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[bookmark: _Toc227945083]Abstract.
This study investigates the aerodynamic performance morphing aerofoils compared to conventional mechanical trailing-edge flaps. A combined methodology was employed, using computational fluid dynamics (CFD) simulations applied by ANSYS Fluent alongside experimental validation through wind tunnel experimentation. Both the morphing and traditional aerofoil models were based on a NACA 0012 profile and were analysed under identical flow conditions at a freestream velocity of 30 m/s and an angle of attack of 10°.
The CFD results showed that the morphing aerofoils provided smoother pressure distributions, reduced flow separation, and improved lift-to-drag ratios at moderate deflections when compared to traditional flap configurations, while the conventional wing showed an increase in drag and earlier flow separation due to geometric discontinuities at the hinge. These trends were supported by the wind tunnel measurements, which showed improved aerodynamic efficiency for the morphing Models. While morphing aerofoils offer clear aerodynamic benefits, challenges remain in terms of structural complexity, weight penalties, and implementation feasibility in commercial aircraft.
Overall, the findings highlight the potential of morphing wing technology to enhance aerodynamic efficiency, particularly in applications requiring adaptable performance across varying flight conditions, although further research is required to address practical and operational constraints posed by morphing wings.
[bookmark: _Toc227945084]Equations
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Turbulent Kinetic Energy (k):
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Specific Dissipation Rate (ω):
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Lift to drag ratio = 
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[bookmark: _Toc227945085]Introduction
This report has been written to provide insight into the aerodynamics effects of a morphing aerofoil, focusing on the performance characteristics as well as the physical impact the aerofoil will be subjected to under different flow conditions. The main aim of this report is to investigate how the characteristics of a morphing aerofoil compare to those generated by a conventional mechanical flap configuration that are used widely on modern aircrafts today. By studying the advantages and limitations of morphing designs and cross analysing them with the traditional mechanical control surfaces, the report aims to assess their potential to improve aerodynamic efficiency, reduction in drag and improve lift characteristics.
Aerodynamic control surfaces are an essential part of modern aviation, enabling the pilots to control the airflow over the wings and stabilisers to control the flight performance. Among these control surfaces are trailing edge flaps these are particularly important during phases such as take-off landing and manoeuvring as they change the lift characteristics of the aircraft. Traditional mechanical flaps consisting of hinged components actuated by hydraulic or electric systems. While these flaps are effective at manipulating the airflow they produce less continuity in the aerofoil’s surface contributing the parasitic drag, mechanical complexities and increased maintenance.
[bookmark: _Toc227945086]Key research questions:
1. How does the aerodynamic performance of a morphing aerofoil compare to that of a conventional mechanical flap system?
2. What are the trade-offs in terms of lift, drag reduction and overall aerodynamic efficiency?
3. Real-world feasibility.
[bookmark: _Toc227945087]Objectives
1. Explore the streamlines and forces around both wings by using CFD analysis.
2. Compare CFD and wind tunnel result to see if a recognisable pattern does occur.
3. See if the gathered results match that of previous studies conducted.
[bookmark: _Toc227945088]List of Figures and Tables
Table 1 Morphing wing
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing 1 (10˚ and 45˚ flap)
	125
	145
	30

	Morphing wing 2 (10˚ and full flap)
	145
	245
	30



Experimental Lift to drag ratio (model 1):		
 = 0.86
	Experimental to drag ratio (model 2):		
 = 0.59
Table 2 Traditional wing
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing 1 (10˚ and 45˚ flap)
	125
	170
	30

	Traditional wing 2 (10˚ and full flap)
	110
	235
	30



	Experimental Lift to drag ratio (Trad model 1):		
 = 0.74
	Experimental Lift to drag ratio (Trad model 2):		
 = 0.47
Table 3 Inverted morphing wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing (i) 1 (10˚ and 45˚ flap)
	90
	60
	10

	Morphing wing (i) 2 (10˚ and full flap)
	110
	90
	10



	Inverted wing Lift to drag ratio (model 1 i):		
 = 1.50

	Inverted Lift to drag ratio (model 2 i):		
 = 1.22
Table 4 Inverted Traditional wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing (i) 1 (10˚ and 45˚ flap)
	80
	65
	10

	Traditional wing (i) 2 (10˚ and full flap)
	70
	80
	10



	Inverted Lift to drag ratio (Trad model 1 i):		
 = 1.23
	Inverted Lift to drag ratio (Trad model 2 i):		
 = 0.88
Table 5 all morphing wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing 1 (10˚ and 45˚ flap)
	125
	145
	30

	Morphing wing 2 (10˚ and full flap)
	145
	245
	30

	
	
	
	

	Model (AOA and Flap angle)
Inverted
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing (i) 1 (10˚ and 45˚ flap)
	90
	60
	10

	Morphing wing (i) 2 (10˚ and full flap)
	110
	90
	10





	
Table 6 all Traditional wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing 1 (10˚ and 45˚ flap)
	125
	170
	30

	Traditional wing 2 (10˚ and full flap)
	110
	235
	30

	
	
	
	

	Model (AOA and Flap angle)
Inverted
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing (i) 1 (10˚ and 45˚ flap)
	80
	65
	10

	Traditional wing (i) 2 (10˚ and full flap)
	70
	80
	10




Reynold’s number:
· Chord length 
· Velocity  
· Air density 
· Dynamic viscosity 

(White, 2016)


(A higher Reynolds number usually indicates turbulent flow, this is because of the increased velocity)
Inverted Experimental Reynold’s number:
· Chord length 
· Velocity  
· Air density 
· Dynamic viscosity 

 (White, 2016)

 



Overall percentage increase:

(Equation 9.1)


CFD morphing Increase:
· Morphing wing at  attack angle and  of morph deflection

· Morphing wing at  attack angle and  of morph deflection

Experimental morphing increase:
· Morphing wing at  attack angle and  of morph deflection

· Morphing wing at  attack angle and  of Morph deflection

Experimental morphing increase (Inverted):
· Inverted morphing wing at  attack angle and  of morph deflection

· Inverted morphing wing at  attack angle and  of Morph deflection
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[bookmark: _Toc227945089]Literature Review
This section will focus on how lift is created from a wing through pressure distribution, Bernoulli’s equation and Newton’s Third Law. The chapter then highlights the history of mechanical flaps from early concepts to more advanced high-lift actuators. Followed by different morphing wing technologies and design for adaptable wings. Previous studies will also be explored to assess the current state of research and any advancements made. Finally, the chapter will show the current gaps in literature and current challenge facing morphing designs.
[bookmark: _Toc227945090]Pressure distribution:
As fluid (air) travels around the aerofoil it creates two different types of stress which act on its surface, the first stress is wall shear stress this type of stress acts tangential to the wing’s surface and is caused by the frictional forces that act on aerofoil because of the fluid’s viscosity as seen in Figure 1. The second stress is pressure stress which acts perpendicular to the wing’s surface and are caused by how the pressure is distributed around the wing, Lift is the resultant of these two stresses acting perpendicular to the flow (Anderson 2017; White 2016; Abbott and von Doenhoff 1959).For streamlined by objects such as aerofoils the wall shear stress will mostly be acting in the same direction as the fluid’s flow, making a larger contribution to the drag force but not the lifting force so is usually null and void when examining aerodynamic lift, so the lift acting on the aerofoil is caused by the pressure distributed around the wing. (Anderson, 2017).
The pressure distribution of an aerofoil is low pressure above the aerofoil and high pressure below it this is creating a net force with a large contribution in the lift direction. The way that this pressure is created fall under two theories Bernoulli’s principle and Newton’s third law (Anderson, 2017; White, 2016).
[image: ]
[bookmark: _Ref227843690]Figure 1 Pressure distribution around a wing (Leishman, 2022).

[bookmark: _Toc227945091]Bernoulli’s principle (Not the equal time theory):
Bernoulli’s Principles explanations focus on the velocity of the fluid going around the wing, as the fluid hits the leading edge of the wing its velocity is reduced to zero this point is called the “stagnation point” as the fluid hits this point it is split over and under the wing, the fluid traveling over wing travel at a greater velocity the fluid that is traveling under the wing as seen in Figure 3. Bernoulli’s Principle states that when a fluid velocity increases its pressure is reduced meaning that increase in velocity creates an area of low pressure over the wing and the decrease in velocity creates a high pressure under the wing this pressure difference creates the lifting force (Anderson, 2017; White, 2016).
The reason that the fluids velocity is accelerated above the wing and delayed below the wing is because of a concept called “circulation” see Figure 2, this is when the airflow goes over the top surface of the aerofoil and come back underneath creating circulation of airflow, in turn explaining how Bernoulli’s principle applies to an aerofoil (Anderson, 2017).
[image: ]
[bookmark: _Ref227843871]Figure 2 Circulation around a wing (James G, 2007).
[image: Diagram of an aircraft wing demonstrating Bernoulli’s Principle, showing how faster airflow over the top creates low pressure, while slower airflow below generates high pressure, producing lift.]
[bookmark: _Ref227843837]Figure 3 Bernoulli’s Principle on a wing (Pilot Institute, 2025).

[bookmark: _Toc227945092]Newton’s third law:
Newton’s third law doesn’t consider the velocity of the fluid going above or below the aerofoil but looks more at the behaviour of the fluid. Aerofoils displace a large volume of air when travelling, upstream of the aerofoil the flow is being directed upwards also known as “upwash” further downstream of the aerofoil the flow is being directed downwards known as “downwash” Newton’s third law states that for every action there is an opposite or equal reaction as seen in Figure 4. The aerofoil must be exerting a force on to the air to create the downwash so based on Newton’s third law there has to a corresponding force acting on the aerofoil (White, 2016; Anderson, 2017), so the aerofoil generates lift by turning the incoming airflow downwards, circulation can also be applied to this theory as well to explain how the upwash and downwash are created.
To conclude a lifting force act on an aerofoil because of the pressure distribution around it the cause of this pressure difference can be explained in several different ways, but the two most excepted theories are Bernoulli’s principle and Newtons’ third law. (Anderson, 2017).
[image: Diagram of a plane with arrows showing lift, weight, thrust, and drag to explain Newton’s Third Law in aviation. Text explains that planes fly by pushing air in one direction and being pushed back in return.]
[bookmark: _Ref227843947]Figure 4 Newton's third law on an aircraft (Pilot Institute, 2025).

[bookmark: _Toc227945093]History and evolution of mechanical flaps
1903 Wright brothers, America:
The first sustained and controlled flight of an engine powered aircraft was recorded in 1903, and the flight covered 36 m in 12 s, and the best flight of the day covered 255.6 m in 59 s (Smithsonian Institution, 2026)., these aircraft had no flaps or control surfaces as seen in Figure 5.
[image: Wright-Brothers-First-Flight-in-1903-08]
[bookmark: _Ref227844028]Figure 5 The Wright Brother’s plane (MONOVISIONS, 2015.)



1908 Hanri Farman, France:
Trailing edged flaps were first used in 1908 by a French aviation engineer Henri Farman as a controllable surface to manipulate the plane’s flight characteristics shown in Figure 6.  (Abzug and Larrabee, 2002; Encyclopaedia Britannica, 2026).

[image: Farman Bi-plane]
[bookmark: _Ref227843985]Figure 6 Hanri Farman’s plane (Hulton Archive 2004)

Royal aircraft factory, Britian 1914:
While flaps were being employed as control surfaces to enhance the aircraft’s performance inflight take-off and landing the technologies had not been developed with as much speed as inflight mechanical control surfaces until engineers from the Royal aircraft factory formed the idea of having flaps that were large enough to be directed downwards to increase the lift of the aircraft during take-off and reduce the speed during a landing approaches. See Figure 7 (Mason, 1994).
[image: BRITISH AIRCRAFT OF THE FIRST WORLD WAR 1914-1918 | Imperial War Museums]
[bookmark: _Ref227844104]Figure 7 Royal Aircraft Factory BE2a No. 347 aircraft (Imperial War Museums, 2019)
Frederick Handley Page, Britian 1920:
Frederick Handley Page found that slotted flaps allowed air to travel under the wing and back over the top of the flaps generating significantly more lift with even more lift being created in thicker wing designs shown in Figure 8. (Handley Page, 1920).

[image: Early Years | St Albans Museums]
[bookmark: _Ref227844167]Figure 8 Frederciak Hadley slotted design (St Albans Museums, 2020)

Harlan Davey Fowler, America 1927:
Harlan original study the flight characteristics of birds to help aid him in the design of the “Fowler flap” Harlan found that a bird in flight can change and expand its wing spread to alter the curvature of the feathered ribs to help perform complex flight maneuverers. The unique design of the Fowler flap allowed it to be stored inside the wing when not in use then emerging all the way to the trailing edge of the wing before deflecting the air, this then increase the camber of the wing but also the area provided a greater increase in lift than any other previous lift devices made. Most of the drag produced by flaps is because of the deflection of the flap itself, the Fowler flap on the other hand created lift with its increase in wing area as well as the deflection of the flap with the increase in wing area happing separately to the flap’s deflection, this allowed more lift to be produced without the increase in drag that is usually associated with flap deflection as shown in Figure 9. It was therefore very well suited for take-off, when the lift associated with flaps was needed but not the drag. The downside to this low drag was the steeper approaches to a runway were not as effective as traditional flaps. (Fowler, 1921; Weick and Platt, 1932; Weick and Platt, 1933).
[image: What Are Ailerons & How Do Ailerons Work? · AeroCorner]
[bookmark: _Ref227844245]Figure 9 Fowler flap design (Claiborne, 2020)

[bookmark: _Toc227945094]Morphing aerofoils
The first ever aircraft wings from the Wright brothers used morphing aerofoils also known as warping wings and mimicked a bird’s wing form shown in Figure 10, though in practice most wing warping designs involved flexing of structural components these designs were difficult to manoeuvre and liable to cause structural and catastrophic failure. Metamorphic aerofoil is an adaptive wing design that can change its shape depending on the current flight conditions these aerofoils are designed to optimize performance efficiency and manoeuvrability. The reason these wings can change shape quickly is due to technology that is incorporated into them like shape memory alloys, smart materials and advanced actuators these materials respond to change in temperature, pressure or electrical signals. (Barbarino et al., 2011; Sofla et al., 2010).
[image: Wright-Brothers-First-Flight-in-1903-09]
[bookmark: _Ref227844766]Figure 10 Wright Brother’s plane (MONOVISIONS, 2015).



Morphing aerofoil designs:
Fish bone active camber (FishBAC)- Is a design that was introduced by Wood and Friswell that employs a biologically inspired compliant structure to create continuous changes in the aerofoil camber and section aerodynamic properties Consisting of a thin chordwise bending beam spine with stringers branching off which are then connect to the pre-tensioned EMC skin surface seen in Figure 11 (Woods and Friswell, 2012; Rivero et al., 2022). Both the internal structure and the skin are design exhibit almost zero Poisson’s ratio in the spanwise direction. The pe-tensioning of the skin also increases the out-of-plane stiffness and eliminates buckling when morphing. Actuators mounted in the non-morphing leading-edge portion of the aerofoil rotate a drive pulley around which the tendons are attached to.

Wind tunnel testing of this FishBAC design shows increases in aerodynamic efficiency compared to the traditional trainlk8ing edge flaps with increases in lift to drag ration of 20% to 25% at equivalent lift conditions, increases in the lift coefficient of 0.72 between morphed and unmorphed. (Rivero et al., 2021).
[image: A computer screen shot of a computer

AI-generated content may be incorrect.]
[bookmark: _Ref227844857]Figure 11 Fish BAC design (Rivero et al., 2022).


NASA composite cellular material morphing wing- 
Constructed from building-block/modular units made from advanced carbon fibre composite materials shown in Figure 12. The blocks are assembled into a lattice, or an arrangement of repeating structures different arrangement style determines how the wing flexes. The wing also features computers and actuators that make it morph and distort to achieve the desired wing shape during flight conditions. This design allows the structure to morph through distributed actuation while maintaining high strength-to-weight ratios (Jenett et al., 2017).
The blocks used fit into a space called voxel also known as volumetric pixel. These voxels come together to create the larger wing, like how a digital image is made up of smaller pixels to create an image. These voxels form structures that can be deconstructed and reconstructed to create new shapes.
The wings are equipped with several sensors taking in real-time data from the surroundings usually this type of networking has significant lag and processing time. Instead, the system designed for this wing use a group of sensors in the skin of the wing around node points that collect the data. Once the data is collected it is processed and passed along to a neighbouring node. (NASA, 2016)

The wind tunnel tests with this new wing system show that the wing has comparable aerodynamic properties to traditional aeroplane wing but at one tenth of the weight. (NASA, 2016)
[image: MADCAT morphing wing]
[bookmark: _Ref227844917]Figure 12 NASA’s composite cellular wing (NASA 2016)

Macro fibre composite morphing wing (MFC):
This design uses macro fibre composite actuators bonded to the inner surface of the skin seen in Figure 13 to enable the entire wing to morph; these innovate actuators are low-cost piezoelectric devices designed to for controlling deflection panels and beams using an electrical signal. (Bilgen et al., 2010)
[image: A computer screen shot of a knife

AI-generated content may be incorrect.]
[bookmark: _Ref227844976]Figure 13 MFC wing (Min, Kien and Richard, 2010)
[bookmark: _Toc227945095] Previous CFD studies
Computation Fluid Dynamics (CFD) is a vital role in aerofoil research the software provides a powerful and cost-effective way to study aerodynamic performance without the need for physical prototypes to be manufactured. CFD can be programmed to analyse the velocity distribution across the aerofoil surface showing a visual flow separation as the fluid contacts the leading edge of the wing as well as the wake behaviour and the boundary layer transition with spatial and temporal conditions as seen in Figure 14.
CFD also offers the flexibility to simulate both static and morphing aerofoil configurations under the same flow parameters, ensuring fair and precise comparison between the designs, with the advantage of rapid testing of multiple different design iterations decreasing the lead time and development issues while also reducing cost and enhancing the accuracy. By implementing adaptive meshing techniques and turbulence models, CFD can simulate real-world conditions like laminar to turbulent transition and flow reattachment.
[image: ]
[bookmark: _Ref227845020]Figure 14 CFD applied on an aircraft (Asotech Insight for Innovation, 2025)


Methods employed:
Several CFD methods are used to precisely predict aerodynamic characteristics under various flow conditions. A widely used method is the Reynolds-Averaged Navier-Stokes (RANS) formulation, these methods provide stead-state solution for average flow conditions, making it ideal to study pressure distribution, lift and drag across the aerofoil surface. This type of modelling is computationally efficient and excellent at examining overall aerodynamics performance of both morphing and mechanically actuated aerofoils. (Anderson, 2017; Versteeg and Malalasekera, 2007)
Cases that have a lower Reynolds number or where boundary conditions play a more vital role, transition-sensitive turbulence models such as k–ω SST (Shear Stress Transport) model or the γ–Reθ transition model are usually implemented. These types of models increase the predictive accuracy by taking into consideration the laminar to turbulent flow transitions, these factors have a significant impact on the drag and flow stability. (Menter, 1994; Wilcox, 2006).
Deforming or dynamic meshes are essential when examining morphing aerofoils or moving surfaces the deforming meshes represent the continuous geometric changes that occur during the model’s actuation. These mesh methods allow the CFD to adapt the computational grid to match the aerofoil’s geometry as it changes ensuring a realistic fluid flow representation. (Versteeg and Malalasekera, 2007).
Model validation also requires grid quality checks and mesh independence studies; by refining the mesh the user can ensure the data is not influenced by the density of the grid or other numerical artifacts intern increasing the reliability of the CFD outcomes. (Versteeg and Malalasekera, 2007; Anderson, 2017).

Previous studies:
Bourdin et al. (2008) conducted a numerical experiment comparing morphing trailing-edge layouts with traditional hinged flaps. Their CFD data showed that morphing aerofoils gathered smoother pressure gradients this resulted in reduced flow separation and overall drag reduction when compared to mechanically actuated flaps. This CFD study demonstrated that morphing surface deformation can have aerodynamic advantages by eliminating discontinuities and air flow disturbances that are typically associated with traditional flaps.
Stanford and Ifju (2010) studied morphing and flexible aerofoils employing CFD coupled with physical wind tunnel testing. The results gathered demonstrated a strong the link between the numerical data gathered by the CFD and the physical data collected from the wind tunnel, confirming that CFD when used as Predictive tool for aerofoil performance is reliable and accurate. The study also highlighted the importance of good material flexibility and structural coupling for realistic morphing actuation.
[bookmark: _Toc227945096]Physical studies
University of Bristol 2018:
The university of Bristol design and manufactured a FishBAC morphing wing for testing, this study focused on stall control and lift coefficient.
Stall control- camber variation along the span of the aerofoil gives the ability to control the spanwise stall location. To prove this a series tufts were attached to the aerofoil this was then place inside the Swansea University subsonic wind tunnel. This test was performed at a constant speed of 30  with a gradually increasing attack angle until stall is reached at 14˚. The stall occurs at the centre of the wing when the FishBAC is actuated uniformly and then shifts towards the side that is actuated to the pressure side (i.e. trailing edge down). This is in line with the behaviour of traditional trailing edge flaps: stall occurs earlier at lower angle of attack with increasing downward deflection.
Lift coefficient- lift coefficient is calculated at a fixed freestream velocity of 30  and an attack angle of 5˚, as it is known that the streamline stays well-attached at this angle of attack. However, it is important to note that there are limitations to this methodology as, although the FSI model does incorporate that structural response of the FishBAC the spanwise displacement used were obtained in absence of aerodynamic loads.
Several spanwise lift coefficient shapes are observed in Figure 15, that show the FishBAC’s potential to optimise spanwise aerodynamic behaviour to decrease drag.
[image: A screenshot of a computer
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[bookmark: _Ref227845521]Figure 15 Different Lift coefficients for multiple deflections of a morphing wing (University of Bristol 2018).
Conclusion- The novelty of the work can be summarised in these key points below.
1. A maximum spanwise variation in transverse displacement of 13.5mm can be obtain when the FishBAC is loaded asymmetrically. This corresponds to a variation of  .
2. The FishBAC’s ability to vary the camber distribution along the span could potentially be used to control the spanwise stall location and avoid the whole wing from stalling at the same time.
3. Due to these spanwise variations, an estimated change in lift coefficient of 1.05 per metre span can be obtained. When normalised this represents a change in lift coefficient of 0.29 per unit of span-chord ratio. As seen in Figure 15.
4. Serval spanwise coefficients can be obtained, depending on the actuation input combination. These results show the potential ability of the FishBAC to drastically modify the spanwise lift distribution during flight. This can potentially be exploited to induced drag reduction and control purposes.

Adaptive aspect Ratio (AdAR) Swansea University 2015:
The Adaptive aspect ratio (AdAR) wing shown in Figure 16 is span morphing concept development at Swansea University, the concept combines four different technologies to enable 100% increase in the span of its morphing section; a compliant skin made of an elastomeric matrix composite (EMC), a telescopic rectangular box spar, sliding ribs and a strap drive system.
[image: A screenshot of a computer
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[bookmark: _Ref227846047]Figure 16 AdAR wing design (Swansea University 2015).
The addition of an optimised ﬁxed camber shows improvements even with span retraction limited to 25%, can be observed over a large range of mission weightings and speed ranges. Span morphing with an optimised camber can deliver an improvement with a weight penalty of up to 12% and 8% with no weight penalty. However, the optimum speed range for maximum span retraction of 25% in this design is 50-90kph, where increasing the speed range slowly reduces the benefit of span morphing. The maximum benefit observed is 3% improvement is the range parameter, and optimum range appeared to be 50-90kph.
Conclusion- span morphing generally requires modification of primary structural components and potentially, adjustments to the underlying design philosophy.  In the case of the AdAR concept, to achieve significant span modification, spars must support all the bending loads creates by the aerodynamics, systems and material choices that allow the ribs to slide.
Maximizing the effects of span morphing is highly dependent on the operation speed range, in addition to the weighting of the mission between low and high speed. The data suggest the for wing under consideration, the morphing appears to favour heavier weighting on the higher speed condition. Span morphing with camber appears to have the more favourable aerodynamic efficiency improvements for a mission with low and highspeed phases. The improvements in span morphing with camber diminishes with increasing flight range, but also the maximum attainable span reduction.
CFD and physical study conclusions:
fixed aerofoils are usually favoured for their structural simplicity, mechanical reliability and ease of maintenance, making them ideal for most aircraft applications. Due to the mechanical nature of these aerofoils their geometry is fixed, decreasing their aerodynamic efficiency to a narrow condition window. This results in the design of the aerofoils being a compromise between low-speed lift and high-speed drag performance leading to a less efficient design.
Morphing aerofoils however can continuously change their geometry such as camber, chord length and surface curvature to adapt the current conditions at hand. This allows the wing to optimise lift generation for take-off and landing approaches while decreasing drag at cruising altitudes. Previous studies have shown that morphing aerofoils can maintain smoother pressure gradients and delay the flow separation, in turn increasing the performance and fuel efficiency of the aircraft.
CFD analysis have shown consistently that morphing aerofoils reduced the drag and improve the lift-to-drag ratio of the wing. Morphing wings also eliminate the flow discontinuities that are caused by the mechanical hinges on a traditional wing, resulting in a more streamlined profile.
The above studies show that while fixed aerofoils remain in demand for their simplicity and cost-effectiveness, morphing aerofoils offer more dynamically adapting geometries for different flight conditions and operational requirements.

 Other notable studies:
Seamless Morphing Trailing Edge (SMTE) (Negahban, M.H.,2025).  – Advanced optimisation study. 
1. 17.8% increase in aerodynamic efficiency. 
2. Reduced power requirement and improved climb rate.
3. Uses adjoint optimisation + high-fidelity CFD.
FishBAC Morphing Wing‌ (Rakhshani, B, 2025).
1. Improved lift-to-drag ratio (37% drag reduction) (25% increase in lift).
2. Smooth pressure distribution. 
3. Reduced flow separation.
NASA Adaptive Structural Morphing (ASM) (Mcgowan et al., n.d.).
1. Shape memory alloys. 
2. Piezoelectric actuators. 
3. Full-system integration.
Morphing Wing Skin Materials (Ahmad et al., 2024).
1. Shape memory polymers. 
2. Electroactive materials. 
3. Balance between flexibility and durability.
[bookmark: _Toc227945097]Gaps in research in the current morphing field
1. Structural and material limitations:
Current morphing designs rely on flexible skins and smart material like memory alloys, piezoelectric and composites. However, achieving a balance between flexibility and structural strength still proves to be a major obstacle. The skins must also deform smoothly while withstanding aerodynamic loads, fatigue and environmental effects such as temperature, UV rays and Icing. A lack of long-term durability testing data means that the reliability under extended service conditions is still not fully known. (Sofla et al., 2010; Thill et al., 2008; Ahmad et al., 2024).
2. Weight and energy penalties:
Morphing mechanisms usually require actuators, additional structure or compliant mechanisms all these increase the weight of the system energy consumption offsetting any aerodynamic gains. Research is needed on lightweight actuation systems and energy efficient wing designs. (Skillen, 2008; Pecora, 2021).

3. Complex control systems:
Morphing aerofoils use continuous deformation rather than discrete mechanical positioning, this continuous deformation requires adaptive, real-time control algorithms that can be integrated into the flight management system. The gap in research lies in creating a robust fail-safe control architecture that can ensure safety and efficiency across all flight conditions.  (Ajaj et al., 2016; Chu et al., 2022).

4. Integration with full aircraft designs:
Most research gathered for morphing aerofoils is collected in isolated environment such as CFD or wind tunnels testing. The limited research for full-scale integration of a morphing wing is how the morphing affects the aircraft’s stability, flutter and aeroelasticity. Fuel storage and impacts on the wing box structure of the aircraft. (Pecora, 2021; De Gaspari et al., 2024).

5. Manufacturing and maintenance:
Additive manufacturing has been suitable for small scale projects, but practical fabrication methods for large complex morphing structures have very little development opportunities. The maintenance and inspection procedures for morphing wings are currently standardised, certification requirements like FAA and EASA remain unclear creating a gap between prototype research and commercial readiness this is why UAVs have become a favourable platform for morphing wing testing as UAVs require less stringent requirements to be commercially available. (Ahmad et al., 2024; Ajaj et al., 2016). 

6. Cost analysis:
While it is true that aerodynamics efficient improve with a morphing wing economics feasibility studies are limited, manufactures and airliners need clear data on whether the fuelling saving cost for a morphing wing outweigh the added cost, complexity and maintenance requirements. More research is needed on the life cycle costing for morphing wing designs. (Ajaj et al., 2016).

To summarise morphing technology shows excellent promise in aerodynamic efficiency, noise reduction and sustainability. Unfortunately gaps in material, actuation, control, certification and large-scale testing prevent widespread adoption of these wings.
[bookmark: _Toc227945098]Governing Equations
This chapter highlights the equations used for aerofoils, including the conservation of mass and momentum, as well as the aerodynamic relations used to evaluate lift, drag, and pressure distribution. Additionally, the turbulence modelling approach used in ANSYS Fluent is described to provide a theoretical basis for the numerical simulations.

[bookmark: _Toc227945099]Conservation of Mass
For incompressible flow, that is valid for low-speed aerodynamic applications such as this study, the continuity equation is given by:

(Equation 6.1) (White, 2016)

This ensures that the net mass flux entering and leaving any control volume remains balanced. (White, 2016; Versteeg and Malalasekera, 2007).
[bookmark: _Toc227945100]Conservation of Momentum
The conservation of momentum is described by the Navier–Stokes equations, which account for the forces acting on a fluid element and is given as:

(Equation 6.2) (White, 2016)

Where:
·  is the fluid density
·  is the velocity vector.
·  is the pressure.
·  is the dynamic viscosity.
In the context of aerofoils, these equations govern the development of boundary layers, flow separation, and wake formation. (White, 2016; Versteeg and Malalasekera, 2007).
[bookmark: _Toc227945101]Lift and Drag Forces
Lift and drag forces are created from pressure and viscous shear stresses acting on the top and bottom surfaces of the wing.
Lift force:

(Equation 6.3) (Anderson, 2017)
Drag force:

(Equation 6.4) (Anderson, 2017)

Where:
·  is the lift force.
·  is the drag force. 
·  is the air density. 
·  is the freestream velocity.
· are the lift and drag coefficient.
·  is the wing area.
These relationships are fundamental in aerodynamic analysis. (Anderson, 2017; White, 2016).
[bookmark: _Toc227945102]Pressure Distribution
Pressure distribution around the wing is a large contributor factor for lift generation. This is commonly expressed using the pressure coefficient ​, defined as:

(Equation 6.5) (Anderson, 2017)

Where:
·  is the local static pressure.
· is the free stream pressure.
Positive pressure coefficient values indicate higher pressure regions, while negative pressure coefficient values correspond to suction (low pressure) usually flowing over the top surface of the wing. The difference in pressure distribution between the upper and lower surfaces results in a lifting force.  (Anderson, 2017; White, 2016).
[bookmark: _Toc227945103]Reynolds Number
The Reynolds number is a dimensionless value used to study the flow behaviour and is defined as:

(Equation 6.6) (White, 2016)

Where:
·  is the chord length of the wing
The Reynolds number determines whether the flow is laminar or turbulent and strongly effects boundary layer behaviour.  (Anderson, 2017; White, 2016).
[bookmark: _Toc227945104]Turbulence Modelling: k–ω SST Model
Because of the turbulent nature of the flow around the wings is this study turbulence modelling is needed and is solved by two transport equations:
Turbulent Kinetic Energy (k):

(Equation 6.7) (Wilcox, 2006)




Specific Dissipation Rate (ω):

(Equation 6.8) (Wilcox, 2006)

Where:
·  is the turbulent kinetic energy. 
·  is the specific dissipation rate.
·  is the turbulent viscosity. 
·  is the production of turbulence.

This model is particularly effective for predicting flow separation under adverse pressure gradients (Menter, 1994; Wilcox, 2006). Making it highly suitable for analysing both morphing and traditional aerofoil configurations.
Summary: These equations underpin the numerical simulations conducted in this study and provide the theoretical framework required to analyse the aerodynamic efficiencies between morphing and traditional aerofoils.
[bookmark: _Toc227945105]Methodology 
This chapter outline the approach taken to investigate can analysis the aerodynamic performance of both wing models through a combination of CFD and physical experimentation. Firstly, a CFD simulation was implemented using ANSYS Fluent to model airflow behaviour around each aerofoil under controlled and repeatable conditions, allowing detailed analysis of velocity fields, pressure distribution, flow separation, and wake characteristics. Then wind tunnel test was conducted to provided physical validation the numerical data from the CFD, allowing for cross-verification of both results.
[bookmark: _Toc227945106]CAD designs NACA 0012 aerofoil
The NACA 0012 aerofoil shown in Figure 17 has been used for this study to it has well documented aerodynamic characteristics and symmetrical design, making it excellent for cross comparative analysis.
[image: ]
[bookmark: _Ref227846144]Figure 17 NACA 0012 profile (Airfoil Tools, 2019).
Traditional flaps:
This model has been modified to incorporate the traditional trailing edge flap layout found on conventional aircraft wings as shown in Figure 18. The purpose of this model is to analyse and quantify the aerodynamics performance characteristics associated with conventional mechanical flaps. The parameters like the lift coefficient (Cl), drag coefficient (Cd) and moment coefficient (Cm) will be studied with the flap deflection of  as well as full deflection with attack angle  of to observe how airflow separates around the aerofoil and how it reacts at the trailing edge as seen in Figure 19 and Figure 20. The model is created in SolidWorks then imported into ANSYS for computational fluid dynamics (CFD) analysis.

[image: ]
[bookmark: _Ref227847289]Figure 18 Schematic of the Traditional wing model with of deflection.
[image: ]
[bookmark: _Ref227847360]Figure 19 Side profile of the Traditional wing with of flap deflection.
[image: ]
[bookmark: _Ref227847370]Figure 20 Side Profile of Traditional wing with full flap deflection.

Morphing flaps:
The morphing aerofoils models are also based on the NACA 0012 baseline geometry to enable a direct comparison under identical airflow conditions, rather than employing mechanical flaps the morphing aerofoils utilises a smooth continuous deformation of the trailing edge to replicate flap deflection as shown in Figure 21. The deformation allows the wing to alter the camber and curvature providing different lift and drag characteristics without the need for mechanical joints. The morphing aerofoil will be designed to produce the same deflection angle of those used in the traditional flap model these being and full morph deflection with of attack as seen in Figure 22 and Figure 23 to ensure a fair and balance comparison between the four models.
[image: ]
[bookmark: _Ref227847404]Figure 21 Schematic of the Morphing wing with of morph deflection.
[image: ]
[bookmark: _Ref227847472]Figure 22 Side profile of the Morphing wing with of morph deflection

[image: ]
[bookmark: _Ref227847496]Figure 23 Side profile of the Morphing wing with full morph deflection


[bookmark: _Toc227945107]ANSYS fluent
ANSYS Fluent is a computational fluid dynamics (CFD) software used to analysis and simulate fluid behaviour over solid surfaces under various physical conditions. Giving researchers the tools to predict fluid flow, heat transfer, mass transfer and different phenomena such as turbulence, combustion and multiphase flow without the need to prototype a physical component to test on.
ANSYS Fluent uses the Navier-Stokes equations and conservation equations to solve different parameters such as mass, momentum and energy using methos based on the finite volume method (FVM). The physical domain is the generated into a mesh of control volumes that are then solves using the equations, allowing complex geometries to be modelled and analysed with high accuracy.
ANSYS Fluent has many physical models, including laminar and turbulent models, heat transfer, radiation, chemical reactions, and multiphase flows. Making the software suitable for a plethora of different applications.
Set up:
[bookmark: _Toc227945108]Geometry 
The geometry is that of the NACA 0012 as seen in Figure 17 aerofoil only modelled to have either a traditional flap or a morphing surface and seen in Figure 19 and Figure 22 and angled at of attack. Each aerofoil is modelled as individual geometries to allow for direct comparison between the traditional and morphing configurations. The aerofoils were created in SolidWorks to ensure accurate profile shape, flap deflection angle and surface continuity. These geometries were then imported into ANSYS DesignModeler and were prepared for CFD analysis using ANSYS Fluent. DesignModeler allows the geometries to be validated, cleaned and properly configured to ensure compatibility with the meshing and solver requirements of the CFD simulation.

[bookmark: _Toc227945109]Enclosure
 The computational domain that surrounds the wing shown in Figure 24 was created using the enclosure tool, this ensures an accurate representation of the external airflow around the wing while minimising numerical interference with the domain boundaries. The enclosure boundaries dimensions were defined by the length aerofoil chord length and orientation of the wing. The upstream of the domain was set to – X 500mm to allow sufficient airflow to develop before interacting with leading edge of the aerofoil, the downstream of the domain was set to + X 600mm to capture the wake development and flow recovery area of aerofoil. The increased length in the + X direction that is the wake region of the wing is needed for accurately resolving the wake area, pressure recovery and any flow separation effects that may occur, which are needed for predicting the lift and drag of the aerofoil.

The vertical and lateral dimensions for the enclosure were defined as -Y 300mm, +Y 300mm, - Z 300mm, +Z 300mm. the dimensions were chosen to ensure that the far-field domain boundaries were successfully removed from the aerofoil’s structure, thereby reducing the amount of blockage effects and preventing airflow acceleration or deceleration near the boundaries. Having adequate clearance these directions also ensure the flow is representative of free-stream flow conditions while not being constrained by the computational domain.

A Boolean subtraction operation was used to delete the aerofoil geometry from the enclosure. This operation created a fluid cavity inside the enclosure that accurately simulates the flow domain around the wing and its control surfaces. The resulting cavity forms a single continuous fluid volume suitable for meshing CFD analysis. This type of enclosure process ensures that the interactions between the incoming flow, aerofoil surface, and the wake region is solved with high fidelity, giving reliable and physically meaningful prediction data.
[image: ]
[bookmark: _Ref227848162]Figure 24 Domian for the wing
 
[bookmark: _Toc227945110]Symmetry
 The symmetry boundary condition shown in Figure 25 is used for the geometric and flow-field symmetry, only allowing half of the full operational domain to be modelled. This creates zero normal velocity and zero normal gradients of flow variables across the symmetry plane, ensuring the no energy or mass is transferred through the boundary conditions.

When reducing the physical size of the computational domain, the total number of meshing elements is also reduced in turn lowing the amount of memory usage and computation cost required for the completed simulation. This also allows a finer mesh to use in critical the regions such the surface of the aerofoil, boundary layers and the wake region of the wing while still having adequate solving times. The decreases in the degrees of freedom also improves the solver’s stability and convergence rates especially for steady-state simulations.

The implementation of the symmetry condition is valid only if the flow remains symmetric and no symmetric phenomes exists such as vortex shedding, flow separation or side-slip effects occur in the solution. Once these conditions are satisfied the symmetry boundary condition for allows high levels of prediction for the aerodynamic performance while maintaining computational efficiency.
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[bookmark: _Ref227848189]Figure 25 Symmetry plane of the domain.
[bookmark: _Toc227945111]Mesh
A polyhedral mesh was chosen for the fluid domain as this type of mesh generally provides improved numerical stability and better convergence as seen in Figure 26 when compared with a tetrahedral mesh especially for complex flow patterners. Polyhedral mesh offers a larger number of faces, improving the flux interpolation and allowing the flow gradients around the aerofoil surface, flap region, and wake to be captured more efficiently with fewer cells than an equivalent tetrahedral mesh.
To ensure accurate resolution of the near-wall flow, the wing surface mesh size was set to 0.002 m. This fine surface discretisation is important for capturing the local pressure gradients, velocity acceleration over the upper surface, and the onset of separation near the trailing edge. Extra layers of refinement were added through two body of influence (BOI) regions. The near-field BOI was assigned an element size of 0.008 m this allows the mesh to remain sufficiently fine in the region immediately surrounding the aerofoil, where the boundary layer develops and where strong curvature in the streamlines and pressure field will occur, while the far-field BOI was set to 0.01 m, providing a gradual reduction in mesh density away from the aerofoil while still maintaining adequate resolution of the wake region and downstream flow recovery.
A three-layer boundary layer was also applied to the surface of the wing to resolve the viscous sublayer. These inflation layers are particularly important in aerodynamic simulations because they improve the prediction of wall shear stress, pressure recovery, and separation behaviour.
A growth rate of 1.2 was selected to provide a smooth transition between the highly refined cells near the aerofoil and the coarser cells further into the domain. The growth rate is important because aggressive expansion in element size can introduce interpolation errors and reduce solution accuracy, particularly in the wake and separation regions.

The capture proximity option was enabled to ensure that the geometries that were closer together particularly at the trailing edge of the edge of the aerofoil were correctly represented in the simulation. The capture proximity feature allows the meshing software to automatically refine the elements where the geometric proximity could lead to poorly shaped elements or loss of geometric fidelity. Highlighting these small geometries is crucial when comparing the four aerofoil models, as these small variations can lead to significant behaviour changes and aerodynamic performance that may not be accurate to real world conditions.
To summarise, this meshing approach is appropriate for external aerodynamic analysis of the wing configurations investigated in this study. The fine surface mesh, local BOI refinements, boundary layer treatment, and polyhedral cell formulation together provide a mesh capable of resolving the main aerodynamic features, including pressure distribution, wake development, and separation effects.

[image: ]
[bookmark: _Ref227849016]Figure 26 Polyhedral mesh around each wing

[bookmark: _Toc227945112]Models
 The simulation was performed using a pressure-based solver set up for steady sate analysis. The pressure-based formula is advantageous for incompressible or mildly compressible flows, where the density variations are small and the primary flows are controlled by pressure and velocity coupling. This solver formulation allows robust convergence predictions and computation efficiency for aerodynamic simulations such aerofoil geometries.

A steady-state approach was chosen to capture the timed aerodynamic characteristics of the flow, including pressure distribution, velocity magnitude, and turbulence quantities. A steady-state simulation assumes that the mean flow does not change with time, this is a valid prediction for attached or slightly separated flows that operate at constant operating conditions. A steady-state analysis is well-suited to in aerodynamics studies as it allows efficient evaluation of performance characteristics such as lift and drag without the computational cost that is seen in transient simulations.

[bookmark: _Hlk220177189][bookmark: _Hlk220176742]To simulate the turbulence effects the k–ω Shear Stress Transport (SST) turbulence model was used. This type of model is a formula that combines both the k–ε and k–ω turbulence models using equations 6.7 and 6.8. When assessing the flow near soldi walls the model shows behaviours like the k–ω formula creating accurate resolution near the boundary layer without excessive wall function predictions.
When analysing the free-stream and the wake regions the model changes to the k–ε model reducing sensitivity to the free—stream turbulence conditions while still having numerical stability in areas loaded by large scale turbulence. The SST formulation incorporates shear stress limitations that ensures its ability to predict flow separation under different pressure gradients. 
[bookmark: _Toc227945113]Methods
 A second order discretisation scheme was used for the convection terms in the transport equations to improve the accuracy of the final solution. Unlike like first order set ups that approximate values using linear interpolation that are more biased towards the upstream cells and add numerical diffusion, this is why first order set ups are only used as a reference point for second order wind up phases. Second-order upwind setups use a higher order of Taylor series expansion to reconstruct variable gradients at the cell’s faces.

The higher order discretisation decreases the artificial numerical diffusion allowing higher resolution of flow characteristics such as pressure distributions, velocity gradients, boundary layer developments and wake region structures. This is particularly valued in aerodynamic studies where accurate predictions of lift, drag and flow separation are reliant on resolving steep gradients nearer the wings surface and wake regions.

The second order scheme also improves the solution fidelity by adding local gradient information, resulting in more accurate momentum, turbulence quantities and energy through the computational domain. The downside to a second order system is the computation cost required run the simulation and stricter convergence controls compared to that of a first order system, although a second order system provides a more physically realistic representation of the flow field while decreasing the discretisation error.

[bookmark: _Toc227945114]Flow conditions 
The working fluid was defined as air with constant properties, with density specified according to standard atmospheric conditions. The freestream velocity was imposed as a uniform inlet boundary condition with a magnitude of 30 m/s, representing the operating flow regime for the aerofoil study. The use of uniform inlet conditions and constant fluid properties ensures that any variations in aerodynamic performance are linked solely to geometric differences between the morphing and traditional aerofoil models, rather than changes in the operating conditions of the simulation.
[bookmark: _Toc227945115]Wind tunnel set up
Setup:
1. First the models were place on the wing mount shown in Figure 27 and angled at  as this was the attack angle chosen in the CFD simulation this ensured consistency between numerical an experimental analysis.
[image: ]
[bookmark: _Ref227849257]Figure 27 Wind tunnel wing mount.

2. The mounting system was then securely installed within the wind tunnel test section show in Figure 28, and the balance system was calibrated to account for the tare weight of both the mounting apparatus and the wing model.[image: ]
[bookmark: _Ref227849389]Figure 28 Wind tunnel.
3. The freestream velocity within the wind tunnel was gradually increased using a controlled voltage regulator. The flow velocity was monitored and verified using a calibrated flow measurement device until the target test velocity was achieved and stabilised shown in Figure 29.
[image: ]
[bookmark: _Ref227849420]Figure 29 voltage regulator and flow measurement device.

4. The lift and drag forces were collected for each wing configuration using in the analogue display show in Figure 30, allowing for direct comparison between the different morphing and traditional geometries under identical test conditions.

[image: ]
[bookmark: _Ref227849544]Figure 30 Analogue lift and drag monitor (Grammes) 


[bookmark: _Toc227945116]Results of morphing aerofoil and traditional aerofoil
[bookmark: _Toc227945117]Results of Morphing aerofoil study
Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection:
For the 45° morphing deflection case, the residuals for continuity, velocity components, and turbulence quantities (k–ω) decrease steadily showing a stable and well-converged solution. The lift and drag values stabilise at approximately 1.22 × 10³ and 3.00 × 10² shown in Figure 31.
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[bookmark: _Ref227849638]Figure 31 Cl, Cd and Cm value for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.



Drag force:

(Anderson, 2017)
Drag force on wing:
[image: ]
Figure 32 Drag force for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.

Lift force:

(Anderson, 2017)
Lift force on wing:
[image: ]
Figure 33 Lift force for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.


Lift to drag ratio model 1:
Lift to drag ratio = 
(Equation 8.1) (Anderson, 2017)
Where:


 = 4.07




Morphing aerofoil at 10˚ of attack angle and full morphing deflection:
The full morphing deflection aerofoil shows higher residual levels for continuity, indicating comparatively poorer convergence and potentially more complex flow physics. Although the lift coefficient increases slightly to 2.32 as shown in Figure 34, the drag also rises and small fluctuations persist in the results. This behaviour is a characteristic of increased flow separation or unsteady vortex structures forming due to extreme camber. The elevated turbulence quantities (k and ω) further support the presence of stronger shear layers and possible separation regions.
[image: ]
[bookmark: _Ref227849728]Figure 34 Cl, Cd and Cm values for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
The CFD results suggest that while increasing morphing deflection enhances lift, there is a trade-off with drag and flow stability, with full deflection introduces diminishing returns due to increased separation and turbulence effects.






Drag force:

(Anderson, 2017)
Drag force on wing:
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Figure 35 Drag force for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
Lift force:

(Anderson, 2017)
Lift force on wing:
[image: ]
Figure 36 Lift force for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
Lift to drag ratio model 2:
 = 2.80

Morphing low morph deflection residuals:
The low deflection morphing wing residuals seen in Figure 37 shows a strong reduction across the continuity, velocity components, and turbulence quantities, reaching magnitudes as low as to –10⁻⁸, indicating a converged and numerically stable solution. The lift and drag plots seen in Figure 38 rise rapidly due to the first order predicting the Cd and Cl value this data is then used to as a benchmark for the second order method to predict more accurately. The moment coefficient seen in Figure 39 follows a similar trend, settling smoothly after an initial increase. Suggesting a predominantly attached flow with limited flow separation, where the morphing geometry enhances camber without significantly destabilising the boundary layer. As a result, the aerodynamic performance is both efficient and stable.
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[bookmark: _Ref227849809]Figure 37 Convergence residuals for the for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection
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[bookmark: _Ref227849862]Figure 38 Lift and Drag residuals for the for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection
[image: ]
[bookmark: _Ref227849892]Figure 39 Moment Drag residuals for the for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection

Morphing full morph deflection residuals:
The Morphing Wing full morph model exhibits noticeably poorer convergence characteristics as seen in Figure 40. Residuals plateau at higher levels and shows less consistent decay, indicating increased numerical difficulty. The lift and drag plots have more aggressive oscillations before reaching a steady state, and small fluctuations persist even after convergence. The moment plot also has continued oscillations, suggesting that the flow field has not fully stabilised. This could be due to the stronger adverse pressure gradients induced by excessive camber, leading to flow separation and possible recirculation regions over the aerofoil surface.
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[bookmark: _Ref227851154]Figure 40 Convergence residuals for the for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
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Figure 41 Lift and Drag residuals for the for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.


[image: ]
Figure 42 Moment residuals for the for Morphing aerofoil at 10˚ of attack angle and full morphing deflection


Velocity and Pressure (morphing).
The plot illustrates how the wings interact with the oncoming flow, at the very front of the leading edge of the wings where the flow decreases is known as the stagnation point, this point converts all kinetic energy into pressure as seen in Figure 43 and Figure 44. The flow also accelerates significantly over the upper surface ging from green to light blue, this acceleration in velocity is caused by the curvature of the wing forcing the flow into tighter path. Behind the trailing edge there is visible separation of flow this separation is caused by the boundary layer losing energy due to the surface friction.
[image: A computer screen shot of a computer program
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[bookmark: _Ref227851337]Figure 43 Velocity diagram of Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
[image: ]
[bookmark: _Ref227851358]Figure 44 Velocity diagram of Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
Pressure distribution (morphing).
This plot is the Inverse of the velocity plot that follows Bernoulli’s Principle. The high pressure at the leading edge corresponds with the stagnation point, the high pressure here is create due the flow being at a complete stop. The purple region on the upper surface represents the negative gauge pressure also known as suction, as the air increases in velocity the static pressure decrease this suction creates a lift force. The lower surface maintains a higher pressure due to the air passing slower on the lower surface this create more pressure under the wing, the net difference between the lower surface pressure and the upper surface pressure results in upward lift force as seen in Figure 45 and Figure 46.
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[bookmark: _Ref227851406]Figure 45 Pressure distribution of Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
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[bookmark: _Ref227851419]Figure 46 Pressure distribution of Morphing aerofoil at 10˚ of attack angle and full morphing deflection.


Figure 47 and Figure 48 are 3D perspectives of the pressure distribution around the wing’s surface. As the pressure move from the leading edge to the trailing edge of the wing the pressure changes this is known as pressure recovery and is due to the air decreasing in velocity as the wing tapers off. The downward slope of the wing helps maintain a higher pressure on the lower surface for a longer duration of the chord; this improves the stalling behaviour of the wing.
[image: A computer screen shot of a computer program
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Figure 47 3D Pressure distribution of Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.

[image: ]
Figure 48 3D Pressure distribution of Morphing aerofoil at 10˚ of attack angle and full morphing deflection.

Velocity in the wake region (morphing).
Figure 49 and Figure 50 show the viscous wake region behind the wing’s airflow, as air passes over the upper and lower surface of the wing the friction between the air and the wing surface creates a boundary layer as these layers meet at the trailing edge they merge into one another creating a large region of low velocity air. On the side of the central wake structure there are two circular feature these are trailing vortices, as the air flow travel over the surfaces of the wing the air flow at the wing tips begins to roll over the edges to equalise the pressure, this creates vortex structures on the tips of the wing. These vortices are the primary source of induced drag.
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[bookmark: _Ref227851675]Figure 49 Velocity in the wake region for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
[image: ]
[bookmark: _Ref227851692]Figure 50 Velocity in the wake region for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
Flow separation and recirculation (morphing).
 This figure shows the flow separation and the recirculation bubble on trailing edge of the wings. The velocity vectors at the leading edge and mid-chord region show strong attachment flow which accelerates into a suction peak. However, as the air flow moves toward the rear it encounter a strong adverse pressure gradient. The static pressure in these regions is increased, meaning as the fluid particles go over the surface of the wing they are slowed down and change direction leading to flow separation. The separation point is where the boundary layers, which is thin layer of air close to the surface losses the ability to adhere to the wing’s geometry shown in Figure 51. As seen with the vectors Figure 52 in there is a recirculation zone at the rear of the wing where the flow separates, this happens due to the intense velocity of the shear layers that induces backflow velocities in the wake region.
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[bookmark: _Ref227852061]Figure 51 Flow separation of Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
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[bookmark: _Ref227852021]Figure 52 Flow separation of Morphing aerofoil at 10˚ of attack angle and full morphing deflection.

Vortices (morphing).
Wing tip vortices form when the pressure difference between the upper and lower surfaces of the wing causes the high-pressure air flow to spill over the wing tips into the lower pressure area above creating a swirling mass of air shown in Figure 53. The strength and persistence of the vortices is a good indication of how much lift is being generated by the wing. Vortices are linked with induced drag that reduces the wing’s aerodynamic efficiency and shows a loss of energy as seen in Figure 54.
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[bookmark: _Ref227852549]Figure 53 Vortices of Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
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[bookmark: _Ref227852507]Figure 54 Vortices of Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
Streamlines (morphing).
As seen in the streamline visitation the flow separation occurs near the trailing edge of the wing as seen in both Figure 55 and Figure 56, this suggest the morphing geometry is introducing boundary layer deceleration leading to flow separation. The recirculation is also present in the streamline as well as a thicker more chaotic wake structure indicating a thicker wake with strong velocity deficits. The interaction between the separated layers suggests enhanced turbulent mixing. This is a characteristic of a post-stall or near-stall flow on the wing and will increase with a more aggressive attack angle leading to a complete stall of the wing.
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[bookmark: _Ref227852594]Figure 55 streamlines of Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
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[bookmark: _Ref227852608]Figure 56 streamlines of Morphing aerofoil at 10˚ of attack angle and full morphing deflection.

Vortex core region (morphing).
The elongated vortex structures shows that the velocity magnitude is high and exhibits strong rotational coherence rather than just pure shearing. This shows a stable steam vortex meaning there is little breakdown into turbulence as seen in Figure 57 and Figure 58. The separated shear layer between high-speed outer flow and low-speed recirculating flow becomes unstable This instability leads to Kelvin–Helmholtz type roll-up, increasing the vortex core seen in Figure 59 and Figure 60. The key characteristics of these vortices are a larger core thickness showing a fully developed vortex and a persistence core showing a decreased dissipation rate. 
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[bookmark: _Ref227852731]Figure 57 Side view of vortex for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
[image: A computer screen shot of a computer program

AI-generated content may be incorrect.]
[bookmark: _Ref227852741]Figure 58 Vortex forming for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
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[bookmark: _Ref227852678]Figure 59 Side view of vortex for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.
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[bookmark: _Ref227852696]Figure 60 Vortex forming for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.

Isosurface Pressure (morphing). 
The isosurface shows where flow is accelerated around the wing which decreases the amount of pressure in those flow regions. At the leading edge of the wing the air is forced rapidly to change direction to follow the wing’s geometry. The visualisation of the vortices confirms the low pressure inside the core due to the increased velocity inside it as well as being another representation of induced drag. The space at the mid-span confirms the flow separation and the start of stalling over the rear of the wing as the flow in no longer able to stay on the surface of the wing seen in both Figure 61 and Figure 62.
[image: A computer screen shot of a computer program
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[bookmark: _Ref227852795]Figure 61 Isosurface for Morphing aerofoil at 10˚ of attack angle and 45˚ of morphing deflection.
[image: ]
[bookmark: _Ref227852806]Figure 62 Isosurface for Morphing aerofoil at 10˚ of attack angle and full morphing deflection.

[bookmark: _Toc227945118]Traditional wing results
Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection:
The results for the traditional wing at 10° angle of attack highlight the aerodynamic limitations of conventional flap deflection. The 45° flap deflection wing, the solution shows good numerical convergence, with residuals reducing for continuity and significantly lower for velocity components and turbulence quantities. The lift and drag values stabilise with low oscillations in the final iterations converging at 1.35 and 0.31 shown in Figure 63. Indicating a stable flow field, although the increased lift levels suggests that the flap is not fully optimised for lift enhancement. This behaviour is consistent with a partially attached flow, where the flap increases the deflection but begins to introduce an adverse pressure gradient toward the trailing edge.
[image: ]
[bookmark: _Ref227853190]Figure 63 Cl, Cd and Cm value for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.




Drag force:

(Anderson, 2017)
Drag force on wing:
[image: ]
Figure 64 Drag force for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.

Lift force:

 (Anderson, 2017)
Lift force on wing:
[image: ]
Figure 65 Lift force for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
Lift to drag ratio trad model 1:
 = 3.56

Traditional aerofoil at 10˚ of attack angle and full flap deflection:
The full flap deflection wing shows slightly poorer convergence characteristics, with the residuals plateauing at higher levels and requiring more iterations to stabilise. The lift does increase with a change in flap deflection at 1.50; however, this is accompanied by a significant rise in drag 0.56 as seen in Figure 66. The higher drag values indicate an increase in flow separation over the flap surface. Aggressive flap deflection likely generates a strong adverse pressure gradient, promoting boundary layer separation and the formation of recirculation zones downstream of the hinge line excessive flap angle likely generates a strong adverse pressure gradient, promoting boundary layer separation and the formation of recirculation zones downstream of the hinge line.
[image: ]
[bookmark: _Ref227853229]Figure 66 Cl, Cd and Cm value for Traditional aerofoil at 10˚ of attack angle and full flap deflection.

Drag force on wing:
[image: ]
Figure 67 Drag force for Traditional aerofoil at 10˚ of attack angle and full flap deflection.
Lift force on wing:
[image: ]
Figure 68 Lift force for Traditional aerofoil at 10˚ of attack angle and full flap deflection.
Lift to drag ratio trad model 2:
 = 2.66

Traditional wing low flap deflection residuals:
The traditional wing at 45° of flap deflection shows residuals for continuity, velocity, and turbulence variables decrease quickly during the first order, which indicates that the solver is quickly establishing the main flow field. The noticeable jump in the residuals is due to the simulation using the first order phase as a benchmark for the second order method to predict the data more accurately, which is typical of a solution adjustment as the flow field, pressure distribution, or turbulence structure is rebalanced seen Figure 69. The residuals then continue to decay steadily, the velocity residuals fall to around the order of 10⁻⁷ to 10⁻⁸, while the turbulence residuals and continuity reduce to approximately 10⁻³ to 10⁻⁵ by the end of the run. The lift, drag, and moment residuals then flatten out confirming that the aerodynamic coefficients are no longer changing significantly over time shown in Figure 70 and Figure 71.
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[bookmark: _Ref227853402]Figure 69 Convergence residuals for the for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
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[bookmark: _Ref227853367]Figure 70 Lift and Drag residuals for the for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection


[image: ]
[bookmark: _Ref227853381]Figure 71 Moment residuals for the for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection

Traditional wing full flap deflection residuals:
The traditional wing with full flap deflection has the same general trend as Figure 69, but the convergence quality is reduced, with the residuals initially fall well, then showing a marked increase at around 90–100 after the second order method is applied before continuing downward. However as seen below the continuity residual remains much higher, plateauing around the order of 10⁻³, and the turbulence residuals also settle at higher levels shown in Figure 72. Meaning that the momentum equations are being resolved fine, but the poorer continuity convergence suggests that the overall mass balance is more difficult to satisfy. Suggesting the flow has become more complex due to stronger flow separation, recirculation, or a thicker wake is present. The force and moment plots do eventually stabilise, the convergence is not as clean as the 45° wing study, indicating a more demanding and less stable aerodynamic condition that is common with more aggressive flap deflection as seen in Figure 73 and Figure 74.
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[bookmark: _Ref227853465]Figure 72 Convergence residuals for the for Traditional aerofoil at 10˚ of attack angle and full flap deflection.

[image: ]
[bookmark: _Ref227853511]Figure 73 Lift and Drag residuals for the for Traditional aerofoil at 10˚ of attack angle and full flap deflection

[image: ]
[bookmark: _Ref227853524]Figure 74 Moment residuals for the for Traditional aerofoil at 10˚ of attack angle and full flap deflection.

Velocity and Pressure (Traditional).
The plot also illustrates how the wings interact with the oncoming flow but with a tradition control surface implemented in place of the morphing geometry from the previous results. again, at the very front of the leading edge of the wing there is a stagnation point and convert all kinetic energy into pressure. The flow also accelerates significantly over the upper surface, this acceleration in velocity is caused by the NACA0012 aerofoil profile, but unlike the morphing wing that begin the curvature change more gradually the traditional wing maintains a relatively flat upper surface for a longer duration shown in Figure 75. At the hinge location where the flap is angled the flow is forced quickly in a different direction rather than distributed evenly throughout the curve of the morphing design, this sudden change in direction creates a localised spike in the adverse pressure gradient. Behind the trailing edge there is a much larger separation of flow compared to the morphing wing, but rather than surface friction being the main reason that the flow separates in this instance it is the steep angle of the deflected flap that causes separation as the air lacks the momentum to travel around such an aggressive change in geometry. As seen from the shape of the wake region a large amount form drag is being produced shown in Figure 76.

[image: ]
[bookmark: _Ref227853937]Figure 75 Velocity diagram of Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
[image: ]
[bookmark: _Ref227853980]Figure 76 Velocity diagram of Traditional aerofoil at 10˚ of attack angle and full flap deflection.
Pressure distribution (Traditional) 
This pressure plot reveals the aerodynamic cost of traditional mechanical flaps. As seen in the pressure plot the pressure topology for the traditional wing is much more aggressive and less efficient than that of the morphing wing. The colour transition from the upper of the flap, the pressure changes from a light green to yellow very aggressive further cementing a change in the adverse pressure gradient seen in Figure 77. While the deflected airflow caused by the flap creates a large pressure difference in turn creating more lift it also creates a large amount of drag pressure, this is due to the high pressure being push up against the tilted surface of the flap, it then creates a force vector the points both up for lift and back for drag. The abrupt geometry forces the pressure to recover too quickly which breaks the flow’s attachment shown in Figure 78. Whereas in the morphing wing design, the pressure can recover more naturally creating smaller separation zones.
[image: ]
[bookmark: _Ref227855218]Figure 77 Pressure distribution of Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
[image: ]
[bookmark: _Ref227855167]Figure 78 Pressure distribution of Traditional aerofoil at 10˚ of attack angle and full flap deflection.
Figure 79 and Figure 80 are 3D perspectives of the pressure distribution around the wing’s surface. The angled nature of this wing means that the pressure while high is localised to specific region making it prone to stalling. The abrupt shift in pressure also causes a large flow separation and profile drag.
[image: ]
[bookmark: _Ref227855250]Figure 79 3D Pressure distribution of Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
[image: ]
[bookmark: _Ref227855266][bookmark: _Ref227872820]Figure 80 3D Pressure distribution of Traditional aerofoil at 10˚ of attack angle and full flap deflection.
Velocity in the wake region (Traditional).
The most prominent feature in the plot figure is the more aggressive wake region left by the traditional wing, this region represents the velocity deficit seen in Figure 81. The visuals of the wake region show a large formation of the form drag caused by the separation bubble seen in Figure 82. When compared with the wake region created by the morphing wing the morphed wing had a more compact velocity deficit meaning the particle traveling over the morphing have less resistance while on the other hand the traditional wing is creating mass of slow-moving turbulent air behind it and sharper velocity changes in the wake region.
[image: ]
[bookmark: _Ref227855330][bookmark: _Ref227855339]Figure 81 Velocity in the wake region for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
[image: ]
[bookmark: _Ref227855365]Figure 82 Velocity in the wake region for Traditional aerofoil at 10˚ of attack angle and full flap deflection.
Flow separation and recirculation (Traditional).
This vector field of the traditional wing shows how extreme the flow separation is and how much energy is being directed back into the recirculation region, showing how boundary layer suffers from a catastrophic breakdown at the hinged section of the wing seen in Figure 83. When the flow reaches the hinge section the velocity vectors lose their momentum and invert and point back towards the trailing edge creating an intense recirculation zone. The reason why such an extreme recirculation region occur is because of the adverse pressure gradient, the geometric shape of the flap acts as a barrier for the air flow and the kinetic energy deficiency of the air particles shown in Figure 84.
[image: ]
[bookmark: _Ref227855479]Figure 83 Flow separation of Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.

[image: ]
[bookmark: _Ref227855453]Figure 84 Flow separation of Traditional aerofoil at 10˚ of attack angle and full flap deflection.

Vortices (Traditional).
As stated in previous vortices section the Wing tip vortices are created when the pressure difference between the upper and lower surfaces of the wing causes the high-pressure air flow to spill over creating a swirling mass of air shown in Figure 85. The vortices in this case are much larger than the one produce by the morphing wing this could indicate that more lift is be produced by the traditional wing however stronger vortices also means more induced drag decreasing the efficiency of the wing overall as shown in Figure 86.
[image: ]
[bookmark: _Ref227855725]Figure 85 Vortices of Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
[image: ]
[bookmark: _Ref227855700]Figure 86 Vortices of Traditional aerofoil at 10˚ of attack angle and full flap deflection.

Streamlines (Traditional).
This visualisation of the streamline on the wing’s surface and wake region provides a more detailed look at how the air flows around the geometry of the traditional wing. The swirling of the ribbons shows a turbulent wake region caused by the geometry of the flap shown in Figure 87, as the air passes around the flap the flow particle lose their momentum decreasing the aircrafts forward momentum. The separation caused by the flap also rolls into the wing tip vortices make them larger and more unstable further adding to the induced drag seen in Figure 88.
[image: ]
[bookmark: _Ref227855767]Figure 87 Streamlines of Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
[image: ]
[bookmark: _Ref227855791]Figure 88 Streamline of Traditional aerofoil at 10˚ of attack angle and full flap deflection.
Vortex core region (Traditional).
The unstable vortices are a direct consequence of the turbulent air being create by the flap as shown by the budge at the start of the vortices seen in Figure 89 and Figure 90. Unlike the morphing wing where the air flow entering the vorticity is reality laminar or attach the tradition wing’s vertex is created by high entropy air from the large separation section behind the wing. The erratic behaviour of the vortex core is due to variation in the velocity indicating a lack of structural stability in the vortex in turn causing turbulence shown in Figure 91 and Figure 92.

[image: ]
[bookmark: _Ref227855862]Figure 89 Side view of vortex for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.

[image: ]
[bookmark: _Ref227855869]Figure 90 Vortex forming for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.

[image: ]
[bookmark: _Ref227855828]Figure 91 Side view of vortex for Traditional aerofoil at 10˚ of attack angle and full flap deflection.
[image: ]
[bookmark: _Ref227855834]Figure 92 Vortex forming for Traditional aerofoil at 10˚ of attack angle and full flap deflection.


Isosurface Pressure (Traditional).
The isosurface for the traditional wing shows where the flow is accelerated and the loss of the flow attachment. The surface ripples on the isosurface indicates high pressure frequency fluctuation that would manifest as buffeting and vibration in real word applications shown both in Figure 93 and Figure 94.

[image: ]
[bookmark: _Ref227855911]Figure 93 Isosurface for Traditional aerofoil at 10˚ of attack angle and 45˚ of flap deflection.
[image: ]
[bookmark: _Ref227855918]Figure 94 Isosurface for Traditional aerofoil at 10˚ of attack angle and full flap deflection.

[bookmark: _Toc227945119]Results Wind Tunnel Testing 
The wing models were also evaluated through controlled wind tunnel experiment to gather measurement of lift and drag results shown in Figure 95,Figure 96,Figure 97 and Figure 98. This was done to enable a direct comparison with the CFD predication and validate the numerical model and identify and discrepancies between the two data sets.


Morphing wing tunnel results
[image: ]
[bookmark: _Ref227855989]Figure 95 Morphing wings in the wind tunnel.
Table 1 Morphing wing
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing 1 (10˚ and 45˚ flap)
	125
	145
	30

	Morphing wing 2 (10˚ and full flap)
	145
	245
	30



	Experimental Lift to drag ratio (model 1):		
 = 0.86
	Experimental to drag ratio (model 2):		
 = 0.59










Traditional wing tunnel results

[image: ]
[bookmark: _Ref227855995]Figure 96 Traditional wings in the wind tunnel.
Table 2 Traditional wing
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing 1 (10˚ and 45˚ flap)
	125
	170
	30

	Traditional wing 2 (10˚ and full flap)
	110
	235
	30



	Experimental Lift to drag ratio (Trad model 1):		
 = 0.74
	Experimental Lift to drag ratio (Trad model 2):		
 = 0.47


Morphing wing inverted results 
Note: At the time of testing the wind tunnel was calibrated to be more sensitive to downforce meaning higher velocities would max out the lift measurement this is why the velocity of the inverted wings were set to 10 m/s.
[image: ]
[bookmark: _Ref227856001]Figure 97 Inverted Morphing wings in the wind tunnel.
Table 3 Inverted morphing wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing (i) 1 (10˚ and 45˚ flap)
	90
	60
	10

	Morphing wing (i) 2 (10˚ and full flap)
	110
	90
	10



	Inverted wing Lift to drag ratio (model 1 i):		
 = 1.50

	Inverted Lift to drag ratio (model 2 i):		
 = 1.22



Traditional wing inverted results 
[image: ]
[bookmark: _Ref227856019]Figure 98 Inverted Traditional wings in the wind tunnel.

Table 4 Inverted Traditional wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing (i) 1 (10˚ and 45˚ flap)
	80
	65
	10

	Traditional wing (i) 2 (10˚ and full flap)
	70
	80
	10



	Inverted Lift to drag ratio (Trad model 1 i):		
 = 1.23
	Inverted Lift to drag ratio (Trad model 2 i):		
 = 0.88


Summary:
The results from the wind tunnel testing demonstrates that the morphing wing has a clear aerodynamic advantage. The morphing wing shows a positive correlation between deformation and lift generation from 125 g to 145 g albeit with and increase in drag from 145 g to 245 g shown in Table 1. This behaviour is indicative of enhanced camber control this increases the circulation and pressure differential across the aerofoil in turn increasing lift. The traditional wing shows a reduction in lift from 125 g to 110 g with increased flap deflection while the drag increases from 170 g to 235 g from Table 2 suggesting early flow separation stalling with decreased aerodynamic efficiency. Similar trends were observed with the inverted configuration. where the morphing wing maintains an increase in lift 90 g to 110 g from Table 3 with a moderate drag penalty, whereas the traditional wing again demonstrates diminishing lift performance 80 g to 70 g from Table 4.

[bookmark: _Toc227945120]Cross comparison of data gathered 
[bookmark: _Toc227945121]Morphing aerofoil: CFD vs Experimental results
Table 5 all morphing wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing 1 (10˚ and 45˚ flap)
	125
	145
	30

	Morphing wing 2 (10˚ and full flap)
	145
	245
	30

	
	
	
	

	Model (AOA and Flap angle)
Inverted
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Morphing wing (i) 1 (10˚ and 45˚ flap)
	90
	60
	10

	Morphing wing (i) 2 (10˚ and full flap)
	110
	90
	10




[image: ]
[bookmark: _Ref227856336]Figure 99 Cross-comparison velocity and pressure distribution of both morphing wings.
[image: ]
[bookmark: _Ref227856377]Figure 100 Cross-comparison of vortices on both morphing wings.
[image: ]
[bookmark: _Ref227856561]Figure 101 Cross-comparison of streamlines on both morphing wings.

The morphing aerofoil for CFD and experimental results both demonstrate a positive correlation between morphing deflection and lift generation. Resulting in an increase in lift from 125 g to 145 and 90 g to 110 g for the inverted wing, accompanied by a significant rise in drag from 145 g to 245 g and 60 g to 90 g again for the inverted wing from Table 5. This trend is well captured in the CFD simulations, where the lift coefficient increases with morphing deflection.
The CFD flow visualisations support these findings show three main developments:
1. Enhanced velocity acceleration over the upper surface (Figure 99).
2. Increased pressure differential due to higher camber (Figure 99).
3. The onset of trailing-edge separation and vortex structures at full morph deflection (Figure 100).
At 45˚ of morph deflection the flow remains mostly attached, with smoother streamlines and a stable convergence.	Resulting in a favourable lift to drag balance. However, at full morph deflection the CFD shows:
1. Stronger recirculation zones. 
2. Increased turbulent kinetic energy (k).
3. More pronounced wake development (Figure 101).
Aligning with the experimental observation of a disproportionate drag increase, showing that excessive morphing introduces diminishing aerodynamic returns.


[bookmark: _Toc227945122]Traditional aerofoil: CFD vs Experimental results
Table 6 all Traditional wings
	Model (AOA and Flap angle)
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing 1 (10˚ and 45˚ flap)
	125
	170
	30

	Traditional wing 2 (10˚ and full flap)
	110
	235
	30

	
	
	
	

	Model (AOA and Flap angle)
Inverted
	Lift (grammes)
	Drag (grammes)
	Velocity (m/s)

	Traditional wing (i) 1 (10˚ and 45˚ flap)
	80
	65
	10

	Traditional wing (i) 2 (10˚ and full flap)
	70
	80
	10



[image: ]
[bookmark: _Ref227856492]Figure 102 Cross-comparison velocity and pressure distribution of both Traditional wings.
[image: ]
[bookmark: _Ref227856620]Figure 103 Cross-comparison of vortices on both Traditional wings.
[image: ]
[bookmark: _Ref227856658]Figure 104 Cross-comparison of streamlines on both Traditional wings.
The traditional aerofoil results show a different behaviour. With the experimental data showing that increasing flap deflection from 45˚ to full deflection leads to a decrease in lift from 125 g to 110 g and 80 g to 70 g for the inverted wing and a significant increase in drag from 170 g to 235 g and 65 g to 80 g for the inverted wing shown in Table 6.
This counterintuitive reduction in lift is supported by CFD results, which reveal severe aerodynamic penalties at high flap angles.
CFD flow analysis shows:
1. A strong flow separation at the flap hinge (Figure 102).
2. Formation of large recirculation bubbles downstream of the flap (Figure 103).
3. A thickened wake and loss of flow attachment over the flap surface (Figure 104).
This geometric discontinuity from the tradition wing introduces:
1. Early boundary layer separation. 
2. Increased pressure drags.
3. Reduced effective camber usage.
The full flap residuals further support this showing:
1. Higher residual plateaus (Figure 72).
2. Increased oscillations in force coefficients. (Indicating a more unstable and complex flow field.) (Figure 73 and Figure 74).


[bookmark: _Toc227945123]Direct comparison: Morphing vs Traditional
Lift Performance:
1. Morphing aerofoil: Lift increases with deflection. 
2. Traditional aerofoil: Lift decreases at high flap angles (Morphing provides superior lift augmentation). 
Drag Behaviour:
1. Both configurations show increasing drag with deflection (Figure 105).
2. Morphing: drag increase is progressive. 
3. Traditional: drag increase is separation-dominated and inefficient (Figure 106).
Flow Structure:
Morphing wing: 
1. Smooth curvature maintains attached flow for longer. (Figure 105).
2. Separation occurs only at extreme deflection. 
Traditional wing: 
1. Sharp flap hinge causes immediate flow separation. 
2. Large wake and vortex shedding dominate the flow (Figure 107).
Numerical Stability (CFD):
1. Morphing (moderate deflection) better convergence (Figure 40).
2. Morphing (full): moderate instability (Figure 72).
3. Traditional (full flap): Worst convergence (Indicates increasing flow complexity and turbulence.) (Figure 72)
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[bookmark: _Ref227857858]Figure 105 Cross-comparison of Flow separation on both Morphing and Traditional wings.
[image: ]
[bookmark: _Ref227858412]Figure 106 Cross-comparison of pressure on both morphing and traditional wings.
[image: ]
[bookmark: _Ref227858448]Figure 107 Cross-comparison of streamlines on both morphing and traditional wings.





[bookmark: _Toc227945124]Final Comparative Conclusion 
 Reynold’s number:
· Chord length 
· Velocity  
· Air density 
· Dynamic viscosity 

(White, 2016)


(A higher Reynolds number usually indicates turbulent flow, this is because of the increased velocity)
Inverted Experimental Reynold’s number:
· Chord length 
· Velocity  
· Air density 
· Dynamic viscosity 

 (White, 2016)

 



Overall percentage increase:

(Equation 9.1)


CFD morphing Increase:
· Morphing wing at  attack angle and  of morph deflection

· Morphing wing at  attack angle and  of morph deflection

Experimental morphing increase:
· Morphing wing at  attack angle and  of morph deflection

· Morphing wing at  attack angle and  of Morph deflection

Experimental morphing increase (Inverted):
· Inverted morphing wing at  attack angle and  of morph deflection

· Inverted morphing wing at  attack angle and  of Morph deflection

[image: ]
[bookmark: _Ref227858541]Figure 108 Morphing wing percentage increase
Both the CFD and experimental data demonstrates that the morphing aerofoil provides increased aerodynamic performance when compared to the traditional flapped aerofoil as seen in Figure 108. 
The morphing aerofoil provides:
1. Greater lift generation. 
2. Improved flow attachment.
3. More efficient pressure distribution. 
4. Improved lift to drag ratio.
In turn the traditional flap suffers from:
1. Early flow separation. 
2. High drag penalties.
3. Reduced lift effectiveness at large deflections. 
This trend is consistent with findings by Barbarino et al. (2011) and Ajaj et al. (2016). The increase in drag also aligns with the findings of Bourdin et al. (2008). While the traditional wing’s aerodynamic efficacy compared to the morphing wing align with Abbott and von Doenhoff (1959) findings. The CDF results also show good agreement with the experimental data supporting the findings by Versteeg and Malalasekera (2007).
[bookmark: _Toc227945125]Conclusion  
This study investigated the aerodynamic performance of morphing aerofoils in comparison to conventional mechanically actuated trailing-edge flaps through a mixture of CFD simulations and wind tunnel testing.
The results demonstrated that morphing wings provide a more aerodynamically efficient solution, primarily due to their ability to maintain a smooth and continuous surface geometry. This continuity reduces flow disturbances, delays flow separation, and produces more stable pressure gradients across the aerofoil surface.
These findings align with existing research highlighted in chapter 5, which highlights that morphing wings enhance aerodynamic performance. Overall, the research objectives were successfully achieved, as the aerodynamic behaviour of both morphing and traditional aerofoils was analysed, compared, and validated.
While morphing aerofoils have proven to be more aerodynamically efficient, their adaption into real-world commercial aviation introduces several challenges. These challenges include structural weight, system complexity, maintenance requirements, and overall feasibility within existing aviation design and certification frameworks. 

[bookmark: _Toc227945126]Practical implications
One disadvantage of morphing aerofoils is the increase in structural weight due to internal actuation systems, flexible load-bearing structures and smart materials like shape memory alloys or piezoelectric composites. All these added comments introduce mass penalties that may offset aerodynamic the efficiency gains. (Pecora, 2021; Skillen, 2008).
The wing must also maintain its structural integrity while undergoing constant deformation, this requirement means that reinforced internal structures and complaint skins are needed. This creates a design conflict between stiffness and flexibility, as the wing needs to be flexible enough to deform but rigid enough to withstand aerodynamic loads and environmental exposure. (Ajaj et al., 2016; Chu et al., 2022; Ahmad et al., 2024).
System complexity
Morphing aerofoils are naturally much more complex than traditional wings, introducing increased levels of mechanical and control system complexity, as morphing aerofoils require:
1. Continuous deformation mechanisms. 
2. Distributed actuation systems. 
3. Real-time feedback control using sensors.
The need for precise synchronisation of the actuators and real-time adaptation to specific flight conditions increases the risk of a system failure and complicates the integration with previous flight controls systems.
Commercial aircraft 
Despite the challenges of morphing aerofoils, they remain a promising replacement for future aviation. Their ability to improve the aerodynamic performance across multiple flight conditions offers benefits such as:
1. Reduced fuel consumption. 
2. Lower emissions.
3. Improved lift-to-drag ratios. 
4. Enhanced flight efficiency.
However, for a large-scale Adoption on larger commercial aircraft is currently limited by:
1. Certification challenges from authorities such as Federal Aviation Administration and European Union Aviation Safety Agency.
2. High development costs.
3. Uncertainty in long-term reliability and maintenance.
These limitations mean that morphing aerofoils are likely to be adopted incrementally rather than having an entire wing replaced by a morphing system. Application that are more likely to be adopted sooner are:
1. Adaptive trailing edges.
2. Hybrid morphing–flap systems.
3. Use in unmanned aerial vehicles (UAVs), (where certification constraints are less restrictive).
In summary, even though morphing aerofoils provide clear aerodynamic benefits, their real-world application in commercial aviation is currently limited by weight penalties, increased system complexity, and demanding maintenance requirements. Although they are not yet a direct replacement for traditional wings, morphing technology has strong potential for future integration as materials and control technologies continue to evolve and advance.
[bookmark: _Toc227945127]Further recommendations

Further recommendations:
1. Physical prototype- Having a physical prototype for a wind tunnel would show in real time how every change in the camber would affect the drag and lift forces.
2. Full-scale and real-world testing-Having a full-scale model working morphing wing would allow a deeper understanding of flight conditions, durability, reliability, and operational performance.
3. Structural and aeroelastic analysis- Fluid–this would allow the study of structural integrity to study any deformation, stress distribution, and aeroelastic effects such as fluttering.
4. Advanced turbulence and transition modelling (large Eddy Simulation)- This would improve the predictability and accuracy of the simulation.
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(b) isometric view of the AdAR wing concept, span retracted.

‘The fish bone active camber (FishBAC) concept is used to represent the camber morphing model in
this paper. Introduced by Woods and Friswell [5], this design employs a biologically-inspired compliant
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