University of Wales Trinity Saint David
School of Engineering
[image: ]Manufacture of Wind Turbine Blade

Advanced Processes and Materials
ACMA6000
Shanjidah Ahmed
2309702
04/09/26
Word Count - 3240

Contents
1	Abstract	v
2	Introduction	1
3	Literature Review	2
4	Design Specifications	4
4.1	Rotor Radius	4
4.2	Chord Length	4
4.3	Blade Thickness	5
5	Material Selection	9
5.1	Translation	9
5.2	Screening Out	10
5.3	Ranking	14
6	Exploration of Manufacturing Routes	16
6.1	Aluminium SiC Manufacturing	16
6.2	Silicon Carbide - Sintering	16
6.3	Polymer Composite - Vacuum Bag	17
6.4	Polymer Composite - Resin Transfer Moulding	19
7	Cost Evaluation	20
8	Mechanical Properties Analysis	21
9	Discussion - Comparative Analysis	23
10	Blade Drawing	25
11	Conclusion and Recommendations	26
12	References	27
13	Appendix	31
13.1	Labelled Diagram of Typical Wind Turbine Setup	31
13.2	Excel Calculation for NACA 4412 Wind Turbine Blade	32
13.3	Resistance to Centrifugal Loading Vs Density	35
13.4	Airfoils Graph	36
13.5	Dimensional Airfoil Graphs	38
13.6	Referenced NACA 4412 Airfoil	40
13.7	Airfoil NACA 4412 – CAD Models	40
13.8	Hand Lay-up	41




Figure 1 - Flow Chart of Electrical Generation from Wind Energy (Jhankal, no date)	2
Figure 2 - Airfoil Cross Sectional View (U.S Department of Energy, 2023)	3
Figure 3 - Schematic of Blade Elements (Lee and Shin, 2020)	4
Figure 4 - Labelled Parameters of Standard Airfoil (Wang et al., 2022)	5
Figure 5 - NACA 4412 Airfoil Overlay by Chord	6
Figure 6 - CAD Model 21m Isometric View	7
Figure 7 - CAD Model 21m xz View	7
Figure 8 - CAD Model - Including Tip	8
Figure 9 - CAD Model 21 yz View	8
Figure 10 - Performance Index	10
Figure 11 - Graph - Resistance to Fast Fracture vs Young’s Modulus (GPa)	10
Figure 12 - Graph - Fatigue Strength (MPa) vs Density (kg/m3) - Labelled	11
Figure 13 - Graph - Specific Stiffness vs Price	11
Figure 14 - Graph - Specific Stiffness vs Price Linear	12
Figure 15 - Graph - Density vs Tensile Strength (MPa)	12
Figure 16 - Graph - Fracture Toughness vs Climate Change	13
Figure 17 - Metallic Honeycomb Process (Nova, Frana and Jelínek, 2026)	16
Figure 18 - Common Sintering Methods(Chen et al., 2025)	17
Figure 19- Vacuum Bag Diagram (EXPO-NET, 2021)	18
Figure 20 - Stages of Vacuum Process (Finnegan et al., 2022)	18
Figure 21 – Vacuum Resin Transfer Moulding Process (Osborne, no date)	19
Figure 22 - Vacuum Resin Transfer Process (Miranda Campos et al., 2022)	19
Figure 23 - Technical Drawing	25
Figure 24 - Labelled Elements of Wind Turbine (Galaxy, no date)	31
Figure 25 - Wind Turbine (Zeng et al., 2022)	31
Figure 26 - Resistance to Centrifugal Loading vs Density (kg/m3) - Linear Scale	35
Figure 27 - Graph Airfoil - r/R 0.2	36
Figure 28 - Graph Airfoil - r/R 0.3	36
Figure 29 - Graph Airfoil - r/R 0.4	36
Figure 30 - Graph Airfoil - r/R 0.6	37
Figure 31 - Graph Airfoil - r/R 0.8	37
Figure 32 - Graph Airfoil - r/R 1.0	37
Figure 33 - Graph Nominal Airfoil - r/R 0.2	38
Figure 34 - Graph Nominal Airfoil - r/R 0.3	38
Figure 35 - Graph Nominal Airfoil - r/R 0.4	38
Figure 36 - Graph Nominal Airfoil - r/R 0.6	39
Figure 37 - Graph Nominal Airfoil - r/R 0.8	39
Figure 38 - Graph Nominal Airfoil - r/R 1.0	39
Figure 39 - NACA 4412 Reference (Airfoil Tools, no date)	40
Figure 40 - CAD Model xy View	40
Figure 41 – Hand Lay-Up Process (Goodship, Middleton and Cherrington, 2016)	41

Table 1 - Chord Length Dimensions	5
Table 2 - Parameters for Material Selection	9
Table 3 - Weighted Decision Matrix  (Ansys Granta, no date)	14
Table 4 - Scaling Data Collection	14
Table 5 - Applying Weighted Factors	15
Table 6 - Material Comparison (Ansys Granta, no date)	20
Table 7 - Polymer Manufacturing Comparison (Microsoft, 2026)(Pack et al., 2017)	20
Table 8 - Parameters for Lift and Drag Equation	21
Table 9 Life and Drag Coefficient for NACA 4412 (Mahmud, Tashbih and Mobaydul, 2025)	21
Table 10 - Lift and Drag Calculated Values	22
Table 11 - Diagrammatic Comparative Comparison	24
Table 12 - Comparative Cost Table	24
Table 13 - Raw Parameters for NACA 4412 Profile	32
Table 14 - Raw Data r/R 0.2	32
Table 15 - Raw Data r/R 0.3	32
Table 16 - Raw Data r/R 0.4	33
Table 17 - Raw Data r/R 0.6	33
Table 18 - Raw Data r/R 0.8	33
Table 19 - Raw Data r/R 1.0	34

Equation 1 - Power Generated from Wind	4
Equation 2 - Chord Length Calculation - c(r)	5
Equation 3 - Lift Coefficient	21
Equation 4 - Drag Coefficient	21



General Business

2

[bookmark: _Toc239452982]Abstract
The client brief looks to create and produce a wind turbine for Conwy council for the new development of 4300 homes in the area (Conwy Council, 2026). Primarily looking to support a renewable location supporting both gas and electricity energy. With an annual consumption of around 64MWh. From this a blade length of 21m was deemed sufficient, and CAD (Computer-Aided Design) models were created as visual aids. Material selection is key to ensuring efficiency, low density and high stiffness is generally the best case for wind turbines. PPA 50% Glass Fibre was suggested to be the most appropriate material for such operation using matrix index to aid with selection and produced through the vacuum bagging process. Although this was identified as more expensive in labour costs compared to that of resin transfer, the bulk material costs were significantly lower with high-performance rating, future developments would look to reduce costing with automation as its primary method to matrix layering and vacuum infusion.

















[bookmark: _Toc239452983]Introduction
In order to produce a wind turbine for new housing estate, blade length and chord dimensions are calculated, in increments of 10% along the blade length. From this the x,y and z coordinates of the airfoil can be determined. NACA 4412 (National Advisory Committee for Aeronautics) is a widely used airfoil standard capturing lift force and reducing drag force, these values are also dependant on the angle of attack and so the fluid flow over the blade itself, with numerations varying with wind velocity and density of fluid etc (Mahmud, Tashbih and Mobaydul, 2025). CAD models identify the scale of blade along with dimensional values for creation.
This process incorporated the use of criteria to translate, screen out, and rank using supporting information. From this a matrix can be inserted to justify the selection, in this instance Glass Fibre Reinforced Polymer (GFRP), Carbon Fibre Reinforce Polymer (CFRP), Aluminium Alloy and Silicon Carbide properties are compared. Leading onto manufacturing processes such as resin transfer and vacuum bag technology for polymer composite. With indication towards use of sintering and metal forming for other materials such as Silicon Carbide and Aluminium Alloy.   
Cost analysis based on manufacturing processes and material choice is compared using approximate values, again identifying which route would be viable for production and implementation of turbine. Ensuring sufficient capture of energy to facilitate a renewable energy source for the estate.







[bookmark: _Toc239452984]Literature Review
[image: ]Wind turbines have been developed considerably over the recent centuries with design optimisation and material modifications aiding towards energy efficiency. The flow of energy production from wind to electrical energy is implemented through a range of control parameters seen within figure 1 below, these justify the need for each component within the nacelle, labelled diagram seen in appendix 13.1

[bookmark: _Toc239453013]Figure 1 - Flow Chart of Electrical Generation from Wind Energy (Jhankal, no date)

Airfoils are the primary design used to produces high-performance blades. Its cross-sectional area is determined by its thickness and standard used as seen in figure 2. Developed initially to prevent degradation due to soiling, increase aerodynamics and increase energy production by 10-35% (U.S Department of Energy, 2023). The aim of which looks to convert kinetic energy from pressure difference against the surface of the blade, by increasing lift-to drag ratio (Sharma et al., 2020). Parameters such as NACA 4412 are often used to describe dimensions such as maximum camber and maximum thickness (Pal et al., 2022). A power coefficient (Cp) identifies the ratio of theoretical power (Fukaya et al., 2021), for this application a value of 0.4 is used as wind turbines cannot sufficiently convert >75% of energy into electricity, thus Cp is generally between 0.45-0.5 (Mahmoud et al., 2023).
[bookmark: _Toc239453014][image: ]Figure 2 - Airfoil Cross Sectional View (U.S Department of Energy, 2023)
Blade length, tip ratio speed and chord length taper all impact efficiency of overall turbine. An increase of blade length ultimately increases the area and thus energy generation. Tip speed optimum values suggest a range of λ = 4.2-6.7, with a negative output surpassing a value of λ = 10 (Garcia-Ribeiro et al., 2021)(Syaukani et al., 2024). An optimised chord taper and twist can also increase Cp from around 40% to 46.43% (Syaukani et al., 2024).










[bookmark: _Toc239452985]Design Specifications
[bookmark: _Toc239452986]Rotor Radius
Research obtained suggests an annual consumption of gas and electrical energy is around 14867kWh, per household (Wood, 2026). Therefore, to ensure sufficient energy capture for 4300 homes the consumption was rated for an hourly output of 73kWh. From this radius, chord length and taper can be calculated accordingly.
To calculate the rotor radius (length of the blade) equation 1 is used below.

[bookmark: _Toc239453073]Equation 1 - Power Generated from Wind
ρ = density (kg/m3)
Cp = efficiency coefficient
In this instance area is the subject, thus with a density of 1.225 kg/m3, average wind speed at lower regions of 6m/s (Renewables First, no date) and a coefficient of efficiency of 0.4 (Sompracha, 2019), the area found is 1379.44m2 giving a radius of 20.95m (2dp). Appendix 13.2 illustrates the excel document produced from calculations. 
[bookmark: _Toc239452987]Chord Length
[image: Energies 13 01639 g001]In order to find the chord length, seen in figure 3, equation 2 was used. The chord length is separated into 5 sections in order to differentiate the change spaning over an increase in blade length.

[bookmark: _Toc239453015]Figure 3 - Schematic of Blade Elements (Lee and Shin, 2020)

[bookmark: _Toc239453074]Equation 2 - Chord Length Calculation - c(r)
R = radius of blade length
r = distance from hub to c(r) position
λ = tip ratio speed
Cl = lift coefficient
[bookmark: _Toc239453054]Table 1 - Chord Length Dimensions
	(r/R)
	0.2
	0.4
	0.6
	0.8
	1.0

	c(r)
	4.654211339
	1.745329252
	0.77570189
	0.290888209
	0.25



From table 1 above it can be seen that a length of 4.65m would be required as the root to produce such a turbine to deliver 73kW, with a 3-blade configuration and tip speed ratio of 6. The formula used demonstrates the theoretical distribution obtained with such equation (equation 2), however more advanced calculations would look to add tip rotation to aid with fluid flow and energy generation.
[bookmark: _Toc239452988]Blade Thickness
Airfoil profile with conjunction to NACA 4412 highlights the dimensional changes needed for such application. With each digit highlighting a key element of the airfoil, in this case the first digit “4” represents the maximum camber as a percentage of the chord, the second digit "4” identifies the maximum camber from the leading edge and the maximum thickness is “12%” of the chord, from the last two digits (Pal et al., 2022). Figure 4 below indicates the key parameters within an airfoil and where to locate the camber and chord lines.
[image: ]

[bookmark: _Toc239453016]Figure 4 - Labelled Parameters of Standard Airfoil (Wang et al., 2022)
Lift and drag coefficient (Cl and Cd) are important when considering airfoil production. Lift is considered to be the force perpendicular to fluid flow opposing gravity, generated due to the pressure surrounding the airfoil. However, drag is the opposing force resisting motion of airfoil (Pal et al., 2022). NACA 4412 is a commonly used standard due to the high cl/cd ratio achieved (Febriyanto et al., 2019), improving lift and reducing drag. In this instance a Cl coefficient of 1.2 is used (equation 2). A change in the angle of attack (seen in figure 4) will determined the flow separation and the ratio between both lift and drag parameters. An improved value will deliver a more efficient outcome and more controlled rotational motion (Pal et al., 2022). 
Figure 5 below illustrates the form of this model (NACA 4412), based on the coordinates and calculations concluded. It can be seen that as the r/R value increase further to the central hub the ratio of the airfoil will reduce accordingly. Appendix 13.3 identifies the change in dimensional values with an increase in r, as well as a graph showcasing the geometry of a NACA 4412 airfoil.


[bookmark: _Toc239453017]Figure 5 - NACA 4412 Airfoil Overlay by Chord
Figures 6-9 demonstrates the modelling concluded from the interpretation of calculations, and thus the decrease in chord length with an increase in distance from central hub.
[image: ]
[bookmark: _Toc239453018][image: ]Figure 6 - CAD Model 21m Isometric View

[bookmark: _Toc239453019]Figure 7 - CAD Model 21m xz View
[image: ]
[bookmark: _Toc239453020]Figure 8 - CAD Model - Including Tip

[image: ]


[bookmark: _Toc239453021]Figure 9 - CAD Model 21 yz View









[bookmark: _Toc239452989]Material Selection
[bookmark: _Toc239452990]Translation
Using Ansys Granta Software, all bulk materials were selected in the Level 3 category, excluding certain categories such as foams, glass, gases and magnetic metals. From this performance index was achieved, figure 10 below identifies the free variable as the angular velocity, dependant on the wind speed, fixed variable would define the dimension of the blade itself and constraint in this instance looks to ensure strength.

[bookmark: _Toc239453055]Table 2 - Parameters for Material Selection
	Function
	Turbine Blade
Convert required kinetic energy to electrical

	Constraints
	Length and dimensional accuracies based on NACA 4412
· Radius – 21 meters
· Average wind speed – 6m/s

	Objective
	Minimise mass
Maximise fatigue resistance and fracture toughness
Appropriate cost for council application


	Free Variables
	Material choice




[bookmark: _Toc239452991][image: ]Screening Out

[bookmark: _Toc239453022]Figure 10 - Performance Index
[image: ]Figure 11 below shows Resistance to Fast Fracture vs Young’s Modulus highlighting the remaining 453 materials. From this the screening process was implemented, and various parameters were inputted to identify the key material categories, as seen in figure 11-16.

[bookmark: _Toc239453023]Figure 11 - Graph - Resistance to Fast Fracture vs Young’s Modulus (GPa)
Figure 12 below identifies some prominent categories, blues, reds and yellows corresponding to plastic, composite metals and technical ceramics respectively.
[image: ]
[bookmark: _Toc239453024]Figure 12 - Graph - Fatigue Strength (MPa) vs Density (kg/m3) - Labelled
[image: ]

[bookmark: _Toc239453025]Figure 13 - Graph - Specific Stiffness vs Price
[image: ]
[bookmark: _Toc239453026]Figure 14 - Graph - Specific Stiffness vs Price Linear
[image: ]

[bookmark: _Toc239453027]Figure 15 - Graph - Density vs Tensile Strength (MPa)

[image: ]

[bookmark: _Toc239453028]Figure 16 - Graph - Fracture Toughness vs Climate Change

It was determined initially that a density exceeding that of 5000kg/m3 would hinder the performance of the airfoil and thus these materials were eliminated from the cohort, due to its need for additional air/wind energy to surpass material density. Figure 26 (appendix 13.3) indicates the materials beyond this region generally seen to include metals; thus these were deemed inappropriate, evidenced by earlier wind energy development which highlighted its lack of capabilities within the industry (Mishnaevsky et al., 2017). With composite blades produce introduction during the 1970’s, this was highlighted as a more appropriate alternative (Mishnaevsky et al., 2017). Key parameters to ensure successful implementation of wind turbine includes both mechanical properties as well as environmental impact and ease of manufacturing and availability, thus graphs indicating CO2 implementation were also considered. Further to this handling risk will need to be analysed ensuring safe working. From analysis it was deemed that materials within the plastic, metal composite and technical ceramics region could be applicable.


[bookmark: _Toc239452992]Ranking
Materials PPA (Polyphthalamide) 50% Glass fibre, PPA 50% Carbon fibre, Aluminium Alloy and Silicon Carbide, were compared in tables 3-5 below. 
[bookmark: _Toc239453056]Table 3 - Weighted Decision Matrix  (Ansys Granta, no date)
	
	
	Materials
	

	
	Weights (Total = 1)
	A - Polymer PPA (50% Glass Fibre)
	B - Metal - Aluminium Alloy Al606 1-47% SiC
	C - Polymer PPA (50% Carbon Fibre)
	D -Silicon Carbide
	Max/ Min Values

	Density (g/cm3)
	0.18
	1630
	2845
	1460
	3100
	1460

	Price per Unit Volume (GBP/m3)
	0.17
	6000
	4000000
	16000
	45000
	6000

	Fatigue Strength at 107 Cycles (MPa)
	0.16
	100
	120
	114
	275
	275

	Tensile Strength (MPa)
	0.14
	250
	250
	285
	321
	321

	Specific Stiffness (MN m/kg)
	0.17
	10.5
	41
	25
	129
	129

	Fracture Toughness (MPa √m)
	0.18
	12
	11
	11
	2.3
	12



[bookmark: _Toc239453057]Table 4 - Scaling Data Collection
	
	Materials

	
	A - Polymer PPA (50% Glass Fibre)
	B - Metal - Aluminium Alloy Al606 1-47% SiC
	C - Polymer PPA (50% Carbon Fibre)
	D - Silicon Carbide

	Density (Lower = Better)
	89.57055215
	51.31810193
	100
	47.09677419

	Price per Unit Volume (Lower = Better)
	100
	0.15
	37.5
	13.33333333

	Fatigue Strength at 107 Cycles (Higher = Better)
	36.36363636
	43.63636364
	41.45454545
	100

	Tensile Strength (Higher = Better)
	77.88161994
	77.88161994
	88.78504673
	100

	Specific Stiffness (Higher = Better)
	8.139534884
	31.78294574
	19.37984496
	100

	Fracture Toughness (Higher = Better)
	100
	91.66666667
	91.66666667
	19.16666667



[bookmark: _Toc239453058]Table 5 - Applying Weighted Factors
	
	Materials

	
	A - Polymer PPA (50% Glass Fibre)
	B - Metal - Aluminium Alloy Al606 1-47% SiC
	C - Polymer PPA (50% Carbon Fibre)
	D - Silicon Carbide

	Weighted Density
	16.12269939
	9.237258348
	18
	8.477419355

	Weighted Price per Unit Volume
	17
	0.0255
	6.375
	2.266666667

	Weighted Fatigue Strength at 107 Cycles
	5.818181818
	6.981818182
	6.632727273
	16

	Weighted Tensile Strength
	10.90342679
	10.90342679
	12.42990654
	14

	Weighted Specific Stiffness
	1.38372093
	5.403100775
	3.294573643
	17

	Weighted Fracture Toughness
	18
	16.5
	16.5
	3.45

	Total Performance Index (γ)
	69.22802893
	49.0511041
	63.23220746
	61.19408602



It was determined from the performance index seen in table 5 that PPA 50% glass fibres would achieve the best outcome for the proposed scenario. This was due to the importance placed on density, stiffness, fracture toughness and price. Although PPA-glass didn’t produce the best outcome in stiffness compared to all others, its balanced properties in other areas (tensile strength, price), significantly fracture toughness promotes this material.
[bookmark: _Toc239452993]Exploration of Manufacturing Routes
[bookmark: _Toc239452994]Aluminium SiC Manufacturing
[image: ]In the case of metal production, cutting, bending and welding is applied to deform sheet metal to desired fold. For Aluminium with SiC content, gas injection is favoured for additional strength and reduction in density, using traditional based methods (casting) for implementation (Nova, Frana and Jelínek, 2026). Figure 17 below indicates these steps.

[bookmark: _Toc239453029]Figure 17 - Metallic Honeycomb Process (Nova, Frana and Jelínek, 2026)

[bookmark: _Toc239452995]Silicon Carbide - Sintering
With ceramics having high strength and stiffness its manufacturing route would look to implement these parameters, however its brittle nature prevents its flexibility in manufacturing options (Arulprasanna and Omkumar, 2024). In the case of Silicon Carbide sintering would be implemented, this process includes the use of heat energy and/or pressure to fuse powdered materials to form desired geometry, thus having advantages in both mechanical properties and overall cost (Chen et al., 2025). Figure 18 below depicts some processes influenced by sintering manufacturing.




[image: ]
[bookmark: _Toc239453030]Figure 18 - Common Sintering Methods(Chen et al., 2025)
Composites were deemed to be the most appropriate solution with its ability to produce lightweight and stiff structures, with a lesser impact due to gravity and inertia forces thus impeding its aerodynamic function (Brondsted, Nijssen and Goutianos, 2023). Composites such as glass fibre need to be handled appropriately in conjunction was NIOSH (National Institute for Occupational Safety and Health) as well as the Hierarchy of controls, using protective measures to eliminate manual handling, to use of correct Person Protective Equipment (National Institute for Occupational Safety and Health, 2026).

[bookmark: _Toc239452996]Polymer Composite - Vacuum Bag
Generally used for large scale production (Arulprasanna and Omkumar, 2024). Typically used in autoclave scenarios as a means to add heat and pressure to enable optimum curing rates and remove trapped air and thus evenly distribute fibres within matrix (Arulprasanna and Omkumar, 2024). High costs due to equipment set up and labour creates disadvantages to process, however automation could supress in order to make it more favourable (Wang et al., 2023). Although set up could be deemed expensive the tooling costs is low producing high-quality wind turbine blades (van Oosterom et al., 2019). Based on varying vacuum infusion procedures thickness of product can vary this is also highly dependent on fabric relaxation (based on lamination layers and wetting stage of layering) (Wang et al., 2023). Vacuum infusion processes have limited effect on the size of components thus would provide a suitable manufacturing route for blade (Wang et al., 2023). Figures 19 and 20 depict the process. 
[image: Composite Resin Infusion]
[bookmark: _Toc239453031]Figure 19- Vacuum Bag Diagram (EXPO-NET, 2021)
[image: ]

[bookmark: _Toc239453032]Figure 20 - Stages of Vacuum Process (Finnegan et al., 2022)

(Hand lay-up process discussed in appendix 13.8)
[bookmark: _Toc239452997]Polymer Composite - Resin Transfer Moulding
[image: ]With a build cost of around £5000, resin transfer can be performed at a reasonable cost, however this excludes the addition of materials and tooling required for operational work (Murray et al., 2020). Curing times are reduced due to fast impregnation rates and polymerisation generally occurring within 2-10 minutes for GFRP components (Murray et al., 202-0)(Ageyeva, Sibikin and Kovács, 2019). Thus, this process is ideal for use in mass productions and multiple component manufacturing. The use of thermoplastic includes advantageous elements with regards to weldability, high toughness and recyclability (Ageyeva, Sibikin and Kovács, 2019), method seen in figure 21. 
[bookmark: _Toc239453033]Figure 21 – Vacuum Resin Transfer Moulding Process (Osborne, no date)
[image: ]Currently vacuum assisted resin transfer (seen in figure 22) is prominent in the wind turbine industry for rotor blades, with its ability to demonstrate high moulded components due to its number of resin inlets and vacuum suction locations (Mishnaevsky et al., 2017).  Although this is the case issue arise with layering of dry fabrics especially in terms of curvature and thus trapped air and inconsistences can arise in the final product (Mishnaevsky et al., 2017)
[bookmark: _Toc239453034]Figure 22 - Vacuum Resin Transfer Process (Miranda Campos et al., 2022)
[bookmark: _Toc239452998]Cost Evaluation
[bookmark: _Toc239453059]Table 6 - Material Comparison (Ansys Granta, no date)
	
	Aluminium Alloy
	Polymer – Carbon Fibre
	Silicon Carbide
	Polymer – Glass Fibre

	Material (price per unit volume £/m3)
	4000000
	16000
	45000
	6000



[bookmark: _Toc239453060]Table 7 - Polymer Manufacturing Comparison (Microsoft, 2026)(Pack et al., 2017)
	
	Resin Transfer Moulding
	Vacuum Infusion

	Labour Cost
	Medium (£2k - £5k)
	High (£6k - £12k)

	Equipment Cost
	Very High 
(£20k - £50k /blade)
	Low-Medium
(£5k - £15k /blade)

	Defect Mitigation Cost
	£1k - £3k
	£2k - £6k

	Suitability for 21 m Blade
	Moderate
	Excellent

	Overall Economic Ranking
	Good for high production volumes
	Best for large wind turbine blades



Table 7 above indicates the approximate variable monetary values of both resin transfer and vacuum infusion, it can be seen that due to the length of the radius (21m) and the equipment costs vacuum resin may be more appropriate. Although labour costs are significantly higher the process itself aids to the conformity of blade geometry. Higher costs are generally associated with the time and labour needed to deposit reinforcement layers, with the split of material vs labour equating to around 51% and 41% respectively (Schubel, 2010). Further to this, the lower costs associated with chosen material would balance out the additional requirements needed for labour.
Due to the hollow nature of the blade the density will remain low, aiding towards the lightweight design, and reducing the need for additional material costs. It was determined that the GFRP would suffice for its need to produce 73kWh of energy for the mechanical strength it currently holds under typical loads and wind fluctuations.
[bookmark: _Toc239452999]Mechanical Properties Analysis
Based on parameters previously mentioned (as seen in table 8) and a yield strength of 280-290MPa (Ansys Granta, no date), the lift force can be calculated. Additionally, from table 9 the angle attack of around 9-11° can be determined and thus a drag coefficient of 0.027 is concluded.
[bookmark: _Toc239453061]Table 8 - Parameters for Lift and Drag Equation
	Lift Coefficient Cl
	1.2

	Average Wind Velocity
	6m/s

	Air Density
	1.225 kg/m3

	Drag Coefficient Cd
	0.027




[bookmark: _Toc239453075]Equation 3 - Lift Coefficient

[bookmark: _Toc239453076]Equation 4 - Drag Coefficient

[bookmark: _Toc239453062]Table 9 Life and Drag Coefficient for NACA 4412 (Mahmud, Tashbih and Mobaydul, 2025)
[image: ]
From the rearrangement of equation 3 and equation 4, it can be determined that the values of lift and drag for locations of increments of 10% along the blade length between root and tip are as follows. 

[bookmark: _Toc239453063]Table 10 - Lift and Drag Calculated Values
	r/R
	Area (m2)
	Lift Force (N)
	Drag Force (N)

	0.2
	4.887
	129.31
	2.91

	0.3
	5.701
	150.86
	3.39

	0.4
	3.665
	96.98
	2.18

	0.5
	2.443
	64.65
	1.45

	0.6
	1.629
	43.10
	0.97

	0.7
	1.047
	27.71
	0.62

	0.8
	0.611
	16.16
	0.36

	0.9
	0.271
	7.18
	0.16

	1
	0.000
	0
	0.00



As the following results describe a higher value of lift vs drag the airfoil is efficient based on the angle of attack, with its primary motive to enhance wind energy to produce lift and thus efficiency in energy production.
Composites aid with the prevention of shearing due to reinforcement in directional fibres. Additionally, the shell configuration looks to prioritise energy production and an aerodynamic airfoil shape without excessive mass (Brondsted, Nijssen and Goutianos, 2023). Composites are regarded as a suitable material choice due to its optimisation of high stiffness to weight ratio. Integrating a reinforcement of fibres within a matrix material (generally a polymer) (Arulprasanna and Omkumar, 2024). Fibres are also dependent on its orientation, distribution and volume, when ensuring sufficient load capabilities (Arulprasanna and Omkumar, 2024). Parameters such as buckling are present in the panel regions of blades, thus material choice would be dependent on its ability to contain failure in normal operation (Brondsted, Nijssen and Goutianos, 2023). 
A key significance in the use of a matrix surrounding reinforcing fibres allows a dispersion of load, ensuring the matrix can surpass the failure load of the turbine (Arulprasanna and Omkumar, 2024). Based on International Electrotechnical Commission and legislations of IEC 61400-5 and IEC 61400-1, a safety factor of γ =1.38 for FRP (Fibre Reinforced Polymer) material and γ=1.1 for aerodynamic loads is deemed to be sufficient to provide longevity and fluctuations in wind speed (Tarp-Johansen, Madsen and Frandsen, 2003).

[bookmark: _Toc239453000]Discussion - Comparative Analysis
The implementation of pitch angles alongside the dimensional configuration based on NACA 4412, would create maximum power output at a 4° angle pitch (Febriyanto et al., 2019), in this instant an attack angle of 9-11° was used, conforming with the values used for lift and drag coefficients (Mahmud, Tashbih and Mobaydul, 2025). Comparative analyses highlights the importance of both functionality and manufacturing routes along with the stiffness and mechanical properties required for sufficient energy consumption for estate.
As seen in figure 11 the resistance to fast fracture vs Young’s modulus were compared, values below the threshold of 2GPa were deemed inappropriate due to its inability to handle strain and stress, thus remaining stiff in the event of stretching and compression during wind fluctuations. It can be demonstrated that glass fibre reinforced polymer is the most appropriate for this application due to its high strength/stiffness ratio. Stiffness is crucial when producing wind turbines and is often gained with the implementation of fibre content in a resin, thus proportionally aiding towards tensile and compressive strength (Mishnaevsky et al., 2017). Carbon fibres are otherwise a suitable alternative however have a lower tolerance to compressive and ultimate strain, due to its alignment (Mishnaevsky et al., 2017). The stiffness-to-weight ratio is crucial due to the length of the blade 21m as well as its ability lifecycle which should remain operational for 20-25 years, thus providing a cycle load of 100 million (Mishnaevsky et al., 2017). Composite materials can achieve a lighter alternative than that of an equivalent aluminium counterpart by 30-40%, additionally its ability to demonstrate a more versatile characteristic justifies its capability to adhere to the performance needs of turbine (Arulprasanna and Omkumar, 2024).
Fatigue strength, pricing, density and climate impact also playing a crucial part in the selection of material, seen in figures 11-16 identifying metals are the densest compared to that of polymer and composites, thus materials exceeding 3000kg/m3 were deemed excessive. Justification for material choice is developed further within tables 3-5 with the weighted matrix indicating the key parameters needed for suitable selection. 
Vacuum resin would be a viable option for this production, due to ability to produce large scale components. However, resin transfer moulding would provide a good finish, its application is primarily indicative of mass production and quick turn out, with its use of catalyst to set resin (Ageyeva, Sibikin and Kovács, 2019) (Osborne, no date). Table 6 and 7 highlight the approximate difference between both methods, with labour prominent in its value due to layering, however this could be reduced in future situations with automation (Wang et al., 2023), thus provide a suitable process for functionality of blade length 21m.

[bookmark: _Toc239453064]Table 11 - Diagrammatic Comparative Comparison
	
	
	PPA Glass Fibre
	PPA Carbon Fibre
	Silicon Carbide
	Aluminium Alloy

	Material Properties
	Density
	4
	5
	1
	2

	
	Price
	5
	3
	2
	1

	
	Fatigue
	2
	3
	5
	4

	
	Tensile Strength
	2
	3
	5
	4

	
	Specific Stiffness
	1
	2
	5
	3

	
	Fracture Toughness
	5
	4
	1
	4

	
	Total Performance Index
	5
	3
	2
	1

	Manufacturing Processes
	Sheet Forming
	N/A
	N/A
	N/A
	5

	
	Sintering
	N/A
	N/A
	5
	N/A

	
	Hand Lay-up
	5
	N/A
	N/A

	
	Vacuum Bagging
	
	N/A
	N/A

	
	Resin Transfer Moulding
	
	N/A
	N/A

	
	Total
	29
	28
	26
	24



[bookmark: _Toc239453065]Table 12 - Comparative Cost Table
	
	
	Vacuum Bagging
	Resin Transfer Moulding

	Costs
	Labour
	 2
	3

	
	Equipment
	 4
	1

	
	Defect Mitigation
	 3
	4

	
	Suitability (21m Blade)
	 5
	4

	
	Total
	14
	12



Table 11 and 12 indicates which materials would be the best and the least productive against each other. In a wider range many red values may score higher however the limited comparison highlights the least appropriate.






[bookmark: _Toc239453001]Blade Drawing
[bookmark: _Toc239453035][image: ]Figure 23 - Technical Drawing
Figure 23 above illustrates the technical drawing for this application in line with NACA 4412 standards.

[bookmark: _Toc239453002]Conclusion and Recommendations
Manufacturing in order to produce a wind turbine with the efficiency rating of at least 70kWh would require a blade length of 21m. From results obtained in per chord r/R the length were analysed and thus a CAD model produced to visualise airfoil, based off numerical values used for NACA 4412 standard. For example, the maximum camber as 4% of chord and maximum thickness as 12%. Varying parameters such as tip ratio (λ) was stated a 6 (Garcia-Ribeiro et al., 2021).
Further to this material selection suggested PPA – 50% glass fibre was chosen highlighting its stiffness to weight ratio due to composite composition. A matrix was used to identify the most appropriate, with Silicon Carbide performing well delivering a total index of 61.19, as opposed to PPA – 50% Glass Fibre achieving 69.23. As well as table 11 and 12 identifying rating between 1-5 for key properties, with Carbon fibre reinforce polymer leading closely behind GFRP, achieving 28 and 29 respectively. From this vacuum bagging was chosen for manufacturing allowing large components to be produced with high precision in bend conformity (Arulprasanna and Omkumar, 2024). Although this was deemed more labour intensive than Resin Transfer Moulding, its application was more relevant, with future developments looking to reduce costs through automation thus justifying its use (Wang et al., 2023). Mechanical properties such as fatigue rating and Cl vs Cd ratio were also discussed, and it was deemed that an angle of attack of around 10° would suffice, giving a Cl of 1.2 and a Cd value of 0.027 (Mahmud, Tashbih and Mobaydul, 2025).
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[bookmark: _Toc239453005]Labelled Diagram of Typical Wind Turbine Setup
[image: ]Figure 24 and figure 25 below identifies the key components on a wind turbine, demonstrating that the central hub is connected to the shaft in order to convert kinetic energy to electrical, this is governed by its coupling to the gearbox and generator. A braking element is also typically seen between the bearings and gearbox, to allow remote control in the event of high winds and maintenance (Galaxy, no date).
[bookmark: _Toc239453036][image: ]Figure 24 - Labelled Elements of Wind Turbine (Galaxy, no date)
[bookmark: _Toc239453037]Figure 25 - Wind Turbine (Zeng et al., 2022)
[bookmark: _Toc239453006][image: ]Excel Calculation for NACA 4412 Wind Turbine Blade
[bookmark: _Toc239453066]Table 13 - Raw Parameters for NACA 4412 Profile

[bookmark: _Toc239453067][image: ]Table 14 - Raw Data r/R 0.2

[bookmark: _Toc239453068]Table 15 - Raw Data r/R 0.3
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[bookmark: _Toc239453069][image: ]Table 16 - Raw Data r/R 0.4

[bookmark: _Toc239453070][image: ]Table 17 - Raw Data r/R 0.6

[bookmark: _Toc239453071]Table 18 - Raw Data r/R 0.8
[image: ]
[bookmark: _Toc239453072][image: ]Table 19 - Raw Data r/R 1.0










[bookmark: _Toc239453007][image: ]Resistance to Centrifugal Loading Vs Density

[bookmark: _Toc239453038]Figure 26 - Resistance to Centrifugal Loading vs Density (kg/m3) - Linear Scale
It can be seen that the majority of materials exceeding 5000 kg/m3 are metals indicated by the colour red thus it is typically known that metals will have a higher density to that of composites, fibres and plastic and therefor their stiffness ratio would be reduced due to high density.








[bookmark: _Toc239453008]Airfoils Graph
[bookmark: _Toc239453039]Figure 27 - Graph Airfoil - r/R 0.2
[bookmark: _Toc239453040]Figure 28 - Graph Airfoil - r/R 0.3

[bookmark: _Toc239453041]Figure 29 - Graph Airfoil - r/R 0.4
[bookmark: _Toc239453042]Figure 30 - Graph Airfoil - r/R 0.6
[bookmark: _Toc239453043]Figure 31 - Graph Airfoil - r/R 0.8
[bookmark: _Toc239453044]Figure 32 - Graph Airfoil - r/R 1.0


[bookmark: _Toc239453009]Dimensional Airfoil Graphs 
[bookmark: _Toc239453045]Figure 33 - Graph Nominal Airfoil - r/R 0.2
[bookmark: _Toc239453046]Figure 34 - Graph Nominal Airfoil - r/R 0.3
[bookmark: _Toc239453047]Figure 35 - Graph Nominal Airfoil - r/R 0.4

[bookmark: _Toc239453048]Figure 36 - Graph Nominal Airfoil - r/R 0.6
[bookmark: _Toc239453049]Figure 37 - Graph Nominal Airfoil - r/R 0.8
[bookmark: _Toc239453050]Figure 38 - Graph Nominal Airfoil - r/R 1.0

[bookmark: _Toc239453010]Referenced NACA 4412 Airfoil
[image: ]
[bookmark: _Toc239453051]Figure 39 - NACA 4412 Reference (Airfoil Tools, no date)




[bookmark: _Toc239453011]Airfoil NACA 4412 – CAD Models
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[bookmark: _Toc239453052]Figure 40 - CAD Model xy View


[bookmark: _Toc239453012]Hand Lay-up
[image: ]Using a layering process of reinforcement manually inserted into a mould before the introduction of matrix (polymer) and curing. This process supports the production of wind turbines and boat hulls (Arulprasanna and Omkumar, 2024).
[bookmark: _Toc239453053]Figure 41 – Hand Lay-Up Process (Goodship, Middleton and Cherrington, 2016)

NACA 4412 Airfoil Overlay by Chord

r/R 0.2 — 4.654 m upper	0	0.4654211338651546	0.9308422677303092	1.3962634015954638	1.8616845354606184	2.327105669325773	2.7925268031909276	3.2579479370560822	3.7233690709212368	4.1887902047863914	4.654211338651546	0	0.29939473045503745	0.40666371657112887	0.45386596696511983	0.4562528424004697	0.42739222874635729	0.37787191030685718	0.31015230181862186	0.22551237311005956	0.12426462665064508	5.8643062867008442E-3	r/R 0.2 — 4.654 m lower	0	0.4654211338651546	0.9308422677303092	1.3962634015954638	1.8616845354606184	2.327105669325773	2.7925268031909276	3.2579479370560822	3.7233690709212368	4.1887902047863914	4.654211338651546	0	-0.13649733360223334	-0.12741103625203612	-0.10480011656625396	-8.3915935308345999E-2	-6.5398013517903669E-2	-4.6905770669413961E-2	-3.089962149952916E-2	-1.8658535836657542E-2	-1.0495016150273963E-2	-5.8643062867008442E-3	r/R 0.4 — 1.745 m upper	0	0.17453292519943298	0.34906585039886595	0.52359877559829882	0.6981317007977319	0.87266462599716477	1.0471975511965976	1.2217304763960306	1.3962634015954638	1.5707963267948966	1.7453292519943295	0	0.11227302392063902	0.1524988937141733	0.17019973761191992	0.17109481590017611	0.16027208577988397	0.14170196636507143	0.1163071131819832	8.4567139916272321E-2	4.6599234993991899E-2	2.1991148575128162E-3	r/R 0.4 — 1.745 m lower	0	0.17453292519943298	0.34906585039886595	0.52359877559829882	0.6981317007977319	0.87266462599716477	1.0471975511965976	1.2217304763960306	1.3962634015954638	1.5707963267948966	1.7453292519943295	0	-5.1186500100837494E-2	-4.7779138594513541E-2	-3.9300043712345231E-2	-3.1468475740629748E-2	-2.4524255069213872E-2	-1.7589664001030233E-2	-1.1587358062323434E-2	-6.996950938746577E-3	-3.9356310563527352E-3	-2.1991148575128162E-3	r/R 0.6 — 0.776 m upper	0	7.7570188977525781E-2	0.15514037795505156	0.23271056693257733	0.31028075591010312	0.38785094488762889	0.46542113386515466	0.54299132284268037	0.62056151182020625	0.69813170079773201	0.77570188977525778	0	4.9899121742506249E-2	6.7777286095188155E-2	7.564432782751998E-2	7.6042140400078298E-2	7.1232038124392896E-2	6.2978651717809545E-2	5.1692050303103657E-2	3.7585395518343265E-2	2.0710771108440849E-2	9.7738438111680758E-4	r/R 0.6 — 0.776 m lower	0	7.7570188977525781E-2	0.15514037795505156	0.23271056693257733	0.31028075591010312	0.38785094488762889	0.46542113386515466	0.54299132284268037	0.62056151182020625	0.69813170079773201	0.77570188977525778	0	-2.2749555600372225E-2	-2.123517270867269E-2	-1.7466686094375662E-2	-1.3985989218057668E-2	-1.0899668919650614E-2	-7.8176284449023286E-3	-5.1499369165881942E-3	-3.1097559727762572E-3	-1.7491693583789939E-3	-9.7738438111680758E-4	r/R 0.8 — 0.291 m upper	0	2.9088820866572159E-2	5.8177641733144318E-2	8.7266462599716474E-2	0.11635528346628864	0.14544410433286079	0.17453292519943295	0.20362174606600508	0.23271056693257727	0.26179938779914941	0.29088820866572157	0	1.8712170653439837E-2	2.5416482285695548E-2	2.8366622935319986E-2	2.8515802650029353E-2	2.6712014296647324E-2	2.3616994394178571E-2	1.9384518863663863E-2	1.4094523319378721E-2	7.7665391656653159E-3	3.6651914291880271E-4	r/R 0.8 — 0.291 m lower	0	2.9088820866572159E-2	5.8177641733144318E-2	8.7266462599716474E-2	0.11635528346628864	0.14544410433286079	0.17453292519943295	0.20362174606600508	0.23271056693257727	0.26179938779914941	0.29088820866572157	0	-8.5310833501395823E-3	-7.9631897657522557E-3	-6.5500072853908707E-3	-5.244745956771624E-3	-4.0873758448689785E-3	-2.9316106668383721E-3	-1.9312263437205723E-3	-1.1661584897910962E-3	-6.5593850939212257E-4	-3.6651914291880271E-4	Chordwise position, x (m)


Surface ordinate, y 




Airfoil r/R 0.2

yc (camber line)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	1.7499999999999998E-2	0.03	3.7499999999999992E-2	0.04	3.888888888888889E-2	3.5555555555555556E-2	0.03	2.222222222222222E-2	1.2222222222222221E-2	0	yu (upper surface)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	6.4327704238239511E-2	8.7375429902362495E-2	9.7517266393970278E-2	9.8030108476479028E-2	9.1829140889460481E-2	8.1189246214233401E-2	6.6639067126780194E-2	4.8453402026947222E-2	2.66993949369407E-2	1.2599999999999777E-3	yl (lower surface)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	-2.9327704238239511E-2	-2.7375429902362497E-2	-2.2517266393970295E-2	-1.8030108476479019E-2	-1.4051363111682695E-2	-1.0078135103122297E-2	-6.6390671267802029E-3	-4.0089575825027826E-3	-2.2549504924962559E-3	-1.2599999999999777E-3	x/c


yc



Airfoil r/R 0.3

yc (camber line)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	1.7499999999999998E-2	0.03	3.7499999999999992E-2	0.04	3.888888888888889E-2	3.5555555555555556E-2	0.03	2.222222222222222E-2	1.2222222222222221E-2	0	yu (upper surface)	0	6.4327704238239511E-2	8.7375429902362495E-2	9.7517266393970278E-2	9.8030108476479028E-2	9.1829140889460481E-2	8.1189246214233401E-2	6.6639067126780194E-2	4.8453402026947222E-2	2.66993949369407E-2	1.2599999999999777E-3	yl (lower surface)	0	-2.9327704238239511E-2	-2.7375429902362497E-2	-2.2517266393970295E-2	-1.8030108476479019E-2	-1.4051363111682695E-2	-1.0078135103122297E-2	-6.6390671267802029E-3	-4.0089575825027826E-3	-2.2549504924962559E-3	-1.2599999999999777E-3	x/c


yc



Airfoil r/R 0.4

yc (camber line)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	1.7499999999999998E-2	0.03	3.7499999999999992E-2	0.04	3.888888888888889E-2	3.5555555555555556E-2	0.03	2.222222222222222E-2	1.2222222222222221E-2	0	yu (upper surface)	0	6.4327704238239511E-2	8.7375429902362495E-2	9.7517266393970278E-2	9.8030108476479028E-2	9.1829140889460481E-2	8.1189246214233401E-2	6.6639067126780194E-2	4.8453402026947222E-2	2.66993949369407E-2	1.2599999999999777E-3	yl (lower surface)	0	-2.9327704238239511E-2	-2.7375429902362497E-2	-2.2517266393970295E-2	-1.8030108476479019E-2	-1.4051363111682695E-2	-1.0078135103122297E-2	-6.6390671267802029E-3	-4.0089575825027826E-3	-2.2549504924962559E-3	-1.2599999999999777E-3	x/c


yc



Airfoil r/R 0.8

yc (camber line)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	1.7499999999999998E-2	0.03	3.7499999999999992E-2	0.04	3.888888888888889E-2	3.5555555555555556E-2	0.03	2.222222222222222E-2	1.2222222222222221E-2	0	yu (upper surface)	0	6.4327704238239511E-2	8.7375429902362495E-2	9.7517266393970278E-2	9.8030108476479028E-2	9.1829140889460481E-2	8.1189246214233401E-2	6.6639067126780194E-2	4.8453402026947222E-2	2.66993949369407E-2	1.2599999999999777E-3	yl (lower surface)	0	-2.9327704238239511E-2	-2.7375429902362497E-2	-2.2517266393970295E-2	-1.8030108476479019E-2	-1.4051363111682695E-2	-1.0078135103122297E-2	-6.6390671267802029E-3	-4.0089575825027826E-3	-2.2549504924962559E-3	-1.2599999999999777E-3	x/c


yc



Airfoil r/R 0.6

yc (camber line)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	1.7499999999999998E-2	0.03	3.7499999999999992E-2	0.04	3.888888888888889E-2	3.5555555555555556E-2	0.03	2.222222222222222E-2	1.2222222222222221E-2	0	yu (upper surface)	0	6.4327704238239511E-2	8.7375429902362495E-2	9.7517266393970278E-2	9.8030108476479028E-2	9.1829140889460481E-2	8.1189246214233401E-2	6.6639067126780194E-2	4.8453402026947222E-2	2.66993949369407E-2	1.2599999999999777E-3	yl (lower surface)	0	-2.9327704238239511E-2	-2.7375429902362497E-2	-2.2517266393970295E-2	-1.8030108476479019E-2	-1.4051363111682695E-2	-1.0078135103122297E-2	-6.6390671267802029E-3	-4.0089575825027826E-3	-2.2549504924962559E-3	-1.2599999999999777E-3	x/c


yc



Airfoil r/R 1.0

yc (camber line)	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1	0	1.7499999999999998E-2	0.03	3.7499999999999992E-2	0.04	3.888888888888889E-2	3.5555555555555556E-2	0.03	2.222222222222222E-2	1.2222222222222221E-2	0	yu (upper surface)	0	6.4327704238239511E-2	8.7375429902362495E-2	9.7517266393970278E-2	9.8030108476479028E-2	9.1829140889460481E-2	8.1189246214233401E-2	6.6639067126780194E-2	4.8453402026947222E-2	2.66993949369407E-2	1.2599999999999777E-3	yl (lower surface)	0	-2.9327704238239511E-2	-2.7375429902362497E-2	-2.2517266393970295E-2	-1.8030108476479019E-2	-1.4051363111682695E-2	-1.0078135103122297E-2	-6.6390671267802029E-3	-4.0089575825027826E-3	-2.2549504924962559E-3	-1.2599999999999777E-3	x/c


yc



Real Airfoil r/R 0.2

Upper surface	0	0.4654211338651546	0.9308422677303092	1.3962634015954638	1.8616845354606184	2.327105669325773	2.7925268031909276	3.2579479370560822	3.7233690709212368	4.1887902047863914	4.654211338651546	0	0.29939473045503745	0.40666371657112887	0.45386596696511983	0.4562528424004697	0.42739222874635729	0.37787191030685718	0.31015230181862186	0.22551237311005956	0.12426462665064508	5.8643062867008442E-3	Lower surface	0	0.4654211338651546	0.9308422677303092	1.3962634015954638	1.8616845354606184	2.327105669325773	2.7925268031909276	3.2579479370560822	3.7233690709212368	4.1887902047863914	4.654211338651546	0	-0.13649733360223334	-0.12741103625203612	-0.10480011656625396	-8.3915935308345999E-2	-6.5398013517903669E-2	-4.6905770669413961E-2	-3.089962149952916E-2	-1.8658535836657542E-2	-1.0495016150273963E-2	-5.8643062867008442E-3	x (m)


Y (m)




Real Airfoil r/R 0.3

Upper surface	0	0.27149566142134018	0.54299132284268037	0.81448698426402055	1.0859826456853607	1.3574783071067009	1.6289739685280411	1.9004696299493811	2.1719652913707215	2.4434609527920617	2.7149566142134018	0	0.17464692609877183	0.2372205013331585	0.26475514739631989	0.26614749140027399	0.24931213343537509	0.22042528101233336	0.18092217606086275	0.13154888431420142	7.2487698879542969E-2	3.420845333908826E-3	Lower surface	0	0.27149566142134018	0.54299132284268037	0.81448698426402055	1.0859826456853607	1.3574783071067009	1.6289739685280411	1.9004696299493811	2.1719652913707215	2.4434609527920617	2.7149566142134018	0	-7.9623444601302773E-2	-7.4323104480354396E-2	-6.1133401330314807E-2	-4.8950962263201836E-2	-3.8148841218777138E-2	-2.7361699557158146E-2	-1.8024779208058679E-2	-1.08841459047169E-2	-6.122092754326478E-3	-3.420845333908826E-3	x (m)


Y (m)




Real Airfoil r/R 0.4

Upper surface	0	0.17453292519943298	0.34906585039886595	0.52359877559829893	0.6981317007977319	0.87266462599716488	1.0471975511965979	1.2217304763960308	1.3962634015954638	1.5707963267948968	1.7453292519943298	0	0.11227302392063904	0.15249889371417333	0.17019973761191995	0.17109481590017614	0.16027208577988397	0.14170196636507146	0.11630711318198321	8.4567139916272335E-2	4.6599234993991906E-2	2.1991148575128167E-3	Lower surface	0	0.17453292519943298	0.34906585039886595	0.52359877559829893	0.6981317007977319	0.87266462599716488	1.0471975511965979	1.2217304763960308	1.3962634015954638	1.5707963267948968	1.7453292519943298	0	-5.1186500100837501E-2	-4.7779138594513541E-2	-3.9300043712345231E-2	-3.1468475740629748E-2	-2.4524255069213876E-2	-1.7589664001030236E-2	-1.1587358062323435E-2	-6.9969509387465779E-3	-3.935631056352736E-3	-2.1991148575128167E-3	x (m)


Y (m)




Real Airfoil r/R 0.6

Upper surface	0	7.7570188977525781E-2	0.15514037795505156	0.23271056693257733	0.31028075591010312	0.38785094488762889	0.46542113386515466	0.54299132284268037	0.62056151182020625	0.69813170079773201	0.77570188977525778	0	4.9899121742506249E-2	6.7777286095188155E-2	7.564432782751998E-2	7.6042140400078298E-2	7.1232038124392896E-2	6.2978651717809545E-2	5.1692050303103657E-2	3.7585395518343265E-2	2.0710771108440849E-2	9.7738438111680758E-4	Lower surface	0	7.7570188977525781E-2	0.15514037795505156	0.23271056693257733	0.31028075591010312	0.38785094488762889	0.46542113386515466	0.54299132284268037	0.62056151182020625	0.69813170079773201	0.77570188977525778	0	-2.2749555600372225E-2	-2.123517270867269E-2	-1.7466686094375662E-2	-1.3985989218057668E-2	-1.0899668919650614E-2	-7.8176284449023286E-3	-5.1499369165881942E-3	-3.1097559727762572E-3	-1.7491693583789939E-3	-9.7738438111680758E-4	x (m)


Y (m)




Real Airfoil r/R 0.8

Upper surface	0	2.9088820866572159E-2	5.8177641733144318E-2	8.7266462599716474E-2	0.11635528346628864	0.14544410433286079	0.17453292519943295	0.20362174606600508	0.23271056693257727	0.26179938779914941	0.29088820866572157	0	1.8712170653439837E-2	2.5416482285695548E-2	2.8366622935319986E-2	2.8515802650029353E-2	2.6712014296647324E-2	2.3616994394178571E-2	1.9384518863663863E-2	1.4094523319378721E-2	7.7665391656653159E-3	3.6651914291880271E-4	Lower surface	0	2.9088820866572159E-2	5.8177641733144318E-2	8.7266462599716474E-2	0.11635528346628864	0.14544410433286079	0.17453292519943295	0.20362174606600508	0.23271056693257727	0.26179938779914941	0.29088820866572157	0	-8.5310833501395823E-3	-7.9631897657522557E-3	-6.5500072853908707E-3	-5.244745956771624E-3	-4.0873758448689785E-3	-2.9316106668383721E-3	-1.9312263437205723E-3	-1.1661584897910962E-3	-6.5593850939212257E-4	-3.6651914291880271E-4	x (m)


Y (m)




Real Airfoil r/R 1.0

Upper surface	0	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.125	0.15	0.17499999999999999	0.2	0.22500000000000001	0.25	0	1.6081926059559878E-2	2.1843857475590624E-2	2.437931659849257E-2	2.4507527119119757E-2	2.295728522236512E-2	2.029731155355835E-2	1.6659766781695048E-2	1.2113350506736805E-2	6.674848734235175E-3	3.1499999999999443E-4	Lower surface	0	2.5000000000000001E-2	0.05	7.4999999999999997E-2	0.1	0.125	0.15	0.17499999999999999	0.2	0.22500000000000001	0.25	0	-7.3319260595598778E-3	-6.8438574755906242E-3	-5.6293165984925737E-3	-4.5075271191197547E-3	-3.5128407779206738E-3	-2.5195337757805743E-3	-1.6597667816950507E-3	-1.0022393956256957E-3	-5.6373762312406398E-4	-3.1499999999999443E-4	x (m)


Y (m)
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TABLE 2. Table of Coefficient of Lift and Drag for NACA 4412 at different AOA.

A0A C Co

0° 0.40381740 0.01382775
4° 0.80695291 0.01679191
6° 0.98941316 0.01934319
8 11513267 0.02278673
10° 1.2863178 0.02745241
12° 13842481 0.03406763
14° 1.4292785 0.04440314
16° 1.4047237 0.06304333
18° 13029844 0.09754876
20° 1.1872314 0.14684440
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image27.emf
NACA 4412

Maximum Camber (m) 0.04

Camber Position (p) 0.4

Blade Radius (m) 21

(r/R) 0.2 0.3 0.4 0.6 0.8 1

Chord Length (c(r)) m 4.654 2.71 1.7 0.7757019 0.290888209 0


image28.emf
Chord 

length (m)x/c x m p

yc (camber 

line)

yt (thickness 

distribution)

yu (upper 

surface)

yl (lower 

surface)

Y - real 

(upper 

surface)

Y- real 

(lower 

surface)

4.654211 0 0 0.04 0.4 0 0 0 0 0 0

4.654211 0.1 0.465421134 0.04 0.4 0.0175 0.046827704 0.064328 -0.02933 0.299395 -0.1365

4.654211 0.2 0.930842268 0.04 0.4 0.03 0.05737543 0.087375 -0.02738 0.406664 -0.12741

4.654211 0.3 1.396263402 0.04 0.4 0.0375 0.060017266 0.097517 -0.02252 0.453866 -0.1048

4.654211 0.4 1.861684535 0.04 0.4 0.04 0.058030108 0.09803 -0.01803 0.456253 -0.08392

4.654211 0.5 2.327105669 0.04 0.4 0.0388889 0.052940252 0.091829 -0.01405 0.427392 -0.0654

4.654211 0.6 2.792526803 0.04 0.4 0.0355556 0.045633691 0.081189 -0.01008 0.377872 -0.04691

4.654211 0.7 3.257947937 0.04 0.4 0.03 0.036639067 0.066639 -0.00664 0.310152 -0.0309

4.654211 0.8 3.723369071 0.04 0.4 0.0222222 0.02623118 0.048453 -0.00401 0.225512 -0.01866

4.654211 0.9 4.188790205 0.04 0.4 0.0122222 0.014477173 0.026699 -0.00225 0.124265 -0.0105

4.654211 1 4.654211339 0.04 0.4 0 0.00126 0.00126 -0.00126 0.005864 -0.00586


image29.emf
Chord 

length (m)x/c x m p

yc (camber 

line)

yt (thickness 

distribution)

yu (upper 

surface)

yl (lower 

surface)

Y - real 

(upper 

surface)

Y- real 

(lower 

surface)

2.714957 0 0 0.04 0.4 0 0 0 0 0 0

2.714957 0.1 0.271495661 0.04 0.4 0.0175 0.046827704 0.064328 -0.02933 0.174647 -0.07962

2.714957 0.2 0.542991323 0.04 0.4 0.03 0.05737543 0.087375 -0.02738 0.237221 -0.07432

2.714957 0.3 0.814486984 0.04 0.4 0.0375 0.060017266 0.097517 -0.02252 0.264755 -0.06113

2.714957 0.4 1.085982646 0.04 0.4 0.04 0.058030108 0.09803 -0.01803 0.266147 -0.04895

2.714957 0.5 1.357478307 0.04 0.4 0.0388889 0.052940252 0.091829 -0.01405 0.249312 -0.03815

2.714957 0.6 1.628973969 0.04 0.4 0.0355556 0.045633691 0.081189 -0.01008 0.220425 -0.02736

2.714957 0.7 1.90046963 0.04 0.4 0.03 0.036639067 0.066639 -0.00664 0.180922 -0.01802
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