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Abstract
This report presents a preliminary design and material/manufacturing assessment of a blade for a 2 kW wind turbine intended for a remote telecommunications relay station. Aerodynamic sizing using a power coefficient of 0.40 and a tip-speed ratio of 6 produced a rotor radius of 2.25 m. A NACA 4412 profile was applied across the span with a linear chord reduction from 0.40 m at the root to 0.10 m at the tip, and the calculated sections were used to generate the SolidWorks model. Age-hardening wrought aluminium, silicon carbide and GFRP were compared using mechanical, environmental, manufacturing and cost criteria. The weighted decision matrix selected aluminium with the highest score of 4.25. Its estimated raw material cost of £73.61 - £87.85 per blade was the lowest of the three candidates, while extrusion followed by secondary machining or forming was selected as the preferred manufacturing route. Under a 12 m/s load case, bending was dominant, giving a yield safety factor of 15.99 and a preliminary fatigue margin of 6.64. Overall, aluminium provided the strongest balance of strength, manufacturability, cost and recyclability, although its higher density and virgin environmental impact remain disadvantages.
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1.0 [bookmark: _Toc240260197]Introduction
Wind energy provides a renewable source of electricity and can reduce emissions associated with fossil-fuel generation (International Renewable Energy Agency, 2019). Wind turbine blade geometry, material selection and manufacturing route directly affect aerodynamic performance, strength, durability and cost (Martulli et al., 2025).
This report develops a preliminary blade design for a 2 kW wind turbine intended for a remote telecommunications relay station. The design is supported by aerodynamic sizing and CAD modelling before comparing metals, ceramics and polymer composites in terms of mechanical properties, manufacturing, environmental impact and cost. Structural loading and safety factors are then assessed before selecting the most suitable material and manufacturing route.
[bookmark: _Toc240260198]2.0 Literature Review
[bookmark: _Toc240260199]2.1 Aerodynamic Principles and Blade Performance 
Wind turbine performance depends on the available wind energy and the efficiency of the rotor. The power coefficient, (Cp, represents the proportion of available wind power extracted by the turbine, with a theoretical maximum of approximately 0.593 defined by the Betz limit (Coelho, 2023). Actual performance is lower because of aerodynamic losses such as flow separation, stall and tip losses (Krishnan, Al-Obaidi and Hao, 2023).  
Lift provides the main aerodynamic force used to generate rotor torque, while drag opposes blade motion. A high lift-to-drag ratio is therefore desirable. Angle of attack influences both lift and drag, while excessive angles can cause flow separation and stall (Timmer and Bak, 2023). The relationship between available wind power and extracted rotor power is given by Equation 1 (Song et al., 2025).
[bookmark: _Ref238310015][bookmark: _Toc240260246]Equation 1 - Definition of the wind turbine power coefficient

· Cp = Power coefficient (dimensionless)
· P = Power extracted by the rotor (W)
· ρ = Air density (kg/m³)
· A = Rotor swept area (m²)
· V = Wind velocity (m/s)
[bookmark: _Toc240260200]2.2 Rotor Dimensions, TSR and Blade Geometry
Rotor size depends on the required output because increasing blade radius increases swept area. Suresh and Rajakumar (2020) investigated a 2 kW three-bladed turbine with a 1.8 m radius and TSR of 6, while Porto, Fortulan and Porto (2022) investigated a 1 kW turbine using 1 m blades. These provide useful benchmarks, although the blade size for this project will be calculated from the selected operating conditions.  
TSR is the ratio between blade-tip speed and wind speed, with values of approximately 5–7 commonly reported for modern wind turbines (Gipe and Möllerström, 2023). The relationship is shown in Equation 2 (Song et al., 2025). Blade chord also reduces towards the tip, Deghoum et al. (2023) used a root chord of 0.386 m and tip chord of 0.120 m for a 2.5 m blade, demonstrating the tapered geometry typical of horizontal-axis turbines.
[bookmark: _Ref238406406][bookmark: _Toc240260247]Equation 2 - Definition of tip speed ratio (TSR)

· λ = Tip-speed ratio (dimensionless)
· ω = Rotor angular velocity (rad/s)
· R = Rotor radius (m)
· V = Wind velocity (m/s)
[bookmark: _Toc240260201]2.3 Aerofoil Selection and Aerodynamic Profile
NACA 4412 has a maximum camber of 4% at 40% chord and a maximum thickness of 12%, allowing the same profile to be scaled to different blade chords (Hansen et al., 2007).
[image: ]
[bookmark: _Ref238488546][bookmark: _Toc240260274]Figure 1 - NACA four-digit designation for the NACA 4412 aerofoil (Hansen et al., 2007, p. 672)
Yossri, Ben Ayed and Abdelkefi (2021) found that NACA 4412 gave the highest lift-to-drag ratio of the aerofoils they tested, although its performance varies with Reynolds number and angle of attack (Nakhchi, Naung and Rahmati, 2021). Akbari et al. (2023) reported higher power coefficients for SG6042 and SG6043. NACA 4412 was nevertheless selected because its geometry is well defined and suitable for the camber and thickness calculations required in this project.
[bookmark: _Toc240260202]2.4 Environmental and Operating Conditions
Wind speed strongly affects turbine output because available power varies with (V3), while changes in air density also influence power production (Jargalsaikhan et al., 2024). Wind speed and turbulence vary during operation, producing fluctuating blade loads and increasing fatigue demand (Pacheco et al., 2024). The selected design conditions should therefore represent realistic operating conditions rather than a single idealised state.
[bookmark: _Toc240260203]2.5 Material Requirements for Wind Turbine Blades
Wind turbine blade materials require sufficient strength, stiffness and fatigue resistance while minimising mass under repeated aerodynamic and gravitational loading (Navarro Martínez, 2019). Metals offer high strength and stiffness but increase weight because of their higher density. Ceramics provide high stiffness and environmental resistance, but their brittleness and low fracture toughness limit their suitability under repeated loading. Fibre-reinforced polymer composites combine low density with useful stiffness and fatigue resistance, although end-of-life recycling remains difficult (Martulli et al., 2025).
[bookmark: _Toc240260204]3.0 Design Specifications
[bookmark: _Toc240260205]3.1 Design Basis and Engineering Assumptions
[bookmark: _Ref239175438][bookmark: _Toc240260289]Table 1 - Preliminary wind turbine design parameters
[image: ]
Table 1 defines the parameters used for the preliminary blade design. A design wind speed of 8 m/s was selected as measured site data were unavailable and is comparable to the rated condition used by Hasan et al. (2023). Standard air density was taken as 1.225 kg/m³ (Baginski, 2001). A power coefficient of 0.40, lift coefficient of 1.2, TSR of 6 and NACA 4412 profile were then used for the rotor and blade geometry calculations.
[bookmark: _Toc240260206]3.2 Rotor Sizing and Design Parameters
Rotor size was calculated from the required 2 kW output using the parameters in Table 1. The 2 kW requirement was treated as rotor power, with generator and drivetrain losses outside the scope of the blade design. The required swept area was calculated using Equation 3 (Song et al., 2025).
[bookmark: _Ref239263624][bookmark: _Toc240260248]Equation 3 - Required rotor swept area

Rearranging Equation 3 for rotor swept area:

Using P = 2000 W, ρ = 1.225 kg/m3, V = 8 m/s and Cp = 0.40:


The swept area of a horizontal axis rotor is defined as A = πR2 (Song et al., 2025). Therefore, the required rotor radius can be calculated using Equation 4.
[bookmark: _Ref239264562][bookmark: _Toc240260249]Equation 4 - Rotor radius from swept area



Equation 4 gives a rotor radius of approximately 2.25 m and diameter of 4.51 m. This is larger than the 1.8 m radius reported for a 2 kW turbine by Suresh and Rajakumar (2020), which is reasonable because rotor size depends on the selected wind speed and power coefficient. The 2.25 m radius was therefore used for the remaining blade calculations.
[bookmark: _Toc240260207]3.3 Spanwise Chord and Blade Geometry
The 2.25 m blade was divided at r/R = 0.20, 0.40, 0.60, 0.80 and 1.00. A root chord of 0.40 m and tip chord of 0.10 m were selected to produce a linear taper, comparable with the 0.386 – 0.120 m chord range used for a 2.5 m blade by Deghoum et al. (2023). Linear chord variation also simplifies blade geometry and manufacture (Maalawi and Badr, 2003).
The chord at each section has been calculated using the linear relationship shown in Equation 5.
[bookmark: _Ref239524867][bookmark: _Ref239755636][bookmark: _Toc240260250]Equation 5 - Linear chord taper


For the proposed design:


For example, at r/R = 0.4


The same calculation was applied at each spanwise section, producing the chord dimensions in Table 2 for scaling the NACA 4412 profiles.
[bookmark: _Ref239524053][bookmark: _Toc240260290]Table 2 - Calculated spanwise geometry
[image: ]
[bookmark: _Toc240260208]3.4 NACA 4412 Camber and Thickness Calculations
The NACA 4412 profile was scaled to each chord in Table 2 using m = 0.04, p = 0.40 and t = 0.12, representing 4% maximum camber at 40% chord and 12% maximum thickness (Jacobs, Ward and Pinkerton, 1933). Each chord was divided into 11 positions from x/c = 0 to 1.0 in increments of 0.1, following the lecture method (Gabr, n.d.). The camber and thickness distributions were calculated using Equations 6 – 10 before determining the upper and lower surface coordinates from Equations 11 and 12.
[bookmark: _Ref239755915][bookmark: _Toc240260251]Equation 6 - Mean camber line for 0 ≤ x/c ≤ p

[bookmark: _Toc240260252]Equation 7 - Mean camber line for p < x/c ≤ 1

[bookmark: _Toc240260253]Equation 8 - Dimensional camber height

[bookmark: _Toc240260254]Equation 9 - NACA 4412 thickness calculation

[bookmark: _Toc240260255]Equation 10 – Dimensional half thickness

[bookmark: _Toc240260256]Equation 11 - Upper surface coordinate

[bookmark: _Toc240260257]Equation 12 - Lower surface coordinate

Where:
· x = Distance from leading edge along the chord (m)
· c = Chord length (m)
· x/c = Chord position (dimensionless)
· m = Maximum camber as a fraction of the chord, m = 0.04
· p = Position of maximum camber as a fraction of the chord, p = 0.40
· t = Maximum thickness as a fraction of the chord, t = 0.12
· yc = Dimensional camber line height (m)
· yt = Dimensional half thickness (m)
· yu = Upper surface coordinate (m)
· yl = Lower surface coordinate (m)
A worked example for the r/R = 0.20 blade section at x/c = 0.20 is shown below.
For r/R = 0.20, Table 2 gives r = 0.45 m and c = 0.34 m
The chord position is:




Since x/c = 0.20 ≤ p = 0.40, Equation 6 applies:



Using equation 8:


Using Equation 9:


Using Equation 10:


Using Equation 11:



Using Equation 12:



The same method was applied to all chord positions and spanwise stations to generate the dimensional NACA 4412 profiles shown in Figure 2 and used in SolidWorks (Ladson and Brooks, 1975).
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[bookmark: _Ref239927685][bookmark: _Toc240260275]Figure 2 - Calculated dimensional NACA 4412 profiles at r/R = 0.20, 0.40, 0.60, 0.80 and 1.00
[bookmark: _Toc240260209]3.5 Blade Geometry Generation Method
The calculated NACA 4412 coordinates were imported into SolidWorks and positioned at the five spanwise stations, with an additional 0.40 m chord root profile at r/R = 0 to form the full 2.25 m blade. Each closed aerofoil profile was placed on a plane normal to the blade span and lofted through the six sections, using leading- and trailing-edge guide curves to maintain the calculated taper. The resulting model formed a single solid body, and SolidWorks Geometry Analysis identified no short edges, small faces, sliver faces or discontinuous geometry.
[image: ]
[bookmark: _Ref239929395][bookmark: _Toc240260276]Figure 3 - SolidWorks blade geometry generated from the calculated NACA 4412 profiles - Isometric view
[bookmark: _Toc240260210]4.0 Material Selection
[bookmark: _Toc240260211]4.1 Candidate Materials and Property Comparison
[bookmark: _Ref240110847]Three candidate material classes were compared in Table 3 using physical, mechanical, economic and environmental data from ANSYS Granta EduPack 2026 R1 (ANSYS, Inc., 2026) (see Appendix B).
[bookmark: _Toc240260291]Table 3 - Comparison of wind turbine blade materials using ANSYS Granta EduPack 2026 R1 data
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[bookmark: _Toc240260277]Figure 4 - ANSYS Granta EduPack comparison of blade materials
Figure 4 highlights the main trade-offs, silicon carbide provides the highest stiffness and fatigue strength, GFRP the lowest density, while age-hardening aluminium offers the lowest price and functional recyclability. These differences were used in the weighted decision matrix.
[bookmark: _Toc240260212]4.2 Weighted Decision Matrix
The decision matrix criteria were weighted according to their importance to blade performance, with fatigue resistance given the highest weighting because of cyclic loading. Each material was scored from 1 to 5 using the data in Table 3, and each score was multiplied by its corresponding weight.
[bookmark: _Ref240224353][bookmark: _Ref240224311][bookmark: _Toc240260292]Table 4 - Weighted decision matrix for wind turbine blade material selection
[image: ]
The WDM ranked age-hardening wrought aluminium alloys highest at 4.25, followed by silicon carbide at 3.45 and GFRP at 2.75.
[bookmark: _Toc240260213]4.3 Material Selection and Justification
Age-hardening wrought aluminium was selected after achieving the highest WDM score of 4.25. Silicon carbide offered greater stiffness and fatigue resistance but was limited by brittleness and poor machinability, while GFRP offered low density and good mouldability but lower stiffness and higher material cost. Aluminium therefore provided the best overall combination of performance, manufacturability, cost and recyclability.
[bookmark: _Toc240260214]5.0 Exploration of Manufacturing Routes
[bookmark: _Toc240260215]5.1 Metal Manufacturing Routes
Casting and extrusion were investigated as aluminium manufacturing routes. In die casting, molten aluminium is forced under pressure into a steel die, allowing relatively complex geometries to be produced with limited secondary machining (The Aluminium Association, 2026). However, extrusion is more compatible with the selected wrought aluminium alloy.
During extrusion, a preheated billet is forced through a shaped steel die using a hydraulic press, before cooling or quenching, straightening, cutting and, where required, artificial ageing (The Aluminium Association, 2026). The process produces a continuous cross-section, so it cannot directly form the blade taper from a 0.40 m root chord to a 0.10 m tip chord. An extruded blank would therefore require secondary machining or forming.
[bookmark: _Toc240260216]5.2 Ceramic Manufacturing Routes
Silicon carbide is typically produced from ceramic powder mixed with a binder, compacted by pressing or injection moulding and sintered in a high-temperature furnace. Diamond grinding may then be required to achieve tighter tolerances (ANSYS, Inc., 2026; see Appendix B.2). Although this produces hard, thermally resistant components, sintering shrinkage, brittleness and low fracture toughness make manufacture of a 2.25 m blade difficult.
Ceramic additive manufacturing can produce complex geometries layer-by-layer before debinding and sintering. However, slow build rates, part-size restrictions, porosity and shrinkage-related cracking limit its suitability for large components (Dadkhah et al., 2023). Silicon carbide is therefore technically manufacturable but poorly suited to the proposed full-scale blade.
[bookmark: _Toc240260217]5.3 Polymer Composite Manufacturing Routes
Resin transfer moulding (RTM) and vacuum infusion were considered for a GFRP blade. In RTM, dry glass-fibre reinforcement is placed in a closed matched mould before low-viscosity resin is injected under pressure and cured. The process provides good dimensional accuracy and reduced void content, but the two-part rigid tooling increases cost, making RTM better suited to repeat production (Naqash and Alam, 2025).
Vacuum infusion uses a rigid mould, sealed vacuum bag and pump to draw resin through the dry reinforcement before curing and demoulding. It is scalable for large composite structures and requires less expensive tooling than RTM. However, poor resin flow or vacuum leakage can cause dry areas and voids, careful sealing and controlled resin-inlet positioning can reduce these defects. Vacuum infusion would therefore provide the more practical GFRP route for the proposed 2.25 m blade (Hindersmann, 2019).
[bookmark: _Toc240260218][image: ]5.4 Manufacturing Route Comparison and Recommendation[bookmark: _Toc240260293]Table 5 - Comparison of manufacturing routes for the wind turbine blade

Extrusion followed by secondary machining or forming was selected for the age-hardening wrought aluminium blade. The process suits the chosen wrought alloy and provides a repeatable starting profile, while aluminium swarf can be recovered for recycling. Secondary processing is required to produce the blade taper and NACA 4412 geometry, with the associated cost considered in Section 6.
[bookmark: _Toc240260219]6.0 Cost Evaluation
[bookmark: _Toc240260220]6.1 Raw Material Cost Methodology
[bookmark: _Ref240190555]A common blade geometry was used to compare the raw material cost of the three candidate materials. Blade volume was obtained from the SolidWorks model (see Appendix A.1), while density and material price ranges were taken from ANSYS Granta EduPack 2026 R1 (ANSYS, Inc., 2026). As no blade wall thickness was specified, the solid CAD volume was used consistently for comparison. The results therefore represent comparative raw material costs rather than final production costs.
[bookmark: _Toc240260258]Equation 13 - Blade material mass

[bookmark: _Ref240190566][bookmark: _Toc240260259]Equation 14 - Raw material cost

Where:
· m = Blade material mass (kg)
· ρ = Material density (kg/m3)
· V = Blade volume from SolidWorks (m3)
· Craw = Raw material cost (£)
· Pm = Material price (£/kg)
[bookmark: _Toc240260221]6.2 Material Cost Comparison
Using Equations 13 and 14, the equivalent blade mass and raw material cost were calculated for each candidate using the SolidWorks blade volume of 0.01294 m3.

Using the lower aluminium density:





The same method was applied to the remaining material-property limits, with the results summarised in Table 6.
[bookmark: _Ref240203246][bookmark: _Ref240203232][bookmark: _Toc240260294]Table 6 - Comparison of blade mass and raw material cost
[image: ]
[bookmark: _Toc240260222]Aluminium gave the lowest comparative raw material cost at £73.61–£87.85 per blade, while GFRP had the lowest equivalent mass but the highest material cost.
[bookmark: _Toc240260223]6.3 Manufacturing Cost Implications
[bookmark: _Toc240260295]Table 7 - Qualitative comparison of manufacturing costs
[image: ]
Table 7 provides a qualitative estimate of manufacturing cost based on labour, equipment and defect-mitigation requirements. Raw material costs are considered separately in Table 6. Silicon carbide has the highest manufacturing-cost rating because of high-temperature sintering and diamond grinding, while GFRP requires mould preparation, manual lay-up and resin control. Aluminium extrusion with secondary machining therefore gives the lowest overall manufacturing-cost rating while retaining suitable mechanical performance and recyclability.

[bookmark: _Toc240260224]7.0 Mechanical Properties Analysis
[bookmark: _Toc240260225]7.1 Aerodynamic Forces and Blade Loading
Aerodynamic loading was evaluated at V = 12 m/s, representing a higher operational load case than the 8 m/s condition used for rotor sizing. The five spanwise stations were analysed using CL = 1.2 and the design tip-speed ratio of 6. A constant CD = 0.018 was adopted as a conservative engineering assumption for the NACA 4412 profile over the approximate Reynolds-number range of the blade sections. Published NACA 4412 data show that drag varies with Reynolds number and angle of attack, so the value is used here for preliminary load estimation rather than as a fixed aerofoil property (Nakhchi, Naung and Rahmati, 2021).
[bookmark: _Toc240260260]Equation 15 - Rotor angular velocity




Tangential velocity was calculated using Equation 16.
[bookmark: _Ref240208830][bookmark: _Toc240260261]Equation 16 - Tangential velocity

Relative airflow velocity was calculated from the axial and tangential components:
[bookmark: _Toc240260262]Equation 17 - Relative airflow velocity

Area of each blade section:
[bookmark: _Toc240260263]Equation 18 - Blade section area

Where Δr = 0.45 m.
Lift and drag were then calculated using:
[bookmark: _Toc240260264]Equation 19 - Section lift force

[bookmark: _Toc240260265]Equation 20 - Section drag force

For the section at r/R = 0.60, r = 1.35 m and c = 0.22 m:





Using Equations 19 and 20:




The same method was applied to the remaining blade sections, with the calculated aerodynamic loads shown in Table 8.
[bookmark: _Ref240210774][bookmark: _Toc240260296]Table 8 - Calculated aerodynamic loading for each blade section
[image: ]
Lift generally increases with radius as tangential velocity rises, reaching a maximum of 183.20 N at r/R=0.80. At r/R=1.00, the smaller chord and section area outweigh the higher relative velocity, reducing lift slightly to 176.22 N.
[bookmark: _Toc240260226]7.2 Bending and Torsional Stress Analysis
The blade was modelled as a cantilever fixed at the root, with the aerodynamic forces from Section 7.1 applied at the five spanwise stations. The root was treated as the critical bending section because it carries the combined moment from the full blade span. Root section properties for the 0.40 m aerofoil were obtained from SolidWorks (see Appendix A.2).
[bookmark: _Toc240260266]Equation 21 - Root bending moment

Using the lift forces from Table 8:


The drag forces produce a much smaller bending moment:


Using the conservative minimum root-section moduli from SolidWorks (Appendix A.2), Zx = 67,839.88 mm3 and Zy= 503,191.24 mm3. With the chord aligned to the x-axis, lift-induced bending acts about the x-axis and drag-induced bending about the y-axis.
[bookmark: _Toc240260267]Equation 22 - Bending stress



For drag:

Lift-induced bending therefore dominates the root bending stress.
SolidWorks gives the root-section centroid at 169.05 mm from the leading edge. For the 400 mm root chord:

For this preliminary torsional analysis, the section centroid was taken as the torsional reference axis and the lift force was assumed to act at the quarter-chord position, 0.25c. The eccentricity was:
[bookmark: _Toc240260268]Equation 23 - Aerodynamic load eccentricity


Where ei is the load eccentricity and ci is the chord length.
For r/R = 0.60:


As each section uses the same scaled NACA 4412 profile, the nondimensional centroid position of 0.4226c was applied throughout the span:

[bookmark: _Toc240260269]Equation 24 - Root torsional moment



Because the NACA 4412 root is non-circular, the circular-shaft torsion equation is not applicable. For this analysis, the solid root section was approximated as a rectangular section using b = 0.40 m and the maximum aerofoil thickness t = 0.12c = 0.048 m.
[bookmark: _Toc240260270]Equation 25 - Approximate maximum torsional shear stress




The estimated torsional shear stress of 0.066 MPa is small compared with the 15.07 MPa lift-induced bending stress, indicating that bending dominates under this simplified load. The torsional result remains approximate because the NACA 4412 section is non-rectangular and aerodynamic pitching moment has not been included, a detailed stress distribution would require finite element analysis.

[bookmark: _Toc240260227]7.3 Material Strength, Fatigue and Safety Factor
The calculated root stress was compared with the mechanical properties of the selected age-hardening wrought aluminium alloy using ANSYS Granta EduPack 2026 R1 data (ANSYS, Inc., 2026). As the record represents an alloy family rather than a specific grade and temper, the lower values of 241 MPa yield strength and 100 MPa fatigue strength at 107 cycles were used for a conservative comparison.
[bookmark: _Toc240260271]Equation 26 - Von Mises stress



[bookmark: _Toc240260272]Equation 27 - Yield safety factor



[bookmark: _Toc240260273]Equation 28 - Fatigue safety factor



The yield safety factor of 15.99 indicates a substantial margin against yielding under the simplified operating load. The fatigue safety factor is lower at 6.64, making cyclic loading the more critical strength consideration. However, this is a screening comparison rather than a full fatigue-life assessment because mean stress, load spectrum and dynamic loading have not been included.
[bookmark: _Toc240260228]8.0 Comparative Analysis
[bookmark: _Toc240260229]8.1 Material and Manufacturing Performance Comparison
[bookmark: _Toc240260297]Table 9 - Comparison of materials and manufacturing performance
[image: ]
[bookmark: _Toc240260230]Aluminium provides the strongest overall balance, combining suitable strength and fatigue resistance with the lowest raw material cost, practical manufacture and functional recyclability. Silicon carbide is stiffer but brittle and difficult to manufacture at blade scale, while GFRP is lighter but has lower stiffness and higher material cost.
[bookmark: _Toc240260231]8.2 Productivity, Environmental and Safety Trade-offs
Aluminium extrusion provides a repeatable manufacturing route, although secondary machining reduces productivity. Silicon carbide has the lowest productivity due to long sintering cycles and specialist finishing, while GFRP vacuum infusion requires manual lay-up, curing and resin-flow control. Aluminium has the highest virgin embodied energy and climate impact of the three Granta records but benefits from functional recycling. Process defects also differ, aluminium can suffer distortion, silicon carbide shrinkage and cracking, and GFRP voids or dry regions; these can be reduced through appropriate process control, dimensional allowance and vacuum/resin-flow control respectively. Safety considerations include heated billets and machining for aluminium, ceramic dust and furnace operation for silicon carbide, and resin/fibre handling for GFRP.
[bookmark: _Toc240260232]8.3 Overall Engineering Trade-off
Age-hardening wrought aluminium remains the preferred blade material, with the highest WDM score, lowest raw material cost, a yield safety factor of 15.99 and a preliminary fatigue margin of 6.64. Its higher density, virgin environmental impact and need for secondary machining remain disadvantages.
[bookmark: _Toc240260233]9.0 Blade Drawing
[bookmark: _Toc240260234]9.1 Excel-Generated Blade Sections
[bookmark: _Toc240260235]The five calculated NACA 4412 blade sections are shown in Figure 2.
[bookmark: _Toc240260236]9.2 SolidWorks Blade Model and Drawing
[image: ]
[bookmark: _Toc240260278]Figure 5 - SolidWorks drawing of the 2 kW NACA 4412 wind turbine blade
Figure 6 shows the completed SolidWorks blade from isometric, root, tip and top views, confirming the final tapered NACA 4412 geometry.
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[bookmark: _Ref240234753][bookmark: _Toc240260279]Figure 6 - SolidWorks model of the 2 kW NACA 4412 wind turbine blade.
[bookmark: _Toc240260237]10.0 Conclusions and Recommendations
[bookmark: _Toc240260238]The final blade design has a length of 2.25 m and uses a NACA 4412 profile with a linear chord reduction from 0.40 m at the root to 0.10 m at the tip. Age-hardening wrought aluminium was selected after achieving the highest WDM score of 4.25 and the lowest calculated raw material cost of £73.61–£87.85 per blade. Extrusion followed by secondary machining or forming was preferred because extrusion alone cannot produce the required tapered geometry. The structural calculations gave a yield safety factor of 15.99 and a preliminary fatigue margin of 6.64, making cyclic loading the more critical strength consideration. Aluminium’s higher density and virgin environmental impact remain disadvantages. Further work should use measured site wind data and finite element analysis under more realistic loading conditions. A hollow or internally reinforced blade could also be investigated to reduce mass while retaining sufficient strength and stiffness.
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[bookmark: _Toc240260241]Appendix A – SolidWorks Model Properties
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[bookmark: _Ref240238796]Appendix 1 - Blade Volume
Blade volume used in the material-cost calculations:
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[bookmark: _Ref240214076]Appendix 2 – Root Section Properties used for bending and torsional analysis
[bookmark: _Toc240260242]Appendix B – ANSYS Granta EduPack Material Data
[bookmark: _Toc240260243]B.1 Age-hardening wrought aluminium alloys
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Parameter Symbol Design value

Required turbine output P 2 kW

Turbine configuration N/A 3-bladed HAWT

Design wind speed V 8 m/s

Air density ρ 1.225 kg/m³

Power coefficient Cₚ 0.4

Tip-speed ratio λ 6

Lift coefficient Cₗ 1.2

Aerofoil profile N/A NACA 4412

Spanwise stations r/R 0.2, 0.4, 0.6, 0.8, 1.0

Wind Turbine Design Parameters
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r/R Radial position, r (m) Chord, c (m)

0.20 0.45 0.34

0.40 0.90 0.28

0.60 1.35 0.22

0.80 1.80 0.16

1.00 2.25 0.10
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Property Unit Age-hardening wrought Al-alloys Silicon carbide GFRP, epoxy matrix (isotropic)

Density

kg/m³ 2670–2840 3000–3200 1750–1970

Young's modulus

GPa 68–76 390–410 21.0–21.8

Tensile strength

MPa 288–571 305–336 207–304

Fatigue strength at 10^7 cycles

MPa 100–219 259–302 41.3–91.1

Fracture toughness

MPa·m^0.5 25.7–41 2.1–2.5 19.3–31

Price

GBP/kg 2.13–2.39 10.9–15.6 25.4–28.0

Manufacturability

Granta rating Machinability 4–5 & weldability 3–4 Machinability 1–2 & moldability 2–3 Moldability 4–5 & machinability 2–3

Marine atmosphere durability

Qualitative Excellent Excellent Excellent

UV resistance

Qualitative Excellent Excellent Fair

Virgin embodied energy

MJ/kg 169–186 115–127 101–111

Virgin climate impact

kg CO

₂

-eq/kg 12.1–13.4 6.92–7.63 6.22–6.86

Functional recycling

Yes / No Yes No No

Wind Turbine Blade Granta Material Comparison
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Property Weight Al score (1–5) Al weighted SiC score (1–5) SiC weighted GFRP score (1–5) GFRP weighted

Density / low mass

0.15 4 0.60 3 0.45 5 0.75

Stiffness

0.15 3 0.45 5 0.75 1 0.15

Tensile strength

0.15 5 0.75 4 0.60 3 0.45

Fatigue resistance

0.20 4 0.80 5 1.00 2 0.40

Cost

0.10 5 0.50 3 0.30 1 0.10

Manufacturability

0.15 5 0.75 1 0.15 4 0.60

Environmental impact / recyclability

0.10 4 0.40 2 0.20 3 0.30

Total 1.00 4.25 3.45 2.75

Weighted Decision Matrix – Wind Turbine Blade Material Selection
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Route Main limitation / defect Relative cost / time Scalability Environmental / safety  Assessment for proposed blade

Aluminium 

casting

Porosity and shrinkage can occur, a 

directly cast blade would require a casting 

alloy rather than the selected wrought 

alloy family.

Moderate-to-high tooling 

cost; potentially fast at 

production volume.

Good at production volume, 

but a 2.25 m blade mould 

and quality control would be 

substantial.

Energy required to melt 

aluminium; molten-metal 

and foundry hazards.

Not preferred for the selected material 

because it conflicts with the selected 

wrought-alloy route.

Aluminium 

extrusion + 

machining / 

forming

Extrusion produces a constant die cross-

section, so the tapered blade geometry 

requires secondary machining and/or 

forming; machining generates swarf.

Moderate process cost; 

secondary 

machining/forming adds 

time.

Good for repeatable wrought 

profiles, but final blade 

geometry needs additional 

operations.

Billet heating and press 

energy; machining hazards. 

Aluminium swarf can be 

recovered for recycling.

Preferred route for the selected wrought 

aluminium: extrude a near-net 

blank/profile, then machine/form to the 

required taper and NACA 4412 geometry.

Silicon carbide 

sintering

Dimensional shrinkage, cracking and 

brittle fracture risk, tight tolerances may 

require diamond grinding.

High energy demand 

and long furnace cycle; 

finishing is expensive.

Poor for a large 2.25 m 

blade because of size, 

brittleness and shrinkage 

control.

High-temperature furnace 

energy; ceramic dust and 

grinding hazards.

Technically feasible for smaller hard 

components, but poorly suited to a full 

blade.

Ceramic 

additive 

manufacturing

Porosity, shrinkage-related cracking, 

surface finish and part-size restrictions, 

debinding/sintering still required.

Slow build rate and 

expensive post-

processing.

Poor for a full-scale 2.25 m 

blade; better suited to 

smaller complex ceramic 

components.

Powder-handling controls 

required; post-build 

debinding and sintering add 

energy demand.

Not preferred for the proposed blade 

because current scale and post-

processing demands are excessive.

GFRP resin 

transfer 

moulding 

(RTM)

Voids or dry regions can form if resin flow 

is poor, closed matched tooling is 

required.

Higher initial tooling 

cost; repeatable 

production cycles once 

tooling exists.

Good for repeated 

composite production and 

controlled geometry.

Resin exposure and 

chemical handling; end-of-

life recycling is difficult.

A viable GFRP route for series production, 

but GFRP was not the selected blade 

material.

GFRP vacuum 

infusion

Vacuum leaks, dry spots and voids can 

reduce laminate quality.

Lower tooling cost than 

RTM, but lay-up and 

curing can be 

labour/time intensive.

Good for large composite 

structures and scalable by 

adding resin inlet and 

vacuum points.

Resin handling, disposable 

bagging consumables and 

difficult composite recycling.

Practical for a large GFRP blade, but 

GFRP was not selected in the WDM.

Manufacturing Route Comparison – Wind Turbine Blade
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Material

Density (kg/m

3

)

Price (£/kg) Equivalent blade mass (kg) Raw material cost (£)

Age-hardening wrought 

aluminium alloys

2670 - 2840 2.13 - 2.39 34.56 - 36.76 73.61 - 87.85

Silicon carbide 3000 - 3200 10.9 - 15.6 38.83 - 41.42 423.22 - 646.09

GFRP, epoxy matrix 1750 - 1970 25.4 - 28.0 22.65 - 25.50 575.29 - 713.91
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Material / route Labour Equipment Defect mitigation

Overall manufacturing 

cost

Main cost drivers

Aluminium 

extrusion + 

machining

Medium Medium Medium Medium

Die/press operation 

and secondary 

machining

Silicon carbide 

sintering

High High High High

High-temperature 

furnace cyle and 

diamond grinding

GFRP vacuum 

infusion

Medium - High Medium Medium - High Medium - High

Mould, manual lay-up 

and resin control
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r/R Radius r (m) Chord c (m) V

rel 

(m/s) Lift (N) Drag (N)

0.20 0.45 0.34 18.74 39.51 0.59

0.40 0.90 0.28 31.20 90.15 1.35

0.60 1.35 0.22 44.84 146.28 2.19

0.80 1.80 0.16 58.84 183.20 2.75

1.00 2.25 0.10 72.99 176.22 2.64
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Material Main performance 

advantage

Raw material cost 

(£/blade)

Manufacturing 

assesment

WDM score

Age-hardening 

wrought 

aluminium alloys

Good strength, fatigue 

resistance and recyclability

73.61 - 87.85 Medium cost: extrusion + 

machining practical 4.25

Silicon carbide Highest stiffness and strong 

fatigue performance

423.22 - 646.09 High cost: Brittle and 

difficult to manufacture at 

blade scale

3.45

GFRP, epoxy 

matrix

Lowest density and good 

mouldability

575.29 - 713.91 Medium - High cost: 

vacuum infusion suitable for 

large components

2.75
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Age-hardening wrought Al-alloys
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Primary material production: energy, climate change and water
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Primary material production: energy, climate change and water

Climate change (CO2-eq) (virgin grade production) ® *6.92 - 763 kg/kg
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Environmental notes

Technical ceramics that are used in the pure state, as SiC usually is, are very energy intensive. The ingredients, silicon
and carbon, are plentiful, but processing costs make the product expensive.
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