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1. Introduction

[bookmark: _Toc170481968]1.1 Overview of Fluid Flow Concepts

Fluid flow around objects is a fundamental topic in fluid dynamics, a field of physics that studies the behaviour of fluids (liquids and gases) in motion. In many engineering applications, from constructing aircraft wings to optimising sports equipment, an understanding of fluid flow is essential. The study of fluid flow involves concepts such as laminar and turbulent flow, boundary layers, and flow separation, which are essential for predicting how fluids interact with solid surfaces.

[bookmark: _Toc170481969]1.2 Objectives of the Assignment

This assignment's main goal is to synthesise and elaborate on the fluid flow ideas that were covered in class and apply them to the particular situation of a kiteboard. The main topics to be covered are Reynolds Number, Boundary Flow and Turbulence, CFRP, Modelling Techniques and Experimental testing – all focused around the design of a kiteboard. 


[bookmark: _Toc170481970]2. Reynolds Number

[bookmark: _Toc170481971]2.1 Definition and Importance of Reynolds Number

[bookmark: _Hlk169118688]In fluid mechanics, the Reynolds number (Re) is a dimensionless quantity, which is used to describe the fluid's pattern of flow around an object. It is represented by the following equation and is defined as the ratio of viscous forces to inertial forces:


Where:  is the fluid density,  is the flow velocity,  is a characteristic length (such the length of the kiteboard), and  is the fluid's dynamic viscosity. The Reynolds number is crucial because it dictates whether the flow around the board will be laminar or turbulent. Laminar flow usually occurs at low Reynolds numbers and is characterised by smooth, ordered fluid motion. On the other hand, turbulent flow happens at high Reynolds numbers and is jumbled and chaotic (StudySmarter, 2019). 
Designing devices that interact with fluids and forecasting flow behaviour require an understanding of the Reynolds number. Understanding the Reynolds number for the kiteboard aids in maximising performance and minimising drag through shape optimisation.

[bookmark: _Toc170481972]2.2 Influence of Reynolds Number on Flow Around the Kiteboard

A number of factors related to the fluid flow surrounding the kiteboard are affected by the Reynolds number: flow separation, boundary layer development, and the change from laminar to turbulent flow. A thin, stable boundary layer is produced when the flow tends to stay laminar at lower Reynolds numbers. As the Reynolds number increases, the boundary layer thickens and becomes more susceptible to instabilities, resulting in turbulence. (Serdar, 2012).
The change from laminar to turbulent flow is critical for a kiteboard because it impacts lift and drag forces. Because of its increased flow resistance, turbulent flow can increase drag, but it can also provide lift by delaying the separation of the flow. In the same way that dimples are added to a golf ball, it is possible to modify the kiteboard's design, particularly its edges and surface texture, to control this transition and enhance performance in various scenarios.


[bookmark: _Toc170481973]2.3 Estimation of Reynolds Number for the Fluid Flowing Around the Kiteboard

To estimate the Reynolds number for the fluid flow around the kiteboard, we need to consider the typical values for the variables involved in the Reynolds equation. Assuming the kiteboard is traveling against the current when used on sea water at an average temperature of 8°C, we can estimate the following variables: 
· Water density () = 1027 kg/m³
This value is used as it is the standard density of sea water at 8°C (Engineering Tool Box, 2005). 
· Flow velocity () = 6.89 m/s
The kiteboard's speed across the water is roughly represented by this number. The relative velocity is calculated by adding the typical kiteboard cruising speed of 5.14 m/s (Spaeth, 2021) to 1.75m/s which is the average Spring peak flow in the UK (Department of Energy & Climate Change, 2016).
· Characteristic Length () = 1.5m
Although kiteboards are usually measured in m², this is a reasonable approximation of the average length of a kiteboard (WindyApp, 2023).
· Dynamic viscosity () = 0.00149 Kg/m.s
This is the Absolute (Dynamic) Viscosity of sea water at 8°C (Engineering Tool Box, 2005).

By taking into account these typical values, we make sure that our estimation of the Reynolds number is based on reasonable and useful circumstances, offering observations that are relevant to the kiteboard's actual performance and use.






This high Reynolds number indicates that the flow around the kiteboard will predominantly turbulent, which will significantly influence the boards performance.

[bookmark: _Toc170481974]2.4 Theoretical Context

The balance between pressure, viscosity, and inertia is reflected in the Reynolds number, which is obtained from the Navier-Stokes equations controlling fluid motion. Turbulent flow is caused by inertia dominating at high Reynolds numbers. This idea is essential to hydrodynamics and aerodynamics, especially designing kiteboards with maximum speed and stability. In an effort to improve performance, research focuses on turbulent flow management for use in marine technology and sports engineering. A thorough understanding of this Reynolds number is required when designing efficient kiteboards that meet the needs of both leisure and competitive riders through the utilisation of fluid dynamics and geometric factors (White, 1999).

[bookmark: _Toc170481975]3. Boundary Flow and Turbulence

[bookmark: _Toc170481976]3.1 Boundary Layer Theory and Flow Characteristics

The theory of boundary layers is essential for comprehending fluid flow around objects such as kiteboards. A thin layer occurs at the surface when viscous effects are prominent as fluid flows over the board. The Reynolds number determines the laminar or turbulent nature of this boundary layer. 
While turbulent boundary layers, which affect drag and lift forces, are chaotic and energetic, laminar boundary layers are smooth and organised. The board's performance is impacted by the transition between these states, especially in terms of controlling flow separation and lowering drag by deliberate surface roughness and shape design (John D. Anderson, 2017).
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[bookmark: _Toc170577943]Figure 1 - Development of Boundary Layer (Patel, 2018)


[bookmark: _Toc170481977]3.2 Separation and Turbulence Management

When the boundary layer separates from the surface, there is less lift and more drag, which is known as flow separation. Fin placements and streamlined shapes are two examples of features that are frequently used in kiteboard design to prevent or delay separation. To maximise performance, turbulent flow transition must be controlled. This is known as turbulence management. This can entail making surface alterations or applying boundary layer control strategies to preserve associated flow and improve hydrodynamic efficiency. Designing kiteboards that provide stability, speed, and manoeuvrability in a range of circumstances and Reynolds numbers requires an understanding of these fundamental concepts (Cengel & Cimbala, 2014).

[bookmark: _Toc170481978]3.3 Design Rationale and Performance Optimization

Kiteboard designs strike a compromise between reducing drag for speed and optimising lift for planning. Designers increase efficiency by designing the board to promote laminar flow and postpone turbulent separation. This method improves hydrodynamic profiles and surface treatments by utilising empirical testing and computational fluid dynamics (CFD) simulations. Material science advancements such as carbon fibre composites make it possible to build lightweight boards at a reduced mass that increase performance and rigidity. Therefore, it is crucial to combine theoretical understanding with real-world testing in order to continuously refine kiteboard designs and satisfy changing performance requirements in both competitive and leisure contexts (Hapgood, 2014).



[bookmark: _Toc170481979]4. Material Considerations: Carbon Fibre-Reinforced Plastic

[bookmark: _Toc170481980]4.1 Performance Implications of Using Carbon Fibre-Reinforced Plastic

Carbon fibre-reinforced plastic, or CFRP, is a composite material made of carbon fibres embedded in a polymer matrix. The composite's outstanding mechanical qualities are attributed to the carbon fibres, which are recognised for their low density, high tensile strength, and stiffness. The fibres are joined by the polymer matrix, which is frequently an epoxy resin type, which also distributes loads and gives the fibres shape and form. Because of its remarkable strength and rigidity combined with its lightweight nature, CFRP is the perfect material for high-performance and long-lasting applications such kiteboarding as well as being utilised in the aerospace and automotive industries (SGL Carbon, 2024). 

The remarkable mechanical qualities of CFRP make it perfect for kiteboard manufacturing. High strength-to-weight ratio, rigidity, and resistance to corrosion are all combined in the use of this material. Because of these characteristics, the board performs better overall, is more responsive, and has less weight without sacrificing structural integrity. The stiffness of CFRP contributes to the kiteboard's improved control and manoeuvrability, which are crucial for both recreational and competitive kiteboarding. The main drawback to utilising CFRP would be the cost, as this material can be relatively expensive when compared to other composite materials used for manufacturing kiteboards.  (Gibson, 2016).

[bookmark: _Toc170481981]4.2 Historical Developments in Composite Materials for Kiteboards

The evolution of kiteboard materials has seen a significant shift from traditional to advanced composites over the years. Originally, early kiteboards were constructed from light and durable woods such as balsa, paulownia and plywood (BWD, 2010). In order to increase their strength and water resistance, these timber boards were moulded and then laminated with layers of fibreglass. The board's resilience and stiffness were enhanced by the protective outer layer of fibreglass that was applied with resin, all while keeping the board's weight relatively low. 
Prior to the use of CFRP, the cores were made from materials such as Expanded PVC, expanded polyurethane foam or polystyrene foam. These were then coated with materials such as fibreglass, Polybutylene terephthalate, Acrylonitrile butadiene styrene or Epoxy resin to provide a good strength reinforcement (Decay, 2004).
Although these materials are still used today, the development of CFRP was a significant breakthrough in the production of kiteboards. CFRP came into effect when the demand for better performance boards increased in the late 1990s and early 2000s (Zhang, et al., 2023). Industry standards are essential in directing the application of CFRP in the production of kiteboards. CFRP materials are consistently tested for quality and performance using standards like ASTM D790 for flexural testing and ASTM D3039 for tensile testing (Anurag Singh, 2020).

[bookmark: _Toc170481982]
5. Modelling Techniques for Fluid Flow Simulation

[bookmark: _Toc170481983]5.1 Modelling Techniques to Simulate Fluid Flow

[bookmark: _Toc170481984]5.1.1 Computational Fluid Dynamics (CFD): CFD is the process of solving and analysing fluid flow issues via the use of algorithms and numerical analysis. Software tools like ANSYS Fluent, CONVERGE and Autodesk CFD create detailed simulations based on the Navier-Stokes equations, providing insights into velocity fields, pressure distributions, and turbulence (Ansys, 2024). CFD offers thorough and in-depth information on intricate fluid behaviours, enables analysis of different flow conditions without the need for physical prototypes, and is capable of simulating both transient and steady-state flows. However, CFD requires a large amount of time and computational power. Sophisticated setup and knowledge are required for accurate simulations, and factors such as mesh quality and boundary conditions may have an impact on the results (H. K. Versteeg, 2007).

[bookmark: _Toc170481985]5.1.2 Analytical Methods: These techniques forecast fluid behaviour using theoretical models and mathematical equations. They frequently use potential flow theory or boundary layer theory to provide quick and reasonably accurate calculations for basic flow issues, although being less detailed than CFD. For straightforward flow issues, they are rapid and affordable, helpful for feasibility and preliminary design investigations, and offer a foundational understanding of fluid mechanics. However, in comparison to CFD, they lack detailed spatial resolution, are restricted to simplified assumptions and geometries, and are unable to effectively handle complex, real-world flow conditions (White, 2011).

[bookmark: _Toc170481986]5.1.3 Experimental Approaches: Fluid flow parameters surrounding scale models or prototypes are visualised and measured using techniques like Particle Image Velocimetry (PIV) and Laser Doppler Anemometry (LDA). Physical testing in regulated settings, such as water channels or wind tunnels, is required for this. These approaches allow for the direct observation of fluid processes and provides empirical data that may be used to assess and improve computational models. It is also useful for comprehending real-world fluid interactions and verifying theoretical predictions. However, these methods are also resource- and time-intensive, costly to set up and run experiments, and constrained by measurement precision and scale effects (Panton, 2013).

[bookmark: _Toc170481987]5.2 Estimation Methodology

[bookmark: _Toc170481988]5.2.1 Estimation Properties

The following properties are used to estimate the forces on the kiteboard: 
· Seawater at 8°C, which has a standard density of 1027 kg/m³ and a dynamic viscosity of 
0.00149 Kg/m.s
· Flow velocity of 6.89 m/s
· The surface area of the board facing the flow is assumed to be the reference area (). For a standard kiteboard, this may be approximately 0.2 m² (NY Kite Center, n.d.).


[bookmark: _Toc170481989]5.2.2 Estimation Assumptions

· Simplified board geometry is used to disregard distinguishable features such as profile, rocker, concave and fins. 
· A Drag Coefficient () of approximately 0.09 which is typical for half a streamlined body, which is what would be submerged in the water. (The Engineering Toolbox, 2004).
· A Lift Coefficient () of approximately 1.5 which is typical for a streamlined body (E.L. Houghton, 2013)

[bookmark: _Toc170481990]5.3 Estimated Hydrodynamic Forces

[bookmark: _Toc170481991]5.3.1 Drag Force

Pressure drag and skin friction are the main causes of the drag force. The drag coefficient (), reference area (), fluid density (), and flow velocity () can all be used to determine the estimated drag force at a cruising speed of 6.89 m/s.






[bookmark: _Toc170481992]5.3.2 Lift Force

Similarly, the lift coefficient (), reference area (), fluid density (), and flow velocity () can be used to estimate the lift force.






[bookmark: _Toc170481993]5.4 Critical Evaluation

The estimated forces of lift and drag are hydrodynamic. This is because they relate to the fluid flow around a kiteboard operating in water, which involves the interaction between the board and water. A kiteboard's hydrodynamic design, which is optimised for efficient movement over water, results in a lift force that is noticeably greater than the drag force. The board's shape and arrangement are designed to maximise lift generation for planing and stability,  whilst minimising drag for lowering resistance and improving performance. This design strategy guarantees the kiteboard functions well, giving the rider speed and control.


[bookmark: _Toc170481994]6. Experimental Testing and Data Acquisition

[bookmark: _Toc170481995]6.1 Proposed Experimental Setup for Laboratory Testing

[image: ]The kiteboard could be tested experimentally in a controlled setting, such as a wind tunnel or water flume tank. Since it more closely resembles the natural water conditions in which the kiteboard operates, the water flume tank would be best suited for this configuration. The setup would include a scaled model of the kiteboard mounted within the test area of the tank. The board would then be set up on a force balancing system to measure the lift and drag forces, and the tank fitted with flow straighteners to guarantee a consistent and even water flow. Additionally, transparent side walls on the tank would allow for visual observation and flow visualization techniques (Bluebird-Electric, 2016).[bookmark: _Toc170577944]Figure 2 - Lancaster University Water Flume Tank (Bluebird-Electric, 2016)


[bookmark: _Toc170481996]6.2 Methods for Measuring Fluid Flow and Forces on the Kiteboard

[bookmark: _Toc170481997]6.2.1 Flow Visualization Techniques

· [image: Qinetiq naval systems hull testing marine hydrodynamics technology]Particle Image Velocimetry (PIV): This method records flow patterns surrounding the kiteboard using tracer particles and laser sheets. High-speed cameras are used to track the movement of the particles, generating precise velocity field data (Ronald J. Adrian, 2011).
· Dye Injection: Using this method, coloured dyes are injected upstream of the board in order to observe flow separation, vortex generation, and boundary layer behaviour (Arnab Ganguly, 2009).[bookmark: _Toc170577945]Figure 3 - Royal Navy Hydrodynamics Test (Bluebird-Electric, 2016)


[bookmark: _Toc170481998]6.2.2 Force Measurement Instruments

· Force Balance System: The lift and drag forces operating on the board are measured using a multi-component force balance. Under various flow conditions, the system provides accurate  measurements by recording forces in real-time (Jewel B. Barlow, 1999).
· Strain Gauges: Strain gauges can be attached from the board to the support structure. These can then measure deformation due to the forces exerted on the board, which can be correlated to the applied loads (Omega, 2023). 


[bookmark: _Toc170481999]6.3 Data Acquisition Techniques

[bookmark: _Toc170482000]6.3.1 Data Logging Systems

· Digital Data Acquisition (DAQ) Systems: These systems collect and record data from force measurement systems such as the force balance system, strain gauges, and other instruments. The DAQ system interfaces with a computer to store and process the data (Emilio, 2013).
· High-Speed Cameras: These systems are used in tandem with PIV to capture high frame rates of particle mobility and flow patterns around the board (Phantom Ametek, 2024).

[bookmark: _Toc170482001]6.3.2 Software for Data Analysis

· CFD Post-Processing Tools: To process and analyse the experimental data, programmes like MATLAB or ANSYS CFD-Post are utilised. Force measurements, pressure distributions, and velocity fields are displayed and contrasted with the outcomes of CFD simulations (Resolved Analytics, 2020).

[bookmark: _Toc170482002]6.4 Comparison of Experimental Data

To validate the CFD model, the experimental data would then be compared with the simulation results. Key comparison metrics include:

· Force Measurements: This is a comparison of the experimentally acquired lift and drag forces compared with the predictions from CFD models. Discrepancies are then analysed in order to determine possible causes of inaccuracy in the simulation and experimental setup.
· Flow Patterns: The CFD velocity contours and streamlines are compared with the PIV velocity fields and flow visualisation results. This comparison aids in the validation of the boundary conditions and turbulence models included in the simulation.
· Pressure Distribution: The pressure distribution predicted by CFD is compared with pressure measurements taken on the board's surface using pressure sensors. Variation in the data emphasise places where the simulation model might require improvement.
· Uncertainty Analysis: To measure the degree of confidence in the outcomes, uncertainty analysis is applied to both experimental and simulation data. This entails evaluating the measurement accuracy, the computational mesh resolution, and the output's sensitivity to input factors.

[bookmark: _Toc170482003]6.5 Experimental Testing Conclusion

These methods for acquiring data and setting up the experiment offer a strong foundation for verifying CFD simulations of fluid flow around a kiteboard. The integration of computational and experimental methods can lead to a thorough comprehension of the relevant fluid dynamics. By verifying the accuracy and dependability of the simulation models, this validation procedure makes it possible to optimise kiteboard design for improved performance.
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