 University of Wales Trinity Saint David
School of Engineering

  
[image: university-of-wales-trinity-saint-david-logo-vector | ESRC Wales Doctoral  Training Partnership]





Manufacture of Wind Turbine Blade
Advanced Processes and Materials
ACMA6000




Joe Shankland
2317772
BEng Mechanical Engineering
07/09/2026
[bookmark: _Toc239491084]Abstract
Wind energy has developed from relatively simple mechanical windmills into highly engineered systems capable of producing electricity on both a large and small scale. The performance of a wind turbine is strongly influenced by the aerodynamic design, material selection and manufacturing method used to produce the blades. This report investigates the preliminary design and manufacture of a small-scale horizontal-axis wind turbine intended to provide energy for a small dairy farm with an annual electricity requirement of 30,000 kWh. An average annual wind speed of 4.91 m/s was used as the primary design condition, with a power coefficient of 0.4 and a standard air density of 1.225 kg/m³.
Aerodynamic calculations were used to determine the required rotor dimensions, resulting in a swept area of 118.15 m², a rotor radius of 6.132 m and a diameter of 12.264 m. A three-bladed configuration with a tip-speed ratio of 7 was selected, giving a calculated rotational speed of approximately 53.5 rpm at the design wind speed. The blade geometry was developed using aerodynamic relationships for chord and twist distributions. A simplified linear chord distribution was adopted to improve manufacturability, while the blade sections were based on the NACA 4412 airfoil. Five sections were defined along the blade at 20%, 40%, 60%, 80% and 100% of the blade radius, with chord lengths reducing from 0.52 m to 0.11 m.
Four material groups, including steel, aluminium, ceramics and glass-fibre-reinforced polymer (GFRP), were assessed using material-property information from Ansys Granta EduPack and a weighted decision matrix. Fatigue resistance, strength and density were given the greatest importance due to the cyclic loading and rotational requirements of the blade. GFRP achieved the highest overall weighted score of 4.20 and was therefore selected as the most suitable material. Its low density, good specific strength and fatigue resistance provide advantages over metallic alternatives, although its limited recyclability remains a significant environmental disadvantage.
The proposed manufacturing route uses vacuum-assisted resin infusion to produce the GFRP blade. Manufacturing defects, including voids, delamination, fibre misalignment and incomplete resin wet-out, are considered alongside appropriate methods of prevention and inspection. Overall, the study demonstrates how aerodynamic analysis, material selection and manufacturing considerations can be combined to develop a practical preliminary wind turbine blade design. Further structural analysis, fatigue assessment and experimental validation would be required before the blade could be considered suitable for full-scale manufacture and operation.
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Wind energy has been utilised for thousands of years, initially through simple machines converting the kinetic energy of moving air into mechanical work. Early evidence traces to vertical-axis windmills developed in the Persian region for grain milling and water pumping, later spreading to Europe, where horizontal-axis designs became established during the medieval period for grinding grain, pumping water, sawing timber and other industrial processes (Möllerström et al., 2024).
The transition to electrical generation began in the late nineteenth century, with one of the earliest significant turbines constructed by Charles F. Brush in Cleveland, Ohio, in 1888, producing approximately 12 kW. Development continued through the twentieth century and, following the energy crises of the 1970s, accelerated considerably, establishing the three-bladed horizontal-axis wind turbine (HAWT) as the dominant configuration for commercial electricity generation (Gipe and Möllerström, 2022a; Gipe and Möllerström, 2022b).
Modern turbines are considerably more advanced, their geometry and construction developed through engineering analysis and experimental research, designed to interact efficiently with the airflow while withstanding significant mechanical loads. This progression from simple mechanical machines to large-scale engineered systems, driven by improvements in aerodynamic design, computational analysis and material technology, has allowed modern turbines to extract substantially more energy while maintaining the strength and durability required for continuous operation.
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[bookmark: _Toc239491087]2.1 Wind Turbine Aerodynamics
The primary purpose of a wind turbine rotor is to convert the kinetic energy contained within moving air into mechanical rotational energy. The amount of energy available is dependent on the air density, swept area and wind velocity. The theoretical power available in the wind can be expressed as shown below in Equation 1,

Equation 1 - Available Wind Power

where  is the power available in the wind,  is air density,  is rotor swept area and  is wind velocity.
A turbine cannot extract all of the available kinetic energy because the air must continue moving downstream after passing through the rotor. The maximum theoretical proportion of energy that can be extracted is defined by the Betz limit of approximately 59.3%. In practice, turbine efficiency is considerably lower due to aerodynamic losses, blade drag, wake rotation, tip losses and mechanical and electrical losses. The actual aerodynamic power extracted by a rotor can therefore be represented using the power coefficient, , shown below in Equation 2.

Equation 2 - Actual Power

The power coefficient is a measure of how effectively the turbine converts the available wind energy into useful mechanical power. The value of varies with operating conditions, particularly tip-speed ratio and blade geometry. NREL data for representative wind turbines gives practical maximum  values below the theoretical Betz limit, with values around 0.4–0.5 being representative of well-designed turbines.

The tip-speed ratio (TSR), represented by , is defined below, as shown in Equation 3,

Equation 3 - Tip Speed Ratio Equation

where  is rotor angular velocity and  is rotor radius. TSR is particularly important because it affects the relative velocity and angle at which the airflow approaches the blade. A higher TSR generally allows a three-bladed HAWT to operate efficiently while maintaining a relatively high rotational speed.
The aerodynamic forces acting on a blade are primarily lift and drag. Lift acts approximately perpendicular to the relative airflow while drag acts parallel to it. The lift and drag forces are given by Equation 4 and 5 respectively, as shown below,

Equation 4 - Lift Coefficient Equation


Equation 5 - Drag Coefficient Equation

where  is the relative airflow velocity,  is blade chord and  and  are the lift and drag coefficients respectively.
For wind turbine blades, a high lift-to-drag ratio is desirable because a greater proportion of the aerodynamic force can be converted into useful torque. Blade geometry is therefore designed to maintain a suitable angle of attack while producing high lift and limiting drag. Blade Element Momentum (BEM) theory is one of the most widely used approaches for preliminary wind turbine aerodynamic design. It combines blade element theory, which considers the aerodynamic forces acting on individual blade sections, with momentum theory, which considers the change in momentum of the airflow passing through the rotor. BEM provides a relatively efficient method for determining the chord and twist distributions required along a blade and is therefore suitable for preliminary engineering design (Sørensen, 2011).

[bookmark: _Toc239491088]2.2 Wind Turbine Blade Geometry
Aerodynamic performance is strongly dependent on blade geometry, including rotor radius, number of blades, chord distribution and airfoil profile. Modern horizontal-axis turbines generally use three blades, as this offers a good compromise between aerodynamic efficiency, structural loading, vibration and visual appearance, and development has progressively converged towards this configuration (Gipe and Möllerström, 2022a). Chord is the straight-line distance from leading to trailing edge and normally decreases towards the tip, since aerodynamic loading and operating conditions vary along the blade; a constant chord would not distribute this loading efficiently. The blade is also twisted along its length, as local relative velocity and flow angle change with radius, the inner section experiencing lower tangential velocity than the outer and requiring greater twist to maintain an appropriate angle of attack.
Theoretical optimum chord and twist distributions are generally nonlinear, but manufacturing a continuously changing geometry adds complexity. Tahani et al. (2017) investigated linearising these distributions using tangent lines to the theoretical profiles, showing they could be simplified with only a small reduction in power coefficient, identifying approximately 60–64% of blade span as an effective linearisation region. This principle is applied here to produce a simplified linear chord distribution more practical for CAD modelling and manufacture.

[bookmark: _Toc239491089]NACA 4412 Airfoil
The NACA 4412 airfoil was selected for the blade sections because it provides a well-documented aerodynamic profile and is suitable for preliminary wind turbine analysis. The NACA four-digit designation defines the basic geometry of the profile. The first digit represents the maximum camber as a percentage of chord, the second indicates the position of maximum camber in tenths of the chord, and the final two digits represent maximum thickness as a percentage of chord.
Therefore, NACA 4412 has:
Maximum camber = 4% of chord
Maximum camber position = 40% of chord
Maximum thickness = 12% of chord

The airfoil geometry can be generated using the standard NACA equations. The thickness distribution is shown below in Equation 6.

Equation 6 - Thickness Distribution Equation

The camber line is calculated separately before the thickness distribution is added to and subtracted from the camber line to produce the upper and lower surfaces. For this design, a design lift coefficient of  and a design angle of attack of  are used as simplified design values. These values provide a practical basis for calculating the blade geometry without introducing unnecessary complexity into the preliminary design.
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The material selected for a wind turbine blade must satisfy several competing requirements. The blade must be strong enough to withstand aerodynamic, gravitational and centrifugal loading while remaining sufficiently lightweight to limit structural and rotational loads. It must also have good fatigue resistance because the blade experiences millions of load cycles during its service life. The main material groups considered in this study are steel, aluminium, ceramics and fibre-reinforced polymer composites.
Steel
Steel provides high strength, stiffness, good fatigue performance and relatively low cost, and is widely available with well-established manufacturing and recycling processes. However, its relatively high density of approximately 7850 kg/m³ would increase gravitational and centrifugal loading, requiring a more substantial supporting structure. Steel is therefore mechanically capable of producing a wind turbine blade, but its high density makes it less attractive for a large rotating structure.
Aluminium
Aluminium alloys offer a lower-density alternative to steel, at approximately 2700 kg/m³, with good corrosion resistance and ease of forming, machining and recycling. However, aluminium has a lower elastic modulus than steel, and its fatigue behaviour depends on alloy, surface condition and loading. The reduction in mass is beneficial for a large blade, but aluminium does not match the fatigue performance, stiffness and manufacturing flexibility of a fibre-reinforced composite.
Ceramics
Ceramics such as silicon carbide provide very high stiffness, hardness, temperature resistance and compressive strength, but are brittle with poor tolerance to cracks and impact damage. This is particularly important given the fluctuating bending and tensile loads, and potential particle impacts, experienced by a turbine blade. This brittleness, combined with the difficulty of manufacturing large complex structures, makes ceramics unsuitable for the proposed application despite their excellent stiffness and environmental resistance.
Glass-Fibre-Reinforced Polymer
GFRP consists of glass fibres embedded within a polymer resin matrix and is widely used in wind turbine blades for its favourable combination of low density, strength, stiffness and fatigue resistance (Mishnaevsky et al., 2017). Its properties can be tailored through fibre orientation and laminate construction, concentrating material along primary load paths, while processes such as vacuum infusion allow large aerodynamic shell structures to be produced with relatively low component mass. The main disadvantages are the difficulty of recycling thermoset composites and sensitivity to manufacturing defects such as delamination and voids. Despite these limitations, GFRP offers the most appropriate overall combination of properties for the proposed blade.

[bookmark: _Toc239491092]3.2 Material Selection Criteria
A weighted decision matrix was used to compare the choice of materials, as shown in Table 1. The criteria were selected based on the functional requirements of a wind turbine blade.
Fatigue resistance and strength were given the highest weighting at 0.25 each, since the blade will experience repeated cyclic loading, followed by density at 0.20, as reducing blade mass reduces gravitational, centrifugal and supporting structural loads. Manufacturing was weighted at 0.15 given the blade's complex aerodynamic geometry, and cost and recyclability at 0.10 and 0.05 respectively. Material data and selection methods were drawn from Ansys Granta EduPack, based on Ashby's systematic materials-selection methodology, allowing materials to be compared using property charts and selection criteria. Each material was assigned a relative score from 1 to 5, 5 representing the most desirable performance, with scores reflecting an engineering comparison based on relevant material properties and application requirements rather than a direct numerical output from EduPack (Ansys, 2026).
Table 1 - Weighted Decision Matric of Material Properties[image: ]

As seen in above in Table 1, the best option for Turbine Blades is GFRP with a score of 4.2, followed closely by Steel and Aluminium with a score of 3.8 and 3.7 respectively. Although steel provides excellent strength, fatigue resistance, cost and recyclability, its high density is a significant disadvantage. Aluminium provides a lower-density alternative but does not provide the same combination of properties as GFRP. Ceramic materials provide excellent stiffness, but their brittle behaviour and poor damage tolerance make them unsuitable for the application. GFRP was therefore selected as the material for the proposed wind turbine blade.
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The cost of the blade is influenced by the mass and type of material required to meet the structural and aerodynamic design. Indicative raw material costs for the four material options are summarised in Table 2.
Table 2 - Costing Matrix for Material Options
[image: ]
Steel offers the lowest cost per kilogram, while ceramics are substantially more expensive due to the high-purity powders required. GFRP costs more than steel per kilogram, but its lower density reduces the mass required for an equivalent blade, narrowing the effective cost gap once mass is considered. The raw-material cost for the GFRP blade can be calculated using Equation 7, shown below, using cost values gathered from EduPack,

Equation 7 - Raw Materials Cost Equation
where m represents material mass and C represents material cost per kilogram (Ansys, 2026).
[bookmark: _Toc239491095]4.2 Manufacturing Cost Considerations
Manufacturing cost also depends on the process route used for each material. Steel and aluminium blades could be produced by casting or extrusion, both mature, low-tooling-cost processes, but requiring substantial secondary machining to achieve the aerodynamic surface finish. Ceramic components would require sintering or additive manufacturing, both carrying high capital and energy costs and limited build volumes, making ceramics the least scalable option. GFRP manufacture using vacuum infusion requires specialist moulds, fibre reinforcement, resin and vacuum equipment, so initial tooling costs can be significant; however, once a mould has been produced, multiple blades can be manufactured using the same tooling, reducing the machining required compared with a metal blade.
[bookmark: _Toc239491096]4.3 Environmental Impact
The environmental performance of GFRP is more complicated than simply considering its low operating mass. Producing glass fibres and polymer resins requires energy, while thermoset polymer matrices are difficult to recycle at end of life, and manufacturing waste such as offcuts presents a disposal challenge.
Recycling remains one of the principal disadvantages of conventional GFRP. Mechanical, thermal and chemical recovery methods have been investigated, but these remain more complicated than the established recycling routes for steel and aluminium. This disadvantage was reflected in the weighted material selection matrix by assigning GFRP a low recyclability score; however, recyclability was given a lower weighting than strength, fatigue resistance and density because the primary function of the component is to operate safely and reliably under cyclic loading.
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The annual electrical energy requirement was established as,

The average annual wind speed used for the design is,

A standard sea-level air density of,

is used. A practical power coefficient of,

is also assumed for the preliminary design.
The turbine is designed with three blades and a target tip-speed ratio of,


[bookmark: _Toc239491099]5.2 Required Average Power
The annual energy requirement can first be converted into an average continuous power requirement per hour, as seen below in Equation 8, 

Equation 8 - Average Hourly Power Equation


[bookmark: _Toc239491100]5.3 Rotor Swept Area
The power available from the wind and extracted by the turbine is given by Equation 2, shown again below,


Which can be rearranged to Equation 9,

Equation 9 - Area of Required Rotor Equation

Therefore, the required rotor swept area is approximately:

[bookmark: _Toc239491101]5.4 Rotor Radius and Diameter
The swept area of a horizontal-axis rotor is shown in Equation 10, 

Equation 10 - Area of a Circle Equation
Therefore, using the radius of a circle equation below,



The rotor diameter is therefore,


[bookmark: _Toc239491102]5.5 Chord Distribution
The theoretical chord distribution was determined using an optimum rotor relationship based on the local flow angle. The local tip-speed ratio is shown by Equation 11,

Equation 11 - Local Tip Speed Ratio Equation
and the flow angle was calculated using Equation 12 below,

Equation 12 - Flow Angle Equation

The theoretical chord was then determined using Equation 13,

Equation 13 - Theoretical Chord Distribution Equation
where  is the number of blades and  is the selected design lift coefficient.
The theoretical values produced a strongly nonlinear distribution, particularly near the root. Directly using this distribution would produce a more complicated blade shape. Following the linearisation approach investigated by Tahani et al. (2017), a tangent-based linear approximation was applied around 60% blade span. This produced the simplified relationship shown below in Equation 14.

Equation 14 - Simplified Linear Distribution of Chords Equation

The resulting chord dimensions are shown in Table 3.
Table 3 - Calculated Chord Location Distributions
[image: ]



The chord therefore reduces approximately linearly from 521mm near the root region to 114 mm at the blade tip. This simplified geometry is more suitable for CAD modelling and manufacturing while retaining the general aerodynamic characteristics of the theoretical distribution.


[bookmark: _Toc239491103]5.6 NACA 4412 Blade Sections
The NACA 4412 profile was scaled to the chord dimensions at each blade station. Sections were produced at,

This provides five representative cross-sections for the CAD model. The detailed coordinates are provided in Appendix A. The use of the same airfoil family along the blade simplifies manufacture and CAD modelling, while the changing chord provides the required aerodynamic variation along the blade.


[bookmark: _Toc239491104]6.0 Manufacturing Process
Each material option requires a different manufacturing route and equipment. Steel and aluminium blades could be produced by casting, pouring molten metal into a sand or investment mould formed around a pattern of the blade geometry, then machining the solidified part to shape, or by extrusion, forcing heated metal through a shaped die to produce a constant or gradually tapering cross-section, though this is less able to accommodate the continuously varying chord and twist of a turbine blade. Both routes require furnace or die equipment, tooling, and substantial secondary machining to achieve the aerodynamic surface finish. Ceramic components would instead be formed by compacting powder and sintering it in a high-temperature furnace, or built layer by layer using additive manufacturing methods such as binder jetting, both requiring specialist powder-handling, pressing and firing equipment. GFRP, the selected material, would be produced by vacuum-assisted resin infusion: dry fibre reinforcement is laid into the mould, sealed under a vacuum bag, and resin is drawn through the fibres before curing, producing the blade shell directly with additional reinforcement built up at the root and other high-load regions.
[bookmark: _Toc239491105]6.1 Manufacturing Defects
Defects also differ by method. Cast metal is prone to porosity from trapped gas or shrinkage, and hot tearing from thermal stress; extruded sections can suffer surface tearing where die design or temperature is poorly controlled. Sintered or additively manufactured ceramic is prone to incomplete densification and cracking during firing, especially damaging given the brittle, low damage-tolerant nature of ceramics. Composite manufacture can introduce voids, resin-starved areas, fibre misalignment and delamination, managed through controlled vacuum pressure and resin flow, and identified through visual and non-destructive inspection.
[bookmark: _Toc239491106]6.2 Cost, Scalability and Time
In terms of cost, scalability and time, casting and extrusion are relatively fast once tooled but require lengthy machining afterwards, adding cost per unit. Ceramic processing is the slowest and least scalable route, limited by furnace or build-chamber size and lengthy firing cycles, compounding the high raw material cost identified in Section 4.0. Vacuum infusion offers the best overall balance: tooling cost is significant initially, but the mould can be reused across multiple blades, and the process produces the near-final aerodynamic shape directly, reducing machining time compared with a metal blade.
[bookmark: _Toc239491107]6.3 Health and Safety
Environmental and safety considerations also vary by route. Metal casting and ceramic firing involve high processing temperatures, significant energy consumption, fume extraction and heavy-component handling risks. Composite manufacture instead involves uncured resin causing skin irritation, requiring gloves and ventilation, and fine glass-fibre dust from trimming and grinding, requiring local extraction and respiratory protection. The large mould and completed blade also introduce manual-handling and lifting risks common to all three routes, so appropriate protective equipment, ventilation and lifting procedures would be required regardless of the material or process selected.


[bookmark: _Toc239491108]7.0 Final Blade Design and CAD Drawing
The final turbine consists of a three-bladed horizontal-axis rotor with a rotor radius of approximately 6.132 m. Each blade uses the NACA 4412 profile with a linearly reducing chord and varying twist. Table 4 shown below provides all the variables which were either calculated, researched, or decided for this blade.
Table 4 - Final Blade Design Parameters
[image: ]












The blade sections used for the CAD model are positioned at 20%, 40%, 60%, 80% and 100% of blade radius. The chord values at these locations define the three-dimensional blade geometry which can be seen below in Figure 1. Figure 1 shows the linear taper design used from 20% to 100% of the blade’s length, reducing from 521mm in width to only 114mm in width at its tip. 
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Figure 1 - Front Facing View of Blade

Shown also in Figure 2 below, the blade can be seen to taper not only in width, but depth too, following the linear taper design, as seen in the Blade Cross Section Graphs in Appendix A. Also shown below in Figure 3, as the engineering drawing, with annotated dimensions.

[image: ]Figure 2 - Isometric View of Blade

Figure 3 - Engineering Drawing of Turbine Blade[image: ]


[bookmark: _Toc239491109]8.0 Conclusions and Recommendations
This report developed a preliminary design for a small-scale wind turbine blade capable of contributing approximately 30,000 kWh of annual electrical energy for a small dairy farm.
The aerodynamic design was based on an average wind speed of 4.91 m/s, an air density of 1.225 kg/m³ and a practical power coefficient of 0.4, giving a required swept area of 118.15 m², a rotor radius of 6.132 m and a diameter of approximately 12.26 m. A three-bladed configuration with a target tip-speed ratio of 7 produced a calculated rotor speed of approximately 53.5 rpm at the design wind speed. Blade geometry was developed using aerodynamic relationships for chord distribution, simplified via the linearisation approach of Tahani et al. (2017), giving final chord values ranging from 0.52 m at 20% span to 0.11 m at the tip. The NACA 4412 airfoil was selected for its well-documented geometry and aerodynamic behaviour, using a design lift coefficient of 1.2 and angle of attack of 10°.
Four material groups were compared using a weighted decision matrix supported by Granta EduPack principles. GFRP achieved the highest score of 4.20, followed by steel (3.80), aluminium (3.70) and ceramics (1.50), and was selected for its low density, fatigue resistance, strength and manufacturing flexibility. Vacuum-assisted resin infusion was identified as a suitable manufacturing method, offering flexibility in fibre placement for large aerodynamic structures, though defects such as voids, delamination, fibre misalignment and incomplete wet-out must be controlled to avoid reducing structural performance.
The final design should be considered preliminary. Further work would be required before manufacture, particularly structural finite-element analysis, detailed laminate design, fatigue analysis, validation of aerodynamic coefficients at the relevant Reynolds numbers, and experimental testing.
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[bookmark: _Toc239491112]10.1 Appendix A – Chord Calculation Tables and Graphs

Chord Calculations at r/R = 0.2
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Chord Calculations at r/R = 0.4
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Chord Calculations at r/R = 0.6
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Chord Calculations at r/R = 0.8
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Chord Calculations at r/R = 1.0
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Chord Distribution Graph at r/R = 0.2
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Chord Distribution Graph at r/R = 0.4
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Chord Distribution Graph at r/R = 0.6
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Chord Distribution Graph at r/R = 0.8
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Chord Distribution Graph at r/R = 1.0
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Material Typical Cost (£/kg) _ Density (kg/m Approx Cost p
Structural Steel 0.60-1.00 7850 £4,700-£7,850
Aluminium Alloy 1.80-3.00 2700 £4,860-£8,100
P 15.00-40.00 3100 £46,500-£124,000
GFRP 3.00-6.00 1500 £5,400-£10,800
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Parameter Final value

Annual energy 30,000 kWhyear
requirement

Design wind speed 4.91m/s
Air density 1.225 ke/m
Power coefficient 0.4000
Required average pp—
power

sweptarea 11815 m
Rotor radius 6132m
Rotor diameter 12.264m
Number of blades 3.0000
Tip-speed ratio 7.0000
Rotor speed 53.52rpm
Blade material GFRP
Airfoil NACA 4412
Design ¢, 1.2000
Design angle of attack 10°
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Fatigue Resistance. 025 . . . d
strength 025 B 3 2 a
Density 02 1 a 2 s
Manufacturing 015 4 B 1 a
Cost 01 5 4 1 3
Recyclability 0.05 B B 2 1
Weighted Total 1 38 37 15 22





