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Abstract 

 

This report presents the material, design and manufacture of a next generation wind 

turbine blade intended to support renewable energy generation for Pentrehafod 

school. The study evaluates aerodynamic profiles, blade geometry, material 

selection, manufacturing processes, mechanical performance and cost 

considerations to identify the most suitable blade design. Analysis of several aerofoil 

profiles determined that the NACA 2412 aerofoil provided the most favourable lift to 

drag characteristics across a wider range of operating conditions. A blade length of 

6.5 m was selected achieving above the required energy output while remaining 

economically viable. Material assessment using a weighted decision matrix 

compared metals, ceramics and composite materials, identifying carbon fibre 

reinforced polymer (CFRP) as the optimal choice due to its high strength-to-weight 

ratio and superior fatigue resistance. Manufacturing route evaluation concluded that 

vacuum infusion is the most appropriate process for large composite blade 

production, providing high-quality laminates with relatively low tooling cost. 

Mechanical analysis demonstrated maximum bending and torsional stresses of 9.36 

MPa and 0.088MPa under extreme wind conditions, remaining well below CFRP 

material limits. It is therefore recommended that a CFRP blade manufactured using 

vacuum infusion be adopted, with future work focusing on FEA analysis, fatigue 

validation and sustainability improvements. 
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1 Introduction 
 

This report develops the next-generation wind turbine blade that will enhance the 

energy output performance and minimize maintenance costs. Focusing on 

aerodynamic design parameters, materials selection, mechanical performance 

analysis, manufacturing processes, defects, and cost evaluations with a summary of 

findings and a final blade design. Metals, ceramics, and polymer composites are 

critically compared to determine the most advantageous solution to ensure that the 

blades are lightweight, durable, and as sustainable as possible. Wind energy has 

become one of the most important renewable energy sources due to increasing 

environmental concerns with fossil fuels and the ambitious 2050 net zero CO₂ 

emissions target set out by the United Kingdom as stated by Climate Change 

Committee (2025). The efficiency and durability of the turbine blades are strongly 

influenced by the blade’s geometry, material and the manufacturing technique used. 

Modern wind turbine blades are require meeting several requirements 

simultaneously. They must be lightweight to reduce gravitational loading, stiff enough 

to prevent excessive deflection, be resistant weather and environment degradation. 

Have the capability to resist fatigue caused by cyclic wind loading, while remaining 

economically viable to manufacture and operate. 
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2 Literature Review 

 

2.1 Aerodynamic Profiles 

 

The U.S Department of Energy (2023) states wind turbine blades are designed using 

aerodynamic aerofoil profiles to maximise lift. These profiles improves aerodynamic 

performance and structural durability of the blades. There are several aerofoil 

profiles, including NACA 6412 Figure 1, NACA 6409 Figure 2, NACA 4412 Figure 3, 

NACA 2412 Figure 4 and many more. By reviewing Hossain et al, (2014) 

experimental results in Table 1 shows that NACA 4412 with a lift-to-drag ratio of 

5.382 at 5⁰ is greater than 6409 that achieved 0.66, later experiments in blade 

design by Gok and Alnimer (2024) indicate that NACA 2412 has a greater range in 

lift-to-drag ratio than NACA 4412 across the range of angle of attack , this can be 

seen in Figure 5. Further reviews indicate that profiles like NACA 6412 can provide 

even greater lift, but the stability of the blade will be decreased if used as the core 

profile of a large blade (Tira and Furqon, 2024). Further research and analysis can 

be seen in Appendix A.  

 

 

Figure 1  - NACA 6412 Profile (Santos et a,.2016) 
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Figure 2 – NACA 6409 Profile and pressure distribution at 5⁰ Angle (Hossain et al, 2014) 

 

 

Figure 3 – NACA 4412 profile and pressure distribution at 5⁰ Angle (Hossain et al, 2014) 
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Figure 4 - NACA 2412 profile (Gok and Alnimer, 2024) 

 

A high lift to drag ratio is desirable because greater aerodynamic lift can be 

generated relative to the opposing drag, therefore increasing the torque available for 

greater power output. 

 

Table 1 – Lift to Drag Ratio NACA 4412 and NACA6409 (Hossain et al, 2014) 
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Figure 5 – Lift to Drag Coefficients and Angle of Attack NACA 2412 & NACA 4412 (Gok and Alnimer, 2024) 

 

The power coefficient (𝐶𝑃) is the fraction of available wind power converted to 

mechanical rotor power and is defined by the formula below. 

 

𝐶𝑃 =
𝑃

1
2 𝜌𝐴𝑣3

 

 

where: 

• 𝑃 = actual power extracted by the turbine 

• 𝜌 = air density (kg/m³) 

• 𝐴 = swept area of the blades (m2) 

• 𝑣 = wind speed (m/s) 

(𝑋𝑖𝑎 𝑒𝑡 𝑎𝑙, 2012) 
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Albert Betz defined the maximum power coefficient possible with a wind turbine as 

0.593 and as stated by Dai et al, (2016) so far, no wind turbine has outperformed the 

Betz’s Law. However, the latest technology can produce a 𝐶𝑃 of 0.48 (Sohail and 

Farzaneh, 2022), this is shown in Figure 6 that also shows the typical 𝐶𝑃 curve. 

 

 

Figure 6 - Wind Turbine Blades Power Coefficient Curve. (Xia et al, 2012) 
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2.2 Optimal Dimensions and Blade Geometry  

 

Table 2 provides specification details of a 60-kilowatt Vergnet GEV 15/60 wind 

turbine with a rotor diameter of 15 meters and Table 3 provides technical 

specifications of a six-kilowatt wind turbine with a 7 meter rotor diameter. 

 

Table 2 - Vergnet GEV 15/60 Data Sheet (wind-turbine-models.com, 2026) 
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Table 3 - WE16K Wind Turbine Configuration Data (Wetzel et al, 2006) 

 

 

 

Table 4, provided by Schubel and Crossley (2012) shows several different blade 

lengths currently in operation from one-megawatt output with a rotor diameter of fifty-

seven meters up to seven-megawatt output with a 164-meter rotor diameter. This 

table provides a clear indication of expected blade length required for a specific 

output. At the bottom of Table 4 a typical modern two megawatt turbine is detailed, 

with the rotor diameter at ninety meters with the blade length of forty-four meters, 
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swept area of 6362m² and made from pre-impregnated epoxy glass fibre and carbon 

fibre. 

 

Table 4 - Wind Turbine Specifications (Schubel and Crossley, 2012) 

 

 

Figure 7,  8, and Table 5 below show, how the blade geometry varies along the span 

with the taper profiling away from the root section. The root section is circular in 

profile and wider to provide a stable footing as shown in Figure 7, this allows a 

thicker and wider profile near the root to withstand higher bending moments, while 

the tip section can be a different profile and thinner to reduce drag.  
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Figure 7 - IEA 22MW Wind turbine Blade Reference (National Renewable Energy Laboratory, 2024) 

 

 
Figure 8 - Aerofoil in families (U.S. Department of Energy, 2023) 
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Table 5 - DOWEC aerodynamic blade properties (Jonkman et al, 2009) 

 

 

Tip Speed Ratio (TSR) is important when optimizing the efficiency of the rotor and 

the generator. Hosseini et al, (2022) indicate this by stating blade sets that spin too 

slowly will allow wind to pass without harvesting its energy, while blades that spin too 

fast will be travelling in the previous blade turbulent wake. Research indicates that 

three-bladed horizontal turbines typically operates most efficiently within the TSR 

range of 6 to 8 (Business Norway, 2025). Using the tip speed ratio equation, the TSR 

of current wind turbines were calculated and are shown below.  

 

𝜆 =
𝛺𝑟

𝜈𝜔
 

where: 

𝜆 = 𝑇𝑖𝑝 𝑆𝑝𝑒𝑒𝑑 𝑅𝑎𝑡𝑖𝑜 

𝛺 = 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦  

r = Radius 

𝜈𝜔 = 𝑊𝑖𝑛𝑑𝑠𝑝𝑒𝑒𝑑 

GE 3 MW TSR = 7-8  
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2.3 Material Properties 

 

Three categories of material were researched with Figure 9, 10 and 11 providing 

graphical evidence of the materials fatigue resistance, strength, density, fracture 

toughness and Vickers Hardness. 

 

Metals 

Metals provide high strength, fatigue resistance, and good manufacturability. 

However, metals have a high density, which increases gravitational loading, reducing 

efficiency and additional wear on bearings (Xu et al, 2025). 

 

Ceramics 

Technical ceramics such as silicon carbide provide high hardness and thermal 

resistance. Despite these advantages ceramics are brittle and susceptible to 

catastrophic fracture under impact or cyclic loading (Fan et al, 2024). 

 

Composites 

Song et al (2019) states, carbon fibre reinforced polymer (CFRP) and glass fibre 

reinforced polymer (GFRP) composites combine high specific strength, low density 

and good fatigue resistance, although recycling remains difficult and the material is 

costly. 
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Figure 9 - Fatigue-Resistance of Material (2020, Materials Today) 

 

 
Figure 10 - Granta chart of Strength & Density (2025, The Open University) 



14 
 

 
Figure 51 - Fracture Toughness & Vickers Hardness Chart (2025, ResearchGate) 

 

Figure 12 shows the cost of each material. 

 

 
Figure 62- Graph of Material Cost (2025, Proxom) 
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These comparisons favour the composites for blade construction due to their high 

specific strength and fatigue resistance with reduced structural mass, whereas 

metals incur a weight penalty and ceramics remain limited by low fracture toughness. 

 

2.4 Environmental Factors 

 

Wind turbine blades as shown by Tavner et al, (2013) experience variable 

environmental conditions as shown in Figure 13. From sub-zero temperatures to 

above 40ْC, causing thermal dimensional changes, icing and UV degradation. Gusts, 

turbulence and wind shear create fluctuating aerodynamic loads that drive fatigue, 

while rain, moisture and lightning create additional environmental loading, with 

marine and coastal environments enhancing salt-induced corrosion and erosion. 

 

 
Figure 13 – Study of Weather and Location Effects (Tavner et al, 2013) 
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3 Design Specifications 
 

Pentrehafod School in Swansea is looking for a renewable energy source to go net 

zero on energy usage. The school requires a wind turbine to produce approximately 

60,752 kWh/year, providing enough energy to electrify the heating system. The price 

needs to be competitive with competing renewable energy sources as provided by 

Solar Powered Schools (2026). Table 6 provides the specification of the customer 

and engineering requirements. 

 

Table 6  - Specification Table 
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3.1 Blade Geometry 

 

Based on the aerodynamic comparison in Section 2.1, NACA 2412 was selected 

because its favourable lift-to-drag performance over a wider angle of attack range 

provides greater tolerance to the variable operating conditions. 

The calculations were carried out using the data specified in Table 6 and the 

formulas supplied by University of Wales Trinity Saint David (UWTSD). 

 

3.1.1 Blade Length 

 

The final radius design length of a blade is 6.5 meters from the minimum 

requirement of 6.38 meters, allowing a potential 3.8% increase in electricity 

production over the minimum requirement. The calculation used to determine the 

minimum blade length is shown below.  

 

𝑃 =
1

2
⋅ 𝑝 ⋅ 𝐴 ⋅ 𝜈3 ⋅ 𝑐𝑃 

𝑃 = 6935.16 W  

𝑝 = 1.255 kg/m³ 

𝐴 = Area (m2)  

𝜈 = 6 m/s 

𝑐𝑃 = 0.4 

 

Rearrange to solve A:    

𝐴 =
2𝑃

𝑝𝜈3𝑐𝑃
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𝐴 =
2 ⋅ 6935.16

1.255 ⋅ 6³ ⋅ 0.4
 

𝐴 = 127.92m² 

 

Finding the minimum blade length: 

𝑅 = √
𝐴

𝜋
 

 

𝑅 = √
127.92

𝜋
 

 

𝑅 = 6.38m 

 

 

The blade length at 6.5 meters, provides a swept area of 132.73m² and a power 

output of 7196.21 watts, increasing the blade length to seven meters would add 

unnecessary material and manufacturing cost. 

 

3.1.2 Chord Lengths 

 

The chord lengths were calculated using the formula below and the blade was 

divided into five sections. Results are shown in Table 7. 

 

𝑐(𝑟) =
8𝜋𝑅

𝑁 ⋅ 𝐶𝑙 ⋅ 𝜆
⋅

(1 −
𝑟
𝑅)

𝑟
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𝑅 = 6.5m 

𝜆 = 7 

Number of Blades (𝑁) = 3 

𝐶𝑙 = 1.0 

𝑅𝑎𝑑𝑖𝑎𝑙 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠 
𝑟

𝑅
= 0.2, 0.4, 0.6, 0.8, 1.0 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 ℎ𝑢𝑏 𝑡𝑜 𝑡ℎ𝑒 𝑟𝑎𝑑𝑖𝑎𝑙 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑤ℎ𝑒𝑟𝑒 𝑐(𝑟)𝑖𝑠 𝑏𝑒𝑖𝑛𝑔 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑟

= 1.3, 2.6, 3.9, 5.2, 6.5𝑚 

 

Table 7 - Chord Length Calculation Results 

 

 

The calculated tip chord was adjusted from 0 m to 0.243 m to improve CAD loft 

continuity and manufacturability while retaining the intended spanwise taper . This 

can be seen in Table 8. The calculation for the camber line and the upper and lower 

blade thickness from the camber line was carried out using Table 8, results can be 

seen below as plotted graphs providing a 2D image of each sections profile. Result 

table can be seen in Appendix B. 
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Table 8 - Chord Length Calculations 

 

 

 

 
Figure 74 - 0.2 r/R Aerofoil Profile 
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Figure 85 - 0.4 r/R Aerofoil Profile 

 

 

 
Figure 96 - 0.6 r/R Aerofoil Profile 
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Figure 107 - 0.8 r/R Aerofoil Profile 

 

 
Figure 118 - 1.0r/R Aerofoil Profile 
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Figure 19 - Profile of All Section 
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4 Material Selection 
 

4.1 Weighted Decision Matrix 

 

Weighted decision matrix Table 9 was used to compare materials and rank candidate 

materials against the design requirements. Property data obtained from ANSYS 

(2026) and supporting literature with an in-depth data Table 23 provided in Appendix 

C. The material weighting factors calculations have been carried out as provided by 

the UWTSD. 

 

Table 9 - Material Weighted Decision Matrix 

 

 

4.2 Materials Recommendation 

 

CFRP achieved the highest overall score due to its excellent fatigue resistance, low 

density, and high strength. Although the initial cost is higher than the alternative 

materials, the reduced maintenance requirements and longevity of the blade life 

justify its selection. GFRP also demonstrated robust performance and could be an 

alternative, while metals retain an advantage in recyclability. 
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5 Exploration of Manufacturing Routes 

 

5.1 Metals 

 

5.1.1 Casting 

 

Casting is a manufacturing process where molten metal is poured into the desired 

shape cavity mould and allowed to solidify into the desired shape. There are two 

types of casting, expandable mould casting such as sand casting and permanent 

mould casting such as die casting (UWTSD, 2026). 

 

Advantages 

Casting brings a variety of advantages as this process can be used to manufacture 

complex shapes with high dimensional accuracy, ensuring high structural integrity. 

Casting can be used for large parts and almost all metals, this process is seen as 

cost-effective in mass production (UWTSD, 2026). 

 

Limitations 

The limitation of casting is the risk of shrinkage, porosity, cracks, and uneven cooling 

all affecting the quality and strength of the product. Casting requires precise 

temperature and flow control and uses vast amounts of energy. Finishing quality of 

casting often requires machining to produce smooth faces (UWTSD, 2026). 

 

5.1.2 Extrusion 

Metal is a process where a metal billet is forced through a shaped die to produce a 

product with a constant cross-section. There are two main types of extrusion, direct 

and indirect (Suwanpreecha and Manonukul, 2022). 
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Advantages 

Extrusion is ideal for producing uniformed cross-sectional products at high 

production rates, the process produces a good grain structure and strength while 

ensuring a quality surface finish. This process also has an exceptionally low material 

waste and can be used for many metals (Mechanical Funda, 2020). 

 

Limitations 

Limitations of extrusion are that only constant cross-section products can be 

produced, it requires expensive tooling, setup time, and the die wear leads to 

maintenance cost and downtime. 

 

5.2 Ceramics 

 

There are several different manufacturing processes for ceramics, but for advanced 

ceramic components. Additive manufacturing (AM) builds components layer by layer 

from ceramic powders, slurries or filaments which then can use the sintering process. 

Sintering is a thermal densification process where compacted ceramic particles bond 

together when heated below their melting temperature as shown in Figure 20 (Kintek 

Solutions, 2026). 

 

Advantages 

AM allows manufacturing of complex geometries, lattice structures that increases 

strength while ensuring the lightest possible weight. The process allows bespoke 

components to be manufactured without the need to source or produce moulds or dies 

and it does not produce vast amount of material waste and machining. Sintering 
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improves microstructure that improves the products hardness, wear resistance, 

density and strength (Dadkhah et al, 2023). 

 

 
Figure 120 - Sintering Process (Kintek Solution, 2026) 

 

Limitations 

AM equipment has a high purchase and maintenance costs; the production rate is 

slow compared to conventional mass production methods and the finish quality is 

poor (Dadkhah et al, 2023). Sintering uses a lot of energy and can cause warping, 

cracking, or deformation. This process can also take hours with shrinkage also an 

issue. Ceramic manufacturing suffers with their brittleness challenges, they are 

susceptible to thermal shock, develop common defects such as porosity, inclusions 

and have poor impact resistance which make them vulnerable when impacts, shock 

loading or sudden mechanical forces are experienced during the manufacturing or 

handling processes (Murenzi et al, 2025). 
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5.3 Polymer Composites 

 

Vacuum infusion Figure 21 is a polymer composite manufacturing technique where 

resin is drawn into a dry fibre layup under vacuum, producing a strong, lightweight 

composite laminate (Fibre Glast Development Corporation, 2003). 

 

 
Figure 131 - Composite Manufacturing Process (2023, DTU Wind and Energy Systems) 

 

 

Advantages 

Vacuum infusion tooling costs are lower than resin transfer moulding, while providing 

high fibre volume fractions, low void content, and an improved wet-out and laminate 

quality with high consistency. Vacuum infusion is ideal for large structures such as 

wind turbine blades while also reducing the workers exposure to resin emissions 

(Campell, 2004). 
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Limitations 

Vacuum infusion has a long curing time as shown in Figure 22. The process is also 

sensitive to permeability variations and vacuum leaks can severely affect laminate 

quality, causing dry spots from incomplete resin flow (Campell, 2004). 

 

 
Figure 142  - Composites Curing Time (2023, DTU Wind and Energy Systems) 
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5.4 Comparative Manufacturing Analysis 

 

Table 10 compares selected manufacturing routes based on production cost, 

scalability, and manufacturing time. 

 

Table 10 – Analysis of Manufacturing Processes (Kalpakjian and Schmid, 2018) 
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With Health and Safety along with environmental issues increasing as an importance 

in manufacturing process and material decision, Table 11 shows these factors for 

each process.  

 

Table 11 - Environmental Impacts and Safety Hazards (Health and Safety Executive, 2026) 

 

 

Tables 10 and 11 indicate vacuum infusion provides the best overall manufacturing 

route as it combines scalable large parts manufacturing with moderate tooling and 

lower process temperatures. Its principal disadvantages remain cure time, resin and 

fibre hazards and poor composite recyclability. 
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6 Cost Evaluation 

 

6.1 Raw Material Cost 

 

With the CAD providing a total volume of 0.06643m³, when the blade was hollowed 

out to include only a ten-millimetre thickness this represents five millimetres 

thickness of material at each end of the sandwich core. Using the cost findings from 

ANSYS (2026) Table 12 provides the raw material cost for one blade and the set of 

three. 

 

Table 12 - Raw Material Cost 

 

 

Table 12 demonstrates the substantial influence of material selection on blade cost. 

Although CFRP produces the third highest cost, its high valued properties such as 
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strength and fatigue performance result in the highest WDM score. GFRP provides a 

lower cost composite alternative, demonstrating the trade-off between initial material 

expenditure and mechanical performance. 

 

6.2 Manufacturing Costs 

 

Schubel, (2010) indicates that a vacuum infusion manufacturing cost are 51% 

materials, 41% labour which means that the other 8% is for maintenance, tooling, 

defects, and other costs. Using the information from the previous sections and 

summaries in Table 10, we can estimate the costs of the other manufacturing 

processes. This is shown in Table 13 which also provides the overall cost of each 

manufacturing process. 

 

Table 13 - Manufacturing Costs 

 

 

Table 13 shows that the metal and GFRP blades would be a third of the price of 

CFRP. CFRP selection is based on its overall performance rather than minimum 

initial cost as shown in the WDM, Table 9. 
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7 Mechanical Properties Analysis 

 

7.1 Aerodynamics Force Calculations 

 

The calculations for the blade designs lift and drag forces are calculated at each 

section point using formulas provided by UWTSD, the results are provided in Table 

14. Using data provided by Guerrero et al, (2023) when lift coefficient is 1.0012, drag 

coefficient is 0.00978 and with blades maximum operating wind speed of 25 m/s and 

the maximum recorded wind speed in the area, 48 m/s. 

 

Table 14 - Lift and Drag Force Per Section 

 

 

7.2 Stress Analysis 

 

7.2.1 Bending Stress 

 

For a cantilevered item such as the wind blade the highest bending stress will occur 

near the root, by multiplying each sectional force by its midpoint distance and adding 

the total up provides the bending moment which is 6.73 kNm at 25 m/s windspeed 
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and 24.8 kNm at 48 m/s. With the information from the SolidWorks design the 

bending stress is calculated using the equation below. 

𝜎 =
𝑀𝑦

𝐼
 

𝜎 = Bending Stress 

𝑀 = Bending Moment 

𝑦 = 150 mm *(From a solid blade) 

𝐼 = 397,443,569.54 mm⁴ *(From a solid blade) 

 

𝜎 =
6726640 ⋅150 

397,433,569.54
= 2.54 N/mm2(MPa)  

 

Therefore, the root bending stress at 25 m/s wind speed using 300mm solid diameter 

CAD is 2.54 N/mm². The bending stress at 48 m/s is 9.36 N/mm² as shown in the 

calculation below. 

 

𝜎 =
24800000 ⋅ 150 

397,433,569.54
= 9.36 N/mm2(MPa) 

 

7.2.2 Torsional Stress 

 

Torsional stress was calculated using the formula below using only the first two parts. 

Torque was calculated by calculating the coefficient mean of area over length and 

then applied to the aerodynamic torque formula, these solutions can be found in 

Appendix D. T at 25 m/s is 126.85 Nm and at 48 m/s is 467.6 Nm 
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𝑇

𝐽
=

𝜏

𝑟
=

𝐺𝜃

𝐼
 

𝜏 =
𝑇𝑟

𝐽
 

 

𝜏 = Shear Stress 

𝑇 = 126850 N/mm at 25 m/s or 467600 N/mm at 48 m/s  

𝑟 = 150𝑚𝑚 ∗ Solid CAD design 

𝐽 =   795,076,259 𝑚𝑚4 ∗ Retreived from solid CAD design  

 

Shear stress for 25 m/s windspeed 

𝜏 =
126850⋅150

795076259
 = 0.024 N/mm² (MPa) 

 

Shear stress for 48 m/s windspeed 

𝜏 =
467600⋅150

795076259
 = 0.088 N/mm² (MPa) 

 

7.3 Stress Comparison and Safety Factor 

 

Table 15 shows the materials tensile strength and fatigue strength against the 

calculated maximum bending stress of 9.36 MPa and provides a factor of safety for 

both properties.  
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Table 15 - Tensile and Fatigue Factors of Safety 

 

 

Table 16 provides the factor of  safety of torsion stress against each material. Shear 

strength data was used for metallic and flexural strength for the other materials. 

 

Table 16 - Shear and Flexural Factor of Safety 
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The mechanical analysis identified at the extreme wind conditions of 48 m/s 

produces a maximum root bending stress of 9.36 MPa and a torsional stress of 

0.088MPa. The material comparison demonstrates that the calculated stresses 

remain substantially below the applicable material strength limits. CFRP provides the 

greatest strength and fatigue safety factor, reinforcing its selection. However, these 

results are comparative, based on the solid CAD blade geometry providing higher 

factor of safety, a final hollow CFRP blade would require further structural validation 

using FEA. 
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8 Comparative Analysis 

 

Table 17 integrates the material, manufacturing and structural analysis. CFRP offers 

the highest overall blade suitability because its strength, fatigue performance and 

calculated safety margins offset its higher cost and limited recyclability. Vacuum 

infusion is compatible with large CFRP structures, although cure time, void formation 

and end of life processing remain limitations. 

 

Table 17 – Comparative Analysis 
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9 Blade Drawing 

 

Figures 24 to 27 present the final 6.5 m NACA 2412 CAD model, spanwise section 

locations and manufacturing drawings. 

 

 
Figure 153 - Proposed Blade CAD Image 

 

 
Figure 24 - Proposed Blade Design with Sectional Profile Details 
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Figure 25 - Complete Blade Drawing 
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Figure 166 - Sectional Aerofoil Profile Drawings 
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10 Conclusion and Recommendations 

 

The research and development above demonstrate that aerodynamic geometry, 

material selection and manufacturing methods must be considered collectively when 

developing an efficient and durable wind turbine blade. The final 6.5 m blade that 

was calculated using a NACA 2412 profile ensuring a power output greater than 

6935.16 W. The material comparison identified CFRP as the most suitable candidate due to 

its high strength, fatigue resistance and low density, despite its greater cost and limitations in 

recyclability. Vacuum infusion is recommended as the manufacturing process because it is 

suitable for large composite structures and relatively low tooling cost while producing high-

quality laminates with low void content when careful process control is applied.  Structural 

analysis produced a maximum root bending stress of 9.36 MPa and a torsional stress of 

0.088 MPa under extreme wind conditions of 48 m/s. These stresses remained considerably 

below the CFRP material property limits, further supporting the selection. 

Future work should validate the composite structure as a hollow design using FEA, 

investigate fatigue and cyclic loading, optimise laminate thickness and fibre orientation. 

Physical prototyping and aerodynamic testing should subsequently be used to validate the 

calculated performance. Investigation into improved recycling methods, recyclable fibres and 

resins systems is essential for greater sustainability. 
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12 Appendices 

 

Appendix A 

By reviewing Hossain et al, (2014) experimental results in Table 1 shows that NACA 

4412 with a lift to drag ratio of 5.382 at 5⁰ is greater than 6409 that achieved 0.66, 

later experiments in blade design by Gok and Alnimer (2024) indicates that NACA 

2412 has a greater ranger in lift to drag ratio than NACA4412 across the angle of 

attack movement, this can be seen in Figure 6. Further reviews that profiles like 

NACA 6412 can provide even greater lift, but the stability of this blade will be 

decreased if used as the core profile of a large blade (Tira and Furqon, 2024). There 

are many more profile types such as Clark Y, RAF-15, C-80, Go¨ ttingen 398, and M-

6 as indicated by Yurdusev et al, (2006). 

 

Appendix B 

Table 18 - 0.2 r/R Camber Line and Thickness 
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Table 19 - 0.4 r/R Camber Line and Thickness 

 

 

Table 20 - 0.6 r/R Camber Line and Thickness 
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Table 21 - 0.8 r/R Camber Line and Thickness 

 

 

Table 22 - 1.0 r/R Camber Line and Thickness 
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Appendix C 

 

Table 23 - Material Properties (Ansys, 2026) 

 

  

Appendix D 

 

𝑇 =
1

2
𝑝𝑉²𝐴𝑐𝐶𝑚 

 

𝐶𝑚 = 0.0488 data provided by Guerrero et al, (2023)   

𝐴𝐶 = 𝐴𝑟𝑒𝑎 x 𝑀𝑒𝑎𝑛 𝑜𝑓 𝐴𝑟𝑒𝑎 = 6.644 x 1.022 = 6.79 m² 

 

T  when V = 25 m/s 

𝑇 =
1

2
⋅ 1.225 ⋅ 252 ⋅ 6.79 ⋅ 0.0488 = 126.85 𝑁𝑚 

T  when V = 48 m/s 

𝑇 =
1

2
⋅ 1.225 ⋅ 482 ⋅ 6.79 ⋅ 0.0488 = 467.6 𝑁𝑚 
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    C  P


    C  P =   P   1 2 𝜌 A   v 3


  P = actual   power   extracted   by   the   turbine


  𝜌 = air   density   ( kg / m ³ )


  𝜌 = air   density   ( kg / m ³ )


  A = swept   area   of   the   blades   (  m 2 )


  A = swept   area   of   the   blades   (  m 2 )


  v = wind   speed   ( m / s )


  v = wind   speed   ( m / s )


  ( X i a   e t   a l ,   2012 )


  ( X i a   e t   a l ,   2012 )


    C  P


    C  P


  𝜆 =     𝛺  r    𝜈  𝜔


  𝜆 = T i p   S p e e d   R a t i o


  𝛺 = R o t a t i o n a l   V e l o c i t y  


  𝛺 = R o t a t i o n a l   V e l o c i t y  


    𝜈  𝜔 = W i n d s p e e d


  P =  1 2 ⋅ p ⋅ A ⋅   𝜈 3 ⋅   c  P


  P = 6935 . 16   W  


  P = 6935 . 16   W  


  p   = 1 . 255   kg / m ³


  p   = 1 . 255   kg / m ³


  A = Area   (  m 2 )  


  A = Area   (  m 2 )  


  𝜈 = 6   m / s


  𝜈 = 6   m / s


    c  P = 0 . 4


    c  P = 0 . 4


  A =   2 P  p   𝜈 3   c  P


  A =   2 ⋅ 6935 . 16  1 . 255 ⋅ 6 ³ ⋅ 0 . 4


  A = 127 . 92 m ²


  A = 127 . 92 m ²


  R =    A  𝜋


  R =    127 . 92  𝜋


  R = 6 . 38 m


  c  ( r ) =   8 𝜋 R  N ⋅   C  l ⋅ 𝜆 ⋅    ( 1 −   r  R )  r


  R = 6 . 5 m


  𝜆 = 7


  𝜆 = 7


  Number   of   Blades   ( N ) = 3


  Number   of   Blades   ( N ) = 3


    C  l = 1 . 0


    C  l = 1 . 0


  R a d i a l   P o s i t i o n s     r  R = 0 . 2 ,   0 . 4 ,   0 . 6 ,   0 . 8 ,   1 . 0


  R a d i a l   P o s i t i o n s     r  R = 0 . 2 ,   0 . 4 ,   0 . 6 ,   0 . 8 ,   1 . 0


  D i s t a n c e   f r o m   t h e   h u b   t o   t h e   r a d i a l   p o s i t i o n   w h e r e   c  ( r ) i s   b e i n g   c a l c u l a t e d   r = 1 . 3 ,   2 . 6 ,   3 . 9 ,   5 . 2 ,   6 . 5 m


  D i s t a n c e   f r o m   t h e   h u b   t o   t h e   r a d i a l   p o s i t i o n   w h e r e   c  ( r ) i s   b e i n g   c a l c u l a t e d   r = 1 . 3 ,   2 . 6 ,   3 . 9 ,   5 . 2 ,   6 . 5 m


  𝜎 =   M y  I


  𝜎 = Bending   Stress


  𝜎 = Bending   Stress


  M = Bending   Moment


  M = Bending   Moment


  y =  


  I   =


  𝜎 =   6726640   ⋅ 150    397 , 433 , 569 . 54 = 2 . 54   N /  mm 2 ( MPa )


  𝜎 =   24800000   ⋅ 150    397 , 433 , 569 . 54 = 9 . 36   N /  mm 2 ( MPa )


    T  J =   𝜏  r =   G 𝜃  I


  𝜏 =   T r  J


  𝜏 =   T r  J


  𝜏 = Shear   Stress


  T = 126850   N / mm   at   25   m / s   or   467600   N / mm   at   48   m / s


  r = 150 m m ∗ Solid   CAD   design


  J =     795 , 076 , 259   m   m 4 ∗ Retreived   from   solid   CAD   design


  𝜏 =   126850 ⋅ 150 795076259


  𝜏 =   467600 ⋅ 150 795076259


  6935 . 16   W


  T =  1 2 p V ² A c C m


  C m = 0 . 0488   data   provided   by   Guerrero   et   al ,   ( 2023 )    


    A  C = A r e a   x   M e a n   o f   A r e a = 6 . 644   x   1 . 022 =  


  T =  1 2 ⋅ 1 . 225 ⋅  25 2 ⋅ 6 . 79 ⋅ 0 . 0488 = 126 . 85   N m


  T =  1 2 ⋅ 1 . 225 ⋅  48 2 ⋅ 6 . 79 ⋅ 0 . 0488 = 467 . 6   N m

