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[bookmark: _Toc239439405]Abstract
Within this report a preliminary design and assessment for manufacture of a 2 MW wind-turbine blade operating at a wind speed of 8 m/s was presented. A NACA 4412 profile was adopted to develop a linearly tapered CAD model with five spanwise sections. CFRP, GFRP, Aluminium 6061, and silicon carbide were assessed during the material selection phase using technical and practical weighted scoring. Achieving a technical index of 100.00, CFRP was favoured due to its low density, tensile strength and fatigue performance. To ensure a scalable manufacturing route for the tapered composite blade, the vacuum-assisted resin infusion was suggested.  A preliminary CFRP safety factor of 77.11 and representative bending stress of 10.375 MPa were produced during mechanical analysis. The recommendations were that further aerodynamic optimisation, composite finite-element analysis and manufacturing validation would be required before prototype production. 
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1 [bookmark: _Toc239439407]Introduction 
[bookmark: _Toc239439408]Background
Wind turbines can generate electricity while creating no harmful emissions during operations has led to it becoming one of the most widely adopted solutions within renewable technology.  The increasing demand for these types of sustainable solutions mean that wind turbines can play a pivotal part in lowering fossil fuel dependency while support energy security. Specifically, the blade of a turbine is a critical component as it captures kinetic energy and coverts it into mechanical rotation power. It is understood that the turbines efficiency, reliability and definite energy output is heavily influenced by blade design. Material and manufacturing methods are carefully defined so that the blades remain economically viable, environmentally sustainable and importantly withstand cycle intensive operational loads. 
[bookmark: _Toc239439409]Aims and Objectives
The report will investigate the design and manufacture of next-generation wind turbine blades that will be used in renewable energy applications. To identify the most suitable solution, the study will focus on evaluating design parameters for the blade, while suggesting material and manufacturing process appropriate candidates. Attention will be specifically focussed material selection, exploration of manufacturing routes, consideration of cost and performance requirements. Environmental safety and implications associated the proposed solution will be considered throughout the report. 


2. [bookmark: _Toc239439410]Literature Review
2.1 [bookmark: _Toc239439411]Aerodynamic Profiles
Airfoil sections are used within wind-turbine blades to produce lift, which creates rotor movement, while drag will oppose airflow as a result aerodynamic efficiency is reduced. Therefore, the lift-to-drag ratio is an important performance measure. But the ratio varies with angle of attack, Reynolds number and surface conditions.
Airfoil geometry is defined by the NACA four-digit system, which looks at its maximum camber, the position of the maximum camber and its maximum thickness. NACA 4412 is a classic four-digit asymmetric cambered airfoil, which has a maximum camber of 4% of the chord, positioned at 40% of the chord, and a maximum thickness of 12% of the chord, occurring at approximately 30% chord.
Rahal and Dutta (2024) discovered that NACA 4412 performance changes with Reynolds number and angle of attack. Exceeding the critical angle, lift reduced and drag increased. Published XFOIL polar data for NACA 4412 at , predicted at  and at . Although, these values do not describe one identical operating point, it was suggested that for research these were adopted as preliminary design values (Tools, n.d).
2.2 [bookmark: _Toc239439412]Optimal Blade Dimensions
Wind power depends on several factors, such as air density, swept area and the cube of wind speed. Although by increasing rotor radius it increases the swept area readily available for energy capture, it also increases the structural load, mass of blade and difficulty of manufacture (Zalkind, et al., 2019).
Research shows that three-bladed horizontal axis turbines are often selected due the practical balance between manufacturing requirements and aerodynamic efficiency. Bakirci (2023)explains the optimum tip-speed ratio for three-bladed turbines between 4 and 10. This research supports a , as a sensible preliminary value. 
The proportion of available wind power converted into useful rotor power is represented as the power coefficient, the maximum achievable power coefficient is restricted to approximately 0.593 by the Betz limit (Energy Education, n.d.). Muhsen et al, (2020) developed an optimum three-bladed horizontal-axis turbine that achieved power coefficient of 0.40 at a wind speed of 7 m/s, this source demonstrates that this represents a realistic design target. For the preliminary rotor-sizing calculations, it is suggested that a  is adopted. Along the blade span, chord and twist normally vary, however Yang (2020) realised by linearising these distributions will affect aerodynamic performance and loading but simplify manufacturing. Therefore, a linear chord taper should be considered for the preliminary modelling. A finite tip and omission of twist will be recognised as limitation with the preliminary design.
2.3 [bookmark: _Toc239439413]Critical Design Parameter
During operation, wind turbines will experience a varying of aerodynamic, gravitational and centrifugal loads. Blade mass and the loads generated by rotation can be reduced using low density materials, but to resist bending and torsional stresses, strength is required. To limit deflection and maintain safe clearance between the blade and tower, sufficient stiffness is also needed. 
The blade will get exposed to cyclic loading with repeated changes in wind speed, which makes fatigue resistance an important criterion for material selection (Brøndsted, et al., 2005). Literature recognises density, tensile strength young’s modulus and fatigue resistance as suitable properties for preliminary screening (Hasirci, et al., 2026). Stress-life curves are used in published research as cycles to failure change with applied stress, stress ratio and composite orientation (Rubiella, et al., 2018). Rather than fixed fatigue lives, cycle values should be adopted as simplified comparison points for material selection.
2.4 [bookmark: _Toc239439414]Material Properties
A balance of density, strength, stiffness and fatigue resistance will be considered for a wind-turbine blade material. Metals can provide predictable properties, proven manufacturing processes, and recyclability, but their higher density means blade mass and operational loading can increase. Ceramics offer properties such as high stiffness, thermal resistance and hardness, although would be limited by their brittleness and low resistance to impact in lots of applications. Polymer composites will mix low density with high specific strength and stiffness, and they are tailorable through laminate design and fibre orientation. However, Talreja (2019) explained that performance of composites depends heavily on manufacturing quality, with defects such as voids, fibre misalignment and poor bonding potentially reducing structural performance.
2.5 [bookmark: _Toc239439415]Environmental Factors Affecting Blade Performance
Many environment operating factors should be considered during the design of wind turbine blades, they operate under variable wind speeds, gusts, moisture, temperature changes and ultraviolet exposure. A wind speed of 8 m/s would represent a moderate operating condition but does not account for extreme winds or other external factors (Norway, 2025). 
According to International Standard for Organisation (1975) 1.225kg/m³ is approximately the standard sea-level air density, although it can vary with altitude and temperature, which can affect available wind power and aerodynamic forces. Its commonly referred to turbine exceeding 1MW by utility-scale wind generation, as a result 2MW output would provide a representative utility-scale benchmark (Frazer, 2023).
Composite materials behaviour can often be altered through environmental exposure. Yalçinkaya, et al. (2025), found moisture absorption following seawater exposure in the joints of carbon fibre-reinforced polymer and glass fibre-reinforced polymer, and a reduction in young’s modulus. It is energy intensive when it comes to the manufacture of blades and end-of-life treatment, and material recovery is complicated because of the combination of fibres, resins, adhesive and coatings used (Czichon, et al., 2023). Therefore, lifecycle impact and operational durability alongside mechanical performance should be considered during material selection. 



3. [bookmark: _Toc239439416]Design Specifications 
3.1 [bookmark: _Toc239439417]Design Basis
The following design will be based on a horizontal axis wind turbine with three blades as these tend to be the most dominant commercial designs with the best balance between efficiency and structural stability (Adziimaa, et al., 2025). A NACA 4412 aerodynamic profile was selected due to its lift-to-drag favoured performance for wind turbine applications (Bakırcı, 2023). It has been designed to meet a target power output of 2MW under representative operating conditions of 8 m/s wind speed and air density of 1.225kg/m^3 as per literature review. 
3.2 [bookmark: _Toc239439418]Rotor Radius and Blade Geometry 
The dimensions for the rotor were achieved by the aerodynamic power equation and selected design parameters of 2MW power output, 8 m/s wind speed, air density of 1.225kg/m^3, and power coefficient of 0.4.

The equation had to be rearranged for required swept area:

The rotor radius then determined from the following equations:



As a result, these equations produced a required swept area of 15,943.88m^2 and rotor radius was calculated as 71.24m. The resulting rotor diameter of 142.48m can be seen with full calculations in Figure 2. 
Five stations between 0.2R and 1.0R were used for the chord, thickness and CAD calculations as shown in Table 1. Full calculations are provided in Appendix A.
[bookmark: _Ref239433859][bookmark: _Toc239438995]Table 1 - Radial positions of blade sections
	r/R
	Radial Position (m)

	0.2
	14.248

	0.4
	28.496

	0.6
	42.744

	0.8
	56.992

	1.0
	71.240



3.3 [bookmark: _Toc239439419]Chord Distribution and Blade Taper
The theoretical chord distribution approached zero at the tip. A linear chord reduction from 4.654 m at 0.2R to a finite 0.100 m tip was therefore adopted to create a loftable CAD model. Table 2 and Figure 1  compare the theoretical and adopted distributions, with full calculations provided in Appendix A.
[bookmark: _Ref239433913][bookmark: _Toc239438996]Table 2- Chord Estimates
	r/R
	Adopted CAD estimates (m)
	Original Aerodynamic chord calculated estimates (m)

	0.2
	4.654
	4.654

	0.4
	3.516
	1.745

	0.6
	2.377
	0.776

	0.8
	1.239
	0.291

	1.0
	0.100
	0.000




[bookmark: _Ref239433922][bookmark: _Toc239438952]Figure 1 - Chord Distribution Chart
3.4 [bookmark: _Toc239439420]Airfoil Profile
Five NACA 4412 profiles were scaled using their local chord lengths and positioned at the calculated spanwise stations. The resulting coordinates were imported into Autodesk Inventor to generate the blade sections. Full coordinate data are provided in Figure 6.
· Max camber = 4% chord
· Camber location = 40% chord
· Max thickness = 12% chord
[image: ]
[bookmark: _Toc239438953]Figure 2 - NACA 4412 airfoil profile at the 0.2R blade section
3.5 [bookmark: _Toc239439421]Thickness Distribution 
Maximum thickness was maintained at 12% of local chord. Consequently, thickness reduced from 0.559 m at 0.2R to 0.012 m at 1.0R. The full thickness distribution is provided in Figure 5.

[bookmark: _Toc239438997]Table 3 - Maximum blade thickness at each spanwise section
	r/R
	Thickness (m)

	0.2
	0.559

	0.4
	0.422

	0.6
	0.285

	0.8
	0.149

	1.0
	0.012




[bookmark: _Toc239438954]Figure 3 - Normalised half-thickness distribution of the NACA 4412 airfoil


3.6 [bookmark: _Toc239439422]Aerodynamic Performance Requirements
The values  were selected from the evidence reviewed in Section 3. The aerodynamic coefficients represent preliminary inputs because actual values vary with Reynolds number, angle of attack and surface condition.
[bookmark: _Toc239438998]Table 4 - Adopted aerodynamic performance parameters
	Parameter
	Value

	Power Coefficient 
	0.40

	Lift Coefficient 
	1.20

	Drag Coefficient 
	0.015

	Tip Speed Ratio 
	6






3.7 [bookmark: _Toc239439423]Environmental Conditions 

[bookmark: _Toc239438999]Table 5  Adopted environmental conditions for preliminary calculations
	Parameter
	Adopted Value
	Selection basis

	Wind Speed
	8 m/s
	Representative operating wind speed used for preliminary rotor sizing 

	Air Density
	1.225 kg/m³
	Standard reference value used in aerodynamic calculations 

	Number of Blades
	3
	Common commercial rotor arrangement providing aerodynamic and structural stability 

	Power Output
	2 MW
	Representative utility-scale turbine capacity selected as the design target 





4. [bookmark: _Toc239439424]Material Selection 
4.1 [bookmark: _Toc239439425]Candidate Materials
Granta EduPack was used during the screening of metals, ceramics and composites (Ansys, Inc., 2026). Limits of  maximum density, 20 GPa minimum Young’s modulus and 200 MPa minimum tensile strength were applied. Six groups remained, from which CFRP, GFRP, Aluminium 6061 and silicon carbide were chosen to represent the required material families. Screening evidence is provided in Appendix B.
[image: ]
[bookmark: _Toc239438955]Figure 4 - Initial Granta EduPack screening criteria and resulting material shortlist (Ansys, Inc., 2026)
4.2 [bookmark: _Toc239439426]Material Selection Methodology
This section will initially compare the four candidates by using a weighted-properties method specifically focussing on key mechanical properties such as density and fatigue, which both received weighting of 0.30, and tensile strength which received weighting of 0.40 as its importance in resisting operational loading (Brøndsted, et al., 2005). 
The tensile-strength and density ranges were sourced from Granta EduPack, and represented using their midpoint as seen in Figures 10-13 (Ansys, Inc., 2026). Lower was seen as better with Density, whereas Tensile Strength and Fatigue Resistance were treated as higher is better.
The lowest candidate value for density was scaled to 100 using: 



The highest candidate value for tensile strength and fatigue resistance was scaled to 100 using:


Finally, the scaled values were then multiplied by their weighting factors and added:



[bookmark: _Ref239435160][bookmark: _Toc239439000]Table 6 - Technical weighted-properties results for candidate materials
	Material
	Density weighted
	Strength weighted
	Fatigue weighted
	
	Rank

	CFRP
	30.00
	40.00
	30.00
	100.00
	1

	GFRP
	25.00
	12.78
	3.00
	40.78
	2

	Aluminium 6061
	17.06
	17.40
	0.30
	34.76
	3

	Silicon carbide
	15.00
	16.03
	3.00
	34.03
	4



CFRP ranked first technically with an index of 100.00. Full inputs, scaling and weighted calculations are provided in Appendix B.
The practical weighted assessment as shown in Table 7 was calculated using:

[bookmark: _Ref239434385][bookmark: _Toc239439001]Table 7 - Practical weighted assessment of candidate materials
	Material
	Cost
	Environment
	Manufacture
	Recycling
	

	Aluminium 6061-T6
	5
	3
	4
	5
	4.25

	GFRP
	2
	5
	4
	5
	3.85

	Silicon carbide
	4
	4
	1
	5
	3.45

	CFRP
	1
	1
	2
	1
	1.25



Aluminium ranked the best practically because of its low cost, recyclability and established manufacturing routes. But lightweight strength and fatigue performance were prioritised for the turbine blade.
4.3 [bookmark: _Toc239439427]Selected Material
CFRP was selected because it achieved the highest technical index through its low density, tensile strength and fatigue rating. Although aluminium achieved the highest practical score, its greater density and technical index of 34.76 made it less favourable for the lightweight blade requirement.


5. [bookmark: _Toc239439428]Exploration of Manufacturing Routes
5.1 [bookmark: _Toc239439429]Metals
Manufacturing process such as casting or extrusion could be used to manufacture an Aluminium blade. Molten metal is poured into a mould which can create complex shapes which would be desired for twisted turbine blades, although casting requires melting equipment, considerable amount of energy, and control of defects such as porosity and shrinkage (Samuel, et al., 2023). Extrusion pushes heated material through a shaped die and is suitable for long sections because of its consistent production. However, constant cross-sections are more suitable in this case, so the changing airfoil and continuously tapered geometry would make this difficult to manufacture as one component (Aluminum Extruders Council, 2018). Therefore, additional forming or joining would be required.
5.2 [bookmark: _Toc239439430]Ceramics
There are different manufacturing routes to be considered when manufacturing silicon carbide: powder forming followed by high-temperature sintering, or additive manufacturing before thermal consolidation are two options that can be looked at. Thermally stable hard components can be produced by sintering, although it requires high temperature and careful control of cracking, shrinking and porosity (Chen, et al., 2025). The use of additive manufacturing offers greater geometric freedom but will require specialist equipment and further processing. Both routes are unsuitable for a large turbine blade that will be exposed to impact and cyclic loading due to silicon carbides brittleness and difficulty to machine (Fan, et al., 2024).

5.3 [bookmark: _Toc239439431]Polymer Composites
Carbon-fibre-reinforced polymer (CFRP) can be manufactured using vacuum-assisted resin fusion or resin transfer moulding (RTM). Similarly, before resin is drawn out or injected through the reinforcement, dry fibre reinforcement is placed within a mold in both processes. The resin transfer moulding route uses a closed mould and controlled resin injection, this offers repeatability of parts and good surface finish, however equipment cost increases when large, matched moulds are required. Tooling requirements reduce with the vacuum infusion as that route utilises a rigid mould surface and flexible vacuum bag which in results allows for larger components to be produced. Nevertheless, controls should be implemented carefully surrounding resin flow, fibre alignment and curing requirements, this is to prevent dry areas, resin-rich regions and voids. Consolidation improves by vacuum pressure removing trapped air. 
5.4 [bookmark: _Toc239439432]Manufacturing Route Comparison 
[bookmark: _Ref239434418][bookmark: _Toc239439002]Table 8 - Comparison of candidate manufacturing routes
	Material
	Process
	Cost
	Productivity
	Scalability
	Typical Defects

	Aluminium
	Casting
	High
	Medium
	Low for full blades
	Porosity, shrinkage and surface defects

	Aluminium
	Extrusion
	Medium
	High for continuous sections
	Low for changing blade geometry
	Distortion, surface cracking and dimensional variation

	Silicon carbide
	Sintering
	High
	Low
	Low
	Porosity, shrinkage and cracking

	Silicon carbide
	Additive manufacturing
	Very high
	Low
	Low for large components
	Layer defects, residual porosity and cracking

	CFRP
	Resin transfer moulding (RTM)
	High
	Medium
	Medium
	Voids, dry areas and resin-rich regions

	CFRP
	Vacuum infusion
	Medium
	Medium
	High for large blade sections
	Voids, incomplete impregnation and resin-rich regions



5.5 [bookmark: _Toc239439433]Chosen Manufacturing Route for Selected Material
Vacuum assisted resin infusion was chosen as the most suitable route for the CFRP blade. As shown in Table 8, it offers the strongest combination of scalability, moderate relative cost and is considered suitable for the preliminary large, tapered geometry. In comparison with RTM, vacuum infusion is a more practical option for producing large blade sections as it does not require costly matched mould tooling. Although, energy demand and curing time remain disadvantages for CFRP, it was considered that vacuum infusion is the most achievable route for the proposed lightweight blade to be made at full scale (Bortolotti, et al., 2019; Wu, et al., 2025).



6. [bookmark: _Toc239439434]Cost Evaluation
6.1 [bookmark: _Toc239439435]Raw-Material Cost Comparison
Granta EduPack was used to obtain representative prices and densities to compare raw-material costs (Ansys, Inc., 2026). The following calculation was used for cost per cubic metre:
 
For Carbon-fibre-reinforced polymer (CFRP): 

[bookmark: _Toc239439003]Table 9 - Raw-material cost comparison for the candidate materials
	Material
	Cost (£/kg)
	Density (kg/m³)
	Cost (£/m³)
	Rank

	Aluminium 6061-T6
	2.26
	2,725
	6,158.50
	1

	Silicon carbide
	13.25
	3,100
	41,075.00
	2

	CFRP
	29.80
	1,550
	46,190.00
	3

	GFRP
	26.70
	1,860
	49,662.00
	4



6.2 [bookmark: _Toc239439436]Manufacturing Cost Considerations
Labour hours, equipment rates, cycle time, tooling life and defect data would be required for a complete production-cost calculation. For the manufacture of the preliminary blade, the manufacturing-cost-framework will be defined as:






These categories are appropriate and aligned with published wind-turbine cost modelling covering material, labour, cycle time, tooling and equipment costs (Bortolotti, 2019).

6.3 [bookmark: _Toc239439437]Cost-Performance Trade-Off
Although, Aluminium provided by far the lowest cost associated with raw-material, it only achieved a technical index of 34.76 as shown in Table 6. When comparable with CFRP which received 100.00, the material was retained because lightweight structural and fatigue performance was prioritised over cost. The total manufacturing would only be estimate at the phase of the project as the required production inputs and final volume were not defined.





7. [bookmark: _Toc239439438]Mechanical Properties Analysis
7.1 [bookmark: _Toc239439439]Force Calculations
At each spanwise blade section, aerodynamic forces were calculate using the local chord and section width. The sectional area was calculated by:

Where  is chord length, and  is section width. Full calculations can be found in Appendix C.
7.1.1 [bookmark: _Toc239439440]Lift Force
Calculations for lift force used the following formula:

Where ,  and . 
7.1.2 [bookmark: _Toc239439441]Drag Force
Calculations for drag force used the following formula:

As previously mentioned in the design specifications section, a drag coefficient of  was applied. The following results are summarised in Table 10.
[bookmark: _Ref239434507][bookmark: _Toc239439004]Table 10- Calculated lift and drag forces at each blade section
	Section
	Area (m²)
	Lift force (N)
	Drag force (N)

	0.2R
	66.313
	3,119.36
	38.99

	0.4R
	50.091
	2,356.28
	29.45

	0.6R
	33.869
	1,593.19
	19.91

	0.8R
	17.647
	830.11
	10.38

	1.0R
	1.425
	67.02
	0.84



7.2 [bookmark: _Toc239439442]Stress Analysis
7.2.1 [bookmark: _Toc239439443]Bending Stress 
A bending moment is created about the turbine hub as lift acts at each spanwise position. Calculation of the bending movement contributions was:
r
Where  is the sectional lift force, and is the distance from the hub.
Section modulus was calculated using the following formula, with each airfoil being approximated as solid rectangular section:

Where  is the local chord and  is the maximum section thickness. 
Bending stress was then calculated with:

With regards to the O.8R section:

N.m

 






[bookmark: _Toc239439005]Table 11 - Calculated bending moments and bending stresses at each blade section
	Section
	Lift force (N)
	Distance from hub (m)
	Bending moment (N·m)
	Section modulus (m³)
	Bending stress (MPa)

	0.2R
	3,119.36
	14.248
	44,444.44
	0.241963
	0.184

	0.4R
	2,356.28
	28.496
	67,144.14
	0.104287
	0.644

	0.6R
	1,593.19
	42.744
	68,099.07
	0.032237
	2.112

	0.8R
	830.11
	56.992
	47,309.24
	0.004560
	10.375

	1.0R
	67.02
	71.240
	4,774.65
	0.0000024
	1,989.437



Bending stress increased as section modulus reduced. The 1.0R result was excluded because the idealised 100 mm tip produced an unrealistically small section modulus. Therefore, 10.375 MPa at 0.8R was used as the representative stress.
7.2.2 [bookmark: _Toc239439444]Torsional Stress
Drag acting at each spanwise produces a torque about the blade axis. Calculation of the torque contribution was:

Where  is the sectional drag force, and  is the radial distance from the hub.
Each blade section was approximated as a solid rectangular section for the preliminary analysis. Calculation used for the polar moment was: 

Where  is the local chord length and  is the maximum section thickness. The distance from the assumed torsional axis to the outer surface was taken as . 
Calculation used for Torsional stress was:

With regards to the O.8R section:



[bookmark: _Toc239439006]Table 12 - Calculated torque and torsional stress at each blade section
	Section
	Drag force (N)
	Radius (m)
	Torque (N·m)
	Polar moment, (m⁴)
	Thickness (m)
	Torsional stress (MPa)

	0.2R
	38.992
	14.248
	555.56
	0.270276
	0.558505
	0.0006

	0.4R
	29.453
	28.496
	839.30
	0.087993
	0.421879
	0.0020

	0.6R
	19.915
	42.744
	851.24
	0.018391
	0.285253
	0.0066

	0.8R
	10.376
	56.992
	591.37
	0.001355
	0.148626
	0.0324

	1.0R
	0.838
	71.240
	59.68
	
	0.012000
	6.2170



Although drag reduced towards the tip, torsional stress increased as the polar moment decreased. The equivalent solid-section calculation does not represent the final hollow CFRP structure.
7.2.3 [bookmark: _Toc239439445]Material Strength and Safety Factor 
Bending stress of 10.375 MPa at 0.8R was used as the highest representative sample because the 1.0R unrealistic results were excluded as the idealised 100mm tip had an extremely small section modulus. The 0.8R bending stress were compared with representative tensile strength values obtained from Granta EduPack by using the following calculation (Ansys, Inc., 2026):

For carbon fibre-reinforced polymer (CFRP):


[bookmark: _Toc239439007]Table 13 - Preliminary safety-factor comparison for candidate materials
	Material
	Representative tensile strength (MPa)
	Bending stress (MPa)
	Safety factor, 
	Preliminary result

	GFRP
	255.5
	10.375
	24.63
	Pass

	CFRP
	800.0
	10.375
	77.11
	Pass

	Aluminium 6061-T6
	348.0
	10.375
	33.54
	Pass

	Silicon carbide
	320.5
	10.375
	30.89
	Pass



CFRP produced the highest preliminary safety factor of 77.11. The calculation excludes laminate orientation, compression, buckling, defects and cumulative loading and therefore does not constitute final structural validation.




8. [bookmark: _Toc239439446]Comparative Analysis
[bookmark: _Toc239439008]Table 14 - Comparative analysis of candidate materials and manufacturing routes
	Category
	CFRP + vacuum infusion
	GFRP + vacuum infusion
	Aluminium 6061-T6 + forming/joining
	Silicon carbide + sintering
	Most favourable

	Tensile strength
	800 MPa
	255.5 MPa
	348 MPa
	320.5 MPa
	CFRP

	Fatigue resistance
	cycles
	cycles
	cycles
	cycles*
	CFRP

	Density
	1,550 kg/m³
	1,860 kg/m³
	2,725 kg/m³
	3,100 kg/m³
	CFRP

	Raw-material cost
	£29.80/kg
	£26.70/kg
	£2.26/kg
	£13.25/kg
	Aluminium

	Productivity
	Medium
	Medium
	Medium
	Low
	CFRP/GFRP/Aluminium

	Scalability
	High
	High
	Low for changing geometry
	Low
	CFRP/GFRP

	Typical defects
	Voids, dry areas and resin-rich regions
	Voids and resin-rich regions
	Distortion, porosity and joining defects
	Porosity, shrinkage and cracking
	Process-dependent

	Recyclability
	Limited
	Recyclable
	Recyclable
	Recyclable
	GFRP/Aluminium/SiC

	Climate impact
	51.05 kg CO₂e/kg
	6.54 kg CO₂e/kg
	12.75 kg CO₂e/kg
	7.275 kg CO₂e/kg
	GFRP

	Main safety concern
	Resin exposure and carbon-fibre dust
	Resin exposure and glass-fibre irritation
	Hot working, machining and welding hazards
	Brittle fracture and ceramic dust
	Process-dependent



CFRP provided the highest technical performance through its low density, tensile strength and fatigue rating, while aluminium offered the lowest raw-material cost and established recycling routes. Vacuum infusion was more scalable for the tapered composite geometry than the metal and ceramic routes, although resin flow, vacuum integrity and curing require control to minimise voids and dry regions. CFRP had the highest climate-change indicator and limited recyclability, whereas GFRP performed most favourably environmentally. CFRP with vacuum infusion was nevertheless preferred because lightweight structural performance was prioritised. Resin handling and machining would require ventilation, dust extraction and appropriate personal protective equipment.


9. [bookmark: _Toc239439447]Blade Drawing
Figure 5 presents the preliminary blade drawing derived from the calculated geometry. The aerodynamic model extends from 0.2R to 1.0R, providing a modelled span of 56.992 m; the structural root and hub connection were excluded. Five NACA 4412 profiles were scaled using chord lengths reducing from 4.654 m to 0.100 m and lofted to form the tapered geometry. Maximum thickness remained 12% of local chord at approximately 30% chord. No aerodynamic twist was applied, while the displayed 0.1 mm shell is illustrative rather than a validated CFRP laminate. Supporting screenshots are provided in Appendix D.

[image: ]
[bookmark: _Ref239434739][bookmark: _Toc239438956]Figure 5 - Preliminary NACA 4412 blade drawing showing spanwise sections, chord dimensions, thickness distribution and key geometric features
10. [bookmark: _Toc239439448]Conclusion and Recommendations
10.1 [bookmark: _Toc239439449]Conclusion
A NACA 4412 blade geometry for a 2MW wind turbine that operates at a wind speed of 8 m/s was developed for this preliminary design. To create a linearly tapered CAD blade, a rotor radius of 71.24m was calculated with five spanwise sections.
Carbon-fibre-reinforced polymer (CFRP) would achieve the highest technical performance index of 100.00. This was particularly down to the material’s low density, high tensile strength and fatigue resistance. Although being one of the more expensive options at £29.80/kg, it was still selected as the structural performance in this application was prioritised over cost and recyclability. As it could accommodate larger designs, Vacuum assisted resin was recommended as the appropriate manufacturing route.
A representative bending stress of 10.375MPa at 0.8R was produced while torsional stress remained below 0.033MPa at this section. This should be treated as preliminary analysis due to the limited project timeframe which restricted the level of aerodynamic and structural optimisation that could be completed. These calculations should not be treated as final design validation.
10.2 [bookmark: _Toc239439450]Recommendations
Some further development recommendations include considering adding an aerodynamic twist to the design and chord optimisation by CFD analysis. Cumulative load model and composite fine-element analysis should replace the simplified solid-section calculations, as this would analyse areas such as buckling, laminate failure and fatigue. 
The CAD model should be developed further. A second draft should look at including blade root, validated laminate thickness, spar caps, shear webs and adhesive joints. Resin flow, curing conditions and vacuum integrity should be investigate through manufacturing trials. Further supported by non-destructive inspections for voids. Ultimately, before protype manufacture, recyclability and complete production costs should be evaluated.
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11. [bookmark: _Toc239439452]Appendices
11.1 [bookmark: _Ref239431794][bookmark: _Toc239439453]Appendix A: Aerodynamic and Blade Calculations
The following Appendix shows extracts from the Excel workbook used to calculate the rotor dimensions, chord distribution, camber line, thickness distribution and CAD coordinates. 
[image: ]
[bookmark: _Toc239438957]Figure 6 - Design inputs used for rotor sizing
 [image: ]
[bookmark: _Ref239432973][bookmark: _Toc239438958]Figure 7 - Swept-area, rotor-radius and diameter calculations
[image: ]
[bookmark: _Toc239438959]Figure 8 - Chord Length Distribution
[image: ]
[bookmark: _Ref239432886][bookmark: _Toc239438960]Figure 9 - Camber Distribution
[image: ]
[bookmark: _Ref239432891][bookmark: _Toc239438961]Figure 10 Thickness Distribution & NACA 4412 Normalised Airfoil Profile
[image: ]
[bookmark: _Ref239433209][bookmark: _Ref239433205][bookmark: _Toc239438962]Figure 11 - Extract of NACA 4412 coordinates prepared for CAD import
Figure 11 is an extract of the scaled NACA 4412 coordinates that were used for each blade section and imported into Autodesk Inventor to create the airfoil profiles.


11.2 [bookmark: _Ref239433269][bookmark: _Toc239439454]Appendix B: Material Selection Evidence 
The Granta EduPack screening stages and material records that were used to obtain the density, tensile-strength, cost and environmental data are presented in Appendix B (Ansys, Inc., 2026).
[image: ]
[bookmark: _Toc239438963]Figure 12 - Initial Granta EduPack screening limits (Ansys, Inc., 2026)
[image: ]
[bookmark: _Ref239433411][bookmark: _Toc239438964]Figure 13- Young’s modulus against density for screened materials (Ansys, Inc., 2026)

[image: ]
[bookmark: _Toc239438965]Figure 14 - Tensile strength against density for screened materials (Ansys, Inc., 2026)
[image: ]
[bookmark: _Ref239433419][bookmark: _Toc239438966]Figure 15 - Granta EduPack material record for CFRP epoxy matrix (Ansys, Inc., 2026)
[image: ]
[bookmark: _Toc239438967]Figure 16- Granta EduPack material record for GFRP epoxy matrix (Ansys, Inc., 2026)
[image: ]
[bookmark: _Toc239438968]Figure 17 Granta EduPack material record for aluminium alloys (Ansys, Inc., 2026)
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[bookmark: _Toc239438969]Figure 18 - Granta EduPack material record for silicon carbide (Ansys, Inc., 2026)
[image: ]
[bookmark: _Toc239438970]Figure 19 - Material-property inputs and weighting factors used in the technical assessment (Ansys, Inc., 2026)
[image: ]
[bookmark: _Toc239438971]Figure 20- Practical weighted assessment of candidate materials
[image: ]
[bookmark: _Toc239438972]Figure 21 - echnical weighted-properties calculation and material ranking


11.3 [bookmark: _Ref239433550][bookmark: _Toc239439455]Appendix C: Mechanical Analysis
The mechanical analysis extracted from the Excel workbook is presented in Appendix C that details aerodynamic force, bending stress, torsional stress and preliminary safety-factor calculations. 
[image: ]
[bookmark: _Toc239438973]Figure 22 - Aerodynamic Force Calculations
[image: ]
[bookmark: _Toc239438974]Figure 23- Bending Stress Calculations
[image: ]
[bookmark: _Toc239438975]Figure 24 - Torsional Stress Calculations
[image: ]
[bookmark: _Toc239438976]Figure 25 - Material Strength and Safety Factors


11.4 [bookmark: _Ref239433589][bookmark: _Toc239439456]Appendix D: CAD Development 
The following Appendix D includes Autodesk Inventor screenshots showing the development of the NACA 4412 blade geometry. This shows steps starting from the imported airfoil coordinates through to the final loft.
[image: ]
[bookmark: _Toc239438977]Figure 26- NACA 4412 coordinate points imported to create a closed airfoil profile
[image: ]
[bookmark: _Toc239438978]Figure 27 - Five scaled airfoil profiles positioned at the calculated spanwise locations
[image: ]
[bookmark: _Toc239438979]Figure 28 - Completed loft through the five NACA 4412 profiles
[image: ]
[bookmark: _Toc239438980]Figure 29- Preliminary shell feature applied to the lofted blade
[image: ]
[bookmark: _Toc239438981]Figure 30- Section profile check confirming the NACA 4412 airfoil profile
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NACA 4412 Thickness Distribution
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0.0485
0.0267
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1.0

Lower, y_lic

0.0000
-0.0293
-0.0274
-0.0225
-0.0180
-0.0141
-0.0101
-0.0066
-0.0040
-0.0023
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Maximum thickness ratio, t 0.12
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The aerodynamic shell begins at 0.2R (14.248 m) and ends at 1.0R. Its modelled span is 56.992 m, not the
full blade radius. The 0-0.2R region is the root and hub connection and is not structurally detailed in this

preliminary model.

No twist is applied because the brief provides no twist distribution. This is a stated modelling limitation; future
development should determine an optimised twist distribution using blade element momentum analysis or

aerodynamic simulation.

Cosine spacing retains 41 points per surface and concentrates points near the leading and trailing edges. The
five required sections are located at /R = 0.2, 0.4, 0.6, 0.8 and 1.0.
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Ansys CFRP, epoxy matrix (isotropic) CFRP, epoxy matrix (isotropic)

Description Optical properties.
Image Transparency

Environmental indicators.
Gimate change (CO2-0q) (g grade producion)
‘Embodied energy (virgin rade producton)
Functonal recycle

Recyde

‘Supporting information
Typical uses

Lightweight srucural members in aerospace, automafive components and sports equipment such as gof cubs,
ars, boats and racquels,spings, pessiure vessels

Caption Links
1. Close-up of the materal © Chri Leferi 2. CFRP bke frame weighing only 108 kg. O TREK Processniverse

The material

(Carbon foer reinorced compostes (CFRPs)ofer greater stfness and strength than any other type, butthey are
‘considerably more expensive than GFRP (soe recor). Conliuous bers ina polyesteror epoxy malix gve e
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s the mairx malerial that i the servce lamperalure and processing condons.

Compositional summary
Epoxy + contnuous HS carbon fer reinorcement (0, +45, 90), quasHsotropc layup.

General properties
Densty.
Prce

Mechanical properties.
Young's modulus
Yieldstength oast i)
Tensie stengh

Elongaton

Hardness - Vickers

Fatigue sirength al 10°7 cyces.
Fracture toughness

‘Thermal properties.
Maximum senvice temperature
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“Thermal expansion coeficent
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1.AGFRP component being made by spraying resin onto fiberglass. 2. A swimming pool made fom GFRP. 3. Large
diameter GFRP pipes for sewer construction. images used under ficense from Shutterstock.com

‘The material

Compostes are ane of the great material developments of the 20t century. Those with the highest stfiness and strength
‘are made of contnuous fibers (glass, carbon or Kevtar, an aramid) embedded in a thermosatiing resin (polyester or
‘epaxy). The fibers carry the mechanical koads, while fhe matrix material ransmis loads to the fibers and provides ductity
‘and toughness as well as protecting the fbers from damage caused by handing or the environment. It the matrix
material that Imils the senvios temperature and processing conditions. Polyester-glass composites (GFRPs) are the
cheapestand by far the most widely used. A recent innovaion is the use of themmoplastics as the matrix materil, eherin
the form of a co-weave of cheap polypropylene and glass fibers that i thermoformed, meking the PP, or as expensive
high-emperature themoplastic resins such as PEEK that alow composites wih higher temperature and impact
resistance. High performance GFRP uses coninuous ibers. Those with chopped glass fibers are cheaper and are used

i far larger quanities. GFRP products range from finy elecironic circuit boards to large boat hulls, body and interior
‘paneis of cars, househokd appliances, fumiture and ftings.

Compositional summary
Epoxy + coninuous E-glass fber reinforcement (0, +45, 90), quasiisotropic layup.

General properties

Densty 1753 - 19763 kgm'3
Price t254 - 28 GBPkg
Mechanical properties

Young's modulus s 21 - 218 GPa
Yieid sirength (elastc imil) t207 - W4 MPa
Tensile strength t207 - 34 MPa
Eiongation 1085 - 095  %swan
Hardness - Vickers T108 - 215 HV
Fatigue strength at 10°7 cycles c413 - 911 MPa
Fracture toughness t193 - 3 MPam'05
Thermal properties

Maximum senice temperature ‘10 - 20 C
‘Thermal conductor or nsulator? Poorinsuator

\ihes markod * s astmate.
ANSYS, o proveios o wararty for i .

Ansys GFRP, epoxy matrix (isotropic) Page2ct2

‘Thermal conductivty t042 - 051 WmC
Specific heat capaciy *102e3 - 1123 Jkg'C
‘Thermal expansion cosficient t8s4 - 3 pstrain'C

Electrical properties
Electrical conductor or insulator? Good insulator

Optical properties

Transparency Transiucent
Environmental indicators

Climate change (CO2-eq) (virgin grade production) t62 - 686 kakg
Embodied energy (vigin grade production) S0 - M Mikg
Functional recycle x

Recyce v

Supporting information
Typical uses

Sports equipment such as skis, racquets, skate boards, golf club shafts, ship and boat hulls, body shels, automabie
‘components, cladding and fings in consinucton, chemical plants.

Links
ProcessUniverse

\ies marked * s estmates.
ANSYS: o provees o wararty for P 6.
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Aluminum alloys

Ansys

Description
Image

o3
Caption
Aluminum can be formed both by casting and by deformation.

The material

Aluminum was once so rare and precious that the Emperor Napoleon Il of France had a set of cutiery made from it that
cost him more than siver. But that was 1860; today, nearly 150 years later, aluminum spoons are things you throw away -
atestamentto our abilty to be both technically creative and wasteful. Aluminum, the first ofthe ‘ight alloys' (with
‘magnesium and ttanium),is the third most abundant metalin the earth's crust (after ron and siicon) but extracting it costs
much energy. Ithas grown to be the second most important metal n the economy (steel comes first), and the mainstay of
the aerospace industry.

An altemative name for Aluminum in many countries is Aluminium.

Compositional summary
A1+ alloying elements, e.g. Mg, Mn, Cr, Cu, Zn, Zr, Li

General properties

Densty 2643 - 281e3 kgm'3
Price *213 - 239 GBPkg
Mechanical properties

‘Young's modulus 69 -7 GPa

Yield strength (elastic imt) 109 - 439 MPa
Tensie strength 18 - 510 MPa
Elongation 25 - 14 % strain
Hardness - Vickers 57 - 185 HV

Fatigue strength at 10°7 cycles “682 - 169  MPa
Fracture toughness ‘23 - 3 MPam0.5
Thermal properties

Meling point 524 - 650 C
Maximum service temperature %99 - 10 °C
‘Themal conductor or insulator? Good conductor

‘Thermal conductivity 21 - 187 WmC
Specific heat capacity 882 - 99  JkgC
‘Thermal expansion coeffcient 216 - 246 pstainC

Page20f2

/Ansys

Aluminum alloys

Electrical properties

Electrical conductor or insulator? Good conductor

Optical properties

Transparency Opaque

Environmental indicators

Climate change (CO2-eq) (virgin grade production) f121 - 134 kokg
Embodied energy (virgin grade production) f169 - 186 Mikg
Functional recycle v

Recydle v

Supporting information
Typical uses
‘Aerospace engineering, automotive engineering - pistons, clutch housings, exhaust manifolds, sports equipment such as

golf clubs and bicycles, de cast chassis for household and electronic prodicts, sding for buiklings, reflecting coafings for
mirors, foil for containers and packaging, beverage cans, electrical and thermal conductors.

Links
ProcessUniverse

Vabios marked * ar estmaes.
ANSYS,Inc.provides o warraniyfor this data.

Vabies marked * ar estmaes.
ANSYS, nc.provides o warrantyfor thi data.
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Description Ectical conduckor o nsator? Poocinsalor
Image
Optical properties
Transparency. Opacue
Environmental indicators
Giematechange (CO2-eq) (vrgin rade producton) te2 - 76 ok
Emboted energy (vrgin rade produron) s -z mag
Functonsirecycke x
Recyoe v
Supporting information
Typical uses

Mechanical sea faces, bearngs, rbocharger bearings, gas bbine rotors, wear and corroson-resistant parts. high
femperature devices, aboratory fest equipment,hydraulc pungers,pstons,cyinder ners, guides and fseds, heatng
lomens, body and aicratt amar.

1. Samples ofsicon carids sandpaper. © Tiesse at enwkipeda - Public domain 2. Sicon cartide grinding wheel. 3.
US. Navy technican usas a slicon carbide sander. © US. Navy - Pubic domain

Links
The material ProcessUnierse
‘Sicon carbide (SIC, carboruncum). made by fusing sand and coke 212200 C, s the grton high qualty sandpaper s
very hard and mainiains s siength o 1400C hgh femperatrs, has good thermal shock resistance, excollrt abrasion
resstance, but, ke al ceramics, £ brite. t has the highest corosion resistance of al advanced ceramic.
Compositional summary
sc
General properties.
Densy 33 - 323 kgmd
Proa “109 - 156 GEPkg
Mechanical properties
Young's moduus. 3 - a0 oPa
Yieid srengh (elasic imit) t3,s - 3B WP
Tensie srengh t3,s - 3B WP
Eongaton 1007 - 008 %swan
Hardness - Vickers 2383 - 2603 HV
Fatgue siengt at 107 cycles t2 - % WP
Frachre oughness. 21 - 25 MPamo5
‘Themnal properties.
Meting point 2153 - 2253 T
Maximum senvos temperatre 14763 - 1543 T
“Thema condiuciorcr nsulstor? Good conductor
Thema conciuctvty W - 1 wmc
‘Spcifc heat capaciy o - &7 g
‘Thermalexpansion cosficent 27 - 28 jsmnc
Electrical properties
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Aluminium 6061-T6

Property Direction Weight GFRP GFRP Source CFRP CFRP Source Aluminium 6061-T6 s Silicon Carbide Silicon Carbide Source
ource
Density (kg/m?) Lower 0.30 1860.00|Granta 1550.00|Granta 2725.00|Granta 3100.00|Granta
Tensile strength (MPa) Higher 0.40 255.50|Granta 800.00|Granta 348.00|Granta 320.50|Granta
A: d value f
Fatigue resistance (cycles to failure) Higher ‘Worked example ‘Worked example ‘Worked example SSL_lm_e value for N
0.30 1.00E+07 1.00E+08 1.00E+06 1.00E+07|preliminary comparison

Total weight 1.00
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Cost, Environmental and Manufacturing Factors

Criterion Weight GFRP CFRP Aluminium 6061-T6 Silicon Carbide
Raw material cost 0.30 2.00 1.00 5.00 4.00|
Environmental impact 0.25 5.00 1.00 3.00 4.00
Ease of manufacturing 0.25 4.00 2.00| 4.00 1.00]
Recyclability 0.20 5.00 1.00] 5.00 5.00
Weighted score 3.85 1.25 4.25 3.45
Rank 2.00 4.00 1.00 3.00
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Weighted Properties Method

Property Weight GFRP CFRP Silicon Carbide
Density (kg/m?) 0.30] 25.00 30.00 15.00
Tensile strength (MPa) 0.40 12.78| 40.00 16.03
Fatigue resistance (cycles to failure) 0.30] 3.00 30.00| 3.00
Performance Index y 40.78 100.00 34.03|
Rank 2.00 1.00 4.00

Higher-is-better: candidate value / maximum value x 100. Lower-is-better: minimum value / candidate value x 100. Each scaled value is multiplied by its weight, then summed

to give y.

Technical Performance Index

120.00

100.00

80.00

60.00

Performance Index y

GFRP

Silicon Carbide

40.00
0.00 T T T d
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Wind Speed V
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Lift Coefficient Cl
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12
12
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0.015
0.015
0.015
0.015
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Drag Coefficient Cd Lift Force (N)
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Section Lift Force (N)
0.2R
0.4R
0.6R
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1.0R
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830.1067699
67.02230506

Distance from Hub r (m)
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4444444379
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Section Drag Force (N) Radius r (m) Torque T (N.m) Polar Moment ) Torsional Stress T Thickness h (m) T (MPa)

0.2R 38.99199368 14.247939 555.5555474 0.270275627 574.0076423 0.558505 0.001
0.4R 29.45344625 28.495877 839.3017815 0.087993221 2011.994751 0.421879 0.002
0.6R 19.91489044 42.743816 851.2384124 0.01839147 6601.38413 0.285253 0.007
0.8R 10.37633462 56.991754 591.3655103 0.001355441 32422.02627 0.148626 0.032

1.0R 0.837778813 71.239693 59.68310545 5.76E-08 6216990.151 0.012 6.217
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Material Representative strength (MPa) Bending Stress (MPa) Safety Factor Pass/Fail

GFRP 255.5 10.375 24.63 Pass
CFRP 800 10.375 77.11 Pass
Aluminium 6061 348 10.375 33.54 Pass

Silicon Carbide 320.5 10.375 30.89 Pass
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