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This study investigates the aerodynamic benefits of adaptive morphing airfoil that 
include camber morphing with vortex generators, focusing on their impacts on lift, drag 
and flow management. It involves CFD simulations of a NACA 0009 airfoil were 
performed on four methods: uncambered without vortex generators, uncambered with 
vortex generators, cambered without vortex generators and cambered with vortex 
generators; additionally, these simulations analysed lift-to-drag ratios, boundary layer 
stability and flow separation across a range of angles of attack (AOA). The results clearly 
demonstrate the good performance of the cambered airfoil with vortex generators, 
which had the highest lift-to-drag ratio, delayed flow separation and greatly improved 
boundary layer stability, particularly at higher angles of attack. Furthermore, the CFD 
simulations were highly supported by the flow visualization results, which 
demonstrated a strong link between wake generation, flow separation patterns and 
pressure distribution. At increasing angles of attack, the observed start of stall and 
wake turbulence closely matched the simulation findings, confirming the accuracy of 
the results. Nonetheless, camber morphing improved flow circulation around the 
airfoil, resulting in more lift generation, while vortex generators stimulated the 
boundary layer, thereby delaying separation and decreasing drag. This study underlines 
the significance of combining camber morphing and vortex generators into airfoil 
designs, offering a transformative approach to addressing critical issues in modern 
aviation, such as fuel efficiency and operational flexibility; finally, the findings provide 
a solid platform for future developments in morphing airfoil technology and its practical 
application in aerospace engineering. 
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1. Introduction 
 

The concept of aircraft morphing leads to significant advances in aerodynamic performance and 
flight control. Simply put, morphing wings alter the geometry or shape of a wing; these wings are 
constructed using a variety of morphing procedures aimed at improving aircraft performance and 
stability [1,2]. Morphing wings are gaining popularity in the aviation sector because of their ability to 
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improve agility and fuel efficiency. Morphing wings, unlike traditional wings with a fixed shape, can 
change their arrangement due to their transforming nature [3]. Furthermore, for optimal low-speed 
performance, an aircraft's wings must have a high aspect ratio and a low sweep angle, whereas a low 
aspect ratio and a high sweep angle are ideal for high-speed flights [4-6]. A morphing wing may adapt 
to various configurations, lowering drag and boosting aerodynamic performance. Furthermore, this 
adaptability results in increased fuel efficiency and better flexibility in aircraft design and operation. 
In addition, the National Aeronautics and Space Administration (NASA) and the Massachusetts 
Institute of Technology (MIT) have created morphing wings, which have been tested in the aviation 
sector [4-6]; research on these unique wings is on development and it has been shown that morphing 
wings have large potential to enhance aircraft production, flight and maintenance efficiency [7]. 
Moreover, the morphing wing concept has evolved over time to improve the aerodynamic 
performance of aircraft; it is divided into two categories: airfoil-level morphing and wing-level 
morphing [8]. These notions have already been used, tested and studied over time and this aircraft 
technology enhance lift and drag coefficients, flight control and other aerodynamic characteristics 
[9].  

 
1.1 Literature Review 

 
Succeeding the previous research on Avian-inspired morphing trailing-edge flaps, Akhter et al., 

[9] developed a bionic morphing flap to mimic feather movements, morph spanwise and vary its 
camber to generate seamless wave-like formations at the trailing-edge. Based on the S809 airfoil with 
chord length = 0.443 m and span of 1 m, opted due to its well-known prominence and robust airfoil 
characteristics, the bionic morphing flap aimed to achieve optimal aerodynamic performance, such 
as enhanced glide ratio, drag reduction and lift enhancement. In addition, conducted at free stream 
velocity of U = 33 m/s which correlates to a low Reynolds number of 106, CFD simulations were 
conducted to gain valuable insights into the airfoil’s flow field characteristics and boundary layer 
dynamics in the vicinity of morphing trailing-edge at varying deformation angles and angles of attack. 
Unsteady Reynolds-Averaged Navier Stokes equations (URANS), 2-equation eddy-viscosity k-omega 
SST model are the respective governing equations and turbulence modelling used [9]. Results 
revealed the pressure coefficient Cp gradient, in the midplane and quarter planes area of the 
morphing wings, amplified with increase in flap deflection angle and angle of attack. Furthermore, in 
contrast to conventional flaps, the morphing flaps have lower Cp in the lower leading-edge suctional 
peak, the point of lowest pressure of the airfoil, but adverse the pressure build-up once 𝛽 = 15° and 
𝛼 = 0°, leading to early flow separation, leading to minimized lift and increases pressure drag around 
the leading-edge, as demonstrated by Figure 1 [10]. 



Journal of Advanced Research in Experimental Fluid Mechanics and Heat Transfer 

Volume 20, Issue 1 (2025) 41-67 

43 
 

 
Fig. 1. Pronounced variance in pressure drag [10] 

 
Varying the wing camber provides more controllability to the aerial vehicle’s lift, stability and 

versatility which depends on their implementation, shown by Figure 2 [11]. The wing’s morphing 
leading and trailing edges can have differential camber variation which leads to many benefits. For 
instance, Jawahar et al., [12] pinpointed a morphing leading-edge reduces airframe noise and 
promote laminar flow, thereby reducing induced drag, whereas a morphing trailing-edge generates 
smooth contours with tight tolerances. Jawahar et al., [12] performed experimental and numerical 
investigations of a NACA 0012 airfoil, chosen due to its aerodynamic characteristics that allowed 
varying camber profile treated as morphing trailing edges to occur throughout the trials. The 
specimen was then tested with flaps with varying camber profile for deflection angles 𝛽 = 5° and 
𝛽 = 10° and angles of attack ranging from 𝛼 =  −5° to 20°. Results revealed changes in lift 
coefficient are influenced by the morphing trailing-edge’s size, curvature and deflection angle. In 
terms of pressure distribution, at low angles of attack, a noticeable distinction was observed between 
the hinged flap and morphing flap airfoil; the hinged flap achieved roughly 40 % lower CP suction 
peak close to the leading-edge [13]. Such difference subsided once the AOA increased gradually. In 
terms of wake flow development, the onset of flow separation was further noticed in the morphing 
airfoil further far-wake downstream locations at higher AOA than that of hinged flaps [12]. 
 

 
Fig. 2. Actuation mechanism of camber morphing [11] 

 
The non-dimensional turbulent kinetic energy (TKE) calculated by hotwire tests revealed larger 

magnitudes for morphing airfoil in the wake region toward the pressure side, which peaked at x/c = 
2.015 [12]. The iso-surfaces of the Q-criterion shown by Figure 3 shows a more significant wake 
velocity deficit for morphing airfoil between x/c = 0.8 and x/c = 0.95 than the hinged airfoil, which 
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accounts for larger TKE and wider wake region development [14]. In terms of the non-dimensional 
boundary layers, the hinged airfoil experienced early boundary separation which led to recirculation 
region and vortices that led to substantial loss of energy, whereas the morphing airfoil displayed later 
boundary separation due to its smoother flap curvature, thereby increasing velocity and reduced 
pressure near the suction sides [13,14]. In addition, it exhibited thicker boundary layers which 
verified results of the Q-criterion; the reason behind such exhibited behaviours was the higher shear 
stress and velocity in the suction side experienced by the morphing airfoil, which further delayed the 
onset of flow separation at the further downstream location x/c = 0.90. At 𝛼 = 4°, both for the hinged 
and morphing airfoils were localized on the suction side of the flap revealed by Figure 3, but flow 
separation was more delayed for morphing airfoil due to thicker high-intensity region that initiated 
downstream at x/c = 0.90 [15].  
 

 
(a) (b) 

 

 
(c) 

Fig. 3. (a) Cl and Cd increases linearly until AOA = 15 degrees (b) Hinged flap 
(c) Morphing flap flow separation [11] 

 
Table 1 summarizes both applications in structural and aerodynamic analysis of the theory of 

morphing wings included various configurations, such as variable camber, variable sweep and 
twisting morphing. Li et al., [1] noted 2D morphing concepts were simpler to create and provide 
higher fidelity compared to 3D concepts, so parameters that were best studied within the 2D domain 
are airfoil parameters - variable camber and variable thickness, whereas wing-level morphing actions 
like span and twist morphing and wing folding mechanisms were limited within the 3D domain [1]. 
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 Table 1 
 Morphing methods with distinct characteristics 
Morphing Strategy Purpose          Morphing Level 

Variable Camber Performance Cl/Cd 
Noise Reduction                                         
Flight Control (roll, pitch, yaw) 

                 
       Low 

Variable Thickness Performance Cl/Cd 
Low-speed performance improvement 

 
Low 

Twist Morphing Flight Control (roll, pitch, yaw) Medium 
Span Morphing Performance Cl/Cd 

Flight Control (roll) 
High 

Variable Sweep Performance Cl/Cd 
Flight Control (Turn Radius) 
Disturbance rejection (crosswind) 

 
High 

Folding wing Performance Cl/Cd High 

 
Flow-separation control can improve existing fluid-dynamical systems and aid in conceptual 

design from the start of the product development process [16,17]. In fluid dynamics, "flow separation 
control" refers to modifying a wall-bounded fluid flow via devices such as vortex generators or simply 
VGs [18,19]; the fundamental benefit of using VGs in wall bounded flows is that they can delay and/or 
avoid boundary-layer separation, which increases overall system efficiency [19]. For example. airfoils 
modified with added winglets at blade tips to eliminate the trailing vortices strength [20]. When 
running beyond their operational envelope, fluid-dynamic systems may require flow separation 
control. Knepper [21] investigates the usage of trailing-edge serrated vortex generators to improve 
aerodynamic performance. Vortex generators are meant to activate the boundary layer, delaying 
flow separation, which is vital during the take-off and landing phases when lift is critical; by energizing 
the boundary layer and delaying flow separation, these devices improve lift and control, especially 
during take-off and landing demonstrated by Figure 4 [17,22]. Furthermore, triangular serrations, 
when properly positioned, create vortices that increase boundary layer momentum, keeping it linked 
to the wing surface for longer and improving lift generation and flight characteristics. To validate the 
results, CFD analysis was integrated with wind tunnel testing. The study found a positive correlation 
between computational and experimental data, indicating that serrations influence flow patterns 
and reduce early separation, particularly at higher angles of attack [18,22]. The study also discovered 
that bigger deflection angles of serrations produced stronger vortices, but they decayed faster than 
smaller angles, stressing the need of optimizing serration design for maximum effectiveness [23]. 

 

 
Fig. 4. Vortex generator working principle [22] 

 
Therefore, the primary objective of this study is to evaluate the aerodynamic performance of an 

adaptive morphing airfoil, based on a NACA 0009 airfoil, using CFD simulations. This study also 
intends to quantify the impacts of camber morphing and flow control devices on aerodynamic 
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efficiency by comparing four different cases: uncambered with and without vortex generators and 
cambered with and without vortex generators. Furthermore, it focuses on critical factors such as lift 
coefficient Cl, drag coefficient Cd, lift-drag coefficient ratio Cl/Cd and flow separation characteristics 
at different angles of attack. CFD is used to provide high-resolution insights into flow phenomena, 
allowing for thorough comparisons of the airfoil's performance increases in each configuration. 
 
2. Methodology 
2.1 Design and CFD Setup 

 
Table 2 reveals the required steps to be taken to design an adaptive morphing airfoil. 

 
  Table 2 
  Steps to take for importing design 

Step Task Software 
Approach 

Works Done 

1 Create 3D geometry using Fusion 360  Fusion 360 

 
       

2 Importing 3D geometry and creating 
domain in Design Modeler 

ANSYS Design 
Modeler 

 
 

 
 
For accurate and precise results, the linear tetrahedral elements are employed to generate the 

mesh for the model, shown in Figure 5. It has 4 nodes per element and approximately 900,500 
elements.  
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Fig. 5. Concentrated meshing near sharp curvatures 

 
Table 3 tabulates the key parameters and user – defined values. Furthermore, to refine the mesh 

quality around the sharp edges, such as the vortex generators, edge sizing was the most appropriate 
to be used. Bias Factor of 150 and near to the vortex generators’ surfaces were decided for capturing 
their fine details in the simulation. 
 

  Table 3 
  Meshing parameters 
Parameter Value 

Element Size (mm) 30 
Growth Rate 1.15 
Max Element Size (mm)  50 
Mesh Defeaturing Yes 
Defeaturing Size (mm) 2.5e-4 
Curvature Min. Size (mm) 1.2 
Curvature Normal Angle (o) 16.5 
Capture Proximity No 
Check Mesh Quality Yes, Some Errors 
Smoothing  Medium 
Mesh Metric  Skewness 
Maximum Layers of Inflation 5 
Growth Rate of Inflation 1.15 

 
Next, Table 4 tabulates the simulation parameters and controlled values. Based on the literature 

papers reviewed, a Reynolds number of approximately 970,000 is the optimal value, which translates 
that the morphing airfoil reaches a turbulent regime. Furthermore, it is a justifiable number in low-
to-moderate speed applications, such as small UAVs or controlled wind tunnel testing, making it 
appropriate for evaluating the aerodynamic performance of the morphing airfoil without 
approaching high-speed or transonic regimes that require more complex models. Also, boundary 
layer effects and flow separation at this velocity, particularly at the trailing edge and vortex 
generators, provide a clear understanding of how the morphing process impacts lift, drag and flow 
control. Moreover, this Reynolds number maintains processing efficiency by eliminating the 
requirement for highly refined meshes, which is necessary at higher velocities. Most importantly, a 
range of Angle of Attack (AOA) is tested to determine not only the relationship between coefficient 
of lift and drag but also investigate the airfoil’s critical angle of attack and analyse any trend as a 
consequence of increasing AOA. k-𝜔 SST turbulence model was used since it is well-suited for our 
techno-economic analysis; that is, it is a robust, reliable model for capturing surface boundary layer. 
In addition, it is quite effective and efficient in handling adverse pressure gradients, especially at high 
AOAs. Compared to other models like LES, the k- 𝜔 SST has the balance of good accuracy whilst being 
computationally friendly. 
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  Table 4 
  Simulation parameters 

Parameter Value 

Solver Type Pressure – Based 
Time Transient 
Gravity (m/s2) -9.81 in Y - axis 
Turbulence Model k – omega (2 eqn) 
k – omega model SST 
Angle of attack (α in °) 0-25 (Range) 
Inlet Boundary Condition Speed (m/s) 44.32 
Outlet Gauge Pressure (Pa)  0 
Outlet Backflow Turbulent Intensity (%) 3.5 
Backflow Turbulent Viscosity Ratio 7 
No – Slip Treatment Yes 
Symm N/A 
Operating Pressure (Pa) 101325 
Operating density (kg/m3) 1.225 
Solution Method COUPLE with 2nd order Spatial Discretization 
Report Definitions Cl, Cd 
Initialization Type Hybrid 
Number of Time Steps 5000 
Time Step Size (s) 0.01 
Max Iterations/Time Step 200 
Reporting Interval 10 
Profile Update Interval 10 

 
2.2 Experimental Setup 

 
To validate our CFD findings, we conducted wind tunnel experiments, visualized by Figure 6, using 

a carefully controlled setup designed to visualize airflow behaviour around the airfoil. First, the 
airflow was initiated through a smoothly contoured intake, ensuring minimal disturbances as it 
entered the test section, where the airfoil was securely mounted using adhesives to prevent 
unwanted vibrations or misalignment.  
 

 
Fig. 6. Wind tunnel schematic. Airflow moves from right to left 

 
Furthermore, a fan shown at Figure 7, positioned at the diffuser, created a suction-driven flow, 

pulling air smoothly through the system and maintaining a steady freestream velocity.  
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Fig. 7. Fan mounted at the diffuser section 

 
The most critical aspect of this setup is to promote laminar flow early in the intake section, so 

honeycomb meshes, demonstrated by Figure 8, were installed both upstream and downstream of 
the test section. These straightened the airflow, promoting laminar entry conditions and minimizing 
turbulent fluctuations at the exit.  
 

 
Fig. 8. 3D printed honeycomb mesh 

 
Furthermore, for flow visualization, a smoke generator produced a continuous stream of tracer 

particles, which were carefully injected into the airstream using a smoke rake positioned upstream 
of the airfoil. The rake ensured uniform smoke injection, enabling clear observation of streamline 
attachment, flow separation and wake development shown in Figure 9. Then, as air exited through 
the diffuser, it expanded gradually, reducing flow disturbances that could affect visualization quality. 
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(a) (b) 

Fig. 9. (a) Smoke rake with straws attached (b) Smoke generator 

 
In addition, using a sturdy camera mount, a high-quality camera was positioned to record high-

resolution video and photos of the airflow behaviour to improve data collecting and visualization. 
LED lighting was also placed throughout the test area to provide the best possible lighting, lowering 
shadows and boosting smoke contrast for improved visibility. Most importantly, the test section is 
fully covered in black, except the viewing panel, so no external light goes through it as shown by 
Figure 10. 
 

 
Fig. 10. Setup in the test section. Camera with camera mount reflecting 
off viewing panel. Airfoil mounted using adhesives 

 
3. Results and Discussion 

 
Many simulations were performed for the purpose of investigating the effects of camber and 

vortex generators on the morphing airfoil’s aerodynamic performance; that is, 4 cases were done: 
 

i. Uncambered, No VGs 
ii. Uncambered, With VGs 
iii. Cambered, No VGs 
iv. Cambered, With VGs.  
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For each of the configurations mentioned, crucial parameters like lift-to-drag ratio, boundary 
layer separation, turbulent kinetic energy and turbulent intensity as the angle of attack was increased 
were then examined. 
 
3.1 Uncambered, No VGs 

 
The baseline NACA 0009 design in Case 1 demonstrated performance limits as the AOA increased 

in the absence of camber and VGs; that is, the airfoil had trouble producing more lifts at higher AOAs 
because it lacked the camber required to improve lift capabilities. The drag caused by lift 
phenomenon, also known as induced drag, was also highlighted by this constraint; higher induced 
drag resulted from the lift vector tilting backward as the AOA increased because of downwash 
produced by wingtip vortices. Moving on, without the implementation of VGs, the airfoil was more 
likely to experience early boundary layer separation. This separation was particularly visible at AOAs 
of 16° to 19°, as shown by Figure 11 and Figure 12, when turbulent kinetic energy and intensity 
increased near the trailing edge, resulting in a rapid induce drag increase. The lack of boundary layer 
control resulted in a low Cl-Cd ratio due to low Cl and high Cd, restricting the airfoil's ability to 
generate efficient lift beyond 10° AOA.  
 

  
(a) (b) 

  

  
(c) (d) 

Fig. 11. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
Furthermore, in this baseline configuration, the absence of both camber and vortex generators 

resulted in early boundary layer separation at higher AOA, particularly above 16°. The divided flow 
formed a wake zone with high turbulence intensity, which increased drag significantly; nonetheless, 
the principal drag in this case was pressure drag, which was created by a large pressure difference 
between the airfoil's upstream and downstream sides. Furthermore, at higher AOAs, produced drag 
from the lift caused by wingtip vortices reduced performance even further. Without camber to 
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smooth the airflow, circulation around the airfoil was restricted, resulting in limited lift generation 
and a low lift-to-drag ratio. 
 

  
(a) (b) 

  

  
(c) (d) 

Fig. 12. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
3.2 Uncambered, With VGs 

 
As shown in Figure 13, Case 2, which featured VGs but no camber, outperformed Case 1 in terms 

of boundary layer control because the VGs energized the flow and slowed flow separation; as a result, 
the delay in separation reduced both pressure drag and induced drag, managing Cd. While VGs 
improved flow behaviour in Case 2, the lack of camber limited the airfoil's ability to generate 
additional lift because circulation around the airfoil was constrained. To explain how circulation 
affects the generation of lift, it is critical to implement the Kutta-Joukowski theorem, which states 
that lift is directly proportional to circulation around the airfoil. 
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(a) (b) 

  

  
(c) (d) 

Fig. 13. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
Adding vortex generators to the uncambered airfoil mitigated early flow separation by energizing 

the boundary layer. Vortex generators introduced streamwise vortices, which enhanced the 
momentum of low-energy boundary layer flow, delaying separation shown by Figure 14; thereby, 
this reduced the wake size and turbulent intensity near the trailing edge. Consequently, pressure 
drag was reduced as the flow remained attached for a longer duration of the airfoil's surface. 
However, the lack of camber restricted the generation of circulation, which is essential for higher lift 
according to the Kutta-Joukowski theorem. 
 

  
(a) (b) 
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(c) (d) 

Fig. 14. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
3.3 Cambered, No VGs 

 
In Case 3, demonstrated by Figure 15, which lacked VGs but had camber, the extra camber 

improved circulation by guiding airflow more effectively over the airfoil and towards the leading edge 
(Kutta Condition), where the 2nd stagnation point is. This enhanced circulation resulted in more lift 
generation compared to Cases 1 and 2. However, the lack of VGs in Case 3 made it vulnerable to early 
boundary layer separation at higher AOAs, beginning at 17°. Thus, this early separation disturbed the 
smooth airflow required to sustain lift, resulting in a sudden increase in drag from turbulence wake 
generation near the trailing edge, thus improving Cl-Cd ratio compared to Case 1. 
 

  
(a) (b) 

  

  
(c) (d) 

Fig. 15. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
Camber also modified the stagnation points, increasing pressure on the lower surface while 

decreasing pressure on the top surface. However, the absence of vortex generators exposed the 
airfoil to adverse pressure gradients, resulting in early boundary layer separation at higher AOAs. 
Thus, this separation increased turbulence intensity in the wake zone, resulting in higher pressure 
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drag and worse aerodynamic efficiency as shown in Figure 16. The absence of VGs to energize the 
boundary layer limited the airfoil's ability to maintain attached flow at critical AOAs. 
 

  
(a) (b) 

  

  
(c) (d) 

Fig. 16. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
As per the table shown above, the variance in speed affected the lift and drag coefficients of the 

airfoil significantly as per the definition of 𝐶𝐿, where it is inversely proportional to the air velocity; 
thus, after confirming the drag and lift coefficients from the literature [24] at a similar AoA. Figure 7 
and Figure 8 below show drag and lift convergence plots at reference conditions.  
 
3.4 Cambered, With VGs 

 
In Case 4, the combination of camber and VGs produced the greatest simulation results, 

particularly at high AOA, e.g., around 19°, as shown by Figure 17. The VGs effectively delayed flow 
separation by energizing the boundary layer, which mitigated the negative impacts of induced drag 
at higher AOAs, revealed by Figure 17; by preventing early flow separation, the VGs reduced the 
downwash impact. This enhancement enabled the airfoil to retain efficient lift production without 
incurring significant drag costs as the AOA increased. Moreover, the cambered design in Case 4 used 
the Kutta-Joukowski theorem by boosting circulation over the airfoil, resulting in a higher lift 
coefficient. By adjusting the camber = 4 % and camber position = 70 %, the airfoil created a favourable 
pressure differential, resulting in greater Cl and minimized Cd at increasing AOAs. The seamless 
detachment of flow at the trailing edge, enforced by the Kutta condition, helped to manage 
circulation, allowing Case 4 to maximize lift and minimize drag at high AOAs. 
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(a) (b) 

  

  
(c) (d) 

Fig. 17. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
Finally, the camber improved circulation and lift by generating a positive pressure difference 

between the top and lower surfaces as shown in Figure 18. Meanwhile, vortex generators powered 
the boundary layer, reducing pressure gradients and delaying flow separation. This reduced 
turbulence strength in the wake zone, causing less pressure drag. Additionally, the vortex generators 
reduced downwash effects, resulting in a larger vertical lift vector. The delayed separation enhanced 
overall boundary layer stability, allowing the airfoil to have higher lift and minimized drag, resulting 
in greater Cl-Cd ratio.  
 

  
(a) (b) 
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(c) (d) 

Fig. 18. (a) 0 degrees (b) 10 degrees (c) 15 degrees (d) 18 degrees 

 
Table 5 summarizes the approximate values acquired from the numerous simulations performed. 

There are ‘- ‘identified in several cells as the critical angles for these particular cases were reached. 
In addition, the following paragraphs summarize the findings for each case. 

Initially for Case 1, the Cl-Cd ratio quickly dropped as the AOA increased; drag increased 
dramatically as flow separation occurred at increasing AOAs, stalling at 20°, due to the lack of camber 
and VGs, which limited lift generation in the absence of boundary layer control. Compared to other 
cases, this resulted in a relatively low Cl-Cd ratio, indicating poor aerodynamic efficiency. Also 
compared to work produced by Görgülü et al., [24], the results yielded similar Cl and Cd results at 
high AOA, roughly 16o to 17o. 

For Case 2, across a range of AOAs, the use of VGs increases the boundary layer's adhesion to the 
airfoil surface even when the AOA increases by stimulating it with small vortices. The stabilizing effect 
of VGs assisted in controlling the boundary layer, which enhanced lift generation and resulted in a 
slower growth of drag when compared to Case 1. As a result, it had a higher stalling critical angle of 
approximately 21°. 

Moving on, Case 3 involves the application of camber which improved the initial Cl-Cd ratio in 
comparison to Cases 1 and 2, as lift output rose, particularly at low to moderate AOAs, 5° to 10°. 
However, in the absence of VGs to control flow separation, drag dramatically increased at higher 
AOAs, starting at 20°. This setup highlighted the importance of flow control at greater angles while 
showcasing the generation of lift due to camber. 

Finally, across a broad range of AOAs, Case 4 achieved the highest Cl-Cd ratios and good values 
of Cl and Cd, as well as highest stalling critical angle of approximately 24°. Even when AOA rose, the 
combination of camber and VGs improved lift generation while preserving boundary layer stability. 
As a result, the Cl-Cd ratio decreased more gradually. Thereby, this demonstrated the advantages of 
combining VGs for flow control with camber configurations for generation of lift, as it was the most 
aerodynamically efficient. 
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  Table 5 
  Cl-Cd ratios for all cases 

  Case 1 Case 2 Camber = 4%, Camber 
Pos. = 70% 

Camber = 4.5%, Camber 
Pos. = 80% 

Camber = 5%, Camber 
Pos. = 70% 

AOA 
(°) 

CL/CD 
Ratio 

CL/CD 
Ratio 

  Case 3 Case 4   Case 3 Case 4   Case 3 Case 4 

0 0 0 AO
A 

CL/CD 
Ratio 

CL/CD 
Ratio 

AO
A 

CL/CD 
Ratio 

CL/CD 
Ratio 

AO
A 

CL/CD 
Ratio 

CL/CD 
Ratio 

5 12.2036
1105 

16.3967
268 

0 0.67264
574 

3.25714
2857 

0 0.86142
3221 

2.13930
3483 

0 1.02616
2791 

2 

10 7.44137
931 

8.95602
0942 

5 11.0458
7156 

21.8068
5358 

5 10.3488
3721 

17.8 5 11.0900
4739 

16.1690
6475 

15 5.01124
6944 

6.17799
3528 

10 5.39559
0143 

7.89256
1983 

10 4.67498
6999 

8.27067
6692 

10 3.98831
1688 

7.05660
3774 

17 3.14382
4027 

4.74860
3352 

15 3.49382
716 

5.47598
2533 

15 3.05911
8236 

4.06832
2981 

15 2.85934
0659 

3.78978
979 

18 1.74839
5379 

2.24131
3112 

20 1.78017
7891 

2.86372
8564 

20 1.82272
1598 

2.54646
7818 

20 1.81687
0944 

2.20937
5813 

19 1.60532
7298 

2.30755
5239 

22 1.48099
9888 

2.35907
173 

22 1.06014
0474 

2.04706
3116 

22 1.04278
6498 

1.97733
3488 

20 1.47393
4426 

2.00133
5336 

24 - 2.31588
6862 

24 - 2.00718
2134 

24 - 1.89473
6842 

21 - 1.63983
4711 

         

 
Having said that, 1 key observation was acquired as shown by Figure 19, which was the decrease 

of Cl-Cd ratio at AOA of 5°across all cases. This can be justified by the change of flow attachment on 
the surfaces of the airfoil, starting roughly at AOA of 15°. For instance, compared to Cl, the Cd starts 
to increase at a faster rate; in addition, based on the Kutta-Joukowski theorem, lift is directly 
proportional to circulation, which peaks at moderate AOAs; however, beyond 5°, adverse pressure 
gradients along the trailing edge rise, causing the boundary layer to stall and eventually diverge. As 
a result, this separation increases pressure and viscous drags, decreasing the Cl-Cd ratio.  

Furthermore, the surface boundary layer becomes more unstable due to the changes in velocities 
and the increasing turbulent kinetic energy. Turbulent flow behaviour, which raises drag and slows 
the rate of lift production, is introduced early. Thereby, the consequences of induced drag become 
more noticeable at increasing AOAs. As lift rises, stronger wingtip vortices produce more downwash. 
Thus, VGs are necessary for managing early separation because the boundary layer is less able to 
tolerate the negative pressure gradient in their absence. In cases with VGs, the boundary layer is 
more stable, but the Cl-Cd ratio begins to decrease since the drag increase continues to outweigh the 
lift increases. 

In addition, the Q-criterion is a mathematical technique for locating and displaying vortices in a 
flow field. That is, a region where the rotation of fluid constituents (vorticity) predominates over their 
deformation is referred to as a vortex [25]. Because it can accurately represent coherent vortex 
structures, the Q-criterion is crucial to understand complex flow patterns and improve aerodynamic 
designs [26]. Compared to other approaches like the lambda 2 criterion or vorticity magnitude, the 
Q-criterion yields more consistent and understandable results, especially in turbulent or unstable 
flows [26].  

 



Journal of Advanced Research in Experimental Fluid Mechanics and Heat Transfer 

Volume 20, Issue 1 (2025) 41-67 

59 
 

 
Fig. 19. Cl-Cd ratios for all cases drop at AOA greater than 5 degrees 

 
Furthermore, shown in Figure 20, Case 1 (Uncambered, No VGs) exhibits small vortices at high 

angles of attack (AOA), especially at the trailing edge [27,28]. Without controlling the boundary layer 
separation, this implies early flow separation and higher drag. Better vortex control is seen in Case 2 
(Uncambered, With VGs) than in Case 1. Smaller, more organized vortices produced by VGs energize 
the boundary layer and delay separation. In addition, camber causes significant vortex formations at 
higher AOAs, like in Case 3 (Cambered, No VGs), but it lacks boundary layer stability while increasing 
lift. Case 4 (Cambered, With VGs) exhibits the best flow characteristics at the end, with small, stable 
vortices remaining over the surface even at higher AOAs, indicating improved aerodynamic efficiency 
and controlled flow separation. These differences are shown by the consistent contour scales in each 
case; Case 4 exhibits the least intense vortex forms, highlighting the necessity of integrating camber 
and VGs. 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

Fig. 20. (a) Uncambered no VGs (b) Uncambered with VGs (c) Cambered 
no VGs (d) Cambered with VGs 
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3.5 Experimental Results 
 
Our experimental results, which show a high degree of accuracy in visualizing flow behaviour 

across various angles of attack, greatly support the conclusions drawn from our CFD findings; that is, 
the accuracy of our numerical method is confirmed by the close match between the CFD simulations 
and the pressure distribution, wake development and flow separation patterns seen in the wind 
tunnel. For instance, at stalling conditions, the experiment captured the expected large-scale flow 
separation and unsteady wake turbulence, further reinforcing the accuracy of our CFD-predicted stall 
characteristics.  

Firstly, Figure 21 shows smoke streamlines flowing through the airfoil. At 0 degrees, the airflow 
remains fully attached on both the upper and lower surfaces. The stagnation point is located at the 
leading edge, with symmetric pressure distribution on both surfaces. Furthermore, the velocity on 
the upper surface accelerates, creating a minimal low-pressure region, while the lower surface 
experiences a slightly higher pressure. The wake is narrow and stable, with minimal turbulence. Most 
importantly, no significant flow separation occurs and lift is nearly zero due to the symmetric 
pressure forces. Since there is minimal camber, the pressure difference between the upper and lower 
surfaces is small, generating low lift but also very low drag. 
 

 
Fig. 21. 0-degree AOA. Streamlines flow smoothly at leading and trailing edges 

 
As the angle of attack increases to 10 degrees shown by Figure 22, the stagnation points shift 

downward, increasing pressure on the lower surface while the upper surface experiences a stronger 
suction region due to accelerated flow. The pressure differential between the upper and lower 
surfaces generates substantial lift. Nonetheless, the wake remains thin and stable, with little 
separation on either surface. The boundary layer on the upper surface experiences mild adverse 
pressure gradients but remains fully attached. In addition, the airfoil started to put some camber, but 
not too significant.  
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Fig. 22. 10-degree AOA. Minimal flow separation near the trailing edge 

 
As the angle of attack increased to 15 degrees, many observations were made shown by Figure 

23. First, the separation point is shifted further up the airfoil’s surface. Second, the flow acceleration 
on the upper surface reaches its peak and the adverse pressure gradient becomes stronger near the 
trailing edge. Third, the lower surface maintains a high-pressure region, while the wake begins to 
expand slightly due to increased turbulence. A small separation bubble started forming on the upper 
trailing edge, signalling the early stall onset. At this angle, lift starts to reach its max generation but 
drag increases significantly due to greater pressure differences. Wake turbulence begins to increase, 
though flow on the lower surface remains substantially attached. Having said that, camber morphing 
reaches a more pronounced curvature, helping to sustain attached flow longer; this allows for an 
extended suction peak on the upper surface, delaying early boundary layer separation. 
 

 
Fig. 23. 15-degree AOA. Flow separation point moved upward the 
surface, and wake formation begins near the trailing edge 

 
At angle of attack of 18 degrees shown by Figure 24, strong flow separation occurs on the upper 

surface, creating a large low-momentum recirculating zone. The wake widens significantly and 
turbulence kinetic energy rises due to strong vortex interactions. Moreover, the flow separation point 
is moved towards the leading edge and the vortex shedding intensifies, leading to unsteady 
aerodynamic forces. The camber morphing mechanism allows the lower surface to sustain high 
pressure, but wake turbulence interacts with the trailing edge, creating pressure fluctuations and 
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unsteady forces. At this point, lift generation begins to decrease and drag increases sharply as the 
separated flow contributes to a loss in aerodynamic efficiency. 
 

 
Fig. 24. 18-degree AOA. Flow separation point moved towards near 
leading edge, wake formation begins near trailing edge 

 
Demonstrated by Figure 25, the airfoil enters full stall at angle of attack of 24 degrees even with 

the morphing mechanism cannot prevent complete flow separation on the upper surface. The 
adverse pressure gradient is too strong for the boundary layer to remain attached, leading to a 
massive loss in lift. Furthermore, wake consists of highly chaotic vortex structures, with strong shear 
layer instabilities and unsteady flow oscillations. On the other hand, on the lower surface, flow may 
remain attached in the forward section, but strong pressure fluctuations and local separation near 
the trailing edge are observed due to wake interaction. Drag is at its maximum and the airfoil could 
no longer generate substantial lift. 
 

 
Fig. 25. 24-degree AOA. Flow separation point moved towards leading 
edge; wake formation increases near trailing edge. Airfoil reaches stall 
angle 
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4. Prototype 

 
As shown in Figure 26, the autonomous adaptive wing airfoil's leading part is mechanically 

designed with PLA+, ensuring a strong and lightweight construction. Furthermore, the airfoil 
dynamically morphs and adjusts its camber based on Inertial Measurement Unit or IMU, sensor data 
that detects critical angles in real time. This adaptive feature enables the trailing edge of the airfoil 
to deflect responsively, improving aerodynamic performance in a range of flight scenarios. Moreover, 
the servo motors, which are positioned along the airfoil and respond directly to sensor inputs to 
provide the best possible flight stability and control, allow for exact camber adjustment. This design 
enables the airfoil to respond to different aerodynamic demands by continuously changing its form 
in response to changing conditions, providing stability and efficiency.  
 

  
(a) (b) 

  

  
(c) (d) 

Fig. 26. (a) Front view (b) Side view (c) Isometric view (d) Back view 

 
Moreover, the servo motor rotated in response to pitch and roll changes detected by the 

integrated IMU sensor, which caused the trailing part of the airfoil to dynamically change its 
deflection. When the airfoil hits a critical angle of attack, the system responds by activating the active 
buzzer, which mimics an aircraft's stall warning indication with a distinctive beeping sound and the 
Red LED light begins to flash rapidly, signifying danger. The trailing part simultaneously underwent 
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maximal deflection to lower the aerodynamic risk. Once the airfoil stabilizes and reaches safe 
operating conditions, the servo angles return to their neutral values.  

Nonetheless, the most challenging aspect was arranging the wiring and positioning each 
component in the limited area of the airfoil. Keeping everything compact and neat while ensuring 
that the cables were securely fastened to the servo motors, sensors and other components was a 
difficult undertaking. The restricted space made it difficult not only to reduce tangling and 
interference but also required precise routing to prevent obstructing the airfoil's moving 
components. Creating a clean, functional layout that maintained reliability and accessibility inside 
the small facility required a great deal of work and time. 
 
5. Conclusions 

 
This study emphasizes the enormous aerodynamic benefits of adaptive morphing airfoils, with a 

focus on the combination of camber morphing and vortex generators. A thorough computational 
examination revealed that the cambered airfoil shape with vortex generators had the best 
aerodynamic performance of all scenarios studied. The key findings include a significant 
improvement in lift-to-drag ratio, delayed boundary layer separation and improved stability across a 
wide range of angles of attack. 

The cambered airfoil with vortex generators effectively separated flow by energizing the 
boundary layer, resulting in reduced pressure drag and increased lift generation. This structure also 
displayed better flow attachment, especially at higher angles of attack, where standard layouts 
sometimes induced performance losses. Configurations without camber or vortex generators, on the 
other hand, showed early flow separation, lower lift and increased drag coefficients, highlighting the 
relevance of these aspects in performance optimization. Furthermore, the study discovered that 
integrating vortex generators significantly delayed the start of flow separation, whereas camber 
improved circulation around the airfoil, resulting in higher lift coefficients. The combination of these 
properties produced a Cl/Cd ratio that was much higher than that of the baseline design, 
demonstrating their use in boosting aerodynamic efficiency. 

Furthermore, the results of the experiment, which demonstrated a good correlation in wake 
development, flow separation patterns and pressure distribution, verified our CFD work. Our 
computational model was confirmed to be accurate when the observed onset of stall and wake 
turbulence at increasing angles of attack closely matched the numerical simulations. 

These findings highlight the potential for morphing airfoil designs to improve aerodynamic 
performance, especially in applications that require great efficiency and adaptability. Finally, the 
findings provide a solid platform for developing morphing technologies, proving their capacity to 
meet fundamental difficulties in modern aerospace design. 
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