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[bookmark: _Toc225470504]Introduction
This report aims to outline the objectives of designing a wind turbine blade. It includes an overview of the tasks involved, such as research, cost evaluation, and analysis. The selection of materials and manufacturing processes is discussed as crucial for achieving optimal performance. The significance of wind energy and how well the blade is designed to capture that energy is crucial for efficient and reliable power generation.

[bookmark: _Toc225470505]Literature Review
[bookmark: _Toc225470506]Aerodynamic profiles
1. NACA Profile
The NACA 4412 profile is one of the more commonly used cambered aerofoils from the NACA data base supplied by the National Advisory Committee for Aeronautics (NACA).
[image: ]
[bookmark: _Ref225105853]Figure 1 Naca 4412 profile

The number of the aerofoil indicates:
 4 = 4% maximum camber
4 = 40% of the chord is cambered
12 = 12% thickness to chord ratio

The NACA 4412 creates relatively good lift at low Reynolds numbers and has gentle stall characteristics, making the profile desirable for wind turbines and low speed aerodynamic application. The maximum lift coefficient typically reaches depending on Reynolds number (Abbott & von Doenhoff, 1959).
As wind turbine blades operates at multiple angles of attack the NACA 4412 can provide good lift generation at moderate angle, stable post-stall characteristics and good structural thickness for blade stiffness.
2. Lift to Drag Ratio (L/D)
The lift to drag ratio is metric used to see how aerodynamic efficient a profile is using the lift coefficient how well the aerofoil generates lift and the drag coefficient  how much drag is produced as the air flows over the aerofoil, this ratio can be found simply by using the following equation:

Equation 1

When applying this ratio to wind turbine blades maximising ratio increases torque generation while decreasing aerodynamic losses. Typical L/D values for a 4-digit NACA profiles range from 60 to 100 at moderate Reynolds numbers depending on the angle of attack and surface conditions (Abbott & von Doenhoff, 1959; Anderson, 2017)

Power Coefficient
3. 
The power coefficient  is the fraction of available wind power produced by the turbine.

Equation 2
Betz’s Law the theoretical maximum is:

However smaller wind turbines only achieve:

The reduction from Betz accounts for Tip losses, wake rotation, profile drag and mechanical losses
Aerofoil selection directly influences achievable  because aerodynamic efficiency determines blade torque and stall behaviour (Burton et al., 2011).

4. Other comparable blades profiles:

	Aerofoil
	Representative Peak L/D
	

	NACA 2412
	20–67
	

	NACA 0012
	15–25
	

	NACA 0015
	20
	

	NACA 4415
	36–50
	

	NACA 23012
	40–60
	

	

	


(AirfoilTools, 2024)

[bookmark: _Toc225470507]Optimal Dimensions
1. Blade lengths:
Vestas V164 is an offshore 3 bladed turbine with a rotor diameter of 164 m and a blade length  of 82m typically used for 8 to 10 MW turbines in offshore commercial wind farms. (Vestas, 2020)
[image: The offshore wind turbine, Vestas V164-7MW [12]. | Download Scientific ...]
Figure 2 Vestas V164 Wind Turbine

NREL 5 MW Reference Turbine is a model used for baseline wind turbine design that is used in research and design as a reference model, it has a rotor diameter of 126 with blade length of 63 m (Jonkman et al., 2009)
[image: ]


[bookmark: _Ref225105795][bookmark: _Ref225105779]Figure 3 NREL MW Blade
· Smith-Putnam Wind Turbine (historical) is an older wind turbine made in the 1940s to help validate large scale wind power with a blade length of 20m (Manwell et al., 2010) 

[image: ]
Figure 4 Smith-Putnam Wind Turbine

2. Tip Speed Ratios (TSR)
The Tip Speed Ratio (TSR) is the ratio between the blade tip speed and the wind speed; this is a key parameter when designing blades as it influences the efficiency and loads that occur on the blade. If the rotor turns too slowly most of the wind won’t be captured and will pass undisturbed through the gaps between the blades, if the rotor turns too quickly the wind won’t be able to pass in between the blades as the spinning blades act as a barrier. Therefore, wind turbines are designed to have optimal tip ratios to extract as much energy out of the wind as possible. (Burton et al., 2011)

The TSR values change depending on the number of blades the turbine has, A two-bladed rotor has an optimum tip speed ratio of around 6, a three-bladed rotor around 5, and a four-bladed rotor around 3.
Modern, well-designed, three-bladed turbines usually have a TSR of 6 to 8 for the optimum energy capture and aerodynamic efficiency. Meaning the tips of the blade travel 6 to 8 times faster than the free stream wind velocity.
· Higher TSR designs 8 to 10 favours more power extraction in low drag configurations but will have higher centrifugal and aerodynamic loads placed on the blade. (Manwell et al., 2010) 
[image: ]
Figure 5 Wind turbine blade Cp profile.

3. Taper and Twist Profiles
· Blade profiles in modern turbines are not constant they vary in the chord and twist from the root to the tip to match local flow conditions. (Burton et al., 2011) 


Twisted blades are blades that twist from the root to the tip so each section of the blade can operate closer to the desired angle of attack that is relative the local flow speed. For example, the NREL 5 MW reference model in Figure 3 chord and twist have documented to show how high levels of twist at the root that decrease toward the tip have increases in the TSR.
[image: ]
Figure 6 tapering and twisting of turbine blade.

Tapered blades taper from the wide section of the chord to provide lift and structural stiffness to the narrow section of the chord at the tip to minimise drag and weight usually in a linear fashion although they can be refined through optimisation codes such as CFD.

Multi transitions blades large turbines will typically use aerofoils profiles from different data sets along the span, usually a thicker profile near the root then transition to a thinner set near the tip for example the NREL 5 MW turbine uses two different aerofoil profiles the DU and NACA 64 series profiles.

4. Comparison:
	 Design
	Blade Length
	TSR (typical)
	Geometry

	Vestas V164 (8–10 MW)
	82 m
	6–8
	Large offshore blades; extensive taper & twist

	NREL 5 MW Reference
	63 m
	7 
	Multi-aerofoil sections, twist decreases outward

	Smith–Putnam (historic)
	20 m
	6
	Early two-blade large design


(Bauer, 2021 Bauer, 2015, Jonkman, J,2009)
[bookmark: _Toc225470508]Material Properties
Wind turbines blades need to have high strength to weight ratio, fatigue resistance and environmental durability to function correctly, below is a list of materials that could be used to construct a turbine blade.
1. Metals: common metals that is used in turbines is structural steel as well as aluminium alloys.
	Property
	Structural Steel
	Aluminium Alloy (6061-T6)

	Density (kg/m³)
	7850
	2700

	Tensile Strength (MPa)
	400–550
	290–320

	Young’s Modulus (GPa)
	200
	69

	Fatigue Resistance
	Good
	Moderate

	Corrosion Resistance
	Moderate (needs coating)
	Good


Callister & Rethwisch (2020); Ashby (2017). (Eurocode Applied, 2017) (Material Properties, 2021)
While steel does offer a greater stiffness and strength when compared to aluminium it comes at a cost of higher weight, while aluminium is lighter but decreases in stiffness. This is why larger blades use other materials due the mass disadvantages that comes with metals.
Callister & Rethwisch (2020); Ashby (2017).

2. Ceramics: This material is mostly used in coatings or components that need good wear resistance.
 Material: Alumina
	Property
	Alumina Ceramic

	Density (kg/m³)
	3900

	Tensile Strength (MPa)
	200–400

	Compressive Strength (MPa)
	2000

	Young’s Modulus (GPa)
	300–380

	Fracture Toughness
	Low (brittle)


Callister & Rethwisch (2020); ASM Handbook, STC Material Solutions, 2026)
Ceramics have good strength and stiffness when being compressed but are much more brittle making them unsuitable for wind turbine main primary structure as wind is direction is unpredictable.

3. Composites: Large modern wind turbine blade are primarily made from composites

Material: Glass Fiber Reinforced Polymer (GFRP) and Carbon Fiber Reinforced Polymer (CFRP)
	Property
	GFRP
	CFRP

	Density (kg/m³)
	     1600–2000
	       1500–1700

	Tensile Strength (MPa)
	     300–900
	     600–1500

	Young’s Modulus (GPa)
	      35–50
	     70–200

	Fatigue Resistance
	      Good
	     Excellent

	Cost
	       Lower
	     High


Burton et al. (2011); Ashby (2017); Manwell et al. (2010),MatWeb, 2023) (www.gurit.com)
Composites offer excellent strength to weight ratio and is anisotropic meaning the properties of the material can change depending on the fibre direction. While CFRP can offer superior properties GFRP is often chosen for the cost effectiveness of the material. Composites are also chosen for their ability to resist flap-wise bending, edgewise loading and aerodynamic stresses.

[bookmark: _Toc225470509]Environmental Factors
The efficiency of the wind turbine blade is significantly influenced by the wind variability and operating conditions as wind turbines operate under highly unsteady environments where wind velocity, direction and turbulence can change.
1. Wind speed variability
One of the most important factors in blade performance is wind speed variability, since the power available in wind is proportional to the cube of wind velocity it only takes small changes in the wind speed to create large variation is power generation. Increased wind speeds create a higher power output but also increase aerodynamic loads on the blade.
2. Turbulence
Turbulence is rapid changes in wind velocity and direction leading to different angles of attack that are experienced by the blade. Turbulence reduces aerodynamic efficiency and creates unsteady loads this increases vibrations through the blade and causes fatigue.

3. Wind shear
As the height of the turbine increase so does the speed of the wind due to less surface friction at higher altitudes meaning as the blade rotates it passes through regions with different wind speeds causing uneven loads during each rotation, this constant loading and unloading of forces created onto the blade creates cyclic loading and can increase the fatigue stresses at critical points on the blade.
4. Exposure
Different temperatures, icing and moisture or salt can affect all blade performance, low temperature could increase the material brittleness while surface ice disturbs the wind flow over the blade increasing drag and decreasing lift. Salt exposure accelerates corrosion of blade components increasing maintenance requirements and decreasing reliability.

[bookmark: _Toc225470510]Design specifications
[bookmark: _Toc225470511]Parameters for turbine blade
Power (W) = 2,000,000 W
Air density  = 1.225 
Wind speed = 8 
Power coefficient = 0.4
Number of wind turbines = 25 
NACA 4412 profile:
44 indicates
 (
 
12 indicates


[bookmark: _Toc225470512]Rotor radius, Chord lengths and Taper from Root to Tip
1. Rotor radius 
Area of blade 
Equation 3

Radius of blade 
Equation 4

2. Chord length 
Where:
 Blade length (71.24)
 Number of blades (3)
 Lift coefficient (1.2)
 Tip speed ratio (6)
0.4

Equation 5

 =

3. Camber line  
Where:
 (maximum camber)
(position of maximum camber)
 chord length at 
 

for  
 
Equation 6







for  

Equation 7









4. Thickness distribution

Equation 8


 = 0.0468


 = 0.0600
0
 






[bookmark: _Toc225470513]Material selection 
[bookmark: _Toc225470514]Granta material selection:
[image: ]
Figure 7 young’s modulus vs density of metals, ceramics and composites (Ansys, 2024)
[image: ]
Figure 8 Tensile strength vs density of metals, ceramics and composites (Ansys, 2024)
[image: ]
Figure 9 Fatigue vs density of metals, ceramics and composites (Ansys, 2024)
[image: ]
Figure 10 Price vs strength of metals, ceramics and composites (Ansys, 2024)

[bookmark: _Toc225470515] Weighted Decision matrix
The following criteria was used to evaluate the different materials material The following criteria are used to evaluate each material:
· Mechanical Properties.
· Fatigue resistance
· Cost.
· Environmental Impact.
· Ease of Manufacturing.

Weighting of criteria:
	Criterion
	    Importance

	Mechanical Properties 
	       0.35

	Fatigue Resistance
	        0.25

	Cost
	         0.15

	Environmental Impact
	         0.10

	Ease of Manufacturing
	          0.15


Total                                             1.0
Scoring system:
Each material is scored from 1 (poor) to 5 (excellent) based on performance.
	Material
	Mechanical Properties
	Fatigue Resistance
	Cost   
	
	
	
	
	
	
	
	Environmental Impact
	Manufacturing Ease

	Metals
	       4
	     4
	  3
	
	
	
	
	
	
	
	       3
	          4

	Ceramics
	       3
	      1
	  2
	
	
	
	
	
	
	
	       3
	          2

	Polymer Composites
	       5
	      5
	  3
	
	
	
	
	
	
	
	        3
	          3


Summary:
· Metals: Adequate strength and fatigue performance but very high density this increases blade weight.
· Ceramics: Very high stiffness but very low fatigue resistance and brittle characteristics.
· Polymer Composites: Excellent strength-to-weight ratio and fatigue resistance but has an increase in manufacturing complexity decreasing the manufacturing ease.

Weighted decision matrix table :
	Material
	Mechanical (0.35)
	Fatigue (0.25)
	Cost (0.15)
	Environmental (0.10)
	Manufacturing (0.15)
	Total Score

	Metals
	1.40
	1.00
	0.45
	0.30
	0.60
	3.75

	Ceramics
	1.05
	0.25
	0.30
	0.30
	0.30
	2.20

	Polymer Composites
	1.75
	1.25
	0.45
	0.30
	0.45
	4.20


[image: ]
Figure 11 weighted results for each material
Based on the results above polymer composites gain the highest score at 4.20 and are therefore the most suitable for wind turbine blades.

Polymer composites have several advantages:
1. High strength to weight ratio- Decreases loads on the rotor.
2. Excellent fatigue resistance- Needed for blades that experience multiple load cycles.
3. Strong corrosion resistance- Very good for offshore turbine due to salty environments.
4. Custom fibre orientation- Allows optimisation of strength and stiffness on the blade.
Composites are more complex to manufacture and have increased costs associated with them; their superior structural characteristics and durability make them the standard option for modern wind turbine blades.
[bookmark: _Toc225470516]Manufacturing routes for polymer composites
Polymer composites such as Glass Fiber Reinforced Polymer (GFRP) and Carbon Fiber Reinforced Polymer (CFRP) are the most used polymer composites that are used in blade manufacturing due to their high strength to weight ratio, corrosion resistance and fatigue resistance.
There are many manufacturing processes for polymer composites each with their own advantages in terms of production speed, scalability, cost and environmental impact. The most used relevant production methods include vacuum infusion, resin transfer moulding (RTM), prepreg lay-up and filament winding.
[bookmark: _Toc225470517]Vacuum Infusion 
Vacuum Infusion is a manufacturing process where dry reinforced fibres are placed into mould and sealed with a vacuum bag, the resin is then pulled through the fibre using the vacuum pressure ensuring all sections are coated with the material.
[image: ]
Figure 12 Vacuum infusion process
This type of manufacturing process is largely used in wind turbine blades because it allows the production of larger composite components with a relatively low production cost. The vacuum pressure removes any air bubbles that may be in the mould and excess resin, increasing the structural quality and decreasing weight. Vacuum infusion also has a low equipment cost when compared to other manufacturing processes.
The downside to vacuum infusion is that the process can be time consuming for larger turbine blades, the process must be monitored carefully to ensure even and uniform resin distribution through the mould avoiding dry spots.
[bookmark: _Toc225470518]Resin Transfer Moulding (RTM)
Resin Transfer Moulding is a closed mould manufacturing process in which dry fibre reinforcement is place into a rigid mould the resin is then injected tonto the mould allowing the fibres to fill the mould fully.
[image: ]
Figure 13 RTM process
As RTM is a closed mould the process it offers improved dimensional accuracy, improved surface finish and a reduction in volatile organic compound (VOC) emissions due to the closed mould. RTM also allows increased control over fibre volume and resin distribution leading to stable and constant components.
Although RTM does have several advantages it does requires higher tooling cost and more complex equipment in turn increasing the initial manufacturing investment. This initial investment is why it is more commonly used in smaller component production rather than large scale wind turbine blades.
[bookmark: _Toc225470519]Prepreg Lay-Up
Prepreg Lay-Up manufacturing uses fibres that are precoated with resin before being place into a mould. The layers stacked in different orientation and then cured in an oven or autoclave using pressure or heat.
[image: A schematic diagram of lay-up technique of forming prepreg to metal ...]
Figure 14 Prepreg lay-up process
This type of manufacturing process offers very high structural quality and accurate fibre alignment leading to excellent mechanical properties. This is why prepreg Lay-Up is often used in aerospace applications.
Unfortunate Prepreg Lay-Up materials require refrigerated storage and controlled processing environment; these requirements substantially increase the manufacturing cost. Autoclave curing does also limit the size of components that can be produced resulting in prepreg lay-up only being used for high performance sections of the turbine blade rather than the full structure.
[bookmark: _Toc225470520]Filament Winding
Filament winding is a processing involving continuous fibre that are wound around a rotating mandrel while resin is applied, the fibres are arranged specific orientations to achieve high structural strength.
[image: Filament Winding]
Figure 15 Filament winding process
Filament winding is an automated process that produces very strong and lightweight composite components with little waste. It is mostly used for cylindrical components like pressure vessels and pipes.
Due to the complex nature of wind turbine blades filament winding is not ideal for blade manufacturing however it may still be used for other structural components on the wind turbine itself.





[bookmark: _Toc225470521]Comparison of Manufacturing Methods
(Adapted from Burton et al., 2011; Campbell, 2010; Peters, 2019)

	Manufacturing Method
	
	
	
	
	
	Production Cost
	
	
	
	
	Production Time
	
	
	
	
	
	Scalability
	
	
	
	
	Environmental Impact

	Vacuum Infusion
	
	
	
	
	
	    Low–Moderate
	
	
	
	
	   Moderate
	
	
	
	
	
	Excellent for large blades
	
	
	
	
	    Low emissions

	Resin Transfer Moulding (RTM)
	
	
	
	
	
	High tooling cost
	
	
	
	
	   Faster cycles
	
	
	
	
	
	Moderate
	
	
	
	
	    Very low emissions 

	Prepreg Lay-Up
	
	
	
	
	
	High
	
	
	
	
	Moderate
	
	
	
	
	
	Limited by autoclave size
	
	
	
	
	Moderate

	Filament Winding
	
	
	
	
	
	Moderate
	
	
	
	
	Fast (automated)
	
	
	
	
	
	Limited for blade geometry
	
	
	
	
	Low waste



(Adapted from Campbell, 2010; Peters, 2019; Mallick, 2007)
(PatSnap Eureka, 2026)
	Manufacturing Method
	Estimated Production Cost (£/kg)
	
	Maximum Component Size
	
	
	Automation Level
	Environmental Impact

	Vacuum Infusion
	8 – 15
	
	Very large (80 m+ blades)
	
	
	Low–Medium
	Low VOC emissions

	Resin Transfer Moulding (RTM)
	15 – 25
	
	Medium–Large
	
	
	Medium–High
	Very low VOC emissions

	Prepreg Lay-Up (Autoclave)
	40 – 80
	
	Limited by autoclave size
	
	
	Medium
	Moderate emissions

	Filament Winding


	10 – 20
	1 – 4 hours
	Medium
	
	
	High automation
	Very low waste


[image: ]
Figure 16 Time vs cost of production
Summary:
Out of the available manufacturing methods vacuum infusion offers the most efficient and cost-effective process for producing large wind turbine blades. This process offers a good balance of production cost, scalability and structural performance. Vacuum infusion also decreases material wasta and minimises the resin that is used, decreasing the overall weight of the blade and improving aerodynamic efficiency. (Brøndsted et al., 2005; Burton et al., 2011; Campbell, 2010; Peters et al., 2019).



[bookmark: _Toc225470522]Evaluation cost 
The production of a wind turbine blades is usually down to the economic feasibility of the blade production. This can change substantially depending on the material and the manufacturing process used. 
[bookmark: _Toc225470523]Material cost
As seen from earlier in the report polymer composites are the most suitable material for a wind turbine blade as they provide a good balance between structural performance and cost.
	Material
	Typical Density (kg/m³)
	Approximate Cost (£/kg)

	Glass Fibre Reinforced Polymer (GFRP)
	1900–2000
	3 – 6

	Carbon Fibre Reinforced Polymer (CFRP)
	1550–1700
	20 – 40

	Epoxy Resin
	1100–1200
	4 – 8

	(Ashby, 2017; Manwell et al., 2010, engineering toolbox, n.d, Accio.com, 2026)
	
	
	

	
	
	
	


[bookmark: _Toc225470524]Manufacturing cost of GFRP

Material Cost (GFRP)
· Total mass = 20,000 kg 
· Cost = £3 – £6/kg = £4.5/kg 
· 

	Component
	
	
	
	
	
	
	%
	
	
	
	
	
	
	
	
	
	Cost

	Labour
	
	
	
	
	
	
	30%
	
	
	
	
	
	
	
	
	
	£27,000

	Equipment
	
	
	
	
	
	
	35%
	
	
	
	
	
	
	
	
	
	£31,500

	Waste/Defects
	
	
	
	
	
	
	10%
	
	
	
	
	
	
	
	
	
	£9,000

	Energy
	
	
	
	
	
	
	10%
	
	
	
	
	
	
	
	
	
	£9,000

	Quality Control
	
	
	
	
	
	
	15%
	
	
	
	
	
	
	
	
	
	£13,500

	Manufacturing cost = £90,000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Total cost = £180,000
(Burton et al., 2011, Campbell, F.C., 2010, Ashby, M.F., 2017)


[bookmark: _Toc225470525]Total cost
	Material System
	
	
	
	
	
	
	Material Cost
	
	
	
	
	
	
	Manufacturing Cost
	
	
	
	
	
	
	Total Estimated Cost

	GFRP (Vacuum Infusion)
	
	
	
	
	
	
	Low
	
	
	
	
	
	
	Moderate
	
	
	
	
	
	
	Low–Moderate

	CFRP (Vacuum Infusion)
	
	
	
	
	
	
	High
	
	
	
	
	
	
	Moderate
	
	
	
	
	
	
	High

	CFRP (Prepreg Lay-up)
	
	
	
	
	
	
	Very High
	
	
	
	
	
	
	High
	
	
	
	
	
	
	Very High


[image: ]
Figure 17 Manufacturing process vs cost

[image: ]
Figure 18 Cost vs structural performance of material
[bookmark: _Toc225470526]Trade offs
The manufacturing process and material selection requires a balance between cost and performance. Carbon fibre composites can provide higher stiffness and strength when compared to glass composites, that can help improve the aerodynamic performance and reduce blade weight. However, carbon fibre composite has significantly higher costs associated with them, therefore limiting their use to structural regions of the blade only.
Glass fibre composites therefore remain the preferred material choice for most blade manufacturers as they offer sufficient mechanical performance at a fraction of the cost. When GFRP is combined with an efficient manufacturing method such as vacuum infusion it allows for large scale production of blades while maintaining the structural integrity and economic viability.
Therefore, the most effective solution for large scale blade production would be GFRP manufactured using the vacuum infusion method as it provides a good balance between mechanical performance, manufacturing scalability and overall production cost.

[bookmark: _Toc225470527]Mechanical Properties analysis  
This section analyses how the blades will deform when stress is applied to it under operation conditions.
[bookmark: _Toc225470528]Force and drag calculations

Equation 7 (Anderson, 2017)

	

Equation 8 (Anderson, 2017)


Where:
· = air density (≈ 1.225 kg/m³ at sea level)
· = relative wind speed 
· = lift coefficient 1.2 
· = drag coefficient 0.015
· = blade element area = chord length × section width

Lift force on blade sections:

Blade section 1:



Blade section 2:



Blade section 3:




Blade section 4:


Blade section 5:



Total lift force on blade 
Drag force on blade sections:

Blade section 1:



Blade section 2:



Blade section 3:




Blade section 4:



Blade section 5:



Total drag force on blade
[bookmark: _Toc225470529]Bending and torsional stresses
Uniform load at each section:

Equation 9

Blade section 1:

Blade section 2:

Blade section 3:


Blade section 4:


Blade section 5:

Total 

Maximum Bending moment:
Where:


Equation 10

Second moment of area:
Where:
 width
 thickness


Equation 11

Distance to outer fibre:

Equation 12

bending stress:

Equation 13


Summary: due to the leverage effect on a beam the maximum stress will be at the root of the blade. This section of the blade will need to be reinforced to counter any loads that may occur as the wind passes over and under the aerofoil.


[bookmark: _Toc225470530]Comparative Analysis of polymer composites
Turbine blades are most manufactured using polymer composites due to their high strength to weight ratio, good fatigue resistance and corrosion resistance. The most used materials for blade construction are glass fibre reinforced polymer (GFRP) and carbon fibre reinforced polymer (CFRP). These materials are most commonly produced using vacuum infusion and resin transfer moulding (RTM).
[bookmark: _Toc225470531]Mechanical properties
GFRP has high tensile strength and excellent fatigue resistance at a relatively small cost, making it widely available product for wind turbine blades. The density is also lower than traditional metal materials, reding the weight and improving the aerodynamic performance.
[image: ]
Figure 19 Glass fibre reinforced polymer
CFRP provides even higher tensile strength and stiffness than GFRP, allowing for improved structural rigidity and less deformation under load. However, CFRP is significantly more expensive to produce, which limits its potential for large scale production.
[image: ]
Figure 20 Carbon fibre reinforced polymer
[bookmark: _Toc225470532]Productivity and scalability
Vacuum infusion is used for blade manufacturing at it allows the production of large components with relatively low cost. Vacuum infusion involves drawing resin through dry fibre reinforcements under vacuum pressure. This process produces lightweight components with good fibre wet-out.
Resin transfer moulding is a closed mould process the injects resin into the fibres under pressure. The process provides better control of the fibre volume fraction and better material quality but requires higher tooling cost and has mould size limitations making it less adaptable to large scale components such a turbine blades.
Therefore, vacuum infusion seems to the main manufacturing process used in large modern turbine blade production.
[bookmark: _Toc225470533]Defects
Material defects can affect the components performance and durability. Common defects for composites include void formations, dry fibre regions and surface finish Imperfections.
Vacuum infusion can lead to resin flow irregularities or voids if the resin and pressure are not properly regulated but can be mitigated with modern process control techniques. RTM is more consistent in mechanical properties due to the more controlled nature of resin injection but can still suffer from incomplete mould fillings or high resin concentration in some areas.  (Smith, n.d.)
[bookmark: _Toc225470534]Environmental and Safety Considerations
Vacuum infusion does decrease the amount of volatile organic compound (VOC) emissions produce in manufacturing when compared to open mould processes, reducing the environmental impact and improving workplace ventilation.
Recycling of fibre reinforced composites remains a challenge as fibre and polymer matrix are difficult to separate into individual forms. Research into different recycling methods such as mechanical grinding and thermal decomposition offer the most promise for recycling methods.
Handling resin and curing chemical agents requires proper PPE and ventilation to reduce the risk of exposure to the workers.
[bookmark: _Toc225470535]Comparative summary of GFRP and CFRP

	Factor
	
	
	
	
	
	
	
	
	
	
	
	
	GFRP
	
	
	
	
	
	
	
	
	
	
	
	CFRP

	Tensile Strength
	
	
	
	
	
	
	
	
	
	
	
	
	High
	
	
	
	
	
	
	
	
	
	
	
	Very High

	Stiffness
	
	
	
	
	
	
	
	
	
	
	
	
	Moderate–High
	
	
	
	
	
	
	
	
	
	
	
	Very High

	Fatigue Resistance
	
	
	
	
	
	
	
	
	
	
	
	
	Excellent
	
	
	
	
	
	
	
	
	
	
	
	Excellent

	Density
	
	
	
	
	
	
	
	
	
	
	
	
	Low
	
	
	
	
	
	
	
	
	
	
	
	Very Low

	Material Cost
	
	
	
	
	
	
	
	
	
	
	
	
	Low–Moderate
	
	
	
	
	
	
	
	
	
	
	
	High

	Manufacturing Scalability
	
	
	
	
	
	
	
	
	
	
	
	
	Excellent
	
	
	
	
	
	
	
	
	
	
	
	Moderate

	Defect Sensitivity
	
	
	
	
	
	
	
	
	
	
	
	
	Moderate
	
	
	
	
	
	
	
	
	
	
	
	Moderate

	Environmental Impact
	
	
	
	
	
	
	
	
	
	
	
	
	Moderate recyclability
	
	
	
	
	
	
	
	
	
	
	
	Difficult recycling

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


(Ashby, 2017; Manwell et al., 2010; Brøndsted et al., 2005)
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Figure 21 density vs tensile strength of CFRP and GFRP (Ansys, 2024)
[image: ]
Figure 22 cost vs density of CFRP and GFRP (Ansys, 2024)
[bookmark: _Toc225470536]Advantages of GFRP using vacuum infusion 
The selected data shows that GFRP manufactured using vacuum infusion is the most suitable for large scale turbine blades. These two methods combined offer:
1.   High strength-to-weight ratio, reducing structural loads.
2. Excellent fatigue resistance for long-term cyclic loading.
3. Lower material costs compared with carbon fibre composites.
4. High scalability, allowing the production of very large blades.
5. Reduced emissions and improved workplace safety compared with open mould processes.
Even though CFRP offer better stiffness and strength the higher cost significantly increases the bar of entry to the manufacturing process. Therefore, GFRP with vacuum remains the most adaptable for material and manufacturing approach for wind turbine blades.
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[bookmark: _Toc225470538]Blade profile
Section 1 (0.2):
Chord length: 4.651851852 m
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Figure 23 coordinates and profile of blade at 0.2





Section 2 (0.4):
Chord length: 1.744444444 m
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Figure 24 coordinates and profile of blade at 0.4






Section 3 (0.6):
Chord length: 0.775308642 m
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Figure 25 coordinates and profile of blade at 0.6









Section 4 (0.8):
Chord length: 0.290740741 m
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Figure 26 coordinates and profile of blade at 0.8











Section 5 (0.95):
Chord length:0.061208577 m
[image: ]

Figure 27 coordinates and profile of blade at 0.95






[bookmark: _Toc225470539]Key details
Maximum thickness: 0.060017266 at 1.395556 m
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Summary:
The x and y coordinates derived from Equations 6 and 7 provides an aerofoil geometry with a smooth camber line and a progressively tapered thickness along the length, which is essential for aerodynamic efficiency and controlled pressure gradients along the chord.


[bookmark: _Toc225470540]Conclusion
The recommended material for wind turbine blade production is glass fibre reinforced polymer as it has similar characteristics to carbon fibre reinforced polymer but at the fraction of the cost. Vacuum infusion is production method with the most promise as it provides low manufacturing costs and is adaptable to large scale blade designs.
 Further improvements to the blade could involve refining the spanwise chord distribution to achieve smooth taper gradient, increasing the aerofoil camber to increase the lift characteristics and incorporate blade twisting to maintain optimal angle of attack along the span. Implementing a non-linear taper and twist profile based on blade element (BEM) theory would improve aerodynamic efficiency, reduce flow separation and enhance the available power that can be extracted.
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Highly efficient aerofoil rotor blade design can increase these optimum values by as
much as 25-30% increasing the speed at which the rotor tums and therefore generating
more power. A well designed typical three-bladed rotor would have a tip speed ratio of
around 6 to 7.

Ifthe tip speed ratio is too low — for example if poorly designed rotor blades are used —
the wind turbine will tend to slow and/or stall. If the tip speed ratio is too high the tur-
bine will spin very fast through turbulent air, power will not be optimally extracted from
the wind, and the wind turbine will be highly stressed and at risk of structural failure.

Different types of turbine have completely different optimal TSR values — for example a
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—i.e. it cannot spin faster than the wind hitting it

08

05

Power lost because

04
A is not constant

c,03

02 Power captured by

device
01

Tio Soeed Rati. A
Pictured above s a graph showing the power coefficient for different values of tip
speed ratio for a two-bladed rotor. The theoretical maximum efficiency of a wind tur-
bine generator is given by the Betz Limit of around 59%. With a tip speed ratio (TSR)
of just under 6, the power coefficient for this example turbine is 0.45 (= 45%)

O Type here to search K2

5= = 2104
& & & @ ANEO G s B





image7.png




image8.png
b Fie Edi View Selec Tools Window Help

-

o X oo+ | B zeios (D) b~

Selection Project
1. SELECTION DATA

Database:  Materials Science and Engineering

Selectfrom: | Custom: MaterialUniverse:

2. SELECTION STAGES

22 chart/index 7 Limit L& Tree

12 Stage 1 Youngs modulus (GPa) . Densiy (kg/m'3)

3. RESULTS: 48 OF 48 PASS

Show: [Pass al Stages

Rank by: [Alphabetical

@ Name
B Age nardning wrougnt A-sloys
B AlsminumSiicon caroide com.
B Sorosiicste gsss
B Brss
Brce
B Bronze
B Cstasioys
st iron, cuctile (noduls)
B castiron, gy
B Cost magnesium sioys
Cement
B Crep, epoxy metx soxropic
B Commercily pure lesa

Commercily pure tranium
B Commercily pure znc
B concrete
B copper
B Dough (B molding compoun
GFR, epoxy mtrix (sotrapic
B Glass ceramic
B coie
Granice

B righ corbon scee!
B Lesasioys
Uimestone

B Cow stoy see!
B tow caroon see

Young's modulus (GPa) vs. Density (kg/m3) &

NP =P AN S

Young's modulus (GPa)

1001

104+

Metals and alloys

1000 2000

5000

Density (kg/mA3)

10000

H P Type here to search

=4 e





image9.png
b Fie Edi View Selec Tools Window Help ~8x

4 vome | 20 orowse Q sewen ® onoe & tom R Toos | seiogs D) b -
Grone s T

- seuerion e Y ||Tensile strength (MPa) vs. Density (kg/mA3) @
Dmse i s g e
oo R || [N 4 H 2@ @ ®|® / U [BE0e 5 & skl -

2. SeLEcTioN STAGES v
Chart/indec Y timit L& Tee
12 Stage T Tenslesrengeh (MPa)vs. Densicy (kg/m'3)

10004

3 RESULTS: 44 OF 44 PASS v

Show: [Pass al Stages v

Rank by: [Alphabetical v

@ neme ~
B Age-hardening wrought A-alloys

B AuminumsSilcon carbide comp.

Beress

B erick

Bronze

B CastAlalloys

Cast o, ductle (nodular)

B Castiron, gray.

B Cast magnesium alloys

B cement

B CFRP, epoxy matrix sotropic)

B Commercially pure lead ol
B Commercialy pure titanium
B Commerdially pure zinc

B concrete

B copper

B Dough (Bulk) molding compoun. Non-technical ceramics
‘GFRP, epory matri (sotropic)
B coie

Granke

B High carbon steel

B Lesg alioys

B Limestone

B Low alloy steel

B Low carbon steel

B marie
B Vieciom corbon stee! 1000 2000 5000 10000 20000

B nickel v Density (kg/mA3)

Ready

H P Type here to search T3 Q) EN

1007
Composites

e strength (MPa)





image10.png
B File Edit

G B @ o [

View Select Tools Window Help

& Leem

Qoo+ | B g D o -

Selection Project

Fatigue strength at 1047 cycles (MPa) vs. Density (kg/m~3) &

1. SELECTION DATA v
Database:  Materials Science and Engineering Change.

Selectfrom: | Custom: MaterialUniverse: N
2. SELECTION STAGES v

Chart/indec Y timit L& Tee

12 Stage - Facigue strengen at 107 cydes (MPa)ys. Density (kg/m'3)

3 RESULTS: 44 OF 44 PASS v
Show: [Pass al Stages v
Rank by: [Alphabetical v
@ Nome ~

B Age nardning wrougnt A-sloys
B AluminumSiicon caroide com.
B Brss
B srick
eronze
B Cstasioys
st iron, cuctile (noduls)
B castiron, gy
B Cost magnesium sioys
B cement
B Crep, epoxy metx soxropic
B Commercily pure lesa

B Commercisly pure tsnium

B Commercily pure znc

B concrete

B copper

B Dough (B molding compoun
GFR, epoxy mtrix (sotrapic

B coie
Granice

B righ corbon scee!

B Lesasioys

B Limestone

B Low aloy see!

B Low carbon steel

B marble

B Medium carbon steel

B nickel

mRAHBIQAMBEALle-L Bl e

Fatigue strength at 1077 cycles (MPa)

10004

1004~

10—

Composites

Metals and alloys

1000

5000

ity (kg/m"3)

10000

Den:

=689, ¥=0.48)

H P Type here to search

Q) e





image11.png
b Fie Edi View Selec Tools Window Help

G B @ o [

| 9

@ corun

O s @ e -

Selection Project
1. SELECTION DATA

Database:  Materials Science and Engineering

Change.

Grone BT

Price (GBP/kg) vs. Tensile strength (MPa) 2

Selectfrom: | Custom: MaterialUniverse:

2. SELECTION STAGES
Chart/indec Y timit L& Tee

1 Scage 1 Pric (GBP/ikg) = Tensilesrenge (1Ps)

3 RESULTS: 44 OF 44 PASS

Show: [Pass al Stages

Rank by: [Alphabetical

@ tame
B Age nardning wrougnt A-sloys
B AluminumSiicon caroide com.
Beress
B erick
eronze
B Cstasioys
st iron, cuctile (noduls)
B castiron, gy
B Cost magnesium sioys
B cement
B Crep, epoxy metx soxropic
B Commercily pure lesa
B Commercisly pure tsnium
B Commercily pure znc
B concrete
B copper
B Dough (B molding compoun
GFR, epoxy mtrix (sotrapic
B coie
Granice
B righ corbon scee!
B Lesasioys
B Limestone
B Low aloy see!
B Low carbon steel
B marble
B Medium carbon steel
B nickel

Price (GBP/kg)

100000:

10000

1000:

100

10

o1

oot

YOI =P S

Metals and alloys

100 1000

Tensile strength (MPa)

Ready

H P Type here to search

NUM

Q) e





image12.png
academic use

P H S 1€

8oy o @ Figure 1 = -

QFind ~ .
New Open Save . Gl Refactor
S T = L - [
NAVIGATE o N@de (G008 KE =
- » Users » KM » OneDrive - University of Weles Tinit] - - - - - L B
—Trr © @ e ; Weighted Decision Matrix for Wind Turbine Blade Materials o e ©
Neme T Bxtended sufacesm 1| TurbineAssignmentmatricm | + | Name ~ Value
| engine workshop filesbackup Al 2 45 ° mi 3
| MiraCarV3 fles backup 2 aterials et
| MiraCarV3Domein’_files backup 3 4 e 3000375002000
| MiraCarV3Domain2.1 files.backup :
| MiraCarV3Domain2.5.fles backup : 035
| MiaCorVaDomin? fies backup : g
| MiraCarV3Domain3.files backup ! 3 5
| MiraCarV3Domaind files backup 5 g
| ProjectScratch 10 525
| dissetation n ©
| engine workshop v2_files 12 % 2
engine workshop v3_files 5 2
engine workshop.files © Fis
|| MiraCarV3 files b
" MirsCorv3Domsint fes = 1
| MiraCart3Domain2 1 fies I
| MiraCarV3Domain2..files b 05
| MiraCarV3Domaing. files 2
| MiraCarV3Domains. fles 2 o
| MiraCarV3Domaind.files 2 Ceramics Metals  Polymer Composites
| step ﬁ Material Type
) Ansysexport2.csv P p———
E e e e
B ot sty doss % text(d, scores(i)+0.05, num2str(scores(i)), ...
“Horizontallignment’, center”
&) CFD Assignment.docx z - . )
) Computational methods docx
i Extended surfaces.docx
) Tim CDF assignment Notes.docx Command Window ]
@ Turbine Assignment.docx New to MATLAB? See resources for Getting Started. x
L] KeomegaMorphwingtimV1.cas.h5
] KeomegaMorphwingtimV1.dath5 >> TurbineAssignmentmatrix
] KeomegatradwingTimeV1.cashs. fz >>
] KeomegatradwingTimeV1.daths
L] KepsilonMIRA.cas.h5
L] KepsilonMIRA.dat.h5
[ KensilonMIRAmesh3.cashS. v
Detals v
Select afile to view details
Zoom: 0% UTe [ocrpt [tn 28 Col 4

o

O Type here to search K2

L 56w 2 BH & B © d 4

sme .,





image13.png
Vacuum Outlet

Resin Inlet \

Resin Mold Resin iy
Trap Pump




image14.png
EPONYRESH

RENFORCEMENT

oA




image15.png
alcohol

metal

S

Surface cleaning

prepreg

vacuum valve
vacuum bag

C





image16.jpeg
Rotating Mandrel





image17.png
4] Figure2

Fie Edt View Insert Tools Desktop Window Help

EEEDREEIE

Manufacturing Process Comparisor for Composlte Wind Turbine Blades
repreg Lay-up

45—

8
T

Production Cost (£/kg)
T

25—

20— ® RM

15— @ Filament Winding

@ Vacuum Infusion
o | | | | | | J
2 4 6 8 10 12 14 16
Production Time (hours)

I

P Type here to search

. : 21
& b % do 4 ANEO G g VY





image18.png
4 Figure 6
Fle Edt View Inset Toos Desktop Window Help

EEEDREEIE

@ Cost Comparison for Wind Turbine Blade Manufacturing
T

Total Estimated Cost (£/kg)
8 8

8

oY Activate Windows
\q‘aV Go to Settings to activate Windows.

S o
o o
o
<o & o &

Material / Manufacturing System

L OCwaBEaE&Bd i 4 e oo O

O Type here to search K2





image19.png
4] Figured
Fle £t View Inset Tools Deskiop Window Help

EEEDREEIE

Cost vs Performance Trade-off for Wind Turbine Blade Materials
95— @ CFRP (Prepreg Lay-up)

85— @ CFRP (Vacuum Infusion)

75—

Relative Structural Performance

65

6 @ —GFRP-(VacuumT infosiony L L L L |
10 20 30 40 50 60 70

Cost (£/kg)

17:33

& B 0 i 4 A E s B

[ - ]

P Type here to search





image20.png




image21.png




image22.png
b Fie Edi View Selec Tools Window Help

Gr B o [

-

Q oo+

@ ver -

1. SELECTION DATA

Database:  Materials Science and Engineering

Change.

Tensile strength (MPa) vs. Density (kg/m3) &

Selectfrom: | Custom: MaterialUniverse:

2. SELECTION STAGES
Chart/index 7 Limit L& Tree

AHBlQamE/Cle-L

15 15 15 | 1@ -

12 Stage T Tenslesrengeh (MPa)vs. Densicy (kg/m'3)

3 REsuLTs: 20F 2 PASS

Show: [Pass al Stages

Rank by: [Alphabetical

@ Neme
B CrRP, epoxy matrix (sotropic)
B GFRP, epoxy mtrix (sotropic)

o x|
20

e strength (MPa)

1000-

g

&

CFRP, epoxy matrix isotropic)

1500

1550

1600 1650

1700
Den:

1750

ity (kg/m"3)

1800

=652)

H P Type here to search

3 ) EN

1





image23.png
b Fie Edi View Selec Tools Window Help

£ ome | B sore Q s [B0 consnin | 7

o X oo+ | B seos (D) b~

Selection Project

1. SELECTION DATA

Database:  Materials Science and Engineering

Grone BT

Price (GBP/kg) vs. Density (kg/mA3) &

Selectfrom: | Custom: MaterialUniverse:

Xk AEBQAQMEL s il e

2. SELECTION STAGES
Chart/index 7 Limit L& Tree

RS ————)

3 REsuLTs: 20F 2 PASS

Show: [Pass al Stages

Rank by: [Alphabetical

@ Neme
B CrRP, epoxy matrix (sotropic)
B GFRP, epoxy mtrix (sotropic)

El

8

Price (GBP/kg)
B

FRP, epoxy matrix (isotropic)

GFRP, epoxy matrix (isotropi)

1450

1500

1550

1600

1650

1700 1750

Density (kg/mA3)

Ready

H P Type here to search





image24.png
& Autosae

S turbine - Saved v

P search

® - o x

Fle Home Insert Pagelayout Formulas Data Review View Automate  Help [ comments |
cut - 0 a = 3 AutoSum  ~ A [a7m]
PD? [aptosNamon |11 -] A" & v B WepTet [Genesst B B [Noma Bad =B = = 7v oo
BCopy ~ Fill
Paste B I u-lmelawa. Mege& Center ~ | @ ~ 9 g gy Condions Fomatas ol T (Giciiion Insert Delete. Format Sort& Find& | Addins  Copilot
© < Format Painter 2 o B % 9 w8 Formatting ~  Table - . N © Clear~ Filter v Select v
Clpboara El Font El Aiignment Number El stytes cets diting Addins v
H19 v Ay v
3 < o e 3 s H ' s L M o 3 Q R s u voow X a
Document Recovery 1R R=Bladeradus ¢ O Specdration Chord lengihc() (m)=maxnuim cambers p=camberat 0¥ ofthe chordlengih e x comberine (o) t=thickness thicknessly) Yupper  Ylower _ realupper reallower
2| 02 nas s 12 6 3 asswsiss 004 [ o o o 012 [ o o [ o
Excel has recovered the following fils. Save | 3 o004 04 01 oassies [ 004627704 0064327704 002933 0.296243 -0.13643
the ones you wish to keep. 4 o004 04 02 ooy 003 00STETSAS  O0BTSTSAS 002736 0406458 012735
5 o004 04 03 139558 o035 0060017265 0097517266 002252 0453636 -0.10475
ooty 5 o004 04 04 1ee0781 004 00SE0G0108 0098030108 001803 0456022 -0.0838T
ps//uowtsd: my.sharepol, 7 o004 04 05 235026 003886880 0052040252 0091829141 001405 0427176 -0.065%
U s o004 04 0s 2791111 003555556 004563351 0061169246 001008 037765 -0.04685
T5/us/2025 1835 9 o004 04 07 325009% o0 0036639067 0.065639067 000664 0.309995 -0.03088
10 o004 04 0 7m0z 00223116 0.046453402 000401 0.225396 001865
" o004 04 09 aisess 00122222 OOMATIITI 0025699395 000225 0.124202 001049
2 004 04 1 assies2 o 00026 000126 000126 0.005861 000586
3
14
15
16
"
18
19
2
2
2z Airfoil Plot 0.4
2
= 02
> o1 real airfoil
2
o
= os
E o
— 0
2 £ oo .
5 ——towe 0
B oe —e—Cambertne
E o g 02
i 1 E u——
3 o M .
= e reatower
o
3 e o
3 3 s
3 a1
2 0z
B Reatoic
)
P
2
-
@ Which file do | want to save? -
[ctoe ] < > Sheet! + e — b
Ready ScrollLock B Accessibily: Investigate & B -+ e
z s o 2 1934
O Tpeneretosearch 4. H OB B @ = ®# B & 6 % do & ANEO G s U





image25.png
@ Autosave S fiee S P search ® - o x
Fle Home Insert Pagelayout Formulas Data Review View Automate  Help [ comments |
X cut _— © a T X AutoSum v A [m]
fﬁ 1 [aptosNamon |11 -] A" & v B WepTet [Genesst B B [Noma Bad =B = = 7v oo
B Copy ~ Fill
Paste B I U-[- & A- Merge&Conter -« | @B~ 9 o g Condorsl Fomates el (oo Insert Delete Format Sot& Find&  Add-in:  Copiot
© < Format Painter = 2 o B % 9 w8 Formatting ~  Table - . N © Clear~ Filter v Select v
Gipboard 5 Font 5 Aignment 5 Number 5 syies cels ating Addins v
P33 v fv v
3 < o 3 3 c " : s « L u N o 3 a & s T U v W x a
Document Recovery 1R R=Blade radius 1 cl ‘Speed ratio N Chord lengthc(r) (m )=maxnuim camber3 p=camber at 40% of the chord length  x/c. x ‘camber line (yc) t=thickness thickness(yt) Y upper Ylower  realupper real lower
2| oa ns  oms 12 0 3 Lrasessses 004 04 o o o 01z 0 o o [ o
Excel has recovered the following files. Save 3 o0s 04 01 oarasse oo17s 004627704 0064327704 002933 0112206 005116
the ones you wish to keep. 4 0.04 04 02 0.348889 0.03 005737543 0.08737543 -0.02738 0.152422 -0.04775
s o0s 04 03 oszm o037 0060017255 0097517266 002252 0AT0I13 0.03928
oo otsd 6 o0s 04 04 oseTTe 004 0056030108 0096030108 001803 0171006 -0.03145
s/ my.sharepol. 7 0.04 04 05 0872222  0.038888889 0052940252 0.091829141 -0.01405 0.160191 -0.02451
Pecnacatedlttnelney 8 0.04 04 06 1046667 0.035555556 0045633691  0.081189246 -0.01008 0.14163 -0.01758
15/03/2026 18:35 9 0.04 04 07 1221111 0.03 0036639067  0.066639067 -0.00664 0.116248 -0.01158
0 o0s 04 0 1mssse o022z 002620118 0.048453402 000401 0.064524 000699
" o0s 04 09 17 oowzzm 0014477173 0026699395 000225 0046576 -0.00353
2 o0s 04 1 17esase o 00126 000126 000126 000219 00022
I
1
15
®
I
o
19
2
2
2z Airfoil Plot 0.4
=
B o
= 01 real airfoil
2
o
= 0z
B o
o o
2 < om §
= o
B 002 —e—Cambertine o1
2 E 3
T Rt u—
3 o H ;
= e ralower
oot o
3 e 3 =
£ 0.05
3
£ 01
3 Reatic
Y
P
a2
s
® Which il do L want to save? =
[ctoe ] < > Sheet! + e — b
Resdy  SerollLock T Accessibity Investigate & e — ——
a o o 1635
P Typeheretosearch L,y H B B € W & B & ANEO G s U





image26.png
@ Autosave S fiee S P search ® - o x
Fle Home Insert Pagelayout Formulas Data Review View Automate  Help [ comments |
Cut C oA ® a = T Adosum v A ([
PD? [aptosNamon |11 -] A" & v B WepTet [Genesst B B [Noma Bad =B = = 7v oo
BCopy ~ Fill
Paste B I u-lmelawa. Merge&Conter -« | @B~ 9 o g Condorsl Fomates el (oo Insert Delete. Format Sort& Find& | Addins  Copilot
© < Format Painter = 2 o B % 9 w8 Formatting ~  Table - . N © Clear~ Filter v Select v
Clpboara El Font El Aiignment El Number El stytes cets diting Addins v
N20 v Ay v
3 < o e 3 s H ' s X L M N o 3 a  ®r s T U v w X a
Document Recovery 1[R R=Bladeradus r O Specdration Chord engihc() (m)=maxnuim cambers p=camber at 0¥ ofthechordlengih e x comberine () t=thickness thicknesslyt) Yupper  Ylower _ realupper reallower
2| os nas  ams 12 6 3 orrsuess 004 [ o o o 012 [ o o o o
Excel has recovered the following fils. Save | 3 o004 04 01 oomsn [ 004627704 0064327704 002933 0.049674 002274
the ones you wish to keep. 4 o004 04 02 01ss0e 003 00STITSAS  00B7STSAS 002736 0.067743 002122
5 o004 04 03 0zmsey o035 0060017265 0097517266 002252 0.075606 001746
ooty 5 o004 04 04 03012 004 00SE0G0108 0098030108 001803 0.076004 001396
ps//uowtsd: my.sharepol, 7 o004 04 05 037654 003886880 0052040252 0091829141 001405 0.0711% 001089
U s o004 04 05 0assiss 003555555 004563351 0061169246 001008 0.062947 -0.00781
T5/us/2025 1835 9 o004 04 07 osems o0 0036639067 0.065639067 000664 0.051656 -0.00515
10 o004 04 08 oe2a7 ooz 002623116 0.046453402 000401 0.037556 000311
" o004 04 03 oeore ooz O0MATIITI 0026699395 000225 00207 000175
2 004 04 1 0775309 o 00026 000126 000126 0.000977 00009
3
14
15
16
"
18
19
2
2
2z Airfoil Plot 0.4
2
= 02
> o1 real airfoil
2
o
= 01
E o
— o
2 £ oo .
2 e o
B oe —e—Cambertne
E o g om
= i 1 E u——
o £ om e reatower
B
o
3 e o
3 3 e o 1
3 o
2 o
B Reataic
)
P
2
-
@ Which file do | want to save? -
[ctoe ] < > Sheet! + e — b
Ready ScrollLock B Accessibily: Investigate & B -+ e
z s o 2 1936
O Tpeneretosearch 4. H OB B @ = ®# B & 6 % do & ANEO G s U





image27.png
@ Autosave S fiee S P search ® - o x
Fle Home Insert Pagelayout Formulas Data Review View Automate  Help [ comments |
X cut _— © a T X AutoSum v A [m]
fﬁ 1 [aptosNamon |11 -] A" & v B WepTet [Genesst B B [Noma Bad =B = = 7v oo
Mcopy ~ Fill+
Paste B I U~ (e &v A Mege& Center ~ | @ ~ 9 g gy Condions Fomatas ol T (Giciiion Insert Delete Format Sot& Find&  Addins  Copilot
© < Format Painter 2 o B % 9 w8 Formatting ~  Table - . N © Clear~ Filter v Select v
Clipboard El Font El Alignment Number El stes cells Editing Addins v
B3 v Ay v
5 < o e 3 = H i ) L Y o 3 Q 3 s u v w X a
Document Recovery 1 [R R=Bladeradus ¢ o speesratioN Chordengthci] (m j=maxnuim cambers p=camber ata0%ofthechordlength /o cambertine (yc) t=thickness thickness(yt) Yupper  Yiower realupper reallover
2 08 s s 12 s 3 oze0707a 004 04 o o o o1 o o o o o
Bxcel has recovered the following files. Save 3. 004 04 01 0007 o075 0046527704 0064327704 -0.02633 0.018703 -0.00853
the ones you wish to keep. 4 o004 04 02 ooselse 003 005737543 008737543 002738 0025404 000796
5 004 04 03 omer2 00375 000017265 0097517265 -0.02252 0.028352 -0.00655
s uontsd-mysh 5 004 04 04 011626 004 0056030108 0098030108 -0.01803 0.028501 -0.00524
e cu 7 004 04 05 014537 00sEssssE 0052940252 0091520141 -0.01405 0.026688 -0.00409
Version ceated st time the.. s 004 04 05 017444 003555555 0045633691 0081166245 -0.01008 0.023605 -0.00283
BEETED s 004 04 07 020319 003 0036539067 0.066539067 -0.00654 0.019375 -0.00183
10 004 04 08 0zwses 00222202 002623115 0.048453402 -0.00401 0014087 000117
B 004 04 09 ozeies7 00122220 0014477173 0026606395 -0.00225 0.007763 -0.00066
2 004 04 1 020071 o 00026 000126 -000125 0000366 -0.00037
13
14
15
s
”
18
19
2
2
2z Airfoil Plot 0.4
2
= o
z o1 real airfoil
%
o
s e
= oo om
B tow e
30 e om
om
B —e—Cambertine o
2 o $
1 is e u——
E am i
B oo ——
am
3 e 0
b ooun 9 i
@ am
2 ams
3 Reatic
r
a1
a2
s 1
@ Which file do | want to save? “ e . .
[Coe] Sheett 4 ——————————————————————————— >
Ready  ScrollLock i Accessiblty: Investigate & [
7 e o 2 1937
O Tpeneretosearch 4. H OB B @ = ®# B & 6 % do & ANEO G s U





image28.png
@ Autosave S fiee S P search ® - o x
Fle Home Insert Pagelayout Formulas Data Review View Automate  Help [ comments |
X cut _— © a T X AutoSum v A [m]
fﬁ 1 [aptosNamon |11 -] A" & v B WepTet [Genesst B B [Noma Bad =B = = 7v oo
BCopy ~ Fillv
Paste B I U-[- & A- Merge&Conter -« | @B~ 9 o g Condorsl Fomates el (oo Insert Delete Format Sot& Find&  Add-in:  Copiot
© < Format Painter = 2 o B % 9 w8 Formatting ~  Table - . N © Clear~ Filter v Select v
Gipboard 5 Font 5 Aignment 5 Number 5 syies cels ating Addins v
N33 v fv v
3 < o 3 3 c " : s « L u N o 3 a & s T U v W x a
Document Recovery 1R R-Bldersdus ¢ Cl SpesdratioN  Chordlenathcln) (m)-maxnumsamberts p-camberatd0¥ofthechordlengn xe x camberline () t=thickness thicknessiy) Yupper  Yiower realupper reallower
2| oss nas eres 12 0 3 oosizes 004 04 o 0 o 01z 0 o o o [
Excel has recovered the following files. Save 3 o0s 04 01 oozt oo17s 004627704 0064327704 002933 00093700018
the ones you wish to keep. 4 o0s 04 02 oomae o 00STI7S43  006TITS43 002738 0SS 000166
s o0s 04 03 00w o037 0060017256 0097517266 002252 00059 000138
oo otsd 6 o0s 04 04 oozes 004 005600108 009600108 001803 0006 00011
e sl 7 o0s 04 05 003004 0036860 0052040252 0091629141 001405 0005621 -0.00066
U e s o0s 04 06 00%725  003ssESssH 004563691 0061169246 001008
15/03/2026 18:35 s o0s 04 07 oosmie o 0036539067 0066639067 000664
0 o0s 04 0 00w oo2zzz 002620118 0.048453402 000401
" o0s 04 09 oossoee 00wz 0014477173 0026699395 000225 0001634 000014
2 o0s 04 1 ooet200 o 000126 000126 000126 77IE05 77EGS
I
1
15
®
I
o
19
2
2
2z Airfoil Plot 0.4
=
B o
= 01 real airfoil
2
o
= o7
B o oo
2 e . oot
s o
30 oo
E o2 e Cambertine o
2 o g
E u—
= o T S = —
B oot e ralower e
oot
3 e o
= son 9 A o om
7 oo
= o
3 Reate
Y
P
a2
s
® Which il do L want to save? =
[ctoe ] < > Sheet! + e — b
Ready  ScrollLock B Accessibily: Investigate & e — ——
o Q 105
. i n 7
R Type here to search A B D O G w & HaE s % od & ANE G s U





image29.png
2
75 SOLIDWORKS  File Edt View Inset Tools Window AD-PH-B-2- turbine Drawing - Sheet1 BN search Commands ®® - & x
&N B g A w Dsioon /" Surface Finish | EEI Geometric Tolerance. - Center Mark &=
pomart | Model | Spell - Fomat Note LinearNote g3 suto galloon /7 Weld Symbol DatumFeatwre | 9% [ Centerine 3 Revsion Cloud | 1%
B - M) Magnetictine Lz Hole Callout | & Datum Target -l e . o
Drawing | Annotation | Sketch | Markup | Evaluate | SOLIDWORKS Add-Ins | SheetFormat | -~ 160 + .+ -~ 260 ~ + a0 ~ + « %0 ~ + + 500 ~ a0 . - T e s oo o - e - ime a0 |
—————_—_—— it oilZ!G % lbdDOM ———— — — 00 - & x

=] ®

v

B8 twrbine Drawing
Annotations
I+ I sheet

8 » [ Sheet Formatt .
Al B # ovingview2

Al @ orevingviewss

» B B Drowing ViewT?

Maxium Thickness 0.060017266m @1.40 m

| [BSheett [#J T I
SOLIDWORKS Student Edition - Academic Use Only 141072mm  22635mm Omm  Under Defined _ Editing Sheet! 51 - MMGs - &
- . =
P et 4. B B DG w ok BHAEAS T o d® N L BT





image30.png
S SOLIDWORKS  Fie Edt View mmsert Tools Simulation Window

&0

< E turbine 5 x
A0-B-E-0&- - ﬁE‘313%“@@&@@2&@*@2@3'%\\&%0!@;(f@ L PB-0-v-RT-B
C & /-0-nv-@ 5] @
= ) o e @0 [ - B2 6T GF 2
e e el . sutace . )
Sketch | Mold Toas | Mesh Modsing | Markup | Evaluote | MBD Dimensions | SOLIDWORKS Add ns oD SOLIDWORKS CAM | SOLIDWORKS CAMToM

Ble[&. T

=5 Material <not specified>

R - ‘ﬁ‘ Front Plane
. [¢] Top Plane
W - ] RghtPlane
5 +| 1, orign

MateReferences

Curet
2 cuvet
@) Boss-Batruder
2 Cuves
2 curveto
@) Boss-Barude2
2 Curett
2 curet2
@) Boss-Barudes
2 Curers
2 Curveta
@) Boss-Brtrudes
2 Cumert
2 cumes

» @) Boss Barudes

CARE- DY SR

=
&
163
< >
TN Model [ 3D Views | Motion Study 1 |
‘ e

SOLIDWORKS Student Edition - Academic Use Only -9
T 1545

28 O Type here to search +.. 5 DO O G = ® o P =





