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[bookmark: _Toc239796002]Abstract
This report presents the preliminary design and manufacturing assessment of a wind turbine blade for a proposed three-turbine installation in Milford Haven, targeting an annual energy generation of 4,960 MWh. Aerodynamic design using simplified blade element momentum theory produced a blade length of 24,72 m with tapered NACA 44-series profiles. Material screening and a weighted decision matrix identified carbon fibre/epoxy as the preferred material, achieving the highest score of 4.3 due to its low density, high strength, and fatigue performance. LRTM was selected as the preferred manufacturing process due to its dimensional control, reduced infusion time, lower defect formation, and reduced manufacturing waste compared with VARTM.

Preliminary structural analysis identified bending as the dominant loading condition, with minimum factors of safety of 21 in bending and 339 in torsion. The design therefore demonstrated substantial structural capacity under the simplified loading considered. Further development is recommended to optimise the blade using a hollow internal structure, supported by FEA, fatigue, and extreme load analysis, aerodynamic refinement, and prototype testing before full-scale production.
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[bookmark: _Toc239796005]Introduction   
This report presents the preliminary design of a next-generation wind turbine blade for a client proposing to build a 100,000  cold storage and distribution facility in Milford Haven. On the plot, the client has the facility to build three turbines to offset the energy required for refrigeration, lighting and auxiliary equipment. Based on the energy requirements of the client's comparable facility of 110,000  which consumes 5,000 MWh annually (mypower, 2026), the electrical demand is estimated at 4,550 MWh; target generation is 4,960 MWh to account for fluctuations in wind and electricity demand.   

The blade will be designed to maximise aerodynamic efficiency while remaining lightweight, durable and low maintenance. Local wind conditions will determine the rotor dimensions; simplified BEM calculations will determine the blade geometry, and an appropriate blade profile will be selected. Material and manufacturing processes will be evaluated based on their mechanical performance, fatigue resistance, cost and manufacturability. This will be followed by aerodynamic and structural analysis to assess the final design 






[bookmark: _Toc239796006]Literature Review

[bookmark: _Toc239796007]Environmental factors 
Environmental conditions directly affect the efficiency, performance, and service life of wind turbine blades. Atmospheric turbulence and wind shear can dramatically increase fatigue loading on blades by inducing cyclic stresses that shorten their service life (Lee et al., 2012). Surface roughness can also increase blade fatigue loading while reducing aerodynamic efficiency and overall performance. This can be caused by rain/hail erosion, salt spray in coastal or offshore applications and surface contamination from dust and sand (Keegan, Nash and Stack, 2013). As modern wind turbines grow larger, environmental conditions become more influential because of higher tip speeds and larger rotor diameters. Consequently, blade designers must carefully consider the turbine's environment to ensure long-term efficacy, reliability, and cost-effective operation.


[bookmark: _Toc239796008]Materials 
Material selection for the wind turbine blade directly affects structural performance, fatigue life, manufacturing cost, and energy generation, making it critical to blade design. Three main materials are used: metals, composites and ceramics (Mishnaevsky et al., 2017). Metals such as steel and aluminium offer high strength and established manufacturing methods. Their higher density, shown in Figure 1, results in greater gravitational loading and reduced efficiency (Mashat and Kabir, 2024). Advanced ceramics such as silicon carbide and zirconia offer exceptional hardness, wear resistance and thermal stability. Because of their brittleness and low fracture toughness, as shown in Figure 2, they are unsuitable for primary blades because they are prone to failure under cyclic loading (Nixon-Pearson et al., 2022). Polymer composites such as glass fibre-reinforced polymer (GFRP) and carbon fibre-reinforced polymer (CFRP) are the preferred and most commonly used in modern wind turbine blades. This is due to their combination of low weight, high strength and high fatigue resistance (Brøndsted, Lilholt and Lystrup, 2005). 
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[bookmark: _Toc239794310]Figure 1 Density vs Young's Modulus (S, 2024)
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[bookmark: _Toc239794311]Figure 2 Table of Properties (S, 2024) 
 


[bookmark: _Toc239796009] Established Designs
Modern HAWT design is influenced by structural loading, aerodynamic efficiency, and energy capture. Power available from the wind increases with rotor swept area, making rotor diameter a key design parameter. Onshore turbines are typically 40- 170 m, while offshore turbines can exceed 200 m (Bradley, 2026). Blades taper from a large root chord toward the tip, as shown in Figure 3. Accommodating changes in rotational velocity and structural loading (Dicker and Kosasih, 2014). Tip speed ratio (TSR) is defined as the ratio of the blade tip speed to the free-stream wind speed. For a three-blade HAWT, a TSR between 6 and 8 is usually the most efficient, as shown in Figure 4. If the TSR is too low, energy production drops sharply; if it is above these levels, drag losses, noise, and centrifugal stresses increase (Ragheb, 2014). Figure 4 also shows the power coefficient, which represents the turbine's ability to convert wind kinetic power into useful mechanical power. The theoretical max is defined by the Betz limit of 59.3% of the available wind energy. Most modern wind turbines achieve a power coefficient of approximately 0.4-0.5 (Widiyanto, Sasongko Pramonohadi, and Mohammad Kholid Ridwan, 2021). The industry standard for designing turbine blades is to use Blade Element Momentum Theory (BEM). This is the most widely used method for designing and analysing HWAT blades (Hansen, 2015).
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[bookmark: _Toc239794312]Figure 3 Chord Lengths on a NREL 5MW HWAT (Dicker and Kosasih, 2014)
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[bookmark: _Toc239794313]Figure 4 Power Coefficient vs TSR in Wind Turbines (Roozbahani et al., 2018)

[bookmark: _Toc239796010]Aerodynamic Profiles 
The aerodynamic profile is one of the most important parts of wind turbine design, as it directly influences the lift and drag generated and the aerodynamic efficiency of the blades. The lift-to-drag ratio is a key performance indicator: lift acts perpendicular to the airflow and drives rotation, while drag acts parallel to the airflow and opposes rotation. Consequently, airfoils with higher lift-to-drag ratios increase turbine efficiency and power generation (Timmer and Bak, 2023, pp. 129–167). Many standard airfoils for wind turbines are available, such as NACA (National Advisory Committee for Aeronautics), DU (Delft University), and FFA (Swedish Aeronautical Research Institute). These organisations assign numbers to different airfoil designs. One example is the NACA 4412; the numbers denote a maximum camber of 4% located at 40% of the chord, and a maximum thickness equal to 12% of the chord length. This design provides high lift generation, a good lift-to-drag ratio, delayed stall characteristics, and stable aerodynamic performance (Kale and Varma, 2014). An investigation of this profile has shown that, under ideal conditions with a TSR of 7, the blade power coefficient can reach 0.56 but is usually around 0.43 (Widiyanto, Sasongko, Pramonohadi and Mohammad Kholid Ridwan, 2021). The NACA 63 series offers lower drag and a more laminar flow across the blade than the previously mentioned 4-digit series, but it is more susceptible to surface contamination and performance degradation (N Manikandan and B Stalin, 2013). 


   


[bookmark: _Toc239796011]Design Specifications
[bookmark: _Toc239796012]Blade Length
· Required annual energy: 4960 MWh/year (P)
· Average wind speed of Milford Haven: 7.2 m/s (Met Office, 2022) (v)
· Air density: 1.225 kg/ (ρ)
· Power Coefficient: 0.43, as mentioned in section 2.4 (Cp) 

Power production is split between 3 turbines.


Then, to work out the daily production per turbine


To work out the swept area  must be rearranged to


Using  The radius can be found by 
The total blade length is 24.72 m



[bookmark: _Toc239796013]Chord Lengths Using Simplified Blade Element Momentum Theory 
BEM theory was used to calculate the chord lengths, as it is the most established method for aerodynamic design (Hansen, 2015). 

· Turbine radius: 24.72 m (R)
· TSR: 7, as mentioned in Section 2.3 (
· Number of blades: 3 (N)
· Lift coefficient: 1.2 (Cl) (Kale and Varma, 2014)
· Designed angle of attack: 7.5 ((Kale and Varma, 2014)
· Local radial: 0.2, 0.4, 0.6, 0.8, 1.0 ( 
· Axial induction factor: 1/3 from Betz limit (a) (Hansen, 2015)
· Drag: 0 (Cd) (Hansen, 2015)
· Wake rotation: 0 (a’) (Hansen, 2015) 
The last three values have been simplified. This is common practice in initial design stages to simplify the workings (Hansen, 2015)   

To work out the chord length, the blade was split into 5 equal sections, otherwise known as the local radius. To work out the local radius for 0.2
.

Local TSR for 0.2


Calculate the flow angle for 0.2 using the formula from Hansen (2015)
)
 


Calculate the force coefficient for 0.2 using the formula described by Hansen (2015) 
 





Rearrange the axial induction equation described by Hansen (2015) to find solidity



Rearrange the local solidity definition described by Hansen (2015) to find the local chord for 0.2



The blade twist can be calculated using

For local radial 0.2, this would be
25.46 - 7.5 = 17.96°

 
Figure 5 shows the result for each radius position. 
[image: ]
[bookmark: _Toc239794314]Figure 5 Formula Results


[bookmark: _Toc239796014]Airfoil Geometry
The NACA 4-digit series airfoil was selected for this project because it offers a good lift-to-drag ratio and is extensively documented and researched. The blade profile starts with NACA 4412 and runs through 4410, 4408, 4406, to 4404 at the tip. This has been done to maintain a maximum camber of 4% of the chord at 40% along the chord. While the thickness at the root provides strength, the progressive thinning toward the tip reduces profile drag at higher local blade velocities. This follows general wind-turbine design principles. The profile geometry was determined using the NACA 4-digit mean camber and thickness distribution equations (see Appendix A for equations).  

Dimensionless coordinates were calculated in Microsoft Excel and scaled using the local chord lengths obtained with BEM. This was carried out at each local radius using the relevant chord length and NACA 4-digit profile for 0.6; see Figure 6. From the results, a scatter graph of the profile could be produced for 0.6; see Figure 7 (see Appendix B for all other Excel sheets and graphs). The upper and lower coordinates were then imported into SolidWorks to produce the profile; see Figure 8. The profiles were lofted in SolidWorks in accordance with the calculated blade twist angle in Figure 5 (see Appendix C for all other SolidWorks airfoil profiles)    
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[bookmark: _Toc239794315]Figure 6 Results for Local Radius 0.6 with NACA Profile 4408
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[bookmark: _Toc239794316]Figure 7 Scatter Graph for Local Radius 0.6 NACA Profile 4408
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[bookmark: _Toc239794317]Figure 8 SolidWorks Local Radius 0.4 NACA Profile 4410









[bookmark: _Toc239796015]Material Selection 
[bookmark: _Toc239796016]Material Selection Requirements
Previous research established seven key criteria for wind turbine blades.
· High fatigue strength: as the blade will undergo repeated cyclic loading through its service life.   
· Low density: to minimise gravitational and centrifugal loading; lower density will also increase the efficiency of the turbine.   
· High Young's modulus: to prevent the blade from flexing too far, which could affect aerodynamics, or worse, the blade could hit the mast. 
· High tensile strength: to prevent the blades from failing under tensile loads such as wind, gravity and rotation. 
· Low cost: to keep the production costs down.
· Low environmental impact: to lower the carbon footprint and impact of the blades 
· Manufacturability: to ensure the blades can be produced in that material, and the procedure is not too complex or expensive. 


[bookmark: _Toc239796017]Preliminary Material Screening
Previous research considered three classes of materials: aluminium, ceramics, and polymer composites. While aluminium and composites were identified as potentially viable blade materials, ceramics were considered unsuitable for the primary blade structure. This is primarily due to their brittle behaviour, low fracture toughness and poor resistance to fatigue loading. These characteristics are undesirable for wind turbine blades, which are subject to repeated cyclic loading during operation. However, ceramics can be used as protective coatings on turbine blades due to their favourable surface properties (Navarro Martínez, 2019). Therefore, ceramics were eliminated during the preliminary screening stage and were not included in the subsequent weighted decision matrix. 
 


[bookmark: _Toc239796018]Weighted Decision Matrix 
Ansys Granta was used to identify suitable materials by plotting density against Young's modulus. Selection limits were applied to key material requirements, narrowing the candidates to four suitable materials for further analysis (Figure 9). Each material's data sheet was evaluated against the selected criteria, and its performance was scored from one (failure) to five (excellent); see Appendix D for the data sheets.   

Each criterion was weighted according to its importance to blade performance. Fatigue strength received the highest weight as wind turbine blades experience repeated cyclic loading throughout their operational life, with fatigue recognised as a major failure mechanism (Mishnaevsky et al., 2017). Manufacturability (ease of production), cost and environmental sustainability received lower, equal weightings as structural integrity and safety were prioritised (Figure 10).  

Each score was multiplied by its criterion weighting, and the weighted scores were summed to produce an overall score used to rank the four candidate materials and select the best option. 
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[bookmark: _Toc239794318]Figure 9 Granta Graph of materials


[image: ]
[bookmark: _Toc239794319]Figure 10 Weighted Decision Matrix 



[bookmark: _Toc239796019]Material Selection
Carbon-fibre /epoxy was selected as the preferred material, achieving the highest weighted score of 4.3. It performed strongly across the mechanical criteria, particularly fatigue strength, which, at 10^7 cycles, is 815 – 1200 MPa and tensile strength, which is 1480 – 1840 MPa. Its main disadvantages were limited recyclability and relatively high cost. However, the mechanical advantages and safety they provided outweighed these limitations. S-glass was the closest alternative, scoring 3.55 but offering lower mechanical performance and a higher material cost, further supporting the selection of carbon-fibre/epoxy.   
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[bookmark: _Toc239796021]Manufacturing Requirements
The selected process must be capable of producing a blade at 24.72m from carbon-fibre/epoxy. The blade's tapering and twisting geometry must also be produced while maintaining dimensional accuracy, controlled fibre alignment and consistent laminate thickness. High production quality is critical, as dry spots, voids and fibre misalignment can reduce the material's mechanical and fatigue performance. Therefore, the process must provide repeatable quality and reliable resin impregnation. The chosen process needs to be scalable while ideally keeping production costs low (Mishnaevsky et al., 2017).



[bookmark: _Toc239796022]Manufacturing Methods
The two processes selected for further investigation are VARTM and LRTM because they belong to the liquid composite moulding family. This is relevant to carbon-fibre/epoxy, as dry reinforcement can form the blade geometry and then be impregnated with resin (Correia et al., 2019).   
[bookmark: _Toc239796023]VARTM (VACUUM-Assisted Resin Transfer Moulding)
VARTM is widely used to manufacture turbine blades and is suitable for producing large composite structures (Mishnaevsky et al., 2017). Dry carbon fibre is positioned in a mould and sealed with a vacuum bag. A vacuum compacts the fibres and draws low-viscosity epoxy through them before curing. The process is suitable for the proposed blade because of its scalability and relatively low tooling requirements. However, large component size makes resin flow control challenging; poor impregnation and dry spots can compromise structural performance. Therefore, resin inlet position, vacuum integrity and fibre positioning must be carefully controlled to achieve consistent quality (Tamakuwala, 2020). 

[bookmark: _Toc239796024]LRTM (Light Resin Transfer Moulding)
LRTM uses a rigid lower mould and a semi-flexible upper mould supported by a frame. A vacuum closes and seals the mould cavity before introducing resin. For large wind-turbine blades, LRTM offers improved dimensional control and reduces the disposable consumables required by vacuum infusion. A study of a generic 40m blade shell found that LRTM could reduce infusion time by 25% and resin wastage by 3%, improve dimensional accuracy by 5.5% and provide a potential 3% cost saving compared with vacuum infusion. However, positioning and handling the large upper mould becomes increasingly challenging as blade size increases (Hutchinson, Schubel and Warrior, 2011). 


[bookmark: _Toc239796025]Final Selection 
LRTM was selected as the preferred manufacturing process for the turbine blade. Compared to VARTM, LRTM offers a potential 25% reduction in infusion time, a 5.5% improvement in dimensional accuracy and a 0.9% reduction in internal void formation, contributing to an increase of less than 4% in mechanical performance over VARTM (Hutchinson, Schubel and Warrior, 2011). LRTM can also reduce disposable manufacturing waste, such as vacuum bagging film, sealant tape, peel ply and infusion mesh. These benefits can reduce costs compared with VARTM. Although LRTM requires additional tooling and may pose challenges in positioning the upper mould, its improved manufacturing performance and reduced waste outweigh these disadvantages (Shanthar et al., 2026).




[bookmark: _Toc239796026]Cost Analysis
[bookmark: _Toc239796027]Estimated Raw Material Costs
[image: ]
[bookmark: _Toc239794320]Figure 11 Raw Material Costs for Blade 
For preliminary cost evaluation, the blade was considered hollow with a uniform shell thickness of 33 mm, based on the Khan and Tüfekci (2025) paper. Material values are in the data sheets in Appendix E; the calculations are in Appendix E. 



[bookmark: _Toc239796028]Manufacturing Costs
Manufacturing costs for VARTM and LRTM were considered and discussed in Section 5. The initial outlay for VARTM was lower; the extra cost of producing the second mould for LRTM would likely become economically competitive as production volume increased, given the savings this process offers. 

[image: ]
[bookmark: _Toc239794321]Figure 12 Cost Comparison Table (Hutchinson, Schubel and Warrior, 2011)

LRTM has a much higher outlay due to the second flexible mould, even though it can potentially become economically viable over time. This higher cost is far outweighed by the performance benefits it offers. This is due to reduced defects and, subsequently, less time spent finding and repairing them. It offers improved dimensional stability and a <4% improvement in mechanical performance (Hutchinson, Schubel and Warrior, 2011).    







[bookmark: _Toc239796029]Mechanical Properties Analysis
[bookmark: _Toc239796030]Lift and Drag Force
Aerodynamic loading was calculated using the Section 3 design parameters and BEM theory. Relevant velocity was determined from the axial and tangential velocity components, which were used to calculate sectional lift and drag. As drag was neglected during the simplified BEM design, for preliminary load analysis, a consistent drag coefficient  of 0.01 was adopted from published NACA 4412 data at comparable operating conditions (Abbott Aerospace, 2016). The formulas used for lift and drag force are below. The results are shown in Figure 13. 

Lift Force  (Hansen, 2015)
Drag Force  (Hansen, 2015)
Supporting calculations are provided in Appendix F.

[image: ]
[bookmark: _Toc239794322]Figure 13 Results for Lift and Drag Force



[bookmark: _Toc239796031]Bending and Torsional Stress
To work out the bending stress on the blade while retaining the NACA 44 profiles, the polygon method was used (Godwin, 1980). To find y max, the greatest perpendicular distance from the neutral axis to the outer surface was found. The centroid, the second moment of area, and y max were determined numerically from the coordinates obtained in Section 3.3 using Excel, as shown in Figure 14. Formulas and other Excel sheets are shown in Appendix F.
[image: ]
[bookmark: _Toc239794323]Figure 14 NACA 4412 Second Moment of Area and y max Workings 

As the lift force was calculated as an element across each section, the bending moment (M) for each r/R section was calculated from the midpoint of the elements on either side of the section.  

At r/R = 0.6 

Element four: 



Element five:


Then.


To calculate the bending stress, the formula  was used; the results are shown in Figure 15.  

[image: ]
[bookmark: _Toc239794324]Figure 15 Bending Stress Results

Simplified preliminary aerodynamic torque was calculated using , where  is the offset between the aerodynamic centre and torsional axis. The aerodynamic centre was taken at 25% chord, consistent with conventional wind-turbine aerodynamic modelling (Hunsaker et al., 2019). The torsional axis was assumed at 30% chord, giving an eccentricity of  Results are shown in Figure 16. The solid airfoil was treated as a rectangular section, with maximum torsional shear stress calculated using the Saint-Venant rectangular torsion relationship; results are shown in Figure 17 (Libary, 2019).   

For chordwise offset.


For element r/R = 0.0-0.2.
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[bookmark: _Toc239794325]Figure 16 Aerodynamic Torque
Calculate stress at the blade root using Saint-Venant torsion theory.


For NACA 4412.


Aspect ratio. 


Stress coefficient from published tables (Young and Richard Gordon Budynas, 2002).

Then. 



This is very small compared to bending stress, meaning bending stress is the primary stress in the simplified blade model.

[image: ]
[bookmark: _Toc239794326]Figure 17 Saint-Venant Torsion Stress Results


[bookmark: _Toc239796032]Factor of Safety 
Bending stress safety factor

Torsional stress safety factor 



[image: ]
[bookmark: _Toc239794327]Figure 18 Torsional and Bending FoS for Carbon Fibre

Figure 18 shows that the factor of safety for both bending and torsion for the carbon fibre blade is very high. The lowest FoS for bending is 21, and the lowest for torsion is 339. This gives the blade a substantial reserve under the simplified loading conditions considered. This high FoS also suggests that the current solid section is overly conservative, supporting further optimisation to a hollow structural design to reduce mass and cost, subject to additional buckling, fatigue and deflection analysis. 







[bookmark: _Toc239796033]Comparative Analysis
Table 1 Comparative Analysis Table
	Criteria
	Carbon Fibre / Epoxy
	S-Glass / Epoxy
	E-Glass / Polypropylene
	Aluminium

	Strength to Weight (kN.m/kg)
	1180
	942
	419
	186

	Fatigue Performance at 10^7 Cycles (MPa)
	1260
	527
	497
	220

	Density (kg/m^3)
	1580
	1970
	2100
	2610

	Practicality for 24 m Blade
	High
	High
	High
	Low

	LRTM Compatibility
	Yes
	Yes
	No
	No

	Manufacturing Scalability
	High
	High
	High
	More Difficult for this Geometry

	Recyclability
	Limited
	Difficult
	Difficult
	Easily

	Material Costs (£/kg)
	17.10
	23.40
	1.46
	12.40

	Manufacturing Defect Risk
	Moderate
	Moderate
	Moderate
	Moderate

	Main Advantage
	Superior Mechanical Performance
	Strong Composite Alternative
	Low-Cost Composite
	Recyclability

	Main Disadvantage
	Cost/End of Life
	Cost
	Lower Performance
	Mass/Fatigue Loading



The comparison table shows that carbon fibre/epoxy delivers the strongest overall performance for the blade design, offering the highest strength-to-weight ratio and fatigue performance while possessing the lowest density. Although its cost and limited recyclability are disadvantages, its mechanical performance, compatibility with LRTM and manufacturing scalability make it the preferred material.  






[bookmark: _Toc239796034]CAD Drawings
Below are the CAD drawings for the proposed blade. Figure 19 shows the blade 3D model. Figures 20 through 24 show the dimensions of each blade section, including maximum camber, thickness, and their positions. Figure 25 shows the blade dimensions such as linear taper, section positions and overall length.   
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[bookmark: _Toc239794328]Figure 19 Blade 3D Model
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[bookmark: _Toc239794329]Figure 20 Section 0.2 and Root Dimensions
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[bookmark: _Toc239794330]Figure 21 Section 0.4 Dimensions
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[bookmark: _Toc239794331]Figure 22 Section 0.6 Dimensions 
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[bookmark: _Toc239794332]Figure 23 Section 0.8 Dimensions
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[bookmark: _Toc239794333]Figure 24 Section 1 Dimensions
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[bookmark: _Toc239794334]Figure 25 Complete Blade Drawing





[bookmark: _Toc239796035]Conclusion and Recommendations
The preliminary study has produced a viable blade design for the proposed three-turbine installation, with a 24.72 m blade designed to contribute towards the target annual generation of 4960 MWh. The final design utilises tapering NACA 44 series profiles with carbon fibre/ epoxy, which achieved the highest material selection score of 4.3; it provides the best combination of low density with high strength and fatigue performance. LRTM was selected to produce the blade due to its improved production performance and reduction in defects compared to VARTM. 

The structural analysis demonstrated that the blade can withstand the preliminary design loads, with a minimum FoS of 21 in bending and 339 in torsion. These high values indicate that the simplified solid blade design is overly cautious and that further optimisation is possible, such as hollowing the blade as proposed in the cost analysis and strengthening it with an internal structure; this would save greatly on weight.       

It is recommended that further development focuses on a hollow internal structure to reduce mass and material used. Further analysis should include extreme wind loading, fatigue, deflection and buckling, followed by prototype manufacturing and testing using FEA. The blade's aerodynamic profile could be further refined using CFD software and more advanced BEM calculations. Finally, scaled models can be produced to assess the production method and blade performance before full-scale production.
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[bookmark: _Toc239796037]Appendix A 
 – position of maximum camber for each profile; this is 40% of the chord length.
 – maximum camber for each profile; this is 4% of the chord length.
 – maximum thickness as a fraction of the chord (last two digits of the profile number)
The chord length for each local radius was divided into 10 sections (). 

The mean camber line equations:
 For 

 For 

Thickness distribution equation:















[bookmark: _Toc239796038]Appendix B
Columns with (M) have been scaled to meters using the chord length. These scaled values were used to create the upper and lower coordinates.
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Figure B 1 Results for Local Radius 0.2 with NACA Profile 4412
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Figure B 2 Scatter Graph for Local Radius 0.2 with NACA Profile 4412
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Figure B 3 Results for Local Radius 0.4 with NACA Profile 4410
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Figure B 4 Scatter Graph for Local Radius 0.4 with NACA Profile 4410
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Figure B 5 Results for Local Radius 0.8 with NACA Profile 4406
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Figure B 6 Scatter Graph for Local Radius 0.8 WITH NACA Profile 4406
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Figure B 7 Results for Local Radius 1 with NACA Profile 4404
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Figure B 8 Scatter Graph for Local Radius 1 with NACA 4404
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Lofted NACA profiles produced using Curve through XYZ points tool. The upper and lower coordinates were inserted into a table in SolidWorks, and a Sline of the profile was produced.
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Figure C 1 SolidWorks Local Radius 0.2 NACA Profile 4412
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Figure C 2 SolidWorks Local Radius 0.6 NACA Profile 4408
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Figure C 3 SolidWorks Local Radius 0.8 NACA Profile 4406
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Figure C 4 SolidWorks Local Radius 1 NACA Profile 4404
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[bookmark: _Toc239796041]Carbon Fibre Epoxy Resin   
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Figure D 1 Carbon Fibre Data Sheet 1
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Figure D 2 Carbon Fibre Data Sheet 2
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Figure D 3 Carbon Fibre Data Sheet 3

[bookmark: _Toc239796042]E-Glass Polypropylene Resin 
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Figure D 4 E-Glass Data Sheet 1
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Figure D 5 E-Glass Data Sheet 2
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Figure D 6 E-Glass Data Sheet 3
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Figure D 7 Aluminium Data Sheet 1
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Figure D 8 Aluminium Data Sheet 2
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Figure D 9 Aluminium Data Sheet 3
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Figure D 10 Aluminium Data Sheet 4

[bookmark: _Toc239796044]S-Glass Epoxy Resin 
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Figure D 11 S-Glass Data Sheet 1
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Figure D 12 S-Glass Data Sheet 2
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Figure D 13 S-Glass Data Sheet 3



[bookmark: _Toc239796045]Appendix E
The area of the blade given by SolidWorks in Figure E is 101463062.182 square millimetres.

The thickness of the shell = 33mm 

Density multiplied by volume gives mass; then the raw material cost can be calculated. For Carbon-fibre/epoxy.
  

Cost  


[image: ]
Figure E 1 SolidWorks mass properties 
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[bookmark: _Toc239796047]Lift and Drag Force 
Rotor angular velocity formula 
  (Hansen, 2015)

Relative Wind Velocity formula 
 (Hansen, 2015)
For example, at section 0.4.
 (Hansen, 2015)

Width of blade element 
 (Hansen, 2015)
This is used to convert lift and drag results from N/M to N.



[bookmark: _Toc239796048]Bending and Torsional Force 
The second moment of area was calculated using polygon method formulas in Excel sheets for each blade section. 

K is used to connect each point to the last. 
 (Godwin, 1980)

Then the area is calculated.
 (Godwin, 1980)

Vertical location of the centroid formula.
 (Godwin, 1980)

Second moment of area about the original x-axis formula.
 (Godwin, 1980)

Formula to move  to the neutral axis. 
 (Godwin, 1980)

Formula to find y max
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Figure F 1 NACA 4410 Second Moment of Area and y Max Workings
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Figure F 2 NACA 4408 Second Moment of Area and y Max Workings

[image: ]
Figure F 3 NACA 4406 Second Moment of Area and y Max Workings 

[image: ]
Figure F 4 NACA 4404 Second Moment of Area and y Max Workings
The  values are shown as negative because they are running anticlockwise in the stress formula; they are treated as positive. 

Bending Moment Calculations 

AT r/R 1
As r/R is a free tip, the bending moment is equal to zero

At r/R = 0.8

Element five:

Then



At r/R = 0.4

Elements three, four and five:






Then


At r/R = 0.2

Elements two, three, four, and five summarised:


At r/R = 0.0 (root)

Elements one, two, three, four and five summarised:
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