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ACMABG000 — Manufacture of Wind Turbine Blade

Abstract

This report presents the design and evaluation of a small-scale wind turbine blade
for farmhouse energy demand. The annual electrical demand was estimated as 5290
kWh/year, giving an average required power of 603.88 W. Simplified aerodynamic
calculations gave a rotor radius of 1.24 m, with the blade divided into five radial
sections. A NACA 4412 airfoil was scaled across the span using chord taper and
BEM-informed twist. Candidate materials were compared using Ansys Granta
EduPack and a weighted decision matrix. CFRP was selected for its low density,
stiffness, tensile strength and fatigue resistance. Vacuum-bagged CFRP
manufacture was selected as the preferred production route. A SolidWorks model
demonstrated the tapered and twisted blade geometry, with further BEM optimisation

and FEA recommended.
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1. Introduction

Renewable energy systems are increasingly important for reducing reliance on grid
electricity and fossil fuels, particularly for rural and agricultural users. Small-scale
wind turbines can contribute to local electricity demand where a suitable wind
resource is available, but their performance depends strongly on rotor blade design.
The blade must convert wind energy into rotational motion while remaining

lightweight, stiff and resistant to repeated aerodynamic loading.

This work develops a small-scale wind turbine blade for farmhouse energy supply.
The design process includes energy demand estimation, rotor sizing, blade
geometry development, airfoil selection, material evaluation, manufacturing route
assessment and CAD modelling. A NACA 4412 airfoil was used to define the blade

sections, with chord taper applied along the span.

The blade geometry was based on simplified aerodynamic calculations rather than
full Blade Element Momentum optimisation. However, BEM principles were used to
justify the inclusion of spanwise twist, since relative wind angle varies along the
blade radius. Candidate materials were compared using Ansys Granta EduPack and
a weighted decision matrix, considering mechanical performance, cost,
environmental impact and manufacturability. The final CAD model demonstrates the

selected chord taper, twist distribution and CFRP material application.
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2. Literature Review

2.1 Small-scale wind turbines and blade design

Small-scale wind turbines are used for decentralised power generation where
electricity is required close to the point of use. For rural properties, suitability
depends on the available wind resource, expected energy demand and the ability of
the rotor to extract useful power from variable wind conditions. The blade is a critical
component because it governs aerodynamic efficiency, torque generation and

structural loading.

Horizontal-axis wind turbines commonly use airfoil-shaped blades to generate lift as
air passes over the blade surface. The resulting lift force produces torque about the
rotor hub, while drag resists rotation. Key design parameters include airfoil profile,
chord length, blade radius, twist angle and number of blades. Khalil et al. (2020)
identify airfoil type, chord distribution and twist distribution as important factors
influencing small wind turbine performance, while Akbari et al. (2023) show that

blade number and airfoil selection affect chord and twist requirements.

2.2 Blade Element Momentum theory and blade twist

Blade Element Momentum theory is widely used for horizontal-axis wind turbine
analysis because it combines rotor momentum theory with blade element theory.
Momentum theory considers the change in airflow through the rotor, while blade
element theory divides the blade into radial sections so local aerodynamic forces can
be assessed (Ageze, Hu and Wu, 2017; Wood and Golmirzaee, 2023).

A key outcome of BEM theory is that blade geometry should vary with radius. Local
blade velocity increases towards the tip, changing the relative wind angle
experienced by each section. Twist is therefore required so that sections operate
closer to their intended angle of attack. Chord distribution is also influenced by radial

position, with larger inner chords supporting load and smaller outer chords reducing
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drag and blade mass. BEM methods are commonly used to determine chord and
twist distributions, although these may be simplified or linearised for manufacture
(Tahani et al., 2017).

2.3 NACA Airfoils and aerodynamic performance

Airfoil selection affects lift generation, drag and rotor efficiency. For horizontal-axis
wind turbine, each blade section acts as an airfoil; lift contributes to useful torque,
while drag resists rotation. A suitable profile should therefore provide an appropriate

lift-to-drag ratio over the expected operating range.

NACA airfoils are widely used in blade design because their geometry is clearly
defined and can be generated mathematically. The four-digit NACA system identifies
maximum camber, camber position and maximum thickness as percentages of chord
length. For NACA 4412, the profile has 4% maximum camber, maximum camber at
40% of the chord and 12% maximum thickness. This makes it suitable for

spreadsheet-based coordinate generation and CAD modelling.

NACA 4412 has been used in small wind turbine studies because its cambered
geometry can generate useful lift at relatively low angles of attack (Umar et al., 2022;
Yin, Xie and Yao, 2022). However, airfoil performance is affected by Reynolds
number and angle of attack, which is relevant to small turbines operating at lower

rotational speeds and variable wind conditions (Nakhchi, Naung and Rahmati, 2021).

24 Wind turbine blade materials

Blade material selection must balance aerodynamic performance with structural
reliability. A suitable blade material requires low density to reduce rotating mass,
adequate stiffness to limit deformation, tensile strength to resist loading and fatigue

resistance for cyclic operation.

Fibre-reinforced polymer composites are widely used for wind turbine blades

because they provide high strength-to-weight performance and can be manufactured
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into complex aerodynamic forms. GFRP offers a practical balance between cost,
performance and manufacturability, while CFRP provides higher stiffness and
strength at lower density but has poorer end-of-life recyclability. Mishnaevsky et al.
(2017) identify fibre-reinforced polymer composites as the dominant material group
for modern blade manufacture, with fatigue behaviour and structural reliability being
major selection factors. Brgndsted, Lilholt and Lystrup (2005) also highlight fatigue

loading as a key design concern for composite wind turbine blades.

2.5 Manufacturing routes for turbine blades

The manufacturing route affects blade quality, cost, repeatability and structural
performance. For composite blades, the process must produce an accurate
aerodynamic profile while controlling fibre alignment, resin distribution and void

content. Poor laminate quality can reduce stiffness, strength and fatigue life.

Traditional wet hand lay-up is simple and low cost, but it is labour intensive and
quality depends heavily on operator skill. Wind turbine blade manufacture has
therefore moved from open-mould hand lay-up towards more controlled composite
processes, including vacuum infusion and VARTM (Mishnaevsky et al., 2017).
Vacuum bagging, resin transfer moulding and vacuum-assisted resin infusion
improve laminate consolidation, reduce air entrapment and support more consistent
fibre-reinforced composite structures. For smaller blades, vacuum bagging can offer

a practical balance between quality, cost and process complexity.
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3 Design Requirements and Calculations

The design calculations used the farmhouse energy demand and assumed wind
conditions to define rotor size, blade section positions, chord distribution, force

estimates and twist values for CAD modelling.

3.1 Farmhouse energy demand

Farmhouse electrical demand was estimated from the annual energy use of the main

appliance using:

E=Pxt

where
E is the energy consumption,
P is the appliance power rating and

t is the operating time.

The total annual demand was calculated as 5290 kWh/year, equivalent to 440.83
kWh/month, 14.49 kWh/day and an average power requirement of 603.88 W, as
shown in Table 1. This value was used as the target power output for rotor sizing.

The full appliance breakdown is shown in Figure 1.
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Table 1: Farmhouse energy demand summary.

Annual energy demand 5290 kWh/year
Monthly energy demand 440.83 kWh/month
Daily energy demand 14.49 kWh/day
Average required power 603.88 W

Fridge-Freezer 350
Additional Freezer 300
Lighting (LED) 250
TV and Entertainment 250
Broadband /Router 120
Laptops / Office 350
Kettle 250
Electric Oven/ Cooking Support 500
Microwave / Small Appliances 150
Washing Machine 220
Dishwasher 300
Tumble Dryer 700
Combi Boiler controls / pump 150
Vacuum / Cleaning 80

Phone /Tablet Charging 50

Standby / Miscellaneous 520
Outdoor Lighting / Security 250
Garage / Workshop 500
Total 5280

Figure 1: Typical household annual energy demand per appliance/load

3.2 Rotor sizing

The rotor radius was calculated using the wind power equation:
1 3
P = 5pAV3C,
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where

P is the turbine power output,
p is air density,

A is the swept rotor area,

V is wind speed and

C, is the power coefficient.

The equation was rearranged to calculate the required swept area:

A= P
~ 0.5pV3C,
The rotor radius was then calculated from:
A
R= |-
T

Using P = 603.88 W, p = 1.225 kg/m3, V = 8 m/s and C,, = 0.4, the required rotor

radius was 1.24 m, giving a rotor diameter of 2.48 m. The radius defined the blade

span.
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Table 2: Rotor sizing calculation parameters.

Required power P 603.88 W
Air density p 1.225 kg/m?3
Wind speed |74 8 m/s
Power coefficient Cp 0.4
Rotor radius R 1.24 m
Rotor diameter D 248 m

3.3 Blade section geometry

The blade span was divided into five radial sections using non-dimensional radius
values of r/ R = 0.2, 0.4, 0.6, 0.8 and 1.0. These positions were used to define the

airfoil sections for blade geometry and CAD model.

The section radius was calculated using:

A linear chord taper was applied from the inner blade section to the tip. The chord
reduced from 0.180 m at /R = 0.2 to 0.040 m at r/R = 1.0.

The chord distribution was calculated using:

7= 0.2
C = Croot — m (Croot - Ctip)
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where
c is the local chord length,
Croot 1S the chord at the inner blade section and

Ctip IS the chord at the blade tip.

Table 3: Blade section geometry.

Section 1 0.2 0.2476 0.180
Section 2 0.4 0.4952 0.145
Section 3 0.6 0.7427 0.110
Section 4 0.8 0.9903 0.075
Section 5 1.0 1.2379 0.040

A linear taper was used to retain a finite tip chord for CAD modelling and
manufacture. This is consistent with the drawing requirement for spanwise sections
and is supported by literature showing that chord and twist distributions may be

linearised for manufacturability (Tahani et al., 2017).

3.4 Lift and drag estimation

Lift and drag were estimated for each blade section using simplified aerodynamic

force equations:

1
L= 5pV2CLA

1
D= 5pVCprA
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where

L is lift force,

D is drag force,

p is air density,

V is wind speed,

Cy is the lift coefficient,

Cp is the drag coefficient and

A is the representative blade section area.

The calculation used:
V=8m/s,

p = 1.225 kg/m3,

C, = 1.2 and

Cp = 0.05.

The representative area was based on chord length, so the larger inner sections

produced greater aerodynamic force than the smaller tip.
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Table 4: Estimated lift and drag forces for each blade section.

Section 1 0.180 8.467 0.353
Section 2 0.145 6.821 0.284
Section 3 0.110 5.174 0.216
Section 4 0.075 3.528 0.147
Section 5 0.040 1.882 0.078

Lift and drag reduced from the inner section to the tip as chord length decreased.
This supports the tapered geometry, which maintains loading area near the inner

region while reducing drag and material use towards the tip.

3.5 BEM-inspired twist distribution

Spanwise twist was included because BEM theory shows that local flow conditions
vary along the radius as tangential speed increases towards the tip. This changes
the relative wind angle at each section and affects the required twist distribution
(Tahani et al., 2017).

Full BEM optimisation was not carried out because it would require local tip-speed
ratio, inflow angle, induction factors, angle of attack and iterative convergence at
each radial section. Instead, a simplified twist distribution was used, with higher twist

near the root and lower twist towards the tip.

The twist values in Table 5 were applied to the airfoil coordinate data before lofting in
SolidWorks.
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Table 5: BEM-inspired blade twist distribution.

Section 1 0.2476 0.180 20°
Section 2 0.4952 0.145 14°
Section 3 0.7427 0.110 9°
Section 4 0.9903 0.075 5°
Section 5 1.2379 0.040 2°
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4 Material Selection and Mechanical Property Analysis

Material selection was based on structural performance, mass, fatigue resistance,
cost, environmental impact and manufacturability. A wind turbine blade must remain
lightweight to reduce rotor inertia while providing sufficient stiffness, tensile strength
and fatigue resistance under repeated aerodynamic loading. Candidate materials
were compared using Ansys Granta EduPack 2026 R1, Level 3 MaterialUniverse,

supported by a weighted decision matrix.

4.1 Material selection requirements and candidate materials

The main material requirements were low density, stiffness, tensile strength, fatigue
resistance, reasonable cost, acceptable environmental impact and suitability for
blade manufacture. These criteria reflect cyclic loading, mass and deformation

requirements.

Three candidate materials were selected: GFRP, CFRP and aluminium 6061-T6.
GFRP was included as a practical composite option with good manufacturability and
moderate cost. CFRP was included because of its high stiffness-to-weight and
strength-to-weight performance. Aluminium 6061-T6 was used as a metallic
benchmark because it offers good availability, low cost and recyclability, although its

higher density is a disadvantage for rotating blade structures.
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Table 6: Candidate materials selected for wind turbine comparison.

GFRP Polymer composite Practical lightweight composite

option with good manufacturability.

CFRP Polymer composite High-performance lightweight
composite with strong stiffness and

fatigue properties.

Aluminium 6061-T6 | Metal alloy Recyclable, low-cost metallic
benchmark with good general

engineering properties.

4.2 Mechanical properties comparison

The candidate materials were compared using density, Young’s modulus, tensile
strength and fatigue strength. These properties directly influence blade mass,

deformation, load resistance and durability during cyclic operation.

Table 7: Mechanical property comparison of candidate materials.

GFRP 1750-1970 21-21.8 207-304 41.3-911
CFRP 1510-1540 41-46 383-552 210-359
Aluminium 2690-2730 66.6-70 290-338 112-131
6061-T6

20 Joseph James
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Figure 2: Granta EduPack Young's modulus versus density chart for candidate blade materials.

The Granta EduPack Young’s modulus versus density chart was used to compare
stiffness against material mass. CFRP provided the strongest mechanical suitability,
combining the lowest density with the highest tensile and fatigue strength. Aluminium
6061-T6 had the highest Young’s modulus, but its greater density reduced its
suitability for a lightweight rotating blade. GFRP remained a balanced composite

option, although its stiffness and fatigue strength were lower than CFRP.

4.3 Environmental and cost comparison

Cost and environmental impact were assessed using material price, embodied
energy, carbon dioxide impact and recyclability from Granta EduPack. These factors
were included because blade material selection must account for manufacture and

end-of-life impact, not mechanical performance alone.
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Table 8: Environmental and cost comparison of candidate materials.

GFRP 25.5-28 101-111 6.22-6.86 | Yes, but limited
functional
recycling

CFRP 13.3-15.4 634-699 44.1-48.7 No

Aluminium 2.16-2.42 127-141 typical 8.91-9.79 | Yes

6061-T6 typical
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Figure 3: Granta EduPack embodied energy versus density chart for candidate blade materials.

The embodied energy versus density chart shows the trade-off between lightweight
performance and environmental burden. CFRP had the lowest density but the
highest embodied energy and carbon dioxide impact. GFRP showed a lower
environmental impact than CFRP, while aluminium 6061-T6 offered the lowest
material cost and best recyclability. However, aluminium’s higher density remained a

disadvantage for the blade application.
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4.4 Weighted decision matrix

A weighted decision matrix was used to compare the candidate materials against the
main blade requirements. The highest weighting was assigned to the low density,
strength and stiffness, and fatigue resistance because these have the greatest
influence on blade performance and durability. Environmental impact, cost and

manufacturability were included as practical selection constraints.

Table 9: Weighted decision matrix for candidate blade materials.

Low density / low blade 25% 4 5 2
mass

Strength and stiffness 25%

Fatigue resistance 20%

Environmental impact / 15% 4 1

recyclability

Cost 10%

Manufacturability 5%

Weighted total 100% 3.45 4.20 3.45
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Figure 4: Excel weighted decision matrix and Granta material property data used for candidate material

selection.

CFRP achieved the highest weighted score of 4.20, while GFRP and aluminium
6061-T6 both scored 3.45. GFRP performed well as a balanced composite option,

while aluminium was limited by its higher density despite lower cost and recyclability.

4.5 Final material selection

CFRP was selected as the preferred blade material because it provided the
strongest combination of low density, tensile strength, stiffness and fatigue
resistance. These properties were prioritised because the blade must resist repeated

aerodynamic loading while minimising rotating mass.

The main limitation of CFRP is its higher environmental impact and poor recyclability
compared with GFRP and aluminium 6061-T6. However, the weighted decision
matrix showed that its mechanical advantages outweighed these drawbacks for the

proposed blade.
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5 Exploration of Manufacturing Routes

The manufacturing route affects blade accuracy, laminate quality, cost and
repeatability. For a CFRP wind turbine blade, the process must produce the
aerodynamic profile while controlling the fibre alignment, resin distribution and void

content as these influence stiffness, strength, fatigue performance and surface finish.

5.1 Possible manufacturing methods

Several manufacturing routes were considered for the candidate materials.
Aluminium 6061-T6 could be machined, extruded or formed, offering good
dimensional accuracy and recyclability. However, its higher density and the difficulty
of producing thin aerodynamic profiles make it less suitable for a lightweight rotating
blade.

For GFRP and CFRP, suitable composite routes include hand lay-up, vacuum
bagging, resin transfer moulding and vacuum-assisted resin transfer moulding.
Composite blade manufacture has developed from open-mould hand lay-up towards
more controlled processes such as vacuum infusion and VARTM, which improves

laminate quality and process repeatability (Mishnaevsky et al., 2017).

Hand lay-up is simple and low cost but depends heavily on operator skill and can
lead to voids, uneven resin content and inconsistent fibre placement. These defects
are important because laminate quality affects behaviour and long-term structural
reliability under repeated loading (Brondsted, Lilholt and Lystrup, 2005). Additive
manufacturing was considered for prototype blades or mould tooling, but printed
polymer parts generally lack the structural reliability and fatigue resistance of fibre-

reinforced composite laminates.
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5.2

Comparative manufacturing analysis

The possible manufacturing routes were compared in terms of material suitability,

cost, production time, scalability, likely defects and environmental impact.

Table 10: Comparative analysis of possible manufacturing routes.

Hand lay-up GFRP / Low tooling cost, Labour intensive, Suitable for low-
CFRP simple equipment, variable resin cost prototype
suitable for content, air voids, work
prototypes inconsistent
surface finish
Vacuum bagging | GFRP/ Improved fibre Required vacuum Very suitable for
CFRP consolidation, pump, bagging small scale
reduced air materials and composite blade
entrapment, better | careful sealing production
surface finish than
hand lay-up
Resin transfer GFRP / Good resin control, | More complex Suitable for
moulding / CFRP lower void content, | tooling and process | higher-quality or
VARTM repeatable laminate | setup larger-scale
quality, scalable production
Aluminium Aluminium Accurate, Higher blade mass, | Less suitable for
machining / 6061-T6 recyclable, difficult to form from | this lightweight
forming established thin aerodynamic blade
manufacturing profiles, material
route waste from
machining
Additive Polymers / Rapid prototyping, Lower structural Suitable mainly
manufacturing prototype useful for moulds or | reliability, surface for prototypes or
composites design trials finish concerns, tooling

limited fatigue

performance
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Composite manufacturing routes are more suitable than aluminium-based methods
for the selected blade. Aluminium machining or forming can produce accurate parts,
but blade mass would be higher than for composite alternatives. Additive
manufacturing may support design trials or mould production, but it is less

appropriate for the final blade due to fatigue and surface finish concerns.

Hand lay-up is the simplest composite process, but it carries greater risk of voids,
variable resin content and inconsistent laminate quality. Vacuum bagging improves
this by compacting the laminate and reducing air entrapment. VARTM provides
stronger process control and scalability but requires more complex tooling. For a
small-scale CFRP blade, vacuum bagging provides the strongest balance between

manufacturing quality, cost and practical implementation.

5.3 Selected manufacturing route

Vacuum-bagged CFRP composite manufacture was selected as the preferred route.
This process offers better laminate consolidation than open hand lay-up while
avoiding the higher tooling complexity of full resin transfer moulding or industrial
VARTM.

The process would involve preparing a blade mould, laying carbon fibre
reinforcement, applying epoxy resin and compacting the laminate under a vacuum
pressure. This reduces voids, improves resin distribution and maintains fibre
alignment. The main limitations are vacuum sealing, resin control, curing conditions,

PPE requirements and safe handling of epoxy resin and carbon fibre dust.
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54 Indicative cost evaluation

An indicative cost evaluation was completed for the selected vacuum-bagged CFRP
route. The estimate included CFRP reinforcement, epoxy resin, vacuum bagging

consumables, mould/tooling, labour, equipment and defect mitigation costs.

For one prototype blade, the estimated cost was approximately £143, based on a
nominal 1.0 kg material assumption. This is not a supplier quotation but supports
cost-performance comparison. CFRP is harder to justify on cost and environmental
grounds than aluminium or GFRP, but its lower density, stiffness and fatigue

resistance support its selection. Detailed assumptions are provided in Appendix E.

Table 11: Indicative cost estimate for vacuum-bagged CFRP blade manufacture

CFRP reinforcement 15
Epoxy resin 10
Vacuum bagging consumables 20
Mould / tooling allowance 40
Labour 45
Defect / rework allowance 13
Estimated total 143

Vacuum bagging was selected because it improves consolidation and defect control
while avoiding the higher tooling cost of RTM or VARTM.
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6 CAD Modelling and Engineering Drawings

A SolidWorks model converted the calculated blade geometry into a three-
dimensional form, checking NACA 4412 section positions, chord taper, spanwise
twist and CFRP material appearance. Hub fixing and full turbine assembly were

outside the design scope.

6.1 SolidWorks modelling method

The blade was modelled from NACA 4412 coordinate data generated in Excel. Five
airfoil profiles were scaled to the calculated chord lengths and positioned at the
radial stations defined in Section 3.3. Reference planes were created at each station,
and the airfoil curves imported into SolidWorks as spanwise profiles. A lofted
boss/base feature connected the profiles into the tapered blade body shown in

Figures 5 and 6.
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Figure 5: Imported NACA 4412 airfoil curves positioned along the blade span in SolidWorks.
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Figure 6: A lofted boss feature to connect profiles and create blade body.

6.2 Final Twisted blade model

The initial loft showed chord taper but no twist. Airfoil coordinates were modified

B sesrch Command: ®0® - F x

Simpiified Interface

A=)

using the twist distribution from Section 3.5 before re-importing into SolidWorks. The

final model included taper, twist and CFRP appearance, as shown in Figures 7 to 9.
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Figure 7: Final twisted SolidWorks blade model with CFRP material appearance (view 1).
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Figure 8: Final twisted SolidWorks blade model with CFRP material appearance (view 2).
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Figure 9: Final twisted SolidWorks blade model with CFRP material appearance (view 3).

6.3 Engineering drawing outputs

Engineering drawings were produced from the final SolidWorks model to present the
blade as a technical component. The drawing includes isometric and orthographic
views, overall design radius, modelled airfoil section length, chord taper and design
notes linking the CAD model to the analytical calculations.
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Figure 10: Engineering drawing of final wind turbine blade showing isometric and orthographic views, design

radius, modelled airfoil section length, chord taper and CAD root/tip transitions.

The drawing provides the final link between the analytical calculations and the CAD

model.
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7 Discussion

The final design combines simplified aerodynamic calculations, material selection
and CAD modelling to produce a tapered and twisted NACA 4412 blade using
CFRP. It is suitable as a representative blade concept, although further optimisation

would be required before manufacture or operational use.

71 Evaluation of final design

The blade geometry balances aerodynamic form, structural performance and
manufacturability. Chord taper reduces mass and drag towards the tip while
maintaining inner blade area for loading and support. Spanwise twist reflects the

changing relative wind angle along the blade radius.

CFRP supports the design requirements through its low density, tensile strength,
stiffness and fatigue resistance. This makes it more suitable for a lightweight rotating
blade than aluminium 6061-T6, although GFRP remains a credible lower-impact

alternative.

7.2 Design limitations

The main limitation is that the blade geometry was based on simplified aerodynamic
assumptions rather than full BEM optimisation. The linear chord taper and finite tip
chord were suitable for CAD modelling and manufacture, but they do not represent a
fully optimised aerodynamic blade. Full BEM would require local tip-speed ratio,
inflow angle, induction factor, angle of attack and iterative convergence at each
radial section.

The lift and drag estimates used constant wind speed, lift and drag coefficients
across all sections, although these vary with radius, Reynolds number, rotational
speed and wind conditions. The CAD model also excluded detailed root fixing, blade

reinforcement and finite element analysis, so structural performance was not fully
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validated. A simplified bending load check is provided in Appendix F to support the

mechanical assessment, although a full FEA was outside the project scope.

7.3 Recommendations for improvement

Further work should include full BEM optimisation, finite element analysis and a
detailed root connection. Manufacturing development should refine vacuum-bagged
CFRP costing, tooling, labour, curing and defect control. Environmental
improvements could include GFRP, recyclable composite systems or lower-impact

resins.
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8 Conclusion

The blade design met the objective of developing a small-scale wind turbine blade
for farmhouse demand. The calculated annual demand was 5290 kWh/year, giving
an average required power of 603.88 W. Using the assumed wind conditions and

power coefficient of 0.4, the required rotor radius was calculated as 1.24 m.

The final blade used a NACA 4412 airfoil with a tapered chord distribution and BEM-
informed twist. CFRP was selected as the preferred material because it offered the
strongest combination of low density, stiffness, tensile strength and fatigue
resistance. Vacuum-bagged CFRP manufacture was identified as the most suitable

production route for a small-scale blade.

The design remains limited by simplified aerodynamic assumptions, absence of full
BEM optimisation and lack of FEA validation. Further work should therefore include
full aerodynamic optimisation, structural simulation and a more detailed

manufacturing cost assessment.
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Appendices
Appendix A — Wind Turbine Blade Design Calculations and Supporting Dataset

Autosave (@ of ) ~ S Wind Turbine Blade Calculations - NEW ~ 4 upgrade your plan Q’"‘

Fle ~Home Insert Draw Pagelayout Formulas Data Review View Automate Help T Comments

Wrap Text . [ HEE‘: o = 3. AutaSum by

Conditional Format as Insert Delete Format i Sort & Find & Add-ins

Formatting~  Table ~ - - - e Filter ~ Select ~

[ Merge & Center

Alignment = Number Editing Add-ins

FridgeFreszer
Aaditional Frezzer
Tighting [LED] Fi.c......n.. Wotes 1
T Air density - Standard sealewel ait densiy |
Eroadband / Fouter Ciesign vind sp i E2 |
Laptops [ Office o0 [Pouer Costheient - & eificienc |
Ko 250
Electric Gven f Cocking Supper St
Wlictowave ¢ 5mall Applisnces [
220

Dishuasher 300
Tumble Dryer §]
Combi Bolier controls 7 purp 0
Vaouum | Cleanin 50
Fhone / Tablet Chaging 50

y B20
Quidoor Lighting f Security 250
Giarage [ Workshop 500 o e
Total 5230 —

stimated Drag Force Along Blade Span

Estimated Lift Force Along Blade Span

= R
> s T
1
e .
Blade Planform Based on Linear Chord Taper T
-

Data Sets

Airfoil Section 5

Airfoil Section 1 Airfoil Section 2 | Airfoil Section 3 Airfoil Section 4 Material Selection | Cost Evaluation

Ready  Scroll Lock Tk Accessibility: Investigate ]

Figure 11: Wind turbine blade design calculations and supporting dataset.



Appendix B — NACA 4412 Airfoil Coordinate Data
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0334 0.0057] 0.025 0.025 0.05343 X X 00193 0.0510 -0 495,200 50534 1.332 435.200 33 218
0.0055 0.000 0.000 0.05803 0550 0.0142 0.0580] -0 435.200 S6.000 .21 435.200 364 241
-0.011 0.0652] -0 435,200 BS.340 13.851 495.200 456 781
0.0056 -0.0222 X X 00133 00723 -0 495,200 72671 13313 495,200 52.8 278
0375 0.0054] -0.0333 -0.0333 0.0126] 0.0735 -0 435.200 79.589 12615 455.200 60.0 252
0356 0.0052 -0.0444 q 0ET: 0.0 0.0867 -0 435.200 87.23¢ 11766 455.200 673 305
L0331 0.0043 -0.0558 X X 03 0.0108 495,200 34.582 W76 495,200 46 316
0300] 0.0044| -0.0667 . 1 5 0.0057] -0 435,200 101853  9.651 435.200 3 325
0264 0077 d 7 435.200 103,105  £.395 435.200 892 333
0227 B 435,200 18337 7.0M 495.200 35 34.0
LTS, ~0.100] -0.0357 X q 495,200 123546  5.493 495,200 035 345
012 -0.11 -0.1107, 0.0744 -0.0003 435.200 130,732 3.859 455.200 iz 349
D064 0.0005] 01222 01215, 0.00807 -0.0002 435.200 137.692 2067 435.200 15 352
0000 0.0000] 01333 01328 0.00726] .0002] L1450 0.0002] 0] ~0.0002] 495,200 WS.024 0181 495,200 253 354
495.200 ¥4.976  -0.181 495.200 833 354
MAGA 4412 Airfail Profile: Section 2 495,200 137.608 -0.234 495,200 W7 353
S “ . 435,200 130.268 -0.314 435.200 1407132627 4.3
435.200 122,954 -0.424 435.200 133.5772531 331
495,200 TIS.663 -0.566 495.200  126.4746561 3z
495,200 108,335 -0.742 435200  119.4047822 293
435.200 101.W7  -0.951 435.200  112.3645597 274
495200 3338  -1190 495.200 1053544445 255
495,200 26706 -1455 495.200 9837216336 235
435200 745N -1740 435.200 914157103 216
435.200 72329 -2.036 435.200  84.46261031 136
495,200 BS.80 -2.332 495.200 77.58978735 175
435,200 58000 -2.614 495,200 7067340763 5E
435.200 50966 -2.513 435.200 B3.78868515 135
435,200 43335 -3.254 495.200 5630362444 ns
z 495,200 3683 -3.608 495.200  50.15649664 a5
435.200 29626 -3.928 435.200 43 41676657 75
- o pper e 435200 2271 -4.156 435.200 3667082477 5.4
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Figure 13: Excel worksheet showing NACA 4412 coordinate generation for blade section 2.
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Figure 14: Excel worksheet showing NACA 4412 coordinate generation for blade section 3.
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0.007. 0z27 - 930300 22275 7.308 930.300 133 78
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65 00487 0.0056 0466 - 330300 48922 5.574 330.300 406 0.1
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930,300 268382 -1507 930,300 3368036563 17
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Figure 15: Excel worksheet showing NACA 4412 coordinate generation for blade section 4.
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Figure 16: Excel worksheet showing NACA 4412 coordinate generation for blade section 5.
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@ Name Density (kg/m'3) & b
[B Epoxy/aramid fiber, UD prepreg, UD lay-up, S0° 13883 2
. Epoxy/Aramid, PCB laminate 1.5e3 o
B Epoxy/E-glass fier, UD prepreg, UD lay-up 16e3-1.953 % 10004
[B Epoxy/E-glass fiber, woven prepreg, biaxial lay-up 17583 - 14783 E
WEpuwa—g\ass fiber, woven prepreg, Ql lay-up 1.7583 - 1.97e3 =]
[B Epoxy/HS carbon fiber, resin infused non-crimp fabric... 1.55e3 - 1.583 ©
[B Epoxy/HS carbon fiber, resin infused woven fabric, bi.. 1.4823-1.54e3 ]
[B Epoxy/HS carbon fiber, resin infused woven fabric, QL. 1.5123 - 1.54e3 4%
[B Epoxy/HS carbon fiber, UD prepreg, QI lay-up 155¢3-1.58e3 £ 100y
[B Epoxy/HS carbon fiber, UD prepreg, UD lay-up 15563 -1.58e3 a
[B Epoxy/HS carbon fiber, UD prepreg, UD lay-up, 80° 15583 -1.5883 5 ]
[B Epoxy/HS carbon fiber, woven prepreg, biaxial lay-up  1.54e3 - 1.67e3 c 1
[BF Epoxy/HS carbon fiber, woven prepreg, QI lay-up 154e3-16%e3 o 1
[B Epoxy/S-glass fiber, UD prepreg, Q lay-up 18483 -1.8723 g
. Epoxy/S-glass fiber, UD prepreg, UD lay-up 1.84e3-1.97e3 '-E 104
[B Epoxy/S-glass fiber, UD prepreg, UD lay-up, 90° 1.84€3-1.97e3 =]
[ Erbium, commercial purity, min 8% 9e3-9.1e3 'E
. ETFE (25% glass fiber, modified) 1.78e3 - 1.82e3 w
[B ETFE (unfiled) 168e3-1.72e3
Ethylene acrylic rubber (AEM, 30-40% carbon black)  1.2e3-1.26e3
Ethylene acrylic rubber (AEM, unreinforced) 1.0383 - 1.06e3 13
Ethylene Glycol 20 1.02¢3 - 1.03e3
Ethylene Glycol 30 1.03e3 - 1.05e3
Ethylene Glycol 40 1.0683
Ethylene Glycol 50 1.06¢3 - 1.08e3 !
Ethylene Glycol 60 1.09e3-1.1e3 | | | @ . -
Ethylene propylene (diene) (EFDWEPM, 30-50% carbo... 1e3-1.1e3 500 1000 2000 5000 10000 20000
Ethylene propylene (diene) (EPDWEPM, unreinforced) 880 - 380 v Density (kg/m*3)
(%=2.58e4, Y=4.88) NUM  SCRL

Figure 17: Granta EduPack embodied energy versus density chart used to compare the environmental burden and mass efficiency of GFRP, CFRP and aluminium 6061-T6.
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B Epoxy resin (heat resistant) 118e3 - 1.24e3 o
B Epoxy resin (unfiled) 11163 -1.463 E
B Epoxy SMC (55% long carbon fiber) 14563 - 1.49e3 =
[B) Epoxy SMC (80% long glass fiber, flame retarded) 1.82e3-1.87e3 k=)
[B Epoxy SHC (5% long glass fiber) 1.82e3 - 1.85¢3 E
[B Epoxy/aramid fiber, UD preprea, Q! lay-up 13863 =
. Epoxy/aramid fiber, UD prepreg, UD lay-up 1.38e3 L4
B Epoxy/aramid fiber, UD prepreg, UD lay-up, 90° 1383 2
[B Epoxy/Aramid, PCB laminate 1583 g
B Epoxy/E-glass fiber, UD prepreg, UD lay-up 1683 -1.9583 @
[B Epoxy/E-glass fiber, woven prepreg, biaxial lay-up 1.75e3-1.97e3 F
[BF Epoxy/E-glass fiber, woven prepreg, QI lay-up 1.75e3-1.97e3

[B Epoxy/HS carbon fiber, resin infused non-crimp fabric... 1.55e3 - 1.583
. Epoxy/HS carbon fiber, resin infused woven fabric, bi... 1.48e3- 1.54e3
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[B Epoxy/S-glass fiber, UD prepreg, O lay-up 18483~ 1.97e3
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[ Erbium, commercial purity, min 95% 9e3-9.1e3
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Ethylens acrylic rubber (AEW, 30-40% carbon black) 1283 - 12683 =00 1000 2000 =000 10000
[E) Ethylene acrylic rubber (AEM, unrainforced) 10383 - 1.0663 Y Density (kg/m*3)
(X=2.1263, Y=0.167) NUM _ SCRL

Figure 18: Granta EduPack tensile strength versus density chart used to compare strength-to-weight suitability of GFRP, CFRP and aluminium 6061-T6.
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B Auminum, 6061, T652 26983 -273e3

. Aluminum, 6063, O 267e3-272e3

B Auminum, 8083, T1 26Be3-2.71e3
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Figure 19: Granta EduPack Young's modulus versus density chart used to compare stiffness and density of GFRP, CFRP and aluminium 6061-T6.
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Figure 20: Excel material selection worksheet showing Granta EduPack material data and weighted decision matrix.
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Appendix D — SolidWorks CAD Model and Engineering Drawing
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Figure 21: SolidWorks measurement of Plane 1 at 247.6 mm from the rotor centre.
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Figure 22: SolidWorks measurement of Plane 2 at 495.2 mm from the rotor centre.
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Figure 23: SolidWorks measurement of Plane 3 at 742.7 mm from the rotor centre.
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Figure 24: SolidWorks measurement of Plane 4 at 990.3 mm from the rotor centre.
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Figure 25: SolidWorks measurement of Plane 5 at 1237.9 mm from the rotor centre.
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Figure 26: SolidWorks loft setup showing the five imported NACA 4412 airfoil curves selected as blade profiles.
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Figure 27: SolidWorks blade model showing the five reference planes, rotor centre plane, blade tip plane and overall design radius of 1237.90 mm.

55 Joseph James



ACMAB6000 — Manufacture of Wind Turbine Blade

BX search commands Q- ® ® - &F x

Zssoupworksoesion * A DB -H-&-® - '0 {8 Romil
ﬁﬂ & f Swept Boss/Base @ @ @ [ﬁ Swept Cut @ EE @ Rib @ Wrap [ " U |

o Bonhee & lotedBossmase | Befuted fole ReoMed () totreqcut P SN @) Drart (D) interseat | Seirenics Curves

Boss/Base Boss/Base
@) Boundary Boss/Base = @ BoundayCut |+ = @ shell  B< Mirror = =

Basic Modeling Tools | Features | Sketch | Evaluate | SOLIDWORKS PDM | Bluebeam | SOLIDWORKS CAM | SOLIDWORKS CAM TBM | Simulation | Analysis Preparation | plan®

e ——anief
QBRG] >| @ Hwms] \‘L%’*@f@%@(@?%} A
v ] \ \

@ F Airfoil 1 Attempt - Joe Level 6 \'»\ \".‘

\ ".‘" /7'

go_-&X

> [@) Solid Bodies(1)

Equations

85 Hexcel ASAC (3000 Filaments)

m Front Plane

E] Top Plane

[1] Right Plane

L, origin
(1] Plane
[] Plane2!
[ Plane3!
(1] Planes ' g
[1] Planes P10 © P /
25 Airfoil Curve 1 \
25 Airfoil Curve 2
2S5 Airfoil Curve 3 :l
2S5 Airfoil Curve 4
25 Airfoil Curve 5
& Lottt \
[ Biade Tip Plane \
@ Blade Tip \
[l Rotor Center Plane Q/,\p =

grage

Q& e dH=@®

» g Lof2 G\

¥

-

SOLIDWORKS Design Premium for Education 2026 SP3.2 - Instructional Use Only

Editing Part Simplified Interface MMGS  « (&M=

Figure 28: SolidWorks blade model showing spanwise twist and section orientation across the five reference planes.
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Figure 29: Final SolidWorks CFRP blade model showing tapered geometry, root transition and closed blade tip.
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Figure 30: Final SolidWorks CFRP blade model showing tapered geometry, spanwise twist, root transition and closed blade tip.
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Figure 31: SolidWorks engineering drawing showing final blade views, design radius, modelled airfoil section length, chord taper and section data.
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Figure 32: SolidWorks engineering drawing showing final blade views, design radius, modelled airfoil section length, chord taper, twist distribution and section data.
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Appendix E — Cost Evaluation Spreadsheet
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Additive manufacturing Low-moderate Low Low Moderate Tooling/ prototype only 3
Table 3: Manufacturing route cost comparison .
> 20
0 15
15
CFRP + vacuum bagging Higher costthan harwd lay—up,rbul improved stiffness, fatigue 10
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Figure 33: Excel cost evaluation worksheet showing input assumptions, vacuum-bagged CFRP blade cost estimate, manufacturing cost comparison, cost-performance trade-
off and cost breakdown chart.
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Appendix F — Simplified Structural Bending Load Check
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Section 1 0.2476 8.467 2.0964

Section 2 0.4952 6.821 3.3778

Ll Section 3 0.7427 5.174 3.8427

o) Section 4 0.9903 3.528 3.4938

Section 5 1.2379 1.882 2.3297

Total 15.1404

The simplified bending load check estimated a blade-root bending
moment of 15.14 N-m using the calculated lift force at each radial
section. This does not include dynamic loading, gust effects, centrifugal
loading, laminate lay-up direction or full deformation analysis; therefore,
finite element analysis would be required before manufacture.
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Figure 34: Excel simplified bending load check using calculated blade section lift forces.
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