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Abstract
This report investigates the preliminary design of a wind turbine blade, considering aerodynamic performance, material selection, manufacturing processes and associated costs. The study evaluates key blade design parameters, including rotor radius, chord and thickness distributions, aerodynamic profile, tip speed ratio and operating conditions. 
Three material groups, metals, ceramics and polymer based composites are compared using mechanical properties, density, cost, manufacturing requirements, environmental considerations and suitability for wind turbine applications. Different manufacturing routes are also evaluated in terms of production time, scalability and potential processing defects. A weighted decision matrix was used to identify the most suitable material based on the relative importance of the selected design criteria.
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[bookmark: _Toc239367933]1 Introduction
This report focuses on the design and optimisation of a wind turbine blade for renewable energy applications. The aim is to maximise energy capture while maintaining structural integrity and minimising lifecycle cost. The study considers aerodynamic design, material selection, manufacturing and cost.
The performance of wind turbine blades is highly dependent on geometry, material selection, and manufacturing quality. Therefore, careful optimisation of these factors is crucial to achieve high efficiency and long service life 
[bookmark: _Toc239367934]2 Literature Review
2.1 Aerodynamic Blade Design
Wind turbine blade design requires a balance between aerodynamic efficiency and structural requirements. The aerodynamic profile influences the lift and drag generated by the blade and therefore affects the amount of energy that can be extracted from the available wind. Aerofoil performance is commonly assessed using the lift to drag ratio, with a higher ratio generally indicating more favourable aerodynamic performance. A computational study comparing several aerofoils found that NACA 4412 provided the highest lift-to-drag ratio amongst the other profiles investigated, demonstrating its suitability for consideration in small scale wind turbine applications (Alaimo et al, 2021). However, aerofoil performance is dependent on operating conditions such as Reynolds number. Numerical investigations of NACA 4412 has shown that changes in Reynolds number influence flow separation and vortex formation, demonstrating that an aerofoil cannot be considered independently from its operating conditions (Zhang et al, 2021). The power coefficient, (Cp) , is another important measure of turbine performance because it represents the proportion of the kinetic energy available in the wind that is converted into mechanical power, therefore achieving an appropriate aerodynamic performance requires the aerofoil geometry and spanwise blade dimensions to be considered together rather than selecting an aerofoil in isolation.
2.2 Blade Dimensions and Operating Conditions
Blade geometry changes along the span because the aerodynamic loading and rotational velocity vary with radial position. Chord length is therefore typically tapered towards the blade tip, while the aerofoil geometry can also be varied to achieve the required aerodynamic and structural performance. Blade Element Momentum (BEM) methods are commonly used to determine blade geometry, including chord and pitch distribution, from the expected operating conditions (Greeshma, Rajakumar and Sravanthi, 2023).
TSR influences the aerodynamic operating condition, while rotor radius affects both swept area and structural loading. Therefore, blade size must balance energy capture against structural requirements. However, increasing blade size increases structural loading and material requirements, meaning aerodynamic energy capture must be balanced against structural limitations.
2.3 Materials Requirements
Wind turbine blades experience continuous cyclic loading from aerodynamic forces, gravity and changing operating conditions. Fatigue resistance is therefore a major consideration in material selection, with fatigue identified as a predominant design driver for composite wind turbine blades (Nijssen and Brondsted, 2023). Material selection must consequently consider not only tensile strength but also stiffness, density and fatigue behaviour.
Polymer based fibre composites are widely used for wind turbine blades because they provide a combination of low density, high specific stiffness and good fatigue performance (Brondsted, Lilholt and Lydstrup, 2005), Glass fibre reinforced polymers offer a relatively cost-effective solution, while carbon fibre composites can provide higher specific stiffness but generally at a greater material cost. Metals such as steel and aluminium provide established manufacturing methods and good strength, but their greater density can increase blade mass. Ceramics offer high stiffness and environmental resistance but their inherent brittleness present challenges for structures subjected to repeated and variable loading.
2.4 Environmental and Design Considerations
Wind turbine blades operate under variable aerodynamic loading, making fatigue and damage accumulation important considerations throughout their service life. Reviews of wind turbine blade failures identify fatigue related damage among the significant mechanisms affecting blade reliability (Ravikumar et al, 2020). Composite blades can also experience defects and damage such as delamination, which can reduce structural integrity.
These factors were considered when establishing the design parameters and selecting the material of the wind turbine blade.
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3.1 Design Requirements
The proposed wind turbine blade forms part of a preliminary study for Company C following a client request to develop next generation blades that are lightweight, durable, and efficient. The design therefore aims to maximise aerodynamic energy capture while limiting blade mass and maintaining sufficient structural performance under operational loading. The blade geometry is defined using five spanwise sections at r/R = 0.2, 0.4, 0.6, 0.8, and 1.0, allowing the chord and aerofoil profile to vary along the blade. The NACA 4412 aerofoil was selected as the basis for the blade profile, with a target power coefficient of Cp = 0.4 and lift coefficient of Cl = 1.1. The design conditions are a wind speed of 5 m/s and air density of 1.225 kg/, as specified by the project requirements.
3.2 Design Parameters
The principal design parameters were established from the project requirements and used for the aerodynamic and geometric calculations. The turbine uses three blades, a 1m radius, TSR of 5, Cp = 0.4 and Cl = 1.1. NACA 4412 was applied at five radial positions.
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Figure 1 - Design Parameters
3.3 Blade Geometry and Aerofoil Profile
The blade was divided into five spanwise sections at r/R = 0.2, 0.4, 0.6, 0.8, 1. This allowed the chord distribution to be calculated from the blade root towards the tip, producing a tapered geometry rather than a constant chord. The NACA 4412 profile was then applied to each section, with the profile coordinates scaled according to the calculated chord length.
The NACA 4412 profile was selected because its cambered geometry provides suitable lift characteristics for the intended aerodynamic design. The normalised aerofoil coordinates were calculated along the chord and subsequently scaled to the required dimensions for each radial section. The resulting profiles were used to define the blade geometry for the CAD model.
Figure 1 presents the resulting NACA 4412 section geometry, while the calculated chord distribution is provided in Figure 2.
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Figure 2 - Chord Distribution Table
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3.4 Aerodynamic Design Calculations
The aerodynamic conditions were calculated at each radial section to account for the variation in blade velocity along the span. The tangential velocity increase with radial distance according to:
V = ωr
Where the angular velocity is determined from the selected TSR:
λ = ωR/V
Therefore:
ω = λV/R = 5(5)/1 = 25 rad/s
The local relative velocity and flow angle were then determined at each radial section using  the radial and tangential velocity components. These values were used to calculate the aerodynamic loading on each section.
The available wind power across the rotor can also be estimated using:
P = 1/2ρAv^3Cp
This represents the theoretical aerodynamic power available from the design at the specified operating condition and the Cp is achieved.
The lift force was calculated using:
L = 1/2ρV^2ClA
With the corresponding drag force calculated using the selected drag coefficient based on the NACA profile, size of blade and overall geometry.
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Material selection is crucial to wind turbine design to ensure the blade can withstand continuous aerodynamic and gravitational loading while maintaining sufficient stiffness and low mass. Three material groups were considered: metals, ceramics, and polymer based composites. The selection was based on mechanical performance, density, cost, manufacturing suitability and environmental considerations. These criteria reflect the requirements of wind turbine blades, where stiffness, low density and fatigue resistance are particularly important (Brondsted, Lilholt, and Lystrup, 2005; Nijssen and Brondsted, 2023).
4.1 Material Candidates
Metals provide high strength, stiffness and established manufacturing processes, but their relatively high density increases blade mass. Ceramics offer high stiffness and strength but their brittle behaviour makes them less suitable for structures subjected to repeated cyclic loading. Polymer composites, particularly fibre reinforced polymers, provide a combination of low density, high specific strength and stiffness, together with good fatigue performance. These characteristics explain their widespread use in wind turbine blades (Brondsted, Lilholt and Lystrup, 2005).
4.2 Selection Criteria
Six criteria were selected for the material assessment: tensile strength, fatigue resistance, density, cost, manufacturing suitability and recyclability. The criteria were tensile strength, fatigue resistance, density, cost, manufacturing suitability and recyclability. Fatigue, strength and density were prioritised because blades experience cyclic loading while requiring low mass. Cost, manufacturing and recyclability were included to asses wider feasibility. 
4.3 Weighting and Scoring
Weights reflected the relative importance of each criterion, with fatigue resistance receiving the highest weighting due to cyclic loading/ Scores from 1-5 were multiplied by the criterion weighting to obtain the weighted totals.
A score from 1 to 5 was assigned to each material, where 1 represents poor performance and 5 represents excellent performance. The weighted score was calculated by multiplying each material score by its criterion weighting.
4.4 Weighted Decision Matrix
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Figure 3 - Weighted Decision Matrix
As shown in Figure 3 the WDM identifies Polymer Composites as the highest scoring material group achieving a weighted score of 4.16 compared with the 3.67 for metals and 2.67 for ceramics. The result is primarily driven by the composite’s combination of low density, high mechanical performance and fatigue resistance. This is consistent with established wind turbine research identifying fibre reinforced composites as particularly suitable for wind turbine blades due to their high stiffness-to-weight ratio and fatigue performance (Brondsted, Lilholt and Lystrup, 2005).
4.5 Material Selection
Polymer composites are therefore selected as the preferred material for the proposed blade. Their low density reduces structural mass while their strength, stiffness and fatigue performance provide the properties required for repeated aerodynamic loading. However, their lower recyclability represents an important disadvantage and should be considered during manufacturing and end of life planning. Recent research continues to identify the recycling of fibre reinforced thermoset composites as a significant challenge for the wind industry (Shen, Apraku and Zhu, 2023). The selection prioritises structural and aerodynamic performance, although the lower recyclability of thermoset composites remains a limitation.
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The manufacturing route must produce a blade with sufficient dimensional accuracy, structural integrity and repeatability while remaining economically viable. The three material groups considered in Section 4 require significantly different manufacturing approaches. Metals can be produced through casting or extrusion, ceramics through sintering or additive manufacturing, while polymer composites are commonly manufactured using resin transfer moulding (RTM) or vacuum-assisted resin infusion (VARTM). These processes were compared in terms of production method, defects, scalability, cost and environmental considerations.
5.1 Metal Manufacturing
Metallic blades or blade components can be manufactured using casting or extrusion. Casting involves pouring molten metal into a mould before allowing it to solidify, providing flexibility in producing complex geometries. Extrusion forces heated material through a shaped die, producing a continuous profile with consistent cross-sectional dimensions.
Potential casting defects include porosity, shrinkage, and inclusions, which can reduce mechanical performance. Extrusion can produce dimensional variation, surface defects and residual stresses. Both processes require substantial thermal energy, while casting also requires furnaces, moulds and associated handling equipment. Although metals benefit from established, scalable manufacturing infrastructure and high recyclability, their relatively high density makes them less attractive for the complete blade structure.
5.2 Ceramic Manufacturing
Ceramic components can be manufactured through sintering or additive manufacturing. Sintering involves forming a ceramic powder into the required shape before heating it below its melting point to consolidate the material. Additive manufacturing builds the component layer by layer, allowing complex geometries to be produced with reduced tooling requirements.
Sintered ceramic can experience porosity, cracking and dimensional shrinkage during processing. Additive manufacturing can introduce defects such as weak interlayer bonding, residual stresses and dimensional inaccuracies. These defects are particularly significant for a turbine blade because cyclic loading can promote crack initiation and propagation. Additive manufacturing provides greater geometric flexibility but remains less suitable for large structural blades because of material, production rate and mechanical performance limitations (Hassanen et al, 2026).
5.3 Polymer Composite Manufacturing
Polymer composites are commonly manufactured using resin infusion processes, particularly VARTM, which is widely used for large wind turbine blades. Dry fibre reinforcement is positioned within a mould before being covered with a vacuum bag. Air is removed using a vacuum system, after which resin is drawn through the fibre preform. Once the reinforcement has been fully impregnated, the resin cures before the finished component is removed from the mould (ORE Catapult, 2022).
RTM follows a similar principle but uses a closed mould, with resin injected under pressure into the dry fibre volume, but requires more complex and expensive tooling. VARTM is more suitable for large blades due to its low tooling requirements and scalability. It is currently the most common manufacturing method for wind turbine rotor blades (ORE Catapult, 2022).
Important defects include dry spots, voids, fibre wrinkling, resin rich areas and delamination. Poor fibre draping can cause wrinkles and reduce mechanical performance, while inadequate resin flow can leave dry regions within the laminate. These defects can be reduced through controlled fibre placement, appropriate resin flow design, vacuum leak testing and process monitoring (ORE Catapult, 2022).
5.4 Manufacturing Processes Comparison
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Figure 4 - Manufacturing Process Comparison
Of the three processes, polymer composite manufacturing provides the most suitable balance for the proposed blade. VARTM is particularly appropriate because it can manufacture large structures while providing the low mass and tailored fibre architecture required for wind turbine blades. However, the process remains dependent on careful control of resin flow, vacuum integrity and curing conditions. Manufacturing defects must therefore be controlled through inspection and process monitoring because defects such as delamination and voids can significantly reduce structural performance (Galappaththi et al, 2013).
From a health, safety and environmental perspective, manufacturing also requires consideration of worker exposure to resins, fibres, dust and high-temperature processes. Composite manufacture can reduce the energy associated with processing metals but presents greater end of service life challenges because thermoset composite materials are difficult to recycle. Consequently, the manufacturing route supports the selection of polymer composites, but process control, worker safety and end of service life management remain important design considerations.
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6.1 Cost Evaluation
The raw material cost was estimated using the volume of the CAD blade model, which was calculated as 0.00160429771. Material mass was determined from density using Equation 1, followed by the material cost using Equation 2. Detailed calculations are provided in Appendix A.
m = ρ●v	(1)
C = m●P	(2)
Where m is material mass (Kg), ρ is material density (Kg/), and V is blade volume ( is material cost (£), and P is the material price (£/Kg).
The resulting raw material costs are presented in Figure 4.
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Figure 5 - Raw Material Cost Comparison
E-glass/Epoxy provides the lowest calculated cost (£9.94) and is approximately 30% lighter than aluminium, reducing the mass related loading of the rotating blade.
The SiC result is substantially higher than the other materials. However, this value should be treated as an indicative comparison, as the £187/kg price represents a specialist supplier price rather than an established industrial wind turbine blade material price. Consequently, the result demonstrates the economic disadvantage of SiC rather than a realistic commercial blade cost.
6.2 Manufacturing Cost Considerations
Raw material cost alone does not represent the total manufacturing cost. Labour, equipment, tooling, processing time and defect mitigation can also influence the final cost, and these factors should therefore be considered alongside the material price.
Aluminium 6061 benefits from established processes and relatively straightforward processing. However, its higher density results in a heavier blade for an equivalent volume.
SiC would require specialist ceramic processing and additional manufacturing controls due to its material characteristics. This increases both manufacturing complexity and the associated equipment requirements.
E-glass/Epoxy required reinforcement lay-up, resin infusion and curing, making the manufacturing process more involved than conventional aluminium processing. However, these processes are established for wind turbine blade production and allow lightweight composite structures to be produced.
6.3 Cost Performance Trade Off
Although Epoxy provides the lowest calculated raw material cost and blade mass, material cost cannot be considered independently from mechanical performance, manufacturing requirements and environmental factors. Aluminium 6061 offers comparatively simple processing and high recyclability, but its greater density is disadvantageous for a rotating blade. SiC offers high material performance in some engineering applications but is unsuitable economically and practically for the proposed blade.
Overall, E-glass/Epoxy provides the strongest cost performance balance due to its low density, established application and relatively low calculated material cost.
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The calculated aerodynamic loading provides the basis for assessing the structural requirements of the blade. The overall lift and drag forces acting on the blade generate bending and torsional loads, with the highest structural loading expected towards the blade root due to the increasing moment arm. The calculated aerodynamic forces therefore indicate that the blade must provide sufficient stiffness and strength while maintaining the low mass required by the design objective.
A detailed bending and torsional stress assessment was not undertaken because the required section properties and structural modelling parameters weren’t completed. Consequently, bending stress, torsional stress and safety factors have not been calculated. These would require the second moment of area, torsional properties and appropriate material allowable strengths to be established for the selected blade structure. Further structural modelling is therefore recommended before the blade is considered suitable for manufacture.
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8.1 Material and Manufacturing Comparison
The three material groups demonstrate different advantages and limitations for wind turbine blade manufacture. Aluminium 6061 provides good mechanical strength, established manufacturing routes and high recyclability, but its relatively high density increases blade mass. Silicone carbide offers high hardness and temperature resistance; however, its brittleness, specialist processing requirements and substantially higher material cost make it unsuitable for the proposed blade. Epoxy provides the lowest calculated blade mass of the three candidates while offering good fatigue resistance and established application in wind turbine blades. Its main disadvantages are more complex manufacturing and comparatively difficult end of life recycling.
The manufacturing routes investigated also show a clear trade off. Aluminium can be produced using established forming and machining processes, but achieving a large aerodynamic blade may introduce additional joining and finishing requirements. Silicon carbide requires specialised processing and presents increased risks of cracking or defects during manufacture. Vacuum infusion of E-glass/epoxy requires controlled fibre placement, resin distribution and curing, with voids and dry spots representing potential defects. However, the process is established for composite wind turbine blades and is suitable for producing lightweight structures at comparatively large scale.
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Figure 6 - Material Comparison
Overall, E-glass/Epoxy manufactured using vacuum infusion gave the best balance between low mass, fatigue performance, manufacturing suitability and cost. This supports the Weighted Decision Matrix recommendations from Section 4, although its lower recyclability and manufacturing quality requirements remain important limitations. The final selection therefore prioritises overall blade performance rather than single material property.
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The final blade geometry was developed using the NACA 4412 aerofoil profile and the calculated chord distribution along the blade span. Five sections were defined at r/R = 0.2, 0.4, 0.6, 0.8, 1.0, with the chord reducing from root to tip to produce the required blade taper. The normalised NACA 4412 coordinates were scaled according to the chord at each section and used to generate the corresponding profiles within the CAD model.
Figure 7 presents the completed blade drawing, including the overall blade dimensions, radial section, location and chord lengths.
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Figure 7 - Wind Turbine Blade CAD Model
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The preliminary study developed a wind turbine blade design based on the specified aerodynamic and geometric requirements. The NACA 4412 aerofoil was applied across five spanwise sections, with the calculated chord distribution producing a tapered blade geometry. The material assessment identified E-glass/Epoxy as the most suitable option overall due to its low density, fatigue resistance, cost and established use in wind turbine blade manufacture. Aluminium 6061 provided good mechanical properties and recyclability but resulted in greater blade mass, while silicon carbide was considered unsuitable due to its high cost, brittleness and manufacturing requirements.
Vacuum infusion was identified as the preferred manufacturing route for the E-glass/Epoxy blade due to its suitability for producing lightweight composite structures and complex blade geometry. The cost assessment also demonstrated a favourable material cost performance balance for E-glass/Epoxy.
10.1 Recommendations
Further work should include detailed bending and torsional stress calculations and safety factor assessment to verify structural integrity under operational loading. Fatigue analysis under variable and cyclic wind loading should also be undertaken. Further optimisation of the chord distribution, aerofoil geometry and composite layup could improve aerodynamic efficiency while reducing structural mass. Manufacturing trials should additionally assess potential defects such as voids and resin rich regions before production.
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11.1 – Aluminium 6061
m = 2700 * 0.00160429771
m = 4.332Kg
C = 4.332 * 2.68
C = £11.61/Kg
11.2 – Silicone Carbide (SiC)
m = 3170 * 0.00160429771
m = 5.086Kg
C = 5.086 * 187
C = £951.07/kg
11.3 – E-glass/Epoxy

mTotal = 1900 * 0.00160429771
mTotal = 3.048
mResin = 3.048 * 0.4
mResin = 1.22
mFibre = 3.048 * 0.6
mFibre = 1.83

CFibre = 1.83 * £2.56
CFibre = £4.68/Kg
CResin = 1.22 * 5.25
CResin = £5.25/Kg
CTotal = £9.93/Kg
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C t X/C X m p yc Yt Upper Lower

0.204 0.12 0 0 0.04 0.4 0 0 0 0
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Selection Criterion Weight

Metals Ceramics Polymer Composites

Tensile Strength 20.00% 4 5 5

Fatigue Resistance 25.00% 3 1 5

Density 20.00% 2 2 5

Cost 15.00% 4 2 3

Manufacturing Suitability 10.00% 4 2 5

Recyclability 10.00% 5 4 2

Weighted Total 100.00% 3.666666667 2.666666667 4.166666667
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Material Manufacturing Route Main Advantage Main Limitations

Metals Casting/Extrusion

Established processes, scalable, 

recyclable

High density, high thermal 

energy requirements

Ceramics

Sintering/Additive 

Manufacturing

High stiffness, complex 

geometries possible

Brittle, defects can reduce 

fatigue performance, slow 

production

Polymer Composites VARTM/RTM

Low mass, suitable for large 

blades, good scalability

Labour intensive, curing time, 

voids and delamination risks
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Material Density (Kg/m^3) Blade Mass (Kg) Material Price Estimated material cost

Aluminium 6061 2700 4.331603817 2.68 11.61 £                                                  

Silicone Carbide (SiC) 3170 5.085623741 187 951.01 £                                               

E-glass/Epoxy 1900 3.048165649 Fibre = 2.56 - Resin = 4.31 9.94 £                                                    
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Criterion Aluminium 6061 Silicone Carbide E-glass/Epoxy

Strength High High High

Fatigue Resistance Good Poor/Brittle Excellent

Density High High Low

Manufacturing Suitability Good Poor  Excellent

Raw Material Cost Low Very High Low

Recyclability Excellent Limited Challenging

Overall Suitabiliity Moderate Low High
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Design Parameters Value

Rotor Radius, R 1

Rotor Diamter, d 2

Number of Blades, N 3

Tip Speed Ratio, λ 5

Power Coefficient, Cp 0.4

Lift Coefficient, Cl 1.1

Drag Coefficient, Cd 0.05

Wind Speed, V 5

Air Density, ρ 1.225

Aerofoil 4412

Radial Sections r/R 0, 0.2, 0.4, 0.6, 0.8, 1
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