglet is used again becomes apparent. 

 

Figure 16. Lift coefficient versus the AOA at the Mach 

number of 0.3, sweep angle of 60°, and different values of 

cant angle 

 

Table 7. CD and drag reduction percentage for a target CL 

equal to 0.6 at the Mach number of 0.3 

Winglet cant angle 𝐶𝐷 3D Wing Drag reduction (%) 

0° 0.0134 20.238 

15° 0.0135 19.643 

45° 0.01385 17.56 

80° 0.0141 16.07 

 

The analyses performed in this study reveal that no single 

winglet configuration provides the best drag reduction for a 

flight phase. Therefore, positioning the winglet cant angle to 

optimize the aerodynamic performance in different flight 

phases is the main topic of the conclusion. The proposed 

winglet positioning is shown in Figure 17 for each flight 

phase. Suggestions for the optimum configuration for flight 

phases are summarized as follows: 

When the aircraft is on the wheel, it is advised that the 

cant angle should be 80° to reduce the wingspan and make 

gate transitions easier. 

As seen from the analyses, the 15° cant angle provides 

more drag reduction for the take-off phase of the aircraft. 

However, by using a 45° cant angle, more lift-slope can be 

obtained by sacrificing some drag reduction. This can be 

used in conditions where it is desired to provide extra lift for 

the take-off phase of the aircraft. This selection can be 

decided by considering the take-off distance according to the 

take-off weight of the aircraft, weather conditions and 

runway conditions. 

The configuration with the highest drag reduction 

obtained from the analysis cant angle of 15° is preferred 

since there is no additional lift-slope requirement in the 

cruise phase of the aircraft a (high Mach number). In 

addition, although high drag reduction is also achieved at 0° 

cant angle, it is not suggested to use 0° cant angle as it will 

cause more root bending moment in the wing at this 

positionIt is proposed that the cant angle should be 45° while 

changing the cruising altitude. The main reason is to obtain 

more drag reduction while obtaining more lift slope. A cant 
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angle of 15° is also acceptable in cases where extra lift-slope 

is required. 

According to the analysis results in the landing phase, a 

cant angle of 45° is suggested, while an 80° winglet cant 

angle is not recommended. The reason for this is that it 

reduces 𝐶𝐿𝑚𝑎𝑥
. 

It is advisable to use an 80° cant angle after landing and 

hangar entry situations. In this way, the wingspan is reduced 

to the minimum value, providing gate transitions 

convenience. 

 

 

Figure 17. Winglet cant angle configuration during 

different flight phases 

5 Conclusion 

This study explores different tilt angle values to reduce 

optimal drag during various flight stages, using a wing 

designed to create guides for in-flight transition ailerons. 

Considering the different AOA values, high and low Mach 

numbers (Ma = 0.84 and Ma = 0.3) and the 60° sweep angle, 

the optimal inclination angle for take-off, climbing, cruising, 

and landing conditions was determined. As a result of the 

analyses, it is suggested that the aircraft should have a 

winglet angle of, 45°-15° at the time of takeoff, 45° at the 

time of ascent, 15° while cruising, 45°-15° during cruise 

level change and 80°-45° at the time of landing. at the 

advanced stages of this study, CFD analysis can be 

performed, and more accurate data can be obtained. With 

physical tests (e.g. wind tunnel tests) The cant angle can be 

determined by comparing the analysis results. For the 

concept mechanism, the goal is to design an original winglet 

mechanism that converts linear motion into rotational motion 

using the tendency of the SMA springs to revert to their 

former state in a heat-sensitive manner, and a locking system 

to maintain the cant angle. The optimized design aims to 

minimize friction losses and provide simplicity and 

convenience, contributing to the improved SMA-based 

winglet mechanism. The power requirements of the 

mechanism can be determined according to the weight that it 

will lift, and the number of SMAs or the size of the 

mechanism can be changed. 
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