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[bookmark: _Toc170121057]Importance of Reynold Number
The Reynolds number (Re) is a dimensionless quantity used in fluid mechanics to predict flow patterns in different fluid flow situations. It is defined as the ratio of inertial forces to viscous forces and is given by the formula:

Because it helps predict whether the flow will be laminar or turbulent, the Reynolds number is fundamental.

At low Reynolds numbers (usually Re<2000), laminar flow occurs. The fluid particles are travelling in parallel layers, creating a smooth and ordered flow.
Turbulent Flow: Usually occurs when the Reynolds number is high, over 4000. There are eddies and vortices in the chaotic flow. 

The flow is in the transitional regime and can display features of both laminar and turbulent flow for Reynolds numbers between 2000 and 4000.

[bookmark: _Toc170121058]Influence of Reynolds Number on Fluid Flow around a Kiteboard
Relative flow around a kiteboard is highly dependent on the Reynolds number. This influence can be shown in various ways. The Reynolds number has a big impact on the flow around a kiteboard. This effect takes various forms: 

Flow Separation: At lower Reynolds values, the kiteboard's surface tends to experience flow separation earlier, which increases drag. Higher Reynolds numbers reduce drag because they allow the flow to stay near the surface before separating for a longer period. 

Drag and Lift: The kiteboard's drag and lift forces are impacted by the change from laminar to turbulent flow. Because of the chaotic motion of the fluid particles, turbulent flow increases skin friction drag; but, by delaying flow separation, it can also minimise pressure drag. 

Effects of Surface Roughness: Surface roughness becomes increasingly relevant at high Reynolds numbers, influencing the properties of the boundary layer and perhaps increasing drag. Kiteboard designs often consider this by incorporating smooth surfaces or specific textures to optimize performance.

[bookmark: _Toc170121059]Estimating the Reynolds Number for Fluid Flow around a Kiteboard
To estimate the Reynolds number for fluid flow around a kiteboard, we need typical values for the parameters involved. Assume the following:
Fluid Density (ρ): For seawater, 
Flow Velocity (v): A typical kiteboard speed might be around  (Crawl Bars, 2022)
Characteristic Length (L): The length of the kiteboard, around   (Crawl Bars, 2022)
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Figure 1  – Kiteboard Size Chart (Crawl Bars, 2022)
Dynamic Viscosity (μ): According to the research (Nayar et al. 2016) the dynamic viscosity of seawater is . Using the inputs for water around  and a salinity of 35 parts per thousand, the average for the North Atlantic according to (Yourweather.co.uk). 
[image: A screenshot of a graph

Description automatically generated]
Figure 2 – Dynamic Viscosity of Seawater (Nayar et al. 2016)



This high Reynolds number suggests that the flow around the kiteboard is highly turbulent. The turbulent flow will influence the performance of the kiteboard, with significant implications for drag and lift forces, which are critical for the manoeuvrability and speed of the board.

[bookmark: _Toc170121060]Conclusion
The Reynolds number is critical for understanding and predicting the fluid flow characteristics of a kiteboard. It determines whether the flow is laminar or turbulent, which influences drag, lift, and overall performance. Given the high Reynolds number projected for a kiteboard in seawater, the flow is mostly turbulent, necessitating careful design considerations to optimise performance.

[bookmark: _Toc170121061]

Task 2
[bookmark: _Toc170121062]Boundary Layer Flow
The boundary layer is the thin layer of fluid in immediate contact with the surface of the kiteboard. Within this layer, the fluid velocity changes from zero at the surface (due to the no-slip condition) to the free stream velocity away from the surface. The behaviour of the boundary layer is crucial in determining the overall fluid dynamics around the kiteboard.

[bookmark: _Toc170121063]Types of Boundary Layers
1. Laminar Boundary Layer: Characterized by smooth, orderly fluid motion in parallel layers. The velocity gradient is steep near the surface, and the layer thickness increases downstream.
2. Turbulent Boundary Layer: Characterized by chaotic, swirling eddies. This layer has a fuller velocity profile compared to the laminar layer, meaning higher velocity close to the surface and increased mixing.
The transition from laminar to turbulent boundary layer depends on the Reynolds number and surface characteristics. For a kiteboard, due to the high Reynolds number (as estimated previously), the boundary layer is primarily turbulent.

[bookmark: _Toc170121064]Flow Separation
Flow separation occurs when the boundary layer detaches from the surface of the board. This is influenced by:
1. Adverse Pressure Gradient: As the fluid flows along the kiteboard, it encounters areas where pressure increases in the direction of the flow, causing deceleration. If the deceleration is strong enough, the boundary layer cannot overcome the adverse pressure gradient, leading to separation.
2. Surface Roughness: Smooth surfaces help maintain laminar flow longer, while rough surfaces can trigger early transition to turbulence, potentially delaying separation in some cases.
In kiteboarding, flow separation leads to increased pressure drag and reduced lift, adversely affecting performance.

[bookmark: _Toc170121065]Turbulence and Its Effects
Turbulent flow, with its chaotic nature and eddies, increases skin friction drag but can delay flow separation due to higher momentum transfer within the boundary layer. This can lead to:
1. Increased Stability: Turbulent flow around the kiteboard can enhance stability by maintaining attached flow longer, reducing the size of wake regions and pressure drag.
2. Enhanced Control: Kiteboarders benefit from turbulent flow as it improves control by ensuring consistent lift and reduced abrupt changes in drag.

[bookmark: _Toc170121066]Kiteboard Design Considerations
Streamlined Shape
Kiteboards are designed with streamlined shapes to minimize flow separation and reduce drag. A streamlined design helps maintain attached flow along the surface, promoting a more laminar boundary layer and delaying transition to turbulence.
1. Narrower Leading Edge: The front part of the board is typically thinner and more pointed to smoothly guide the flow and minimize pressure gradients that could lead to early separation.
2. Tapered Trailing Edge: The rear part is tapered to allow the flow to exit smoothly, reducing wake formation and pressure drag.

[bookmark: _Toc170121067]Surface Finish
The surface finish of a kiteboard can significantly affect boundary layer characteristics:
1. Smooth Finish: A smooth surface promotes a laminar boundary layer, reducing skin friction drag. However, in high Reynolds number conditions, it might lead to earlier separation.
2. Textured or Ribbed Finish: Some boards incorporate textured surfaces to promote early transition to turbulent flow, which, although increasing skin friction, helps delay flow separation and reduce pressure drag.

[bookmark: _Toc170121068]Aspect Ratio and Planform
The aspect ratio (ratio of length to width) and planform shape (outline of the board) are designed to optimize lift and minimize drag. A higher aspect ratio can provide better lift-to-drag ratio, while specific planform shapes (e.g., elliptical or rectangular) can influence flow characteristics and stability.
1. High Aspect Ratio: Increases lift and reduces induced drag, beneficial for achieving higher speeds.
2. Elliptical Planform: Reduces induced drag by minimizing wingtip vortices, enhancing performance.

[bookmark: _Toc170121069]Conclusion
The design of a kiteboard is heavily influenced by the principles of fluid dynamics, particularly concerning boundary layer behaviour, flow separation, and turbulence. By optimizing shape, surface finish, and aspect ratio, designers aim to control the boundary layer characteristics to enhance performance, stability, and control. Understanding these principles allows for the creation of kiteboards that are efficient in terms of lift and drag, providing a better experience for the rider.

[bookmark: _Toc170121070]

Task 3
[bookmark: _Toc170121071]Performance Benefits of CFRP
Carbon fibre reinforced plastic (CFRP) offers numerous advantages for kiteboard construction. One of the primary benefits is its lightweight nature compared to traditional materials such as wood or fiberglass, reducing the overall weight of the kiteboard and enhancing manoeuvrability and control, which leads to improved speed and agility. Additionally, CFRP has an exceptional strength-to-weight ratio, providing necessary structural strength without significant weight, enabling the board to withstand high stresses and impacts associated with high-speed water sports (Polymer Process, 2024). The stiffness of CFRP, praised in various industries including aerospace and automotive for its outstanding performance (Sun et al., 2024), improves the board's responsiveness, allowing it to react quickly and precisely to a rider's inputs, thereby enhancing control and overall performance. Furthermore, CFRP's resistance to corrosion, UV radiation, and fatigue contributes to its durability, ensuring a longer lifespan for kiteboards used in harsh marine environments.

[bookmark: _Toc170121072]Disadvantages of CFRP
While Carbon Fibre Reinforced Plastic (CFRP) offers significant performance advantages for kiteboards due to its lightweight and strong properties, it also presents several drawbacks. The high cost of CFRP, both in terms of raw materials and manufacturing, makes it significantly more expensive than traditional materials like wood or fiberglass. Its brittleness increases susceptibility to cracking and delamination upon impact, compromising structural integrity. Repairing CFRP is challenging and costly, often requiring specialized knowledge and materials (Thori et al., 2013). Additionally, CFRP poses environmental concerns as it is difficult to recycle and its production is energy-intensive, contributing to a higher carbon footprint. Improving its environmental impact would require significant changes in recycling laws and attitudes (Hermansson et al., 2022). Furthermore, the rigidity of CFRP, while beneficial for performance, results in a harsher ride by absorbing less shock and vibration, which may not suit all riders. This issue is also noted in other sports, such as cycling, where prolonged use of carbon fibre frames can lead to discomfort due to vibrations (George, 2024). Thus, choosing materials for kiteboard construction necessitates a careful balance between performance and practical considerations.
[bookmark: _Toc170121073]Historical Developments
[bookmark: _Toc170121074]According to Kuch (2024), kiteboarding emerged in the late 20th century, initially using wood for board construction, which was heavy and lacked durability. The subsequent introduction of fiberglass improved strength and reduced weight but still had performance and durability limitations. Later, composites like fiberglass became popular, offering better performance than wood but remaining heavier and less stiff than modern materials. Despite these advancements, wood is still preferred by some riders for its elasticity and ability to quickly return to shape, providing more "pop" (Lang, 2009). This evolution highlights the ongoing need for innovation in sports equipment manufacturing.
Current Developments
Currently, carbon fibre reinforced plastic (CFRP) is the preferred material for high-performance kiteboards and other sports equipment due to its excellent balance of strength, weight, and durability, making it ideal for both competitive and recreational kiteboarding. Advances in manufacturing techniques, such as resin transfer moulding and autoclave curing, have significantly improved the quality and consistency of CFRP products, resulting in boards with fewer defects and enhanced performance characteristics. Furthermore, modern manufacturing methods allow for highly customizable designs, enabling manufacturers to tailor the fibre orientation and resin content to optimize the board for specific performance criteria, such as flexibility, stiffness, and strength.
[bookmark: _Toc170121075]Future Developments
In the realm of carbon fibre reinforced plastic (CFRP), future advancements may incorporate nanomaterials like carbon nanotubes to further enhance mechanical properties, potentially leading to lighter and stronger kiteboards. This trajectory aligns with ongoing efforts towards sustainability, as the industry focuses on developing recyclable composites and adopting eco-friendly resins and manufacturing processes to mitigate environmental impact. Moreover, the integration of smart materials and sensors into CFRP kiteboards holds promise for providing real-time data on performance and structural health. This innovation could enable riders to optimize their performance strategies and maintenance schedules while enhancing overall safety standards within the sport.
[bookmark: _Toc170121076]Conclusion
The use of carbon fibre reinforced plastic in kiteboard construction offers significant performance advantages due to its lightweight, high strength-to-weight ratio, stiffness, and durability. Historically, the transition from wood to fiberglass to modern composites has dramatically improved the performance and durability of kiteboards. Current developments focus on optimizing manufacturing techniques and customization, while future trends point towards the incorporation of advanced materials, sustainable practices, and smart technologies. These advancements will continue to enhance the performance and longevity of kiteboards, providing better experiences for riders.

[bookmark: _Toc170121077]Task 4
[bookmark: _Toc170121078]Computational Fluid Dynamics (CFD)
[bookmark: _Toc170121079]The main method for modelling fluid flow around kiteboards is computational fluid dynamics (CFD), which involves solving the Navier-Stokes equations numerically. Direct Numerical Simulation (DNS), which resolves all turbulence scales, provides the maximum accuracy in CFD but is computationally costly and only works with low Reynolds number flows. By solving large-scale eddies and modelling smaller scales, which are appropriate for complicated turbulent flows but still computationally intensive, Large Eddy Simulation (LES) strikes a compromise between accuracy and cost. According to Alfonsi (2009) because of its efficiency, the Reynolds-Averaged Navier-Stokes (RANS) approach is often employed. It uses models such as k-ε and k-ω to average turbulence effects, however it may not account for detailed turbulence. Although it can be difficult to implement, Detached Eddy Simulation (DES) blends LES and RANS for a suitable compromise in high Reynolds number flows.
Other modelling techniques
[bookmark: _Toc170121080]Potential Flow Theory is less accurate for turbulent flows but computationally economical since it assumes inviscid, incompressible, and irrotational flow, simplifying the Navier-Stokes equations. By discretizing only boundaries, the Boundary Element Method (BEM) lowers the dimensionality of the issue. It is useful for complex geometries but less so for capturing intricate flow fields. Though less developed than conventional CFD, the Lattice Boltzmann Method (LBM) simulates particle distribution functions on a lattice to represent fluid flow. It is highly parallelizable and effective for complex boundary conditions. Although mesh-free and particle-based, Smooth Particle Hydrodynamics (SPH) is an excellent method for handling massive deformations and complex free surface flows, it can be less accurate and need more computer power than grid-based methods.
[bookmark: _Toc170121081]Application to kiteboard simulation
CFD with RANS models is frequently used for kiteboard fluid flow simulations because of its balance between computational efficiency and accuracy. LES or DES may be preferred despite increased computational costs for more in-depth analyses involving transient and turbulent flows. In certain situations, involving intricate boundary interactions or free surface flows, LBM and SPH may be taken into consideration. Kiteboard performance can be effectively analysed and optimised under a range of fluid flow circumstances by carefully choosing the modelling technique.
Kiteboard Forces Estimation
[bookmark: _Toc170121082]A kiteboard's drag, gravity, and lift forces must all be estimated. These forces are affected by several variables, including fluid density, board speed, and surface features. The drag equation, for example, can be used to approximate drag force calculations by considering the fluid density, velocity, drag coefficient, and area exposed to the flow. Only the board will be considered in these equations to simplify them; the rider and kite aspects contribute a plethora of additional variables that are unrelated to the board's design.  DRAG
GRAVITY
SIDE FORCES
LIFT FORCE


Illustration of forces on a kiteboard using image from Rocket59 (2017)
Drag Force Estimation
Drag force equation:





Drag coefficients for numerous simple shapes are included in the table from Dourmashkin (2020) below, which can be used to compute the drag coefficient. The streamlined body with a drag coefficient of 0.04 is the shape that most closely resembles the board's cross section perpendicular to the flow.
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Drag Coefficient Table (Dourmashkin, 2020)

Using same values as task 1.




The research (Matzdorff, 2023) states that a kiteboard with a length of 1.4 metres will have a breadth of 42 cm.
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Kiteboard dimension table (Matzdorff, 2023)

The table also indicates that a board of size would have a height of 4.4 cm (0.044m).



Therefore




Gravitational force estimation

The aforementioned table also demonstrates that the net weight of a board of 140 by 42 cm is 2.8 kg, meaning that the gravitational force is as follows.



Lift force estimation
Aerodynamic lift can be utilised for calculating the lift force produced by the kiteboard itself.





0.6 will be used as an estimate value of the contact area fraction.



Kampf (2017) states that a flat plate at a zero-degree angle of attack can have a maximum lift coefficient of 0.8.


Task 5
Experiment Setup
A prototype will be made and put through a rigorous testing process in a controlled laboratory setting as part of the kiteboard development process. Understanding how fluid flow interacts with the board and how the board reacts to different forces is the main goal of these investigations. Simulated fluid dynamics (CFD) will then be validated and improved using this experimental data.
 To collect extensive data, the kiteboard prototype will be equipped with a variety of sensors and measurement tools positioned in critical locations. The kiteboard will have pressure sensors positioned all over its surface in order to map pressure distributions under various flow circumstances. In order to gauge the lift, drag, and side forces operating on the kiteboard, force transducers will be placed at strategic connection points. Anemometers or flow metres will be used to quantify flow properties such as velocity profiles and turbulence intensity. Furthermore, high-speed cameras and Particle Image Velocimetry (PIV) will be used as flow visualisation tools to monitor flow patterns and examine intricate flow dynamics.
Experimental Procedure
The experiment will take place in a towing tank facility or a regulated water tunnel. The kiteboard will be installed on a test rig that has adjustable yaw and angle of attack settings to replicate a range of real-world scenarios. The kiteboard's anticipated working range will be covered by methodically varying the tunnel's flow speed.

The pressure distribution on the kiteboard's surface will be continually recorded by the pressure sensors during each test run. The lift, drag, and side forces will all be measured by the force transducers. The high-speed cameras will record flow visualisation patterns using smoke or dye, and the anemometers or flow metres will record the velocity profiles across the board simultaneously. PIV will offer a thorough examination of the flow field turbulence structures and velocity vectors surrounding the kiteboard.
Data Collection & Analysis
To get valuable insights, the data gathered from the sensors and visualisation techniques will be processed and examined. The zones of high and low pressure, which correlate to areas contributing to lift and drag, will be identified using pressure distribution data. The kiteboard's total aerodynamic and hydrodynamic performance will be measured by force measurements. It will be easier to comprehend the flow separation, reattachment, and turbulence features overall with the use of velocity profile data and flow visualisations.
Comparison with Simulation Data
The outcomes of CFD simulations will be compared with the experimental data. The CFD model will be configured to precisely mimic the experimental parameters, such as the kiteboard's geometry, flow rates, and angles of attack. In-depth details about force coefficients, flow patterns, and pressure distributions surrounding the kiteboard will be available from the simulation results.

The experimental and simulation data will be evaluated using multiple criteria in order to validate the CFD model. At equivalent points on the kiteboard surface, the pressure coefficient distributions from simulations and experiments will be compared. The correctness of the CFD predictions will be evaluated by comparing force measurements, including lift, drag, and side forces. The high-speed camera and PIV flow visualisation data will be qualitatively and quantitatively contrasted with the CFD model's projected velocity fields.

In order to determine possible causes of inaccuracy, such as assumptions in the CFD model, restrictions on the experimental setup, or measurement errors, discrepancies between simulation and experimental data will be analysed. Based on these comparisons, the CFD model will be improved repeatedly to increase its predicted accuracy. In the end, the verified CFD model will be an effective instrument for enhancing the kiteboard's performance and design in a variety of scenarios.
[bookmark: _Toc170121096]Conclusion
The combined utilization of laboratory experimentation and computational simulations offers a robust framework for advancing kiteboard design. By systematically validating simulation models against empirical data, this approach not only enhances understanding of fluid dynamics and structural mechanics but also guides iterative improvements in kiteboard performance and functionality.

[bookmark: _Toc170121097]
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TASK DESCRIPTION

In class we have been discussing fluid flow around an object. This assignment consolidates and builds upon
this. Figure 1 shows a kiteboard being used, whilst figure 2 shows the FE model of such a component.

Figure 1: A kitesurf board in use.

Figure 2: An FE model of a kitesurf board.

Given the above geometry you must now consider the following tasks;

1

2.

Discuss Reynolds number. Why is this important, how does it influence the flow around the board
and estimate what the Reynolds number is of the fuid flowing around the board?

Discuss boundary flow around the board and relate this to the separation and the turbulence
around the board. Discuss why you think that the board has been designed like this.

Itis proposed that this board is to be built from a Carbon fibre reinforced plastic. Discuss the
implications of this in terms of the performance of the board. Relate this to the historical, current
and future developments of such components. You should include reference to technical
terature and industry standards where applicable.

Discuss what modeliing techniques could be used to simulate the fluid flow around this board
and the forces that this exerts on the structure. Discuss the advantages and the disadvantages
of the tools highlighted. Estimate what you think the forces exerted on the board may be.

During the development of this component, itis proposed that a prototype is produced and tested
in a laboratory to understand the fluid flow around the board and how it reacts to the forces
exerted on the structure from this fluid flow. This will also be used to correlate to board to the
simulation carried out in task 4. Discuss how you think this experiment should be carried out and
"how the acquisition of data should be obtained and compared to the simulation.

You are required submit a report equivalent to 3000 words which discusses the above tasks.
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