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[bookmark: _Toc238420854]Abstract
This report develops a preliminary wind turbine blade for Apex Motorsport Engineering Ltd, a motorsport engineering facility in South Wales. A peak electrical demand of 450 kW is used as the design requirement. A basic wind-power calculation gives a required rotor radius of 19.39 m, so a nominal 20 m radius is selected. The blade uses a NACA 4412 aerofoil, and five sections are calculated along the blade before modelling in Excel and Siemens NX. The materials, Aluminium 6061-T6, silicon carbide, E-glass/epoxy, and carbon/epoxy are compared using published technical data and a weighted decision matrix. Carbon fibre gives the best stiffness and strength for its weight, but its higher cost means it is more suitable as local reinforcement than as the whole blade. The recommended concept is therefore a glass-fibre composite blade manufactured by vacuum-assisted resin infusion, with carbon-fibre reinforcement in the main spar areas.
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[bookmark: _Toc238420855]Introduction
Wind turbine blades capture energy from moving air to generate electricity. Blade geometry controls aerodynamic performance, while material and manufacturing choices influence weight, strength, durability and cost.
A fictional company, Apex Motorsport Engineering Ltd, provides the design case. The South Wales motorsport facility has an assumed peak electrical demand of 450 kW from CNC machines, composite equipment, test systems and EV/hybrid charging. The turbine remains grid connected and therefore contributes towards site demand rather than supplying it continuously.
[bookmark: _Toc238420856]Aims
The aim is to develop and evaluate a preliminary wind turbine blade for this application, considering blade geometry, materials, manufacturing, cost and mechanical performance.
[bookmark: _Toc238420857]Objectives
The objectives of the study are to:
· Calculate an appropriate rotor size and blade geometry
· Create the blade sections in Excel and Siemens NX
· Compare metal, ceramic and composite materials
· Compare manufacturing routes, defects and cost
· Complete basic aerodynamic and mechanical calculations
· Recommend a suitable material and manufacturing process
[bookmark: _Toc238420858]
Literature Review
[bookmark: _Toc238420859]Aerodynamic Profiles
A wind turbine blade uses an aerofoil shape to create lift as air moves around it. Lift is useful because it helps turn the rotor, while drag acts against the motion. A good blade therefore needs a high lift-to-drag ratio. Angle of attack also matters because too large an angle can cause the airflow to separate and the blade to lose lift (Manwell, et al., 2010).
The NACA 4412 aerofoil is used in this study. The first digit means the maximum camber is 4% of the chord, the second digit places that camber at 40% of the chord, and the final two digits give a maximum thickness of 12%. The NACA series is well documented and provides a suitable starting point for preliminary design (Abbott, et al., 1945). [image: ]
[bookmark: _Toc238420900]Figure 1 - NACA 4412 Aerofoil Profile
Recent research continues to apply NACA 4412 to wind turbine analysis. Huish et al (2025) compared blade loads using QBlade and CFD, while Venkateswaran et al (2024) demonstrated the importance of chord, twist and operating conditions.
[bookmark: _Toc238420860]Optimal Dimensions
Rotor size generally increases with turbine power. The NREL 5 MW reference turbine has a 126 m rotor diameter, compared with 240 m for the IEA 15 MW reference turbine (Jonkman, et al., 2009; Gaertner, et al., 2020). Although considerably larger than the turbine proposed here, these reference designs demonstrate the relationship between swept area and potential power generation.
[bookmark: _Toc238420887]Table 1 - Reference turbine size comparison
	Reference turbine
	Rated power
	Rotor diameter
	Rotor radius
	Source

	NREL 5 MW
	5 MW
	126 m
	63 m
	(Jonkman, et al., 2009)

	IEA 15 MW
	15 MW
	240 m
	120 m
	(Gaertner, et al., 2020)



[bookmark: _Toc238420861]Material Properties
Wind turbine blades commonly use fibre-reinforced composites because of their favourable mechanical properties and low weight. GFRP is widely used because it is relatively low cost and scalable, while CFRP offers greater stiffness at higher cost. Sandia research supports selective CFRP reinforcement in spar caps while retaining GFRP elsewhere (Ennis, et al., 2019; Ennis, et al., 2023).
The comparison in Figure 2 shows that silicon carbide has very high stiffness for its weight, while CFRP also performs strongly. This does not make silicon carbide the best blade material because its brittle behaviour and manufacturing difficulty must also be considered. This is an important point for material selection: the highest single property does not automatically produce the best overall design.
[image: ]
[bookmark: _Toc238420901]Figure 2 - Material Stiffness Comparison

[bookmark: _Toc238420862]Environmental Factors
Wind turbine blades experience variable wind, repeated loading, rain, moisture, temperature and UV exposure. Rain erosion is particularly important at the leading edge because of high tip speeds. Bech et al (2022) tested coated GFRP at impact speeds of 90–150 m/s and found that droplet size significantly affected erosion damage and predicted blade life.
End-of-life performance is also important because thermoset composites are difficult to recycle. Upadhyayula et al (2022) found that recycled-carbon-fibre blade concepts can reduce several environmental impacts, demonstrating that material recovery should be considered alongside in-service performance.
[bookmark: _Toc238420888]Table 2 - Experimental rain-erosion conditions reported by Bech et al. (2022)
	Item
	Reported condition

	Material
	Polyurethane topcoat on glass-fibre/epoxy

	Mean droplet diameters
	0.76, 1.90, 2.38 and 3.50 mm

	Impact velocity
	90-150 m/s

	Purpose
	Measure time to erosion damage and predict blade life




[bookmark: _Toc238420863]Design Specifications
The rotor size was calculated from the assumed 450 kW peak demand using the wind-power equation. Using the assignment values of ρ = 1.225 kg/m³, V = 12 m/s and Cₚ = 0.40, together with an assumed efficiency of 90%, gives a required swept area of approximately 1,181 m² and rotor radius of 19.39 m. A nominal 20 m radius was therefore selected, giving an estimated 479 kW at the 12 m/s design condition. Actual generation would vary with wind speed.
[bookmark: _Toc238420905]Equation 1 - Wind-power equation




[bookmark: _Toc238420889]Table 3 - Main design parameters
	Parameter
	Value

	Rotor radius
	20 m

	Blades
	3

	Wind speed
	12 m/s

	Air density
	1.225 kg/m³

	Power coefficient, Cₚ
	0.40

	Lift coefficient, Cₗ
	1.20

	Tip-speed ratio, λ
	6

	Aerofoil
	NACA 4412



Five blade sections are positioned at r/R = 0.2, 0.4, 0.6, 0.8 and 1.0. The chord calculation produces the required taper towards the blade tip. As the theoretical chord reaches zero at r/R=1.0, a 0.10 m tip chord was used to close the CAD geometry. NACA 4412 coordinates were generated using the standard four-digit equations in Excel (2019) before being transferred to Siemens NX (2026). A simplified chord-distribution relationship was used to generate the preliminary blade taper.
[bookmark: _Toc238420906]Equation 2 - Blade chord distribution

[bookmark: _Toc238420890]Table 4 - Calculated chord distribution
	r/R
	Radial position (m)
	Chord (m)

	0.2
	4
	4.65

	0.4
	8
	1.75

	0.6
	12
	0.78

	0.8
	16
	0.29

	1.0
	20
	0.10



The five calculated profiles are shown together in Figure 3. The reduction in chord from root to tip can be seen clearly, while each section retains the NACA 4412 profile used for the preliminary design.

[image: ]
[bookmark: _Toc238420902]Figure 3 - Five calculated profiles


[bookmark: _Toc238420864]Material Selection
Four materials are compared: Aluminium 6061-T6, Sintered Silicon Carbide, E-glass/epoxy and carbon/epoxy. The values come from manufacturer or wind-industry technical data. Kaiser Aluminium (2019) reports a density of 2700kg/m³, elastic modulus of 68.3GPa and ultimate tensile strength of 310MPa for 6061-T6. Saint-Gobain (2026) reports 3150 kg/m³ density, 410GPa elastic modulus, 380MPa four-point flexural strength and 4.6MPa√m fracture toughness for Hexoloy SA silicon carbide. Ennis et al (2019) reports longitudinal values of 41.3GPa modulus and 863MPa tensile strength for infused E-glass/epoxy, and 150.2GPa and 2236MPa for its baseline pultruded CFRP system.
[bookmark: _Toc238420891]Table 5 - Candidate material data used for screening
	Material
	Density kg/m³
	Elastic modulus GPa
	Strength used MPa
	Comment

	Al 6061-T6
	2700
	68.3
	310 tensile
	Ductile metal

	Hexoloy SA SiC
	3150
	410
	380 flexural
	Very stiff but brittle

	E-glass/epoxy
	1970
	41.3
	863 longitudinal tensile
	Wind-specific infused composite

	Carbon/epoxy
	1600
	150.2
	2236 longitudinal tensile
	Wind-specific pultruded composite



[bookmark: _Toc238420865]Weighted Decision Matrix
A weighted decision matrix is used so that the choice is not based on one property. Fatigue resistance is given the highest weighting because a blade experiences repeated loading throughout its life. CFRP achieves the highest score, but this result must be interpreted with cost and manufacturing. The preferred concept is therefore GFRP for the main shell and webs, with CFRP used only where its extra stiffness is most valuable. Scores run from 1 (poor) to 5 (best). The weights add to 1.00. 

[bookmark: _Toc238420907]Equation 3 - Weighted total

[bookmark: _Toc238420892]Table 6 - Weighted decision matrix
	Criterion
	Weight
	Aluminium
	SiC
	GFRP
	CFRP

	Fatigue resistance
	0.25
	2
	1
	4
	5

	Specific stiffness
	0.20
	2
	5
	2
	4

	Specific strength
	0.20
	2
	3
	4
	5

	Material cost
	0.15
	2
	1
	5
	3

	Manufacturability
	0.10
	3
	1
	5
	4

	Environmental performance
	0.10
	5
	2
	3
	2

	Weighted total
	1.00
	2.40
	2.30
	3.75
	4.10




[bookmark: _Toc238420866]Exploration of Manufacturing Routes
An Aluminium blade could be produced from formed or extruded sections that are then machined and joined. These are mature processes, but a 20 m blade changes shape along its length, so a single extrusion cannot create the full geometry. Joining also introduces inspection requirements and potential fatigue sensitivity.
Silicon Carbide would normally require powder forming and high-temperature sintering. The main problems are shrinkage, porosity, cracking, and brittleness. Saint-Gobain's (2026) published product sizes also show that large SiC parts are generally far smaller than a 20 m blade, making this route unrealistic for the structure. For composites, hand lay-up is simple but labour intensive and dependent on operator control. Resin transfer moulding provides better repeatability but needs matched tooling. Vacuum-assisted resin infusion (VARTM) places dry fibres in a mould, seals them under a vacuum bag and draws resin through the reinforcement. This is well suited to large structures and avoids the need for a full-size autoclave (Hindersmann, 2019).
Vacuum-assisted infusion is selected for the GFRP shells and webs. CFRP spar reinforcement can be supplied as pultruded sections. Ennis, Das and Norris (2023) found that pultrusion improves fibre alignment and strength, although it adds manufacturing cost. Key defects to control are voids, dry areas, fibre wrinkles, incomplete cure and poor adhesive bonds. Vacuum leak checks, controlled resin temperature, correct inlet/vent positions and inspection are therefore important.
Safety also changes with the process, Aluminium forming and machining create hot-work, sharp-swarf and fume risks; ceramic powder processing requires dust control and high-temperature furnace controls; and composite work requires control of resin contact and dust created during trimming. HSE guidance identifies epoxy systems and fine dust as causes of skin and respiratory problems, so suitable gloves, extraction and safe handling are required (Health and Safety Executive (HSE), 2025).
[bookmark: _Toc238420893]Table 7 -Manufacturing route comparison
	Material
	Possible route
	Main defects/limitations
	Overall view

	Aluminium
	Form/extrude, machine and join
	Porosity, distortion, weld fatigue, multiple joins
	Possible but heavy/complex

	Silicon carbide
	Powder forming + sintering
	Shrinkage, cracks, brittleness, poor scale
	Not practical

	GFRP/CFRP
	Vacuum infusion + pultruded spar reinforcement
	Voids, dry spots, wrinkles, bond defects
	Preferred route





[bookmark: _Toc238420867]Cost Evaluation
Raw-material cost should be calculated separately from wider production cost. To obtain a first estimate, the planform area between the five calculated blade stations is approximately 20.78 m². Doubling this for the two blade surfaces and assuming an average 15 mm laminate thickness gives 0.623 m³. A further 25% allowance is added for internal webs, spar material and the root, producing a preliminary material volume of 0.779 m³.
For aluminium, a large 6061-T6 sheet price from Online Metals (2026) is converted to approximately £16.69/kg. Sigma-Aldrich (2026) lists 1 kg of silicon carbide powder at £177/kg. Wind-industry values of $2.06/kg for infused GFRP and $16.44/kg for baseline CFRP were taken from Ennis et al. (2019) and converted to approximately £1.54/kg and £12.26/kg. The calculation shows why a full CFRP blade is difficult to justify on material cost alone.
Production cost cannot be estimated accurately without tooling and supplier quotations, but the main cost drivers can still be compared. Aluminium requires forming, machining and joining; SiC requires energy-intensive sintering and has a high rejection risk; and the composite route requires large moulds, manual lay-up, infusion and inspection. For the CFRP spar material specifically, Ennis, Das and Norris (2023) estimate that pultrusion adds about 33-55% above the raw material cost. This additional cost is justified by the resulting reduction in blade mass and increased stiffness.
[bookmark: _Toc238420908]Equation 4 - Costings


[bookmark: _Toc238420894]Table 8 - Raw-material cost
	Material
	Density kg/m³
	Price £/kg
	Estimated mass kg
	Raw-material cost £

	Aluminium 6061-T6
	2,700
	16.69
	2,103
	35,104

	Silicon carbide
	3,150
	177.00
	2,454
	434,331

	E-glass/epoxy
	1,970
	1.54
	1,535
	2,363

	Carbon/epoxy
	1,600
	12.26
	1,246
	15,281



Schubel (2010) found that material and labour represented approximately 51% and 41% respectively of the manufacturing cost of a generic vacuum-infused wind turbine blade. This shows that reducing manufacturing time and avoiding defects can be almost as important as material price. For the proposed hybrid blade, GFRP therefore remains attractive for most of the structure, with the more expensive CFRP limited to the spar-cap regions where its higher stiffness provides the greatest benefit.
[bookmark: _Toc238420895]Table 9 - Production cost considerations for the proposed blade
	Cost area
	Expected impact
	Reason

	Materials
	High
	GFRP, CFRP, resin and core materials

	Labour
	High
	Lay-up and preparation are labour intensive

	Tooling
	Medium
	Large mould required but reused across blades

	Equipment
	Medium
	Vacuum and resin-infusion equipment required

	Defect control
	Medium
	Inspection and rework required for voids/dry areas

	Curing
	Low–Medium
	Time and energy required during resin cure



A detailed NREL blade cost model similarly considers material, labour, cycle time, tooling, equipment and overhead when estimating the total manufacturing cost of a wind turbine blade (Bortolotti, et al., 2019).

[bookmark: _Toc238420868]Mechanical Properties Analysis
The mechanical calculation provides a preliminary screening check rather than a certified blade analysis. With a tip-speed ratio of 6, wind speed of 12 m/s and rotor radius of 20 m, the rotor angular speed is 3.6 rad/s. The local relative air speed increases towards the blade tip because the outer part of the blade moves faster.
[bookmark: _Toc238420909]Equation 5 - Rotor angular velocity

Lift and drag are then calculated for each 4 m blade section. The assignment provides Cₗ = 1.2. A drag coefficient of approximately 0.01 is used as a preliminary value based on published NACA 4412 data (Abbott, et al., 1945). The calculated lift produces a simplified root bending moment of about 193 kN·m.
[bookmark: _Toc238420910]Equation 6 - Relative wind velocity

[bookmark: _Toc238420911]Equation 7 - Lift
     
[bookmark: _Toc238420912]Equation 8 - Drag


[bookmark: _Toc238420896]Table 10 - Sectional aerodynamic forces at the 12 m/s design condition
	r/R
	r (m)
	Chord (m)
	Relative speed (m/s)
	Lift (kN)
	Drag (kN)

	0.2
	4
	4.65
	18.7
	4.80
	0.040

	0.4
	8
	1.75
	31.2
	5.01
	0.042

	0.6
	12
	0.78
	44.8
	4.61
	0.038

	0.8
	16
	0.29
	58.8
	2.95
	0.025

	1.0
	20
	0.10
	73.0
	1.57
	0.013



[bookmark: _Toc238420913]Equation 9 - Root bending moment

To make the stress method understandable, the root is represented as an assumed hollow circular section with 1.20 m outside diameter and 40 mm wall thickness. This gives a section modulus of 0.0409 m³ and a bending stress of approximately 4.7 MPa. Using the aluminium yield strength of 276 MPa gives a screening safety factor of about 59. This very high result mainly shows that the assumed root is conservative and that the simplified loading does not represent a final certified design. For the torsional stress calculation, is the polar second moment of area of the assumed hollow circular root section.
[bookmark: _Toc238420914]Equation 10 - Hollow circular section modulus equation

[bookmark: _Toc238420915]Equation 11 - Bending Stress

[bookmark: _Toc238420916]Equation 12 - Screening safety factor

[bookmark: _Toc238420917]Equation 13 - Twisting moment

[bookmark: _Toc238420918]Equation 14 - Torsional shear stress

[bookmark: _Toc238420897]Table 11 - Preliminary root stress check using the assumed hollow circular root
	Input/result
	Value

	Outer diameter
	1.20 m (assumption)

	Wall thickness
	40 mm (assumption)

	Root bending moment
	193 kN·m

	Bending stress
	4.7 MPa

	Simplified twisting moment
	1.61 kN·m

	Torsional shear stress
	0.020 MPa

	Aluminium yield strength
	276 MPa

	Screening safety factor
	59



The aluminium result is used to demonstrate the stress and safety-factor calculation. However, the recommended blade uses GFRP and CFRP, which behave differently depending on the direction of the fibres and the laminate arrangement. For comparison, the calculated bending stress of 4.7 MPa is considerably lower than the published longitudinal tensile strengths of 863 MPa for E-glass/epoxy and 2236 MPa for carbon/epoxy (Ennis, et al., 2019). This supports the composite material selection at a preliminary level. A final safety factor would require the actual laminate thickness, fibre orientation and section properties from the completed blade design.

[bookmark: _Toc238420869]Comparative Analysis
No material is optimal in every area. Aluminium is manufacturable and recyclable but relatively heavy. Silicon carbide is very stiff but brittle and unrealistic at blade scale. CFRP gives the best performance for its weight but costs more than GFRP. GFRP therefore gives the strongest overall balance for the main structure.
The final recommendation is a hybrid composite blade: GFRP for the shells and shear webs, CFRP in the spar regions, and vacuum-assisted resin infusion for the main blade structure. This uses carbon fibre where its stiffness brings the greatest benefit without paying for a complete CFRP blade. The decision also agrees with recent Sandia work showing continued value from selective carbon-fibre reinforcement in large blades (Ennis, et al., 2023).
[bookmark: _Toc238420898]Table 12 - Final material and process comparison
	Option
	Main advantage
	Main limitation
	Decision

	Aluminium
	Mature manufacture and recycling
	High mass and joining/fatigue concerns
	Reject for main blade

	Silicon carbide
	Very high stiffness
	Brittle and impractical at 20 m scale
	Reject

	GFRP
	Low cost, scalable, good fatigue performance
	Lower stiffness than CFRP; recycling difficult
	Main shell/web material

	CFRP
	High stiffness and strength for low mass
	Higher cost
	Use locally in spar areas





[bookmark: _Toc238420870]Blade Drawing
The calculated blade geometry was transferred into Siemens NX (2026) using the five NACA 4412 profiles developed in Excel (2019). Reference planes were positioned at 4 m intervals along the 20 m blade, corresponding to the five calculated radial positions. Each aerofoil profile was imported onto its relevant plane and scaled using the calculated chord length. A loft was then used to create the final blade form. To represent the full 20 m blade length, an additional root section was added at 0 m using the same 4.65 m chord as the first calculated section at 4 m. This simplified root region was introduced for CAD development and does not represent a fully designed blade-to-hub connection.
The reduction in chord towards the blade tip follows the calculated design and is consistent with the tapered geometry used in practical wind turbine blades. However, the model remains a preliminary design because a detailed twist distribution and structural root connection have not been developed. NREL research shows that practical blade design normally considers chord, twist and aerofoil geometry together, so these would require further optimisation before manufacture (Giguère & Selig, 1999).

[image: ]
[bookmark: _Toc238420903]Figure 4 – Siemens NX verification of the 20 m blade length

[image: ]
[bookmark: _Toc238420904]Figure 5 – Final Siemens NX model of the 20 m wind turbine blade



[bookmark: _Toc238420899]Table 13 - Blade geometry and section dimensions
	Radial position
	Distance from root
	Chord

	r/R = 0.2
	4 m
	4.65 m

	r/R = 0.4
	8 m
	1.75 m

	r/R = 0.6
	12 m
	0.78 m

	r/R = 0.8
	16 m
	0.29 m

	r/R = 1.0
	20 m
	0.10 m




[bookmark: _Toc238420871]Conclusion and Recommendations
[bookmark: _Toc238420872]Conclusions
This project developed a preliminary 20 m NACA 4412 wind turbine blade for a fictional motorsport facility with a 450 kW peak electrical demand. Material, manufacturing, cost and mechanical analysis identified a hybrid composite as the preferred solution. GFRP was selected for the main structure, with CFRP reinforcement in the spar regions to provide additional stiffness without the cost of a full CFRP blade. Vacuum-assisted resin infusion was selected as the most suitable manufacturing process due to its scalability for large composite structures.
[bookmark: _Toc238420873]Recommendations
Further development should use the final Siemens NX geometry and defined GFRP/CFRP laminate to complete detailed structural and fatigue analysis. CFD should also be used to optimise chord and twist under realistic operating conditions. Before manufacture, erosion, lightning protection and environmental durability should be assessed, alongside full-scale static and fatigue validation (Gage, et al., 2021).
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