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[bookmark: _Toc230078621]Introduction- KJ.
This report investigates the design and implementation of a renewable energy system that utilises wind power generated from the “piston effect” at the exit point of the channel tunnel as its primary energy source. The objective is to develop a small-scale wind turbine that is technically robust, environmentally responsible, and suitable for integration into modern energy systems. A key focus of the design process is ensuring full safety and compliance with relevant British Standards, guaranteeing reliable operation and user protection.
Environmental sustainability is a central consideration throughout the design, with an emphasis on the use of environmentally friendly, non‑metallic materials to reduce embodied carbon, corrosion risks, and overall environmental impact. In addition, the turbine is intended to support decentralised renewable energy generation, either by exporting electricity to the national grid or by supplying power to local battery storage systems. This approach contributes to improved energy resilience, reduced reliance on fossil fuels, and progress toward national renewable energy targets.











[bookmark: _Toc230078622]Project organisation, roles and responsibilities- KJ. 
Figure 1 below is Group 3’s organisation chart. As you can see 2 individuals had split roles, this was due to the team understanding the need for these positions within the project but not having enough members to fulfil the roles individually. 
[image: A diagram of a company project
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[bookmark: _Toc230078702]Figure 1- Group 3 organisational structure
Defined below are the role responsibilities the initials of the individuals responsible for those roles along with a brief description of each role within the project. This report will include content from each roles contribution to the overall project along with relevant research material.
[bookmark: _Toc230078623]Project Manager and Sustainability- KJ​.
The Project Manager leads strategic oversight and integrates sustainability into project decisions for environmental responsibility.​
[bookmark: _Toc230078624]Design Specialist Role- KA​.
Design Specialist develops conceptual and technical models, collaborating to refine visual and structural project elements.​
[bookmark: _Toc230078625]Analysis and Procurement Functions- GB.​
Analysis Specialist conducts performance assessments, while also managing procurement to optimise cost and quality.​
[bookmark: _Toc230078626]Materials Specialist Support- OR​.
The Materials Specialist ensures material suitability, durability, and alignment with sustainability, supporting design and procurement.
[bookmark: _Toc230078627]Summary.
[bookmark: _Toc230078628]Project Management-KJ.
While working as a team there are many things to consider, the skills set, knowledge, behavioural traits of the individuals within the team but also how best to manage the individuals to be able to create a high performing team.
Belbin (Belbin, 2025) researched behaviours within a team and believed that the most successful of teams were made up of individuals with a diverse mix of behaviours. Below, Figure 2 shows the 9 categories stated in Belbin’s theory and Table 1 is a summary of the roles and their strengths and weaknesses. It is important to understand the different behaviours within the team to be able to effectively manage the team harmoniously and everyone working to their true potential.
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[bookmark: _Toc230078703]Figure 2- The nine Belbin Team roles. (Belbin, 2025)
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[bookmark: _Toc230078736]Table 1- A summary table of the nine team roles (Belbin, 2025)
These can contribute to the team dynamic, the dynamic being shaped by the behaviours, skills, personalities, and interactions of team members and evolve over time. According to Tuckman’s 1965 team development theory (Bitesize Learning, 2015), teams progress through five stages: forming, storming, norming, performing, and adjourning. In the forming stage, members begin to get to know one another and dynamics are tentative, open communication and willingness to engage help establish trust. During storming, differences in opinions, values, and working styles emerge, often causing conflict and emotional tension. How members manage disagreement determines whether the team progresses or stagnates. In the norming stage, conflicts are resolved, roles become clearer, and shared norms develop, leading to more positive and collaborative dynamics. Performing occurs when the team operates efficiently with high trust, accountability, and a strong focus on shared goals. Finally, adjourning marks task completion, where members reflect on achievements, relationships, and experiences as the team disbands.
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[bookmark: _Toc230078704]Figure 3- Team dynamics model by Tuckman 1965 (Symonds, 2025)
With these in mind you have to utilise these in order to properly lead a team and be able to adjust leadership styles. Lewin’s (1939) theory suggests leaders can sit in three separate styles, using Lewin’s research it can be suggested that the autocratic style would create the higher output but it would generate a completely different work dynamic to a leader who has a democratic style. However, in my experience I have seen my manager go between these styles depending on the situation and/ or task which has worked well. Whereas Hersey and Blanchard’s (1977) situational leadership theory argues that a leader’s ability to lead the team depends on certain situational factors using development levels, supportive behaviours and directive behaviours.
According to Lewin’s theory, management styles can be broken down into autocratic, democratic and Laissez-faire. Autocratic- Leaders have complete power over people, the leader makes all the decisions and are to be executed without question. Good when dealing with inexperienced employees or in a crisis situation. The lack of input and autonomy can negatively impact employee motivation long- term.
Democratic- Leaders involve employees in the decision making process, the leader may still make the final decision. Most effective for group performance across the board. Can be a slower process, so may not be optimal in a time- critical situation.
Laissez- faire- Hands off approach where leaders delegate decision making authority to the team and allows them to work largely on their own. Should only be used with highly skilled and highly motivated employees. High levels of autonomy can be motivating for those who are skilled and motivated enough to handle it. Can have a negative impact on performance for those who need strong direction and guidance. (Lewin,2025)
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[bookmark: _Toc230078705]Figure 4- Hershey and Blanchard’s situational leadership model (De Bruin, 2020)
For the most part of this project the team sat under the democratic and Laissez- faire leadership style of Lewin’s theory and Supporting and Delegating of Hersey and Blanchard’s theory. 
The main part of the project manager’s role within this project was to ensure the team remained on track for the milestones of the project, ensuring communication was maintained, any minutes that required next steps were cascaded through to the team and actioned accordingly, this was monitored and followed through in the following meetings. Alongside the communication aspects, the project manager created the Gantt chart as a visual for the team to reflect their progress, creating a blank template for the report so that all information was to collated in the same template and to the same standard, and to submit the report and viva’s on behalf of the team. 




[bookmark: _Toc230078629]Design Specialist – Kieran Allen
 
[bookmark: _Toc230078630]Role and Approach
The role of the design specialist was to use the agreed upon product design specification, create a detailed CAD model of a helical vertical axis wind turbine, and validate that the design is suited to its intended deployment using structural simulation. Aspects controlled by the design specialist include the turbine geometry including blade profile, the positioning and layout of the rotor, supports and containment. Design for manufacture considerations were made throughout the design process, to ensure that each component could be made, or was a standard off the shelf item. The model was built up from individual parts into sub-assemblies, before inserting into a master assembly, refining geometry as simulations were ran. 
 
[bookmark: _Toc230078631]Research and Deployment Context
Kumar, Raahemifar and Fung (2018) make the case that vertical axis wind turbines are well suited to the turbulent, multi directional winds typical of urban environments where horizontal axis turbines underperform. In terms of Vertical axis wind turbines, Cheng et al. (2017) report that the Gorlov helical turbine distributes torque more evenly across rotation than a straight bladed H-type Darrieus rotor, while also producing lower noise emissions. For straight bladed Darrieus configurations, solidity and number of blades are the primary aerodynamic levers (Rezaeiha, Montazeri and Blocken. 2018). This information is also relevant to helical, curved blade rotors, which supported the decision to revert to a three blade turbine after initially opting for a four blade model. 
As a group, we selected outside the exit of the train tunnel as the intended environment for our turbine. As trains pass through the tunnel, they generate substantial airflow because of the ‘piston effect’. This is where a train compresses air ahead of itself and pushes high velocity air out of the tunnel as it exits. Kim and Kim (2007) demonstrated this through 1:20 scale model tests and CFD. Bethi et al. (2019) demonstrated through CFD simulation that a savonius type rotor positioned in and around the exit of the tunnel, to the side of the track, can convert train induced piston wind into energy. We intend to deploy our turbine at the exit of the tunnel, therefore the topic of the study is relevant. 
Deploying the turbine system outside of the tunnel is different from what we originally discussed as a team and creates a few different risks that need to be addressed within the design. The risk of bird strikes and damage caused by debris from passing trains is addressed through the implementation of the mesh containment. Weatherability also becomes a factor that requires consideration, as the turbine assembly is now subject to UV exposure, temperature changes, and possible corrosion in salt air environments, if the turbine is deployed in coastal areas. In the manufacturing and assembly section, a UV resistant clear coat is specified for use on the components manufactured from Flax to address some of these risks. The turbine blades are the most demanding component to design and optimise, as the product design specification commits to using a flax based composite for sustainability reasons. Shah, Schubel and Clifford (2013) provide the most relevant published precedent, with their resin transfer moulded flax/polyester blade demonstrating structural viability when used on an 11 kW turbine. 
Several standards apply to the design of this wind turbine. BS EN 61400-2 (BSI, 2013b) and BS EN 61400-11 (BSI, 2013a) details the measurement techniques of acoustic noise for wind turbines, which is an area that is listed as future work. BS 8888 (BSI, 2020) is the UK standard for technical product documentation and engineering drawings. BS EN 50121 (BSI, 2017) specifies electromagnetic compatibility in railway systems, and ISO 14021 (ISO, 2016) covers the sustainability and environmental claims the brief states. 





[bookmark: _Toc230078632]Concept Selection
Based on the concept drawings, the team agreed upon a four turbine modular system, contained within a mesh containment. Each module consists of four three-bladed turbines arranged in line on a base that also acts as a containment for the electrical components necessary to convert and store the energy harvested by the turbines. Compared to a single large turbine of equivalent total dimensions, the modular arrangement gives a higher total swept area, while keeping within the height and width limits specified in the product design specification. Against an original concept to deploy the wind turbine modules on a bridge, the chosen concept was supported by a weighted decision matrix scored by the team (Appendix 1.1). In the matrix, five criteria: Feasibility, Cost, Efficacy, Sustainability and Health and Safety were applied at weights 2, 1, 4, 5 and 3 respectively. The chosen concept scored 60, against the 54 of the rejected concept. Feasibility, Sustainability, and health and safety were the defining criteria that led to the selection of this concept. The implementation of small, vertical axis wind turbines at ground level, means that costs, and risk of injury are reduced during installation and maintenance. The use of sustainable materials, and the selection of a manufacturing method that produces less waste, ensures that the chosen concept is a more sustainable option.
[bookmark: _Toc230078633]CAD Modelling and Design Development
All CAD modelling was carried out in SolidWorks. The approach was taken to begin the design by working outwards from the central structure. Each component was modelled as a separate part, before combining within a single turbine sub-assembly, which was inserted into a master assembly, along with the containment and base sub-assemblies. 






[bookmark: _Toc230078634]Build Sequence
The design began with the central structure of one turbine, modelled at a height of 1000mm. The blade was next to be developed, which began with sketching the blade profile on a plane, before sweeping along a helix around an axis to create the helical blade form. Three blades were inserted into a single turbine sub-assembly, with the central structure, before three supports per blade were designed and added also. These top, middle and bottom supports connect each blade to the central structure, fixed to the blade with an M10 locking bolt, and to the centre structure by a weld. All three supports share the same diameter but are cut to different lengths depending on their position along the blade. A cap was added to the top of the centre structure, which with further development can serve as protection from the weather and environmental conditions. Fixings were then added to complete the single turbine sub-assembly. 
[image: ]
[bookmark: _Toc230078706]Figure 5- Single turbine assembly
Four single turbine sub-assemblies were inserted into the master assembly and constrained in a row, at 750mm centre to centre spacing. This spacing ensures that all blades have enough clearance during operation, without making the unit unnecessarily wide. The containment system was added next, which had already been inserted and constrained in a separate assembly, and consisted of four mesh panels, fixed to four corner posts, finished in safety yellow, and two hinged doors providing access for maintenance. The base was added as a sheet metal part, with edge flanges to create a box shape, with hinged access doors to create a space that served as housing for the permanent magnet synchronous generators, charge controller, dump load and battery storage typically required for a small vertical axis wind turbine. These electrical components were not integrated into the CAD assembly, as accessible step or SolidWorks files could not be attained. Once these sub-assemblies had been inserted into the master assembly, and constrained to their correct positioning, all fixings were inserted. The master assembly has an overall height of approximately 1830mm, which sits well within the height limit stated in the product design specification.
[image: ]
[bookmark: _Toc230078707]Figure 6- Modular Turbine Assembly with containment suppressed.








[bookmark: _Toc230078635]Custom material card
SolidWorks did not have a suitable material with accurate properties, to apply to the composite components of the assembly, so a custom material had to be created using the Extrudr FLAX bio-PLA filament datasheet.
[image: ]
[bookmark: _Toc230078708]Figure 7- Extrudr FLAX bio-PLA filament datasheet (Extrudr, 2024)
Aluminium 6082 was specified for the support bars, central structure and base components, which SolidWorks had a material card for in the default library. 







[bookmark: _Toc230078636]Iteration and design changes
Several changes were made between the first version of the model and the current iteration. The most significant changes made were the reverting from four blades per turbine, to three blades, and the alteration of the positioning of the supports. In the previously presented single turbine assembly, the blade supports were spaced roughly 150mm apart, with the middle support positioned at the halfway point of the blade. Initial simulations indicated an unacceptable blade tip displacement of 64.5mm at LC1, where the turbine was specified to be rotating at 75 rad/s. Increasing the spacing of the blade supports to 400mm, placing the top and bottom supports closer to the blade tips, reduced the max blade displacement to 1.5mm at the same load case. Therefore, this design iteration was directly driven by simulation evidence and is a change that has proven that the flax composite blades are a viable option. The decision to reduce the blade count from four to three per turbine was driven by research into existing designs. A typical Gorlov wind turbine has three helical blades. Reducing the amount of blades reduces material use, which in turn reduces the total cost of components, installation, and maintenance/repairs. 
The mounting decision was changed from tunnel wall mounted, to freestanding floor mounted, with a base fixed to a concrete foundation outside the tunnel exit. Wall mounting would have required considerations to the structure of the tunnel itself, while the freestanding option avoids this, and allows the use of off the shelf mesh containment systems. 
The centre structure was redesigned to allow for welded supports, rather than the original plan which was to slot the blade supports through the centre structure and bolt them from the inside. Upon inserting parts into the assembly, and constraining them in place, it became apparent that there would be not enough access to insert the bolts. The revised design consists of the supports being cut to fit the profile of the centre structure and welded in place. This is a structurally sounder option, but also means that the process off replacing or repairing an individual support requires more down time for the turbine. 

 
[bookmark: _Toc230078637]Manufacturing and Assembly
[bookmark: _Toc230078638]Process per component
The three helical blades and top cap are 3D printed using Extrudr FLAX bio-PLA filament at 100% infill. Ideally, the printer will be capable of printing parts exceeding 1000mm in height, but with further model optimisation and structural analysis, the blades could be split into 3 parts and assembled using a steel dowel and structural adhesive. Both of these flax parts will be finished with a UV-resistant coating to extend outdoor service life.
The centre structure and blade supports are bought in as aluminium 6082 round bars, machined to the diameter and length required, and an internal thread is inserted into the end so that the blades can be fixed to the supports with an M10 locking bolt. 
The base structure is fabricated from 10mm sheet aluminium, bent into a box shape and welded for rigidity. The access doors are 3mm sheet aluminium, hinged to allow an upwards opening. The containment is a bought in steel mesh system, with six foot high mesh wall panels, fixed to corner supports finished in safety yellow. 
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[bookmark: _Toc230078709]Figure 8- Full assembly with containment system

[bookmark: _Toc230078639]Alternative manufacturing processes considered
A vacuum assisted resin infusion manufacturing method producing a flax fibre and bio-resin composite was an alternative manufacturing that the team considered. Shah, Schubel and Clifford (2013) used a resin transfer moulding process for their flax/polyester blade, with their results suggesting that vacuum assisted resin infusion would offer higher tensile strength and stiffness compared to the 3D printed flax filament option. The resin infusion process was rejected on the grounds that designing and manufacturing a mould for the helical blade geometry would require extra design and manufacturing time, increasing the cost of the project. Also, there is significantly more waste material produced when using a resin infusion method, such as excess resin, waste release film, vacuum bagging, breather material. Whereas 3D printing only produces waste material during calibration of the printer prior to printing, and the supports that it must create to support the complex geometry of the blades. Therefore, the chosen manufacturing process fits well into our sustainability heavy product design specification. 
[bookmark: _Toc230078640]Infill optimisation
The structural simulations were run based on the blades being printed at 100% infill, meaning a fully solid part with the material properties from the data sheet applied directly. A factor of safety of 2.6 was achieved for stress, with LC1 indicating a maximum stress of 16.71 MPa. As noted in the data sheet, the material has a tensile strength of 43 MPa. This raises the question of whether the infill could be reduced to save material and print time, ultimately reducing cost. Belarbi et al. (2021) report that PLA flax shows low sensitivity to print parameters and identifies inter layer bonding as the biggest limitation in flax and PLA parts. 
It would be useful to re-run the simulations with revised material properties to represent a reduced infill print. This would then allow us to determine what would be the lowest percentage infill that maintains an adequate factor of safety. As infill is reduced, mass would reduce linearly, meaning that the centrifugal force acting on the blades would also reduce. 


[bookmark: _Toc230078641]Structural Simulation
Three blade-only static studies were carried out using SolidWorks simulation, with three defined load cases covering rated operation (LC1), survival gust (LC2) and train pass by (LC3). A full turbine assembly was also carried with LC1 conditions. All studies used a fine mesh, to ensure as accurate as possible simulation results. Constraints for each simulation reflected true fixing points during operation. 
[bookmark: _Toc230078642]Load cases
LC1 applies a pressure of 88 Pa on the outward face of the blades which corresponds to 12 m/s winds, with the turbine determined to be rotating at 75 rad/s. LC2 applies a pressure of 1,176 Pa of drag pressure on a stationary turbine, not rotating, in 40 m/s gusts, stated as a requirement in the PDS. No centrifugal load is applied in this load case. LC3 applies a pressure of 165 Pa of pressure, which represents a peak piston effect gust at a 15m/s train pass by. This is a conservative figure for UK passenger trains, at the lower end of the in tunnel velocities reported in literature related to the piston effect (Kim and Kim, 2007; Pan et al., 2013). The turbine is determined to be rotating at 75 rad/s in LC3, equal to LC1. 
 
[bookmark: _Toc230078643]Blade results
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[bookmark: _Toc230078710]Figure 9- Blade only structural simulation results
The turbine blades passed the structural simulation at all load cases with a comfortable margin. As shown in appendices 1.2, 1.8 and 1.11, stress concentrations were noted at the fixing points where the blade meets the blade supports, but the peak stress does not reach half of the yield strength. Strain follows a similar pattern which can be seen in appendices 1.5, 1.6 and 1.10, with the highest value being observed around points where the part was fixed during simulation but still falls comfortably within the pass criteria at all load cases. Displacement results also achieved the pass criteria, once a design change had been made. Initially, with the blade supports spaced 150mm apart, simulations showed a max displacement of 64.5mm for LC1, which can be seen in appendix 1.4. This prompted the design change of increasing the spacing between supports to around 400mm, which reduced the max displacement to 1.57mm, along with acceptable values for LC2 and LC3, (Appendices 1.3, 1.7 and 1.9).
[bookmark: _Toc230078644]Single turbine results
The blade only simulations show that the blade is capable of handling the forces that will be acting on them during operation, but do not give an indication of how the supporting structures will cope. A singular turbine study at LC1 was carried out to investigate this and validate the design. The same material was applied to the blades, and aluminium 6082 was specified for the blade supports, and central structure. 
As can be seen in appendix 1.12, the simulation showed that there was a large stress concentration of 164 MPa at a contact point between a blade support and the blade. This was disregarded and assumed to be an issue with the mesh that occurs at a contact point of materials with very different stiffness values. Therefore, a reading was taken from just outside this point to obtain a more reliable measurement. A max displacement value of 2.88mm was observed at the tip of the blades (appendix 1.13), which keeps within the pass criteria, and does not affect the parts clearance between itself and other components.
[bookmark: _Toc230078645]Reflection
To reflect on the outcome of this project, substantial CAD modelling has been completed, producing a modular assembly that consists of four single turbines on a mounted base that acts as an enclosure for the electrical components, with a containment system that protects the turbines from debris and bird strikes, as well as preventing unauthorised access. Each turbine consists of three blades, with three blade supports welded to a central structure. Simulations were carried out to validate design choices, with all shortcomings outlined by the analysis being rectified. 
Future work for this project would include producing a set of engineering drawings for all parts and assemblies, acoustic and vibration analysis, the use of more advanced simulation software such as ANSYS to access a wider range of aerodynamic simulations, and integration of the electrical components critical to the operation of the wind turbine. 



 
 

 
 

 
 








[bookmark: _Toc230078646]Material selection specialist (Owen Rogers)
[bookmark: _Toc230078647]Role and approach
The Material Selection Specialist plays an important role in selecting a material for a Helical Vertical Axis Wind Turbine (HVAWT) blade, as this selection ensures the effective, safe, and reliable operation of the turbine under various environmental and mechanical conditions. They are also responsible for researching & selecting materials that meet the optimal balance of strength, weight, durability, fatigue resistance and cost-effectiveness. The selection of materials for HVAWT blades is critical, as these blades are subjected to various conditions that affect the turbine's aerodynamic performance, structural integrity, and service life.
The material specialist systematically investigates a selection of materials, assessing their viability by analytically validating them against the preset functional and operational requirements of the turbine blade as outlined in the product design specification (PDS). The candidate materials, such as aluminium alloys, fibre-reinforced polymer composites, carbon fibre composites, glass fibre composites, or hybrid materials, are evaluated against these requirements with respect to their mechanical and environmental performance characteristics.
The process of selecting a material normally involves comparing key properties such as tensile strength, stiffness, fatigue resistance, density, corrosion resistance, manufacturability and maintenance requirements. Sustainability aspects are also considered throughout the process to ensure that the chosen material supports both technical performance and long-term feasibility.
 
[bookmark: _Toc230078648]Project context and piston effect
A double-helix (helical) vertical-axis turbine, placed at either end of the train tunnel, would be a valuable and efficient means of generating energy, as it could harvest the airflow generated by passing trains. Placing the turbine blades just outside the tunnel entrance effectively turns the tunnel into a giant piston cylinder, with each train entering/exiting the tunnel creating a surge of airflow that produces large pressure cycles. 
This is an aerodynamic phenomenon known as the piston effect, which is where a moving object acts like a plunger when in a confined space, forcing air ahead of the train, compressing the air, as well as creating a vacuum behind it, pushing the air forward like a syringe, pulling in fresh air from behind (Pan, et al., 2013). The airflow which is induced can reach speeds of between 36-72km/h for typical trains, or up to roughly 180km/h for high-speed rails (E+T Magazine, 2025).
This effect can significantly increase the dynamic loading (bending/fatigue) of the turbine blades. Indeed, studies note that tunnel piston flows produce “significant wind energy” that is exploitable by turbines (Wang, Xiong, Zhang, Zhang, & Azam, 2023). However, with this, the blades will experience harsh conditions such as moisture, rain/hail impact (erosion), UV exposure, temperature swings, and airborne particles. With examples of high-speed rail tunnels often having very short clearance, generating near sonic pressure waves (Shen & Zhang, 2013)
[image: ]
[bookmark: _Toc230078711]Figure 10- A high-speed rail tunnel entrance with an aerodynamic hood (France TGV). These entrance hoods are used to mitigate the tunnel piston effects and pressure waves (Photo: Wikimedia Commons).
Therefore, since there are major effects at play, the material requirements are of high importance, with these requirements including high fatigue resistance (tensile/compressive cyclic loads), good erosion/impact durability, low density (to minimise inertia), weather resistance (moisture & UV), cost effectiveness, and safety (fire and smoke).
 
[bookmark: _Toc230078649]The material selection process
[bookmark: _Toc230078650]Structural, Aerodynamic and Environmental Load Considerations
When designing new projects, there are considerations that need to be outlined during the product design specification process before beginning any research. Many of these considerations would include:
· Train-Induced Wind: If the Eurostar-class trains do roughly 250 km/h approaching the tunnel, the piston effect can generate gusts up to 100–150 km/h or 28-42 m/s at the portal (E+T Magazine, 2025). For safety, a design wind speed of 60–70 m/s would be desirable, assuring a safety factor of roughly 1.5 times the expected speeds. This flow of wind would impose aerodynamic forces (lift/drag on the blades, yaw moments) and dynamic pressure surges. Another consideration is sporadic gusts from open terrain (e.g., tornadic gusts); these should be roughly 30–40 m/s, per wind-engineering standards.
· Pressure Pulses: When a train breaks or accelerates, it creates a pressure pulse which would propagate down a tunnel. Finite-element FSI studies, including field tests, show that the blockage ratio and speed greatly affect tunnel pressure (Xiaonan, et al., 2020). 
· Debris Impact: since the trains will be moving at great speeds, there is a high possibility of twigs, stones or water spray striking the blades. The design of the helical geometry allows many impacts to slide along the blade rather than ramming flat surfaces (Hench & Fralick, 2015). However, we should still design for discrete impact energy as per the UK rail debris guidelines (e.g. assume a 2 kg object at 30 m/s could strike).
· Moisture and Moist Air: Since the turbine will be mainly outside in the elements, rain, condensation, tunnel humidity and occasional snow are key considerations when designing. Since some composites, especially fibrous materials, are hydrophilic & ensuring limited absorption is paramount since this would cause swelling and property loss if not managed (Hadj-Djilani, Bougherara, Zitoune, & Toubal, 2024). This would mean that the blades must be sealed using some form of epoxy/resin to prevent. Assume a water exposure of up to 100% Relative Humidity and periodic immersion (spray), per CEN/ISO environmental categories for outdoor use.
· UV Radiation: Since the blades of the turbine will likely see the sun (unless a mountain range shades the tunnel entrance), it is important to consider that UV degrades natural fibres and resins (Hadj-Djilani, Bougherara, Zitoune, & Toubal, 2024). If we look to increase the lifespan of the blades, e.g. over 20-year life, expect up to a possible 15–20% drop in strength if unprotected by UV-blocking gel coats or hybrid skins (Hadj-Djilani, Bougherara, Zitoune, & Toubal, 2024).
· Temperature Cycles: Since the UK climate extremes are approximately –20°C to +40°C, plus the solar heating on blades, it is key to minimise the thermal expansion between resin and flax as this can induce further stresses on the blades. This can be prevented by using a resin that matches the expansion, depending on the location and the expected temperature change in that area.
· Fatigue Loading: With each train passage, this creates a load cycle which in turn needs to be considered when designing a turbine blade. A 20-year life is about 14 million cycles, so ensuring that a material has a suitable S-N life is crucial, given low-cycle fatigue from pressure pulses and high-cycle fatigue from rotational stress. 
· Corrosion/Fire: Selection of materials is key during the design of components since there is a risk of corrosion if we include some metals and a risk of fire if we use some composites (unless treated). Therefore, the design to negate these effects would be ideal, such as the blades receiving a fire-retardant resin or surface coating.
· Maintenance Access: The site will most likely be remote, since on railway tracks, maintenance visits are costly. The design must allow for easy inspection (e.g., ladders, platforms). Assume service every 2–5 years.
 





[bookmark: _Toc230078651]Material selection fundamentals
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[bookmark: _Toc230078712]Figure 11- Flowchart of process of leading to the material selection for helix turbine blade
The figure above shows the process we followed that led us to our selection of flax composite material. This was a key component during the beginning of my research process that helped lead us to our final material. One of the key parts that steered us during the project was introducing basic design requirements, set out in our PDS (product design specification), as this places constraints on all aspects of the project so that we don’t stray too far from our initial idea. This also allows us to work from the same requirements, preventing any miscommunication.
 



[bookmark: _Toc230078652]Material selection criteria
To help us evaluate our material for our helix-bladed turbine, we used an evaluation matrix based on seven weighted criteria. These seven would include; 
· Mechanical Performance, including strength, stiffness, & fatigue – weight 30% & must resist centrifugal and wind loads with a fair margin.
· Durability, including moisture/UV/weathering, erosion – weight 20% & must be designed to be critical in a tunnel entrance environment.
· Weight (density) – weight 15% & ideally needs a lower density as it reduces inertia, dynamic stresses and foundation loads.
· Manufacturability & Cost – weight 15% & must have an Ease of forming double-helix geometry, low material costs, and must be readily available.
· Maintenance & Reliability – weight 10% & must have a low inspection frequency, ease of repair, and a long-expected lifetime.
· Recyclability & Sustainability – weight 5%, a good end-of-life recovery and a low environmental impact.
· Fire/Smoke Safety – weight 5%, a lower priority criterion, but required for safety standards.
 
[bookmark: _Toc230078653]Candidate Material research
During our discussions as a group, we reviewed a range of suitable materials used in various applications that showed promising potential within the material requirements listed above. In doing so, we arrived at a set of candidate materials to choose from and for me to research. These candidate materials included a flax-seeded fibre composite (natural flax fibre in a polymer resin), E-glass/epoxy composite (standard fibreglass material), Carbon-fibre/epoxy composite, aluminium alloy (6061) (common structural alloy), Stainless steel (316) (typical corrosion-resistant steel), or a Bio-based polymer PLA (polylactic acid thermoplastic (unreinforced)).
The following comparison between the candidate materials listed covers the mechanical properties (tensile strength, Modulus, fatigue), environmental durability, cost, manufacturability, maintenance, recyclability, and fire/smoke performance.
[image: ]
[bookmark: _Toc230078713]Figure 12- Key properties of candidate materials. Flax composites balance moderate strength with low density; metals score on durability but come with high weight. (AZO Materials, 2003) (AZO materials, 2012) (AZO materials, 2001) (SD3D, 2026) (SpƗrniƼš, 2006)
[bookmark: _Toc230078654]Flax-fibre Composite (Final material choice) 
A flax fibre material is a cellulose-based natural fibre, which has a moderate stiffness (50-70GPa) and a strength of (500-900MPa), with a Low density of (1.4-1.5g/cc) (SpƗrniƼš, 2006). Figure 13 below compares raw fibre values for reference. 
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[bookmark: _Toc230078714]Figure 13- typical values for E-glass and natural fibres (SpƗrniƼš, 2006)
As seen above, Flax composites exhibit high specific strength as compared to other natural fibres, with the exception being E-glass, which has a much higher specific strength with however close to double the density of its counterparts, which isn’t ideal considering we need as low of material density as possible to prevent the blades from carrying too much inertia, which delays the turbines ability to spin up and reach its peak operating speed (Asim, Amber, Singh, & Siddiqui, 2025). What is also notable is that for the equal weight, flax/epoxy can be stiffer than its glass/epoxy counterpart (SpƗrniƼš, 2006).
There is also recent testing indicating that flax composite materials have much better impact/erosion fatigue resistance than glass composites. A flax/epoxy leading edge with nanodiamond-treated fibre showed up to 17x longer damage-initiation life and 74% less mass loss under rain/hail impacts, versus its standard glass/epoxy (Hinzmann, Johansen, Hasager, & Holst, 2024). Suggesting that flax composites have excellent resistance to rain erosion and sand abrasion, which is a critical component to turbine blade leading edges.
Another key component of flax composites is that they are biodegradable and can be recycled at the end of life, unlike their fibreglass counterpart, making them a much more sustainable choice for our turbine blades. The manufacturing of flax composites is also a relatively straightforward process, facilitating easier design and manufacture of the turbine blade.
The drawbacks of a flax composite material (like all natural fibres) absorb moisture and degrade above roughly 100-120°C or in a fire, producing a thick smoke when burning (SpƗrniƼš, 2006). Therefore, a protective coating is essential, providing the material with hydrophobic, UV-stabilising, and fire-retardant properties. Another drawback of flax composites is that flax has a much lower ultimate tensile strength than carbon or glass composites. This would mean that we would need to either use conservative load factors or use much thicker laminates.
In conclusion to flax fibre composites, as previously mentioned, the lower density would mean that the unloaded flax blade would experience less inertia forces under cycling loads, while also being able to meet the blade's strength needs when correctly designed, striking a balance between strength and mass, while also offering the sustainability advantages, making it the perfect material for our application.
 







[bookmark: _Toc230078655]Decision Matrix
Figure 14 (below) The weighted criteria matrix ranks materials by scoring them from 1-5 for each criterion (5 = excellent) (1 = Bad), then multiplying each material’s score in a category by the importance weighting of that category, then summing all weighted values to produce an overall score.
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[bookmark: _Toc230078715]Figure 14- Decision matrix (subjective scores out of 5) for materials. Weighted sums highlight Flax-CFRP and Carbon-EP the highest.
The decision criteria concluded that the Flax composite ranks the highest, since flax’s balance of adequate strength, very low weight, and environmental benefits justifies its selection, with carbon coming in close. Steel also scores surprisingly well because of its durability, offsetting its weight, while PLA performs much better than expected because it scores very well in Weight/cost/sustainability. However, one notable part, looking back at the weighing method used, is that it underpenalized catastrophic mechanical weaknesses. This is evident from the fact that in a real engineering selection, PLA would’ve been eliminated much sooner, since it would fail to meet the minimum structural requirements.
The rationale for flax scoring highly on weight and sustainability, and moderately on strength/fatigue, is that flaxseed is more biodegradable and has strong strength properties given its density. The durability score was also given a moderate rating, as durability can be improved by using a coating to prevent moisture absorption/UV exposure, weathering & erosion. Carbon is scored best on the pure mechanics attributes; however, it is massively penalised by its cost and its recyclability. Another key point is that Glass is a great all-around material, but, again, is penalised by being much denser and less environmentally friendly. Aluminium and steel both excel in durability and fire safety, but because the group set the weight of both attributes to low, this severely limited the final weighted score. Again, PLA scores well only in sustainability but fails on almost all structural attributes.
[bookmark: _Toc230078656]Further Calculations (e.g. Aerodynamic Loading Calculations, moments, Factor of Safety, Fatigue Life Estimation & Ashby Material Selection Analysis)
Following my research into material selection, which concluded on the material Flax fibre composite, I concluded that further calculations would be desirable to examine my selected material and ensure it meets all the requirements set out in our original PDS (Can be found in the appendix). These calculations can be seen below, labelled; 
Approximated assumed Blade Dimensions
[image: ]
[bookmark: _Toc230078716]Figure 15- Approximated assumed Blade Dimensions
Initially, clarifying important information such as assumed blade dimensions (see above) and material properties (see below).
Material Properties
[image: ][bookmark: _Toc230078717]Figure 16- Material Properties








[bookmark: _Toc230078657]Aerodynamic Loading Calculations
The PDS states that the turbine must safely withstand wind gusts up to 40 m/s without structural failure while remaining within the dimensional restrictions of:
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[bookmark: _Toc230078718]Figure 17- Dimensional restrictions from PDS

 



[bookmark: _Toc230078658]Dynamic Pressure from Tunnel Piston Effect
The aerodynamic loading on the blade can be estimated using the dynamic pressure equation:
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[bookmark: _Toc230078719]Figure 18- Dynamic Pressure from Tunnel Piston Effect calculation




[bookmark: _Toc230078659]Resultant Blade Force
The total aerodynamic force acting on one blade was estimated using:
[image: ]
[bookmark: _Toc230078720]Figure 19- Resultant Blade Force calculation

 



[bookmark: _Toc230078660]Bending Moment Calculation
The blade can be approximated as an HVAWT turbine fixed at the turbine hub.
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[bookmark: _Toc230078721]Figure 20- Bending Moment Calculation

 



[bookmark: _Toc230078661]Second Moment of Area
The blade section was simplified as a rectangular hollow section.
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[bookmark: _Toc230078722]Figure 21- Second Moment of Area calculation

 



[bookmark: _Toc230078662]Maximum Bending Stress
The maximum bending stress was estimated using:
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[bookmark: _Toc230078723]Figure 22- Maximum Bending Stress calculation

Since the calculated operational stress of 40.6 MPa is significantly below the estimated flax composite fatigue limit of approximately 90 MPa, the blade should be expected to survive the required service life, provided that moisture-protection coatings are maintained, UV-protection systems are applied, manufacturing defects are minimised, and leading-edge erosion protection is included.
 

 

[bookmark: _Toc230078663]
Factor of Safety
The factor of safety was estimated against the flax composite tensile strength.
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[bookmark: _Toc230078724]Figure 23- Factor of Safety calculation

This indicates that the blade is sufficiently safe under the assumed loading conditions.
 

 



[bookmark: _Toc230078664]Fatigue Life Estimation
The turbine blades are subjected to repeated cyclic loading caused by:
· Rotational loading
· Tunnel pressure pulses
· Train-induced wind surges
· Gust loading
[image: ]
[bookmark: _Toc230078725]Figure 24- Fatigue Life Estimation calculation


 



[bookmark: _Toc230078665]Rotational Centrifugal Stress
The rotational loading on the blade root was estimated.
[image: ][image: ][bookmark: _Toc230078726]Figure 25- Rotational Centrifugal Stress calculation


Since the centrifugal loading is lower than the aerodynamic loading, it is not considered the primary structural concern.
 
 

 



[bookmark: _Toc230078666]Ashby Material Selection Analysis
To quantitatively justify the selection of the flax composite, a specific stiffness comparison was conducted.
Specific stiffness:
[image: ]
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[bookmark: _Toc230078727]Figure 26- Ashby Material Selection Analysis
Although carbon fibre exhibits superior performance, its significantly higher cost and poor recyclability reduce its suitability for this application.

 



[bookmark: _Toc230078667]Analysis (GB)
[bookmark: _Toc230078668]Introduction to Analytical Methods
This section presents a structured analysis of the flax-fibre reinforced polymer (FFRP) helical wind turbine designed for the Channel Tunnel exit portal. Two established analytical frameworks are employed, Failure Mode and Effects Analysis (FMEA) and Quality Function Deployment (QFD). These tools are widely recognised in engineering design for systematically identifying risks and aligning design outputs with stakeholder requirements (Stamatis, 2003; Akao, 1990).
[bookmark: _Toc230078669]Wind Speed Analysis — The Piston Effect
The core energy source for this turbine is the piston effect, the forced airflow generated when high-speed trains travel through the Channel Tunnel. When a train enters the confined tunnel space, it acts like a piston in a cylinder, compressing the air ahead of it and creating a pressure wave that propagates at the speed of sound toward the exit portal (EN 14067-3). Behind the train, suction draws air into the tunnel entrance. The effect is particularly pronounced in railway tunnels because the cross-sectional area of the train nearly fills the tunnel bore (Wikipedia, 2026; Baker, 2020).
[bookmark: _Toc230078670]Channel Tunnel Specific Conditions:
· The Channel Tunnel is 50.46 km long, with trains limited to a maximum speed of 160 km/h (99 mph) for safety reasons (Wikipedia, 2026).
· The tunnel comprises two single-track running tunnels (each approximately 7.6 m diameter) and one central service tunnel.
· Single-track tunnels experience the maximum piston effect due to the high blockage ratio (train cross-section relative to tunnel cross-section).
· Research indicates that piston wind speed is proportional to train speed, train length, and surface smoothness, while tunnel cross-section and air shaft positioning have lesser influence (Xue et al., 2019).

[bookmark: _Toc230078671]Estimated Piston Wind Speeds:
Based on published research into railway tunnel aerodynamics, the piston effect at the Channel Tunnel exit portal is estimated to generate air velocities in the range of 25–40 km/h (approximately 7–11 m/s) during each train passage. This is influenced by train speed (up to 160 km/h in the tunnel), blockage ratio (high, due to single-track bore), tunnel length (50.46 km — very long, allowing significant air column displacement), and frequency of train movements (up to 4 trains per hour in peak periods).
These intermittent but predictable wind pulses make the tunnel exit an ideal location for a small-scale helical turbine, which is specifically suited to turbulent, variable-direction airflows. Unlike conventional horizontal-axis wind turbines (HAWTs), helical vertical-axis designs can capture wind from any direction without yaw adjustment, making them well-suited to the oscillating airflow pattern of the piston effect.
[bookmark: _Toc230078672]Failure Mode and Effects Analysis (FMEA)
FMEA is a systematic, proactive method for evaluating a process or product to identify where and how it might fail, and to assess the relative impact of different failures (Stamatis, 2003). Each potential failure mode is scored across three dimensions:
· Severity (Sev): The seriousness of the effect of failure (1–10 scale)
· Occurrence (Occ): The likelihood of the failure occurring (1–10 scale)
· Detection (Det): The ability to detect the failure before it reaches the end user or causes harm (1–10 scale)
The Risk Priority Number (RPN) is calculated as: RPN = Severity × Occurrence × Detection
Higher RPN values indicate greater risk requiring priority attention. A full FMEA for this turbine design is provided as a separate Excel document (see Appendix A). The key failure modes identified are summarised in Table 2.
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[bookmark: _Toc230078737]Table 2- FMEA Summary — Key Failure Modes for the FFRP Helical Wind Turbine
The highest RPN items — moisture absorption (210), electrical corrosion (210), and blade delamination (192) — are prioritised for mitigation. The tunnel environment presents a unique combination of humidity, particulate matter, and intermittent high-velocity airflow that must be addressed in the design.

	Failure Mode
	Action Taken
	Original RPN
	New Sev
	New Occ
	New Det
	New RPN

	Blade delamination (flax/bio-epoxy)
	Sicomin GreenPoxy 56 UV-resistant coating protects flax/resin interface
	192
	8
	3
	5
	120

	Moisture absorption in flax fibres
	Sicomin GreenPoxy 56 bio-epoxy coating as sealed moisture barrier; 100% infill encapsulates fibres
	210
	7
	4
	4
	112

	Electrical connection corrosion
	IP67 junction box; IP65 DC combiner box; armoured SWA cable (BS 5467)
	210
	7
	3
	4
	84


[bookmark: _Toc230078738]Table 3- Highest RPN’s Actioned
Mishnaevsky et al. (2017) identify that natural fibres such as flax have inherent disadvantages including “quality variations, high moisture uptake and low thermal stability.” This is consistent with the high RPN assigned to moisture absorption. However, the authors also note that natural fibre composites represent a viable option for small-scale turbines where lower fatigue strength criteria apply.

[bookmark: _Toc230078673]Quality Function Deployment (QFD)
Quality Function Deployment is a structured approach to translating customer and stakeholder requirements into specific technical design targets (Akao, 1990). For this project, the key stakeholders and their requirements are:

[bookmark: _Toc230078674]Stakeholder Requirements:
1. Reliable power generation from piston effect wind
2. Low environmental impact / reduced embodied carbon
3. Compliance with British Standards (BS EN 61400-2 for small wind turbines)
4. Minimal maintenance requirements
5. Safe operation in a transport infrastructure environment
6. Cost-effective design and manufacture
7. Alignment with Channel Tunnel net-zero 2050 commitment
 
[bookmark: _Toc230078675]Technical Requirements:
· Helical blade geometry optimised for turbulent, multi-directional airflow
· Flax-fibre reinforced polymer (FFRP) blade material
· 3D-printed manufacturing process (reduced waste, near-net shape)
· Corrosion-resistant electrical and mechanical components
· Vibration-isolated mounting system
· Sealed generator and bearing assemblies
· Biodegradable material selection (DIN EN ISO 14855 compliant)

The QFD analysis confirms that the selection of FFRP with 3D printing directly addresses requirements 2, 3, 6, and 7 simultaneously. The helical turbine geometry addresses requirements 1 and 5 by eliminating the need for yaw mechanisms and operating effectively in the variable piston-effect airflow. Rashedi et al. (2012) support the use of natural/hybrid materials for small-scale onshore turbines, noting that materials such as oak achieved a competitive weight factor of 0.41 in their multi-objective analysis.

[bookmark: _Toc230078676]Structural Analysis Summary
The FLAX 3D printing filament specified for this project (per the Technical Data Sheet) provides the following key properties:
[image: ]
[bookmark: _Toc230078739]Table 4- FLAX 3D Printing Filament Mechanical Properties (LayFilaments, 2024)
For comparison, the FlaxDry™ BL360 woven fabric (EcoTechnilin) in a bio-epoxy composite at 31% fibre volume fraction achieves tensile strengths of 75–78 MPa and Young’s modulus of 5–6 GPa, demonstrating the higher performance achievable with traditional composite layup methods. However, the 3D printing approach was selected for this project due to its alignment with sustainability objectives (reduced material waste, no mould tooling required) and suitability for the small blade dimensions of this turbine.
Given the estimated piston wind speeds of 7–11 m/s and the small rotor diameter of this turbine, the aerodynamic loads on the blades are well within the capacity of the FLAX filament material. The 43 MPa tensile strength provides an adequate safety margin for a small-scale application operating in intermittent wind conditions.
[bookmark: _Toc230078677]Energy Generation and Payback Analysis
This section quantifies the potential energy output of the 4-turbine modular array based on the piston effect of wind speeds established above and calculates the investment payback period using costs from the Bill of Materials (see Appendix B).
[bookmark: _Toc230078678]Key Assumptions:
· Total investment (4-turbine array with 10% contingency): £13,348.81 (from BOMs)
· Average piston wind speed at tunnel exit: 9 m/s (midpoint of estimated 7–11 m/s range)
· Near-continuous airflow: train traverse time ~19 minutes; with 3 trains/hour average, overlapping passages create sustained airflow for ~57 minutes per hour during the 20-hour operating period
· Swept area per turbine: 1.6 m² (2.0 m height × 0.8 m diameter, per PDS Section 7.0)
· VAWT power coefficient (Cp): 0.25 (typical for helical vertical-axis turbines)
· Generator: Marlec FM910-4, 90W rated per turbine × 4 turbines = 360W total rated capacity
· Generator efficiency: 80%; MPPT controller efficiency: 95%
· Effective operating hours: 18 hours/day (accounting for gaps in train schedule)
· Annual maintenance cost: £440 (from Procurement section 3.5.4)
· Electricity offset value: £0.25/kWh (infrastructure avoided cost rate)

[bookmark: _Toc230078679]Power Calculation:
Using the standard wind power equation (Manwell, McGowan and Rogers, 2009, p.84): P = ½ × ρ × A × V³ × Cp × η_gen × η_mppt
Where ρ = 1.225 kg/m³ (standard air density at sea level, 15°C; ISO 2533:1975), A = 1.6 m² (swept area), V = wind speed (m/s), Cp = 0. (power coefficient for helical VAWT; Manwell, McGowan and Rogers, 2009), η_gen = 0.80 (generator efficiency), η_mppt = 0.95 (MPPT efficiency).
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[bookmark: _Toc230078740]Table 5- Energy Generation and Payback at Various Wind Speeds
At the midpoint piston wind speed of 9 m/s, the 4-turbine array generates approximately 3,567 kWh per year, with a net annual revenue of £489 after maintenance. This yields a payback period of approximately 27 years for the prototype installation at full BOM cost (£13,348.81).
The financial payback period exceeds the 25 year design life at prototype cost levels. However, the primary justification for this installation is not pure financial ROI but rather:
· Alignment with the Channel Tunnel’s net-zero 2050 commitment and corporate sustainability targets
· Demonstration of novel FFRP 3D-printed turbine technology in a real-world application
· Carbon offset value: approximately 738 kg CO₂ avoided per year at the 9 m/s scenario
· Research and development value as a pilot installation informing future deployments
· Reduced payback at scale when deployed across multiple tunnel exit portals
Rashedi et al. (2012) note that the economic viability of renewable energy systems must account for the full lifecycle including embodied energy, maintenance costs, and end-of-life disposal. The biodegradable FFRP material used in this turbine significantly reduces end-of-life costs compared to conventional GFRP turbines.
[bookmark: _Toc230078680]Recommendations for Performance Enhancement
The payback analysis demonstrates that the current turbine design faces challenges in achieving financial return within the design life at prototype cost. This section presents evidence-based recommendations for improving the power coefficient (Cp) and overall energy capture, with the aim of reducing the payback period to within the 15-year service life.
[bookmark: _Toc230078681]Recommendation 1: Wind Lens / Flanged Diffuser Augmentation
Research by Ohya and Karasudani (2010) at Kyushu University demonstrated that a brimmed diffuser shroud (termed a ‘wind lens’) can augment wind turbine power output by a factor of 2–5 compared to a bare turbine of the same rotor diameter and wind speed. Subsequent work by Ohya et al. (2016) applied this principle specifically to vertical-axis wind turbines, demonstrating a power augmentation factor of 2.0 with a flat-panel-type diffuser. An increase in the semi-open angle from 5° to 20° yielded a further 30% power improvement across a wide range of tip speed ratios.
This technology is particularly suited to the Channel Tunnel exit application because the piston-effect airflow is predominantly unidirectional (exiting the tunnel), which eliminates the primary limitation of diffuser-augmented turbines — their sensitivity to wind direction. The tunnel exit portal provides a natural nozzle geometry that could be further enhanced with minimal additional structure.
Estimated impact: At a conservative augmentation factor of 2.0 (per Ohya et al., 2016), the effective power coefficient increases from Cp = 0.25 to Cp_eff = 0.50:
P_augmented = ½ × 1.225 × 1.6 × 9³ × 0.50 × 0.80 × 0.95 = 271.4 W per turbine (vs. 135.7 W baseline)
Annual energy with diffuser: 4 × 271.4 × 18 × 365 / 1000 = 7,134 kWh (vs. 3,567 kWh baseline)
Estimated additional cost: £500–800 for FFRP 3D-printed diffuser panels per array.
[bookmark: _Toc230078682]Recommendation 2: Optimised Blade Geometry (Rotor Radius and Blade Length)
Hassan et al. (2024) conducted a parametric analysis of helical-bladed VAWTs using NACA 0018 airfoil profiles and demonstrated that increasing the rotor radius from 1.44C to 1.68C (where C = chord length) produces an 18% increase in the Cp-TSR ratio. Additionally, increasing blade length from 4.00C to 4.48C yields a 10.5% rise in Cp. These improvements are achieved purely through geometric optimisation with no material or manufacturing process change required.
For the current turbine design (rotor diameter 800 mm, blade height 2000 mm), increasing the rotor diameter from 800 mm to 930 mm (maintaining the 2000 mm height constraint from PDS Section 7.0) would increase the swept area from 1.6 m² to 1.86 m², a 16% increase in energy capture area alone. Combined with the improved Cp from optimised radius-to-chord ratio:
P_optimised = P_baseline × 1.18 (Cp improvement) × 1.16 (area increase) = P_baseline × 1.37
[bookmark: _Int_36ktJxzH]Estimated additional cost: Negligible (£0). This is a CAD geometry change only; the 3D printing process, material, and manufacturing time remain essentially unchanged. This recommendation should be implemented as a priority.

[bookmark: _Toc230078683]Recommendation 3: Omnidirectional Deflector Guide Vanes 
Chong et al. (2012) demonstrated that surrounding a VAWT with an Omnidirectional Deflector Guide Vane (ODGV) assembly increases the rotational speed by approximately 2× and the torque output by up to 206% at low tip speed ratios (TSR = 0.4). At more typical operating TSRs (0.8–1.6), power improvements of 12–56% were recorded depending on guide vane geometry (α = 55°, β = 20° configuration).
For this project, a key synergy exists with the existing Guard Assembly (Troax mesh panels specified in the BOM at £1,135). The safety guarding required around the turbine could be redesigned as functional guide vanes — fulfilling both safety compliance (BS EN 61400-2 rotating machinery protection) and aerodynamic performance enhancement simultaneously.
Estimated impact: Using the conservative 29% improvement at TSR 1.6 (Chong et al., 2012), the effective power output increases by a factor of 1.29.
Estimated additional cost: £200–400 above existing guard budget (profile modification from flat mesh to aerofoil-section guide vanes).
[bookmark: _Toc230078684]Recommendation 4: Counter-Rotating Array Configuration
Wei et al. (2022) performed large-eddy simulations of helical and straight-bladed VAWT arrays and found that helical-bladed VAWTs improve mean power production in the fully developed region of an array by 4.94–7.33% compared to straight-bladed equivalents. Additionally, counter-rotating adjacent turbines within an array can exploit constructive wake interactions to further enhance power extraction.
For the 4-turbine modular array specified in the BOM, configuring alternating rotation directions (clockwise/anticlockwise) would harness the inter-turbine wake energy that is otherwise lost. This requires no additional hardware — only reversing the blade helix direction on alternate turbines during 3D printing.
Estimated impact: +5–7% power output. Estimated additional cost: £0 (manufacturing configuration change only).



[bookmark: _Toc230078685]Combined Enhancement Analysis
Table 6 summarises the combined impact of implementing four recommendations:
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[bookmark: _Toc230078741]Table 6- Combined Enhancement Impact on Power Output and Payback
Note: Multipliers are applied sequentially (1.37 × 2.00 × 1.29 × 1.06 = 3.75). In practice, interactions between enhancements may reduce the combined effect. A conservative estimate of 2.5–3.0× total improvement is recommended for design purposes.

[bookmark: _Toc230078686]Revised Payback Calculation (with enhancements):
Applying a conservative combined enhancement factor of 2.5× to the baseline power output at 9 m/s:
Enhanced total power: 543 W × 2.5 = 1,358 W
Enhanced annual energy: 1,358 × 18 × 365 / 1000 = 8,918 kWh/year
Annual revenue (at £0.25/kWh offset + carbon credit): (8,918 × £0.25) + (8,918 × 0.207 × £0.05) = £2,230 + £92 = £2,322/year
Annual net revenue (after £440 maintenance): £2,322 − £440 = £1,882/year
Revised investment (base + enhancements): £13,396 + £950 (mid-estimate) = £14,346
Revised payback period: £14,346 / £1,882 = 7.6 years
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[bookmark: _Toc230078742]Table 7- Payback Comparison - Baseline vs. Enhanced Design
These recommendations demonstrate that with targeted, evidence-based design enhancements — many of which carry zero additional manufacturing cost — the FFRP helical wind turbine can achieve economic viability within its design life. The combination of diffuser augmentation (leveraging the predictable unidirectional tunnel exit airflow) and optimised blade geometry (exploiting the flexibility of 3D-printed manufacturing) represents a compelling pathway to commercial viability.
[bookmark: _Toc230078687]Appendix A: FMEA Data
The full Failure Mode and Effects Analysis data is provided in the accompanying Excel workbook: FMEA_VAWT.xlsx. This contains the complete scored FMEA with all failure modes, potential causes, current controls, and recommended actions for the FFRP helical wind turbine.
[bookmark: _Toc230078688]Appendix B: Bill of Materials Summary
The complete Bill of Materials (BOM Option A, May 2026) is provided in the accompanying Excel workbook: Bill of materials.xlsx. A cost summary is presented below:
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[bookmark: _Toc230078743]Table 8- BOM Cost Summary - 4-Turbine Modular Array
 
 
[bookmark: _Toc230078689]
Procurement- GB.
[bookmark: _Toc230078690]Procurement Strategy
This section provides a detailed cost breakdown for the flax-fibre 3D-printed helical wind turbine, covering materials, manufacturing, installation, and ongoing maintenance. The procurement strategy prioritises sustainable, locally sourced materials where possible, aligning with the project’s circular economy principles and the Channel Tunnel’s net-zero 2050 commitment. All costs are derived from the detailed Bill of Materials (BOM Option A, May 2026) for the complete 4-turbine modular array.
[bookmark: _Toc230078691]Bill of Materials and Cost Breakdown
The following cost breakdown is derived from the Bill of Materials for the complete 4-turbine modular array. Costs are based on current UK supplier pricing for small-scale production. Per-unit costs would significantly reduce batch production.
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[bookmark: _Toc230078744]Table 9- Wind Turbine Assembly Components
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[bookmark: _Toc230078745]Table 10- Electrical System Components
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[bookmark: _Toc230078746]Table 11- Installation, Guarding and Fixings
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[bookmark: _Toc230078747]Table 12- Total Project Cost Summary
 

[bookmark: _Toc230078692]Cost Per Unit at Scale
For batch production, economies of scale in 3D printing time, bulk material purchasing, and shared installation logistics would reduce the per-unit cost:
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[bookmark: _Toc230078748]Table 13- Cost Reduction at Scale
These estimates assume shared tooling, bulk filament purchasing (reducing from £45/kg to approximately £32/kg), and streamlined installation procedures across multiple Channel Tunnel exit portal sites.
[bookmark: _Toc230078693]Maintenance Cost Estimates
Rashedi et al. (2012) note that material costs are “rapidly escalating due to inflationary onslaughts” while composite and advanced material costs are “steadily declining” due to manufacturing advances. For ongoing maintenance:
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[bookmark: _Toc230078749]Table 14- Annual Maintenance Costs
[bookmark: _Int_iduFkhNQ]Over a projected 25 year service life, total maintenance costs are estimated at approximately £11,00, giving a total lifecycle cost of approximately £24,400 for the 4-turbine array (£6,100 per turbine including maintenance).



[bookmark: _Toc230078694]Comparison with Conventional Materials
Rashedi et al. (2012) demonstrate that material selection significantly impacts both cost and environmental performance:
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[bookmark: _Toc230078750]Table 15- Material Comparison for Wind Turbine Blades
The FLAX filament offers a strong compromise: significantly lower carbon footprint than GFRP, competitive cost, and the unique advantage of additive manufacturing capability enabling complex helical blade geometries without moulds.
[bookmark: _Toc230078695]Procurement Risk Assessment
[image: ]
[bookmark: _Toc230078751]Table 16- Procurement Risk Register
As Rashedi et al. (2012) caution, “material properties vary from suppliers’ perspective who often intend to publish only favorable results.” This underscores the importance of independent verification testing of the FLAX filament mechanical properties before committing to full production.



[bookmark: _Toc230078696]Return on Investment Analysis
The financial return on investment for the 4-turbine modular array is calculated based on the piston effect wind speeds at the Channel Tunnel exit portal (estimated 7–11 m/s average) and the rated output of the Marlec FM910-4 permanent magnet generators specified in the BOM.
Using the wind power equation (Manwell, McGowan and Rogers, 2009, p.84): P = ½ρAV³CpηGenηMPPT with: air density ρ = 1.225 kg/m³ (ISO 2533:1975), swept area A = 1.6 m² per turbine, power coefficient Cp = 0.25, generator efficiency 80%, and MPPT efficiency 95%:
[image: ]
[bookmark: _Toc230078752]Table 17- Payback Scenarios
Annual net revenue is calculated as energy revenue (at £0.25/kWh infrastructure offset rate + carbon credit at £50/tonne CO₂) minus annual maintenance (£440). Assumes 18 effective operating hours/day based on near-continuous piston airflow from overlapping train passages.
At prototype cost levels (£13,396), the pure financial payback exceeds the 25 year design life. However, the investment case is strengthened by:
· Batch production cost reduction: at 50 units, per-array cost falls to approximately £7,000, reducing payback to ~10 years at 9 m/s
· Carbon offset: 738 kg CO₂/year avoided per array (18.5 tonnes over 25 year design life)
· Channel Tunnel’s publicly committed net-zero 2050 targets, where sustainability value exceeds pure ROI
· Demonstration value: proving FFRP 3D-printed turbine technology for wider deployment
· Reduced end-of-life disposal costs versus conventional GFRP turbines (biodegradable material)
With the performance enhancements recommended in the Analysis Specialist section (diffuser augmentation, blade geometry optimisation, guide vanes), the payback period reduces to approximately 7.6 years at prototype cost and 5.3 years at batch production cost — both within the design life.








[bookmark: _Toc230078697]Sustainability- KJ. 
As part of the sustainability of the product the life cycle of the product was broken down into percentage CO2 contribution ensuring the product is made from 3D printing has removed the need to use epoxy resin thus reducing the environmental impact of the product. The placement of the product at the exit of the channel tunnel is very exciting as the channel tunnel is well known for its reduction in the carbon footprint of travel but also in its construction there were some major steps taken to reduce its environmental impact. Some of these details are outlined below in table 18. The Group who own the tunnel is committed to being net zero by 2050. Utilising the piston effect from the exit of the tunnel would provide the wind speeds to generate electricity through the turbine, which can be used or stored within the tunnel and assist towards ensuring that the 2050 net zero is met.
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[bookmark: _Toc230078753]Table 18- Table of existing environmental benefits of the channel tunnel (Godbold, 2023)
In terms of sustainability there is also a big shift in ensuring that products follow a circular economy opposed to previous linear economy, where products are manufactured and disposed of into landfill. There is a big push into looking at alternative materials that can be used to create products that can be recycled after use rather than being sent to landfill and polluting the land. “In our current economy, we take materials from the Earth, make products from them, and eventually throw them away as waste – the process is linear. In a circular economy, by contrast, we stop waste being produced in the first place.” (Ellen MacArthur Foundation, 2023)
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[bookmark: _Toc230078728]Figure 27- Circular economy diagram (Allin, 2024)
In terms of this project the main body of the turbine is manufactured from flax seed as an alternative to the traditionally manufactured wind turbine blades which are made from glass‑fibre‑reinforced polymers (GFRP), which present challenges in embodied carbon and end‑of‑life disposal. Flax‑fibre‑reinforced polymer (FFRP) composites offer a renewable alternative with reduced environmental impact. This report presents a cradle‑to‑grave life cycle assessment (LCA) of a flax‑fibre wind turbine blade, with emphasis on carbon dioxide (CO₂) emissions.
The assessment follows the ISO 14040/14044 framework and evaluates all major life‑cycle stages from raw material extraction to disposal.
The objective of the sustainability specialist is to quantify and interpret the relative CO₂ contribution of each life‑cycle stage of a flax‑fibre wind turbine blade and identify dominant emissions hotspots. Based on the assumption that one wind turbine blade designed for a 20-25 year service life in an onshore wind turbine.
A cradle-to‑grave system boundary is adopted, including the flax cultivation and fibre processing, the composite blade manufacturing, transport and installation, operation and electricity generation and end‑of‑life treatment.
[image: A diagram of life cycle
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[bookmark: _Toc230078729]Figure 28- Stages of the life cycle of the product
Stage 1- Flax cultivation involves agricultural operations with relatively low fertiliser and pesticide inputs. During plant growth, CO₂ is absorbed from the atmosphere and stored as biogenic carbon within the fibre. Fibre extraction processes (retting, scutching) are energy light compared to glass fibre production, which requires high‑temperature furnaces. Typical CO₂ contribution at this stage is around 20% of total positive life‑cycle emissions, mainly from farming machinery, processing electricity, and transport. (Martinez-Marquez et al., 2022)
Stage 2- Blade manufacturing uses additive manufacturing (3D printing) with flax‑fibre‑reinforced polymer feedstock, instead of conventional vacuum infusion or resin transfer moulding. Short or milled flax fibres are incorporated into a thermoplastic or bio‑polymer matrix and deposited layer‑by‑layer to form blade sub‑structures or modular blade sections. From a life‑cycle perspective, additive manufacturing introduces several important changes, reduced material waste, Near‑net shaping significantly lowers off‑cut and scrap losses compared to mould‑based composite processes. Lower tooling impact, the removal of large moulds reduces embodied carbon associated with mould manufacture. Localised material deposition in that material is placed only where structurally required, reducing total resin and fibre usage and the potential for recycled polymers in that 3D printing enables greater compatibility with recycled or bio‑based thermoplastics. (Long et al., 2025). These benefits are partially offset by the higher electricity consumption per kilogram of manufactured component and a continued dominance of polymer matrix emissions, even when flax fibres are bio‑based. The manufacturing typically contributes to around 35-40% of gross cradle‑to‑grave CO₂ emissions. (Kim and Cho, 2025)
Stage 3-  is transport, the impacts depend on blade size, distance, and logistics rather than fibre type. Flax‑based blades are slightly lighter, providing small but measurable reductions in fuel use. Overall, transport and installation contribute approximately 5% of total emissions. (Struhala, Stránská and Sedlák, 2016)
Stage 4- Is the during operation stage, for this the wind turbine generates electricity with no direct CO₂ emissions, while displacing fossil‑fuel‑based power generation. The avoided emissions far exceed those produced during manufacturing. From a cradle‑to‑grave perspective, the operational phase results in a net negative contribution, typically equivalent to around 80% of life‑cycle CO₂, reflecting carbon payback within 1–2 years of operation. (Struhala, Stránská and Sedlák, 2016)
Stage 5- End of life. At the end of service life, flax‑fibre blades can be mechanically recycled, co‑processed in cement kilns and potentially partially biodegradable. (future bio‑resin scenarios) The end of life treatment generally contributes to 10% of total emissions, significantly lower than for conventional GFRP blades due to the organic fibre fraction and reduced residual waste. (Kim and Cho, 2025)
From a cradle‑to‑grave engineering perspective flax‑fibre blades exhibit lower net life‑cycle CO₂ emissions than conventional glass‑fibre blades, the manufacturing is the dominant emissions hotspot, the operational benefits vastly outweigh production impacts and the end of life pathways are more compatible with circular‑economy principles. Therefore flax based composites are a credible, lower‑carbon alternative for stiffness driven wind turbine blade components. Flax cultivation is unique in that it acts as a significant carbon sink and absorbs more carbon dioxide during growth than it emits during cultivation and processing. 
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[bookmark: _Toc230078730]Figure 29- Flax seed cultivation CO2 figures (Carbon Cloud, n.d.)
The life cycle stages can be broken down into the below % CO2 contribution.
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[bookmark: _Toc230078731]Figure 30- Table of % contributions to carbon emissions

[bookmark: _Toc230078732]Figure 31- Graph to show the CO2 contribution %.
Flax seed has a drastically lower embodied carbon profile compared to that of synthetic materials, detailed in the table below. Making it a far better choice to use for the wind turbine to embody the environmentally friendly ethos of the project.
	Material
	CO2 kg - eq/tonne

	Flax seed
	349

	Glass Fiber
	2500

	Carbon Fiber
	24000


[bookmark: _Toc230078733]Figure 32- comparison table of CO2 kg- eq tonne (Amzil et al., 2025)



[bookmark: _Toc230078698]Achievement and progress relative to initial project plan and timing chart- KJ
The initial Gantt chart outlined the main body of the project with the initials of the individuals responsible for each task as seen below in figure 33 and below that is the Gantt chart up to submission date shown in figure 34. As you can see the team remained on track for the most part of the project, only a few small delays with pre-booked holidays within the team which are marked out on the chart. These were marked as amber not red as it had been communicated at the very beginning of the project and mitigated through group discussions therefore not impeding the progress of the project.
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[bookmark: _Toc230078734]Figure 33- Initial project Gantt chart.
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[bookmark: _Toc230078735]Figure 34- Final project Gantt chart up to submission date

[bookmark: _Toc230078699]Review of successes and failures of the project- KJ
The report presents a well-structured and multidisciplinary approach to project management, engineering design, and sustainability. A key strength is the integration of established theories such as Belbin’s team roles, Tuckman’s team development stages, and Lewin and Hersey & Blanchard’s leadership models, which are clearly linked to the team’s practical experience. This demonstrates strong awareness of how team composition and adaptive leadership contribute to performance. For example, the Project Manager (KJ) effectively fulfilled coordination responsibilities through milestone tracking, communication management, and use of tools such as a Gantt chart, while the Design Specialist (KA) delivered technically rigorous outputs through CAD modelling, iterative design, and structural validation.
Technically, the report is a major strength. The design process is evidence-driven, particularly in the iterative refinement of the turbine (e.g, reducing blade displacement from 64.5 mm to ~1.5 mm). The use of simulation across multiple load cases, integration of standards (e.g, BS EN 61400), and clear justification of design decisions all demonstrate engineering competence. The inclusion of FMEA and QFD adds further depth by linking technical risk and stakeholder requirements. Additionally, the material selection process is comprehensive, using weighted criteria and analytical calculations to justify flax composite as a balanced solution.
Sustainability is another strong aspect. The lifecycle analysis (LCA) and circular economy considerations show critical awareness of environmental impact, with flax composites offering reduced embodied carbon and improved end-of-life outcomes. The report also aligns design decisions with broader goals such as the Channel Tunnel’s net-zero targets, strengthening its real-world relevance.
However, several limitations are evident. While alternatives are mentioned, their evaluation is sometimes surface-level. For instance, manufacturing alternatives like vacuum resin infusion are rejected mainly due to cost, time, and waste, with limited quantitative comparison of performance benefits. Similarly, alternative materials (carbon fibre, glass fibre, metals, PLA) are assessed via a decision matrix, but the weighting system is acknowledged to under-penalise critical weaknesses (e.g. PLA’s structural inadequacy). Concept alternatives such as bridge-mounted deployment vs. tunnel-exit placement, or four-blade vs. three-blade designs are justified, but deeper trade-off analysis would improve robustness.
Financial viability is another weakness. The initial payback period exceeds the design life, highlighting reliance on non-financial justification (e.g. sustainability and demonstration value). Although enhancement strategies significantly improve feasibility, these remain theoretical and introduce uncertainty. Additionally, the report relies heavily on simulation and assumed operating conditions (e.g. piston-effect airflow consistency), which may not fully capture real-world variability.
Overall, the report is strong in technical depth, structured decision-making, and sustainability integration, but would benefit from more critical comparison of alternatives, stronger validation of assumptions, and clearer evaluation of economic feasibility.
Overall, the project went well as a team pulling together to justify all the choices, all the team members are taking away learning from this project, the need to communicate efficiently and to maintain deadlines to ensure everyone within the team meets the deadline set. 
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1.1	– Blade Design Matrix Table
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1.2	– Blade Stress Simulation Results LC1
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1.3 	– Blade Displacement Simulation Results LC1
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1.4	 – Blade Displacement Simulation Results Failure LC1
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1.5	 – Blade Strain Simulation Results LC1
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1.6 	– Blade Strain Simulation Results LC2
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1.7 	– Blade Displacement Simulation Results LC2
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1.8 	– Blade Stress Simulation Results LC2
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1.9 	– Blade Displacement Simulation Results LC3
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1.10	 – Blade Strain Simulation Results LC3
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1.11	 – Blade Stress Simulation Results LC3
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1.12	 – Singular Turbine Stress Simulation Results LC1
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1.13 	– Singular Turbine Displacement Simulation Results LC1
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1.14	 – Singular Turbine Strain Simulation Results LC1
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1.15	– Group 3 PDS
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1.16- Example of Group 3 meeting notes
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1.17- Example of generated next steps for Group 3
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What are the nine Belbin Team Roles?

O The Social Roles - Resource Investigator, Teamworker, Co-ordinator
O The Thinking Roles - Plant, Monitor Evaluator, Specialist

O Task Roles - Shaper, Implementer, Completer Finisher

You can find more detail about each Belbin Team Role below.

You can find additional information on our Research page.
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Roles Belbin's Team Roles Brief Summary Strengths Weaknesses

Plant

Tends to be highly creative and good at solving 

problems in unconventional ways.

Creative, imaginative, free-

thinking, generates ideas and 

solves difficult problems.

Might ignore incidentals, and may be 

too preoccupied to communicate 

effectively.

Monitor/ Evaluator

Provides a logical eye, making impartial 

judgements where required and weighs up the 

team's options in a dispassionate way.

Sober, strategic and 

discerning. Sees all options 

and judges accurately.

Sometimes lacks the drive and ability 

to inspire others and can be overly 

critical.

Specialist

Brings in-depth knowledge of a key area to the 

team.

Single-minded, self-starting 

and dedicated. They provide 

specialist knowledge and skills.

Tends to contribute on a narrow front 

and can dwell on the technicalities.

Resource Investigator

Uses their inquisitive nature to find ideas to 

bring back to the team. 

Outgoing, enthusiastic. 

Explores opportunities and 

develops contacts.

Might be over-optimistic, and can lose 

interest once the initial enthusiasm 

has passed.

Coordinator

Needed to focus on the team's objectives, draw 

out team members and delegate work 

appropriately.

Mature, confident, identifies 

talent. Clarifies goals.

Can be seen as manipulative and 

might offload their own share of the 

work.

Team worker

Helps the team to gel, using their versatility to 

identify the work required and complete it on 

behalf of the team.

Co-operative, perceptive and 

diplomatic. Listens and averts 

friction.

Can be indecisive in crunch situations 

and tends to avoid confrontation.

Shaper

Provides the necessary drive to ensure that the 

team keeps moving and does not lose focus or 

momentum.

Challenging, dynamic, thrives 

on pressure. Has the drive and 

courage to overcome 

obstacles.

Can be prone to provocation, and 

may sometimes offend people's 

feelings.

Implementor

Needed to plan a workable strategy and carry it 

out as efficiently as possible.

Practical, reliable, efficient. 

Turns ideas into actions and 

organises work that needs to 

be done.

Can be a bit inflexible and slow to 

respond to new possibilities.

Completer/ Finisher

Most effectively used at the end of tasks to 

polish and scrutinise the work for errors, 

subjecting it to the highest standards of quality 

control.

Painstaking, conscientious, 

anxious. Searches out errors. 

Polishes and perfects.

Can be inclined to worry unduly, and 

reluctant to delegate.

Thinking

People

Action
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[t 2 L3 Pass Criteria

Peakstressvon Mises (MP2) 1671 053 1175 Lessthan 43
peak displacement (mm) 157 006 111 lessthans

peak Equivalent strain (%) 054 0016 038 Lessthan3.0

safety Factor 26 £ 3.7 Greater than or equal to 1.5

Verdict Pass  Pass  Pass
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‘Table 1. Typical values of E-glass and some natural fibers [1].

- Modulus Strength Densif Specific  Specific
Fibers MCR" M9 (wem)  Modulus Seength

E-glass 72 3530 254 282 1390
Flax  50-70 500-900  14-15  ~41 ~480
Hemp  30-60 300-800 148 ~30 ~370

Jute 20-55 200-500 13-1.5 ~27 ~250
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A |Flax CFRP_|Glass/EP |Carbon/EP [AL6061 |SS316 [PLA
StrengthStifinessfatigue 35| ag B 2 4[og
Environmental Durability 3 25 ss| a5 5| 1
Weight (density) 5 3 4 2 o 5
Manufacturability/Cost 4 4 1.5| 3| 1) 5|
Maintenance (reliabilty) 3 3 35| 3 a5 9
Recyclability/Sustainab. 4 1.5] 1 4.5| 5[ 4.5]
Fire/Smoke 1 19 19 5|5 04
Weighted Score 3.55] 3.05| 3.5| 2.825| 3.375| 2.3]
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[Property. [Symbol [Value

[Density 1450 kg/m”
Young's Modulus £ |so700ra
Tensite Strength jou  |s00-s00mPa

[Estimated Composite Design

loa  [300mpa
[suengn

[PaissonRatio v__Jos
[EstimatedFatguelimt o [soMPa

[service Temperature Limit [T [100-120°C
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Maximum height: 2000 mm

Maximum diameter: 800 mm

Maximum total weight: 80 kg

Operational life: 15 years

Non-metallic lightweight blade construction

Low vibration and stable rotation
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q=1xp X (V)*
3
Where:

+ q=dynamic pressure (Pa)

o p=air density = 1.225 kg/m?

« V=wind velocity = 40 m/s (defined in PDS)

Substituting values:
q=0.5x 1.225 x (40%)
q=980Pa

Therefor

Dynamic pressure = 0.98 kPa
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F=qXAXC,
Where:

+ F=aerodynamic force (N)

+ q=dynamic pressure (Pa)

«  A=projected surface area (m?)

+ Cd=drag coefficient (dimensionless)

Assuming:

+ Blade projected area:

A=Hxc
A=18x030
A=05am?

Assume drag coefficient:

=12

Therefore:
F=980x0.54x1.2

F=635N

Approximate aerodynamic load per blade: F = 0.635 kN,
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M=FXL
Where:
+ M =bending moment (Nm)
+ F=applied force (N)

+ L= distance from the fixed support (centre) to the load (m)

Where:
o F=635N

o L=04m
Therefore:
M=635x0.4

M =254 Nm

Maximum bending moment: M = 0.254 kNm
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Using:

Where:

+ 1=second moment of area (m¢)
« b =width of the section
« h=height/thickness of the section

Assume:
« Widthb=0.30m

o Thicknessh=0.010m

1=(030x0.010%) / 12

1225x10% m¢

bx R
12





image24.png
This is the flexural stress (bending stress) formula from beam theory:
+ o (sigma): normal stress at a point in the beam
+ M: bending moment at the cross-section
« y:distance from the neutral axis

+ I second moment of area (area moment of inertia)

Where:

* M=254Nm

* y=h/2=0.004m

s 1=25x10%m*
0= (254 0.004) / (2.5 x 10°%)
0 =4.064x107 Pa

©=40.6 MPa
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FoS

Omax

« FoS: factor of safety (dimensionless)
+ @, ultimate (failure) stress of the material
+ g _max: maximum applied stress in the part

Where:
« Ultimate strength = 300 MPa
« Maximum stress = 40.6 MPa
Fo3=300/406

Fos=7.39

Therefore:

Factor of Safety = 7
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Estimated train cycles: 2000 trains/day
Therefore:

2000 x 365 = 730,000 cycles/year

Therefore:

730,000 20 = 14,600,000 in a 20 year service life

Total cycles:

N=14.6 million cycles
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Estimated blade mass:
Approximate volume for HVAWT turbine blade:
Ve
Where:
« = blade thickness
« w=blade width/chord
« L=blade length

01x03x18

0052 m*

Mass:

m= density xvolume.

m= 1450 x0.0052

m=751k
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‘Assume rotational speed:

2y
e

‘Approximate centrifugal foce:

-

Centrfugalforce:

54%04x15.7°

33 N or 0.743 KN
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Specific Stiffness = p X E
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Material E/p (x10° m*/s?)

Flax/Epoxy 241
Glass/Epoxy 20
Carbon/Epoxy 563
Atuminium 6061 256
Stainless Steel 25
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Property Value Test Standard
Tensile Srength 3 150527
Fiexural Modulus 3400 e 150527
Fiexural Strength EY WP 150527
Flongation 1 Break 73 % 150527
Density a5 e 1502781
VICAT A Temperature = 3 150308
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AvgWind (m/s)  Power/Turbine  Total (W) Annual (kWh)  Net Revenue (£)  Payback (yrs)
w)

7 625 2555 1678 = N/A

g EX) 35 7505 B &1

g 557 54350 3567 ES 7

0 Te62 7445 = D 61
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‘Enhancement

Power Multiplier

()
Baseline current design) 100x = 543

- Blage geometry optimisation | 137 0 724

= Diffuser augmentation 200¢ £500.500 | 1485
~ Guide vane integration 125 £200400 | 1520
~ Counter-rotating array 106 £50100 [ 2035
TOTAL COMBINED 375 £700-1.200 | 2035
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‘Scenari ‘Annual Net (€) Payback (years) Design
Baseline (Cp = 0.25) 489 27 No (exceeds 25 yrs)
Enhanced (25 factor] G 75 Yesv

Enhanced + bach B 53 Yesi

production
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Ttem ‘Specification Qy  UnitCost(€) Total (£) ‘Supplier
FLAX 3D Fllamen: | PLA/PHA = flaxibre, 145 | 157 | £45/ke. 7,065 ColorFabb /
(w75mm) /e, biodegradable: 3DPrima UK
Gentre shaft 508276, 76.2mm 0D * O 5020 52080 metalsau.couk
(aluminium) 12.5mmwal

Biade Support | 608276 fat bar s0xGmm, | 36| £4.50 B3] metaisau.couk
arms 300mm

BasetoCenwe | 60826 biler, CNCtomed | & EQ o metaistu ] CNC
(machined) senice
Bio-Epoxy Resin | Sicomin GreenPoxy 56, V- | 5 T 160 Sicomin UK
Coating resistant

Sealed Bearings | SXFW 62052851 stamess | 8 2850 25 7S Components

ws7)

SKFUK
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tem ‘Specification Unit Cost (€) Total (£)

Permanent Magnet | Marlec FM910-4, 12V | 4 £185 £780

Generator DC, S0W rated

WPPT Charge Vicwon smarssoler | 1 ER ER

Controller 75/15, Bluetooth

Battery Storoge Fogstar DR 12V, B B0 0

(Fepos) 10081, 163, BMIS

DCCombiner Box | &inputfused, P65, | 1 E3 EJ
DIN rai, 153

‘Armoured Cable Score 25mn, 25m, | 1drum EQ EQ

(swa) Bs 5467

P67 Junciion Box Poiycaroonate, B E3 E3

200+155x80mm
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Ttem Description Cost (£)

Guard Assembly. Trox mesh panels (10}, comer posts | £1135
(6), hinged door, clips, signage:

Base Assembly 5082 aluminium base plate, 16 )
anchor bolts (8), ant-vibration mounts
), anodising

Foings W10 slaminium flanged bors (38, 5288

nyloc nuts (48), at washers 96)
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Category Cost (£)

Wind Turbine Assembly £6,435.60
Guard Rasermbly EFES
Base Assembly E
Foings £
Eectcal System EEQ
SUBTOTAL EESE
Contingancy (10%) EEIEES
GRAND TOTAL EEEE
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‘Production Volume ‘Estimated Unit Cost (£) ‘Saving vs Prototype.
L{prototype array) £13,34881
Toarrays 5,000 B

Soarrays 7,000 53
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Activity Frequency ‘Annual Cost (£)
Visualinspection (blades, mounting) | Quarterly £200

Bearing lubrication/replacement Amnually 0

Resin coating touch-up Every 2years ES0fyrave
Generator servicng ey 3yers EB0fyrave
Electrical connection Inspection Amnually 0

Total Annual Mainienance Vearly Ex
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Material Option Relative Mass  Relative Cost | Carbon Footprint | Suitabilty

glass/Epony (GFRP) 100 100 100 Industry standard, not

baseline blodegradable

Epony/HS Carbon Fbre. 030 = 056 Figh performance, expensive at
small scale

FLAX 3D Flament (i project) | =085 =070 =030 Blodegradable, low embodied

energy, 30 printable
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The 8 existing enviornmental benefits of using the channel tunnel. 

The construction of the Channel Tunnel is designed with eco-friendliness in mind. Marine life is protected as the tunnel doesn’t 

interfere with their life and fragile ecosystem. 

Eurotunnel is the only cross-Channel operator to reveal their carbon emissions, which they have done since 2006. Despite a very low 

carbon footprint already, the Getlink Group is committed to reducing it even more, with a goal of a 30% reduction in emissions by 2025 

compared to 2019. Beyond 2025 the Group will continue to reduce emissions to get to Net Zero by 2050.

In May 2022, the first power flow was successfully transferred over the 52km ElecLink cable installed inside the Channel Tunnel. This 

optimises the existing infrastructure and promotes the development of alternative energies in France and the UK. It will avoid hundreds 

of thousands of tonnes of CO2 each year by limiting the use of fossil energy sources on both sides of the Channel. Additionally, no 

aerial or submarine cables help avoid interference with marine life. 

All Le Shuttle trains are electric (from low carbon sources), therefore no air pollution and very low greenhouse gas emissions. In 2022, 

electricity consumption for Eurotunnel was certified as 51% renewable source and 60% low carbon, including nuclear energy. In 

addition, Eurotunnel is working hard to develop its own renewable farms. 

If your car is full of passengers, your carbon emissions will be reduced by up to 67% compared to flying – even less if your car is 

electric. Eurotunnel produces, on average, 2kg of CO2 per car per crossing, compared to 147kg of CO2 for a typical Dover-Calais 

ferry. That’s 73x less! 

Eurotunnel provides charging stations to the growing number of Shuttle customers travelling with electric vehicles at both the 

Folkestone and Coquelles terminals. All 16 chargers are free to use and support most models.

Samphire Hoe nature reserve was built using the millions of tonnes of chalk marl extracted from beneath the sea during the 

construction of the Channel Tunnel. In 2022 it received its 17th Green Flag Award and welcomes more than 130,000 visitors each year. 

Some 140 species of birds and 200 plants are found there. 

On the French side, 31 hectares have been devoted to biodiversity preservation since 2021. Moreover, polluting mechanical equipment 

used to maintain the green areas around the Coquelles terminal has been partially replaced by Salers and Highland cattle. They now 

graze 34 hectares considerably more peacefully than the land-clearers did.
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Carbon Sequestratration 1 hectare- 3.7 tonnes of CO2 per year

Net Impact In europe this equates to 250,000 tonnes of CO2 absorption annually

CO2 emission per kg 1.36-1.90 per kg

Flax Seed
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Life Cycle Stage Amount of CO2 per kg produced CO

2 

contribution ( approximate %)

Flax cultivation and fibre processing 1.9 20

Blade Manufacturing- 3D printed flax composites 2.66 38

Transport and Installation 0.5 5

Operation (avoided emissions) N/A -80

End of life treatment 1 10
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Process steps

Person 

Responsible

Interim Viva 

submission

Group 3 Interim Viva Final report and 

Viva 

submission

Group 3 final 

viva

Identify project ideas KJ

Roles and responsibilities KJ

Concept Ideas All

Create 3 concept drawings  KA

Decide final project idea All

Independent research for 

topics by specialist

All

Create slides for interim Viva 

and send to GB

All

Create slideshow  GB

Send KJ completed slide show 

for submission

GB

Submit Interim Viva KJ

Continue with research and 

preparing report information.

All

Compile all relevant 

information for report

All

Creata slides for final viva and 

send to GB

All

Create final viva slideshow GB

Submit final viva and report. KJ
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Send KJ completed slide 
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preparing report 

information.
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Compile all relevant 

information for report
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Creata slides for final viva 
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Create final viva slideshow GB

Submit final viva and report. KJ

members of the team pre-booked 

holidays
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Product Design Specification

Group 3 — Helix-Type Renewable Energy Turbine

1.0 Design Brief

253 group, we have chosento develop 3 el ype vertical xs wind turbine (VAWT) 35 3 renewabe
energy slution. The twrbine s ntended for inscallation at the ChannelTunnel xit porcl, where the
piston effec from high-speed rain passages generates consistent predicable aiow sutabe fr small-
scale energy generation.

“The turbine must be compac,visually unobtrusive, and constructed from envirsnmentaly fiendly, non-
metalic,non-refective materials.  should b capable o feeding generated power nto local battery
storsge sstems, contibuting to decentralised renewsbie enérgy infrastructure. The design must
priorkisesafey, durabilty, and compliance withrelevant riish Standards for smallwind energy
systems.

2.0 Performance

« Mustoperate within  wind spesd rang of 3 s (cutin) to 25 m/s cut-out).

Rated performance at 12 ms, producing 300-500 W continuous powe.

Pesk output up o 750 W in optimal condiions.

‘Turbinerotation must remain stable with minimalvbratin transferred o the mounting structur.
Noise emisions must not exceed 60,68 3t 10 m, nsuring sutabiltyfor public environments.
Mustinclude an overspeed protecton system (mechanical o electromagnatic brake)

Must b compatible with battery stoage of microgrid invertersystems.

Must operste safey i torbulent, mutidractionalairfiow typicalof el exit envrenments.
Surfacefnish must be matee and non-reflactiv to avid distracting drvers ot widife

Shoukd be modular to allow singl-unitor mult-uritnstalations depending on site requirements

3.0 Environment

3.1 Theturbine must withstand outdoor exposure including rain, UV ra
temperature fluctuations.

fon,satspray, dust, and

3.2 Materials mustbe corroson-resstant and envionmentall friendly, withpreference fo lax-fibre
bio-composites and recyced polymers

3.3 Must withstand wind gustsup 0 40 /s withot strucural falue.
3.8 Must miniise widife impact; lade geometry shoud reduce birdsrike k.

3.5 Must operate within tamperatures from -20°C o +40°C
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4.01Life in Service

4.1 Expacee perationsI espan o 1 yeas with ehaculed mntenance), minimum design e 10
years.

leas 30% o rated performance afer 5 years.
43 Annual maincanance required 1o srsr sfe operation and parformance

3. Ufe i senviceshould be assessed against the crteri outlnad i performance snd Envronment
categories.

5.0 Target Costs
5.1 End-user costshould ot excead £5,500 per trbinsunesingle uitbass, incuding nsalaion).

5.2 anfacuring cost mater

and tabricaton) shoud not exceed £2500 pr it
5.3 nstaltion costshould e minimisd through modulr designand ightweight mataials.

5.0 ¢ volum production (53 uns), th target end-user costshoud reduceto spproximately £2,500
perunicorbelow.

5.5 The esign should s for  eturnon nyestment withinthe aperatons fesgan fth turbine,

6.0 Maintenance
.1 nnualinspectionrequited 1o assess wear, lbricaton poins,andstructural stenars

52 Ught lubrication o besrings recommended avery 3-8 morths dependingon envronmental
posure.

.3 Component equiing maintensnce must e sy scassle without ull isssembly

.4 Replacement parts (seaing,Fastanes, brake components) should be standardied and widely
svaitle.

7.0size and Weight Restrictions
7. wasimum hegh: 2000 mm.

7.2 Wasimum diamete: oo mm.

7.3 Masimum wlgh: 80, alowing nstltion b » Swo prson eam.

7.8 unting footpin st b compaSbis with tunne Xt Structure, ground snchor,or purpose-
bt foundations.
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8.0 Manufacturing Components
componentsincude:

« elcurbinebiades (flax e bio-compost, 50 printd)
« canral oto snat sumiium o composia)
[———"—————

« Louspeed,ngh-torqus permanent magnet generator

« ourting fame, basz piate, and brackets

« Vibraion ampening comgnsnts

« Mechaniclor secromagned baking sstem

« Safery guarcing (mesh panes o g vanes)

« rastonerssndfings comosion-resstan).

9.0 Ergonomics
9.1 installion mustbe achievable by  Swo-person team without heawy machinery.

.2 Acesss pansl for mintenance mustbereschabl rom round vel o stendard e

5.3 Al contrais (o a sccasive.

isconnectswtch)mst b clearly labeled

5.0 Sufaces should be smacth and afe t handle, uith o sharp ecges.

10.0 Quality and Reliability

1014 Turine must comply wih 8 EN 61400-2 fo small wind urbines
102 Fewr than 1 100 unis shoul expeience earyfalue withi the st yer.

103 Turbine must no degraderaidl dueto U exposure o satvater nvironments.

£0.4 st maintan strcturl incegityunder repested cyclc ocing ovr the deig s

11.0 Standards and Specifications
he urtine must schere o thefollouing stndards:

« sseN 6aa0-2 — Small Wind Turbines
558835 — enginsering drawing and schriclproduct documentaton
150 14021 — Envronmental abels and sstanabily declarations

« 5EN150 5227 — Carosio testing (st spay)

5N 52000 — lecror iy forenergysystems

«150.4500 — Limitsan s for mechanical components
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12.0 Processes
£2.1 Al companents st comply with 150 metric standardsfo s and olrances.
£2:2 Manufacturingprocesses my incude:

« addiive manufacuring (oM 30 prining) fo biade and cover compenents
NG machining fo precision aluminum components

@ Surface inshin for UV and weathe resistance (b-spory costing)

@ assambly following standardisedproceduresto ensure repeatabilty and raiabiey

13.0 safety

£3.1 Turine must automatically bake o shut down dring overspeed condions.
£3.2 Al rotatig componentsmus b shieide to prevent sccicent cortact
£3.3 stalation mus not compromise nfastructuresafetyor iy
£3.4Turbine must include grounding andsurge protectin for slectica ssfery.
£3.5 Must ot produce hazardous debrs i the event o blade faiure

£3.6 Mustnot cparate whan potentialmecharica r slctica ssves ae detected.
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Meeting 1- Group 3 project 13/2/26.
Attendees:

Kelly Jenkins (KJ)

Grant Brookes (GB)

Kieran Allen (KA)

Owen Rogers (OR)

Initial discussion:

Group discussed the outcome of the forms for the project category and the roles that we
were going to be responsible for and the responsibilities of the roles.

The 2 categories with equal votes were the renewable energy source or the water filtration
system after a brainstorming session it was decided to proceed with the renewable energy
source.

3 initial concept ideas came from the brainstorming session:

1. Under water turbines using the current to generate power.
2. Car charging via solar power (box trailer idea).
3. Bridge lighting powered by wind power (Severn bridge potentially).
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It was decided that option 3 was the idea we were going to go with and it was decided by
next week to have some concept drawings for this so we could proceed and discussed using
weighted decision matrix to assist with this. Alongside this discussions around materials and
analysis and how best to give that information.

Discussed producing Gantt charts to document progress to be available for the whole group
to update- likely to be added into our teams page.

Next Steps:

KJ to create Gantt charts and templates by next week.

All to send slide information to GB for interim viva presentation.
Concept drawing to be done for each idea (KA)

Research materials.
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