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Abstract

This report investigates the importance of the Reynolds number in fluid dynamics, specifically in the context of kiteboard design and optimisation. For normal kiteboarding circumstances, the calculated Reynolds number indicates turbulent flow, emphasising the necessity for designs that reduce drag while improving performance.
The report investigates the impact of boundary layer properties and flow separation on kiteboard performance, emphasising the benefits of employing Carbon Fibre Reinforced Plastic (CFRP) because of its durability. Advanced modelling techniques, such as Computational Fluid Dynamics (CFD) and experimental testing in wind and water tunnels, are used to simulate fluid flow around kiteboards.
By combining CFD models with empirical data, the study ensures accurate forecasts and optimised designs. The findings highlight the need of combining sophisticated materials, precise modelling techniques, and extensive experimental testing to create high-performance kiteboard. As material science and computational methodologies progress, kiteboard design will gain new capabilities and innovations.
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Introduction  

Understanding fluid dynamics is critical for constructing and optimising equipment, such as kiteboards. The Reynolds number (Re) is a dimensionless variable used to anticipate and analyse flow patterns around objects. By analysing the Reynolds number, it is possible to identify flow regimes such as laminar, transitional, and turbulent flows, each of which has a substantial impact on the fluid's behaviour near the object.
This report examines the role of the Reynolds number in establishing flow regimes, as well as its consequences for kiteboard design and performance. Furthermore, the research gives an estimate of the Reynolds number for typical kiteboarding application, demonstrating how flow transitions to turbulence might influence design decisions. The influence of boundary layers on drag and separation points is explored, emphasising the need of taking these parameters into account while designing kiteboards.
The report describes the experimental setup for kiteboard testing, with a focus on prototype fabrication, testing site selection, and instrumentation for measuring forces and visualising fluid flow. By comparing experimental data to computational fluid dynamics (CFD) simulations, designers can enhance their models and improve forecast accuracy, resulting in higher-performing kiteboards.











Reynolds Number

In fluid mechanics, the Reynolds number (Re) is a dimensionless quantity that is used to forecast and examine flow patterns around objects. It has the following definition:

The density of the fluid is p (kg/m³).
The fluid's characteristic velocity (m/s) with respect to the object is represented by v.
L is the object's typical length (mm).
The fluid's dynamic viscosity (Pa x s) is represented by μ.

Importance of Reynolds Number to Determine the Flow Regimes

Understanding and forecasting fluid behaviour requires the ability to distinguish between several flow regimes, which can only be achieved by using the Reynolds number:
Laminar flow (Re < 2000) is characterised by the fluid moving in parallel layers with little to no mixing in between. This flow pattern is coherent and seamless. It is crucial to comprehend laminar flow in applications where minimal fluid resistance and consistent flow patterns are required (Kundu, et al., 2012, p. 310).
Laminar and turbulent flow characteristics are both present in transitional flow (2000 < Re < 4000). Turbulence can occur when a laminar flow develops instabilities. It helps predict when a system might flip from laminar to turbulent flow, this regime is essential for developing systems that operate under a variety of flow conditions (Spurk and Aksel, 2019, p. 383).
As described by Science Facts (2024), eddies, vortices, and chaotic fluid motion are characteristics of turbulent flow (Re > 4000). Higher frictional forces and more mixing result from this regime. In systems where mixing, heat transmission, and momentum transfer are significant, turbulent flow analysis is crucial; predicting drag forces on items like a kiteboard is essential.


Influence of Flow Around a Kiteboard

The design and optimisation of equipment and vehicles that interact with fluids depend on the ability to predict a fluid's behaviour under different conditions, which is made possible by the Reynolds number. For example, understanding the flow conditions surrounding a kiteboard can aid in optimising the board's shape and surface properties to reduce drag and improve performance.
The drag forces operating on the board are influenced by the type of boundary layer, whether laminar or turbulent. While turbulent boundary layers are stronger at resisting separation, laminar boundary layers have less friction drag. The wake characteristics and separation points are determined by the overall flow pattern. Higher Reynolds numbers typically cause turbulence to transition earlier, which can have an impact on drag and lift forces (LaNasa and Upp, 2014).
Estimating the Reynolds Number for Flow Around a Kiteboard

Kiteboards can be used in many environments; Kitesurfing is a wind-powered water activity that allows you to move across the water with a kite and a board. Kiteboarders can also glide across sandy beaches by using a skateboard or longboard with large wheels (Murfet, 2024). For this example, environmental values and factors of Cardiff in June 2024 will be used. The temperature of the seawater in June 2024 was at its highest at 15.3 °C. The density of sea water at 15.3 °C is 1027 kg/m³ as stated by The Engineering Toolbox (2024). The average speed of a kitesurfer is between 15 mph and 25 mph (Kitesurfist, 2024), 20 mph will be used as this is the median value and converted to m/s (8.9408 m/s). An average sized beginner Kitesurfer is recommended a board surface of around 1.5m, this value will be used for the calculation (Windy.app, 2024). At 15.3 °C, the absolute dynamic viscosity of the sea water is 0.00122 Pa·s (The Engineering Toolbox, 2024).
Fluid (water) density (ρ): 1027 kg/m³
Characteristic velocity (u): 8.9408 m/s
Characteristic length (L): 1.5 m
Dynamic viscosity of water (μ): 0.00122 Pa·s

Re = 

As the flow around the kiteboard is 11,289,592 it enters the turbulent regime. This suggests that when optimising a board, designers should take turbulent flow into account. For example, they should make sure the geometry of the board minimises drag and increases stability during turbulent situations.
Kiteboard Design and Effect on Boundary Flow

Separation of Flow and Turbulence

The boundary layer is the thin layer of fluid that forms when fluid (water) passes over a kiteboard and comes into touch with the board's surface. The performance and behaviour of the kiteboard are largely dependent on the properties of this boundary layer. There are two types of boundary layers, laminar and turbulent as discussed in this report.
Vagnoni (2022) discusses that when the boundary layer separates from the board's surface, flow separation takes place. Due to the turbulent fluid wake created behind the board, its hydrodynamic performance is greatly impacted. Flow separation and turbulence are influenced by the following factors, the boundary layer may slow down and eventually detach from the surface if pressure builds up in the flow's direction. A rough surface may cause the boundary layer to become turbulent, delaying the flow separation process.
Kiteboard Design

A kiteboard's design is optimised to balance lift, drag, and stability while accounting for turbulence, separation, and boundary flow. To reduce drag, the board is shaped in a streamlined manner. By preserving a more connected flow, smooth curves and tapered edges aid in the reduction of flow separation (kitemadworld.com, 2024).
The kiteboard's bottom surface is either flat or concave and by reducing the wetted surface area, friction drag is decreased through planing (surfertoday.com, 2024). Encouraging an early transition to turbulence, prolongs the flow's attachment and lessens separation, sharp or bevelled edges can aid in lowering drag. Certain places may benefit from the use of soft, rounded edges to lessen turbulent wakes. The curvature of the tail to the nose, or rocker, aids in handling and manoeuvrability. Smooth transitions and lessening the effect of waves can be facilitated by a continuous rocker (Feldmann, 2024). Certain boards may have rough surfaces to create a turbulent boundary layer that can impede significant separation.



Carbon Fibre Kiteboards

Implications for Performance

Because of its special material qualities, Carbon Fibre Reinforced Plastic (CFRP) can greatly improve performance when building kiteboards. When compared to conventional materials like wood, fibreglass, or even some metals, Carbon Fibre has a very high strength-to-weight ratio. This implies that the board can maintain its strength and stiffness while weighing less. A lighter kiteboard enhances speed, agility, and manoeuvrability. Additionally, it lessens rider fatigue, enabling longer sessions.
CFRP reduces flex under load since it is far stiffer than conventional materials. More stiffness improves responsiveness and control, which is important for handling, stunts, and high-performance riding in unforgiving conditions. It also has a high level of resistance to impact, corrosion, and wear which seawater can significantly affect. The long-lasting nature of Carbon Fibre aids in the kiteboards’ longevity, preserving its performance qualities and lowering the frequency of repairs. It is pliable and may be shaped into intricate patterns. This makes it possible to incorporate cutting-edge aerodynamic and hydrodynamic designs and features, which can improve performance further.

Evolution in History

The initial materials and designs of Kiteboards included wood and fibreglass. Due to its relative weight and susceptibility to water damage, these boards have a simple form and layout. Different materials were researched to increase its longevity and reduce damage, Kiteboards then evolved into incorporating fibreglass. The development of fibreglass made it possible to create boards that were stronger and lighter, although it performed better, fibreglass was still limited by its weight, stiffness and difficulty to repair (xometry.com, 2023).
As material engineering and material evolution progressed, Kiteboards began using composite materials. Reinforced plastic with fibreglass (FRP) composites provided more design flexibility and better strength-to-weight ratios (Machinemfg.com, 2023). Because of their lower cost performance, they became the industry standard. Hybrid composites are also used, fibreglass combined with other materials, such as carbon or Kevlar, to improve qualities such rigidity and impact resistance.

The professional kiteboards are increasingly using advanced composites, such as CFRP. Modern manufacturing methods like Vacuum and resin infusion have raised the properties and functionality of composite boards (Osbourne, 2014). New materials enable more adjustment of the board's properties, including weight distribution and flex patterns, to suit various riding situations and styles.
The addition of nanoparticles to CFRP can improve its strength, stiffness, and resistance to impact. Nanocomposites are solid mixtures of a bulk matrix and one or more nano-dimensional phases, which have different properties because of structural and chemical differences, properties that seem to have made significant progress (Sen, 2020). Ongoing research on graphene and carbon nanotubes may find use in the building of kiteboards. This material has remarkable mechanical tensile strength, low weight, excellent heat conductivity and impermeable to fluids (Grapheneinfo.com, 2024 and Liu, et al, 2014). 
There is an advancement for more sustainable composite materials as environmental concerns increase. The development of recyclable fibres and bio-based resins may have an impact on kiteboard materials in the future.












Modelling Techniques for Simulating Fluid Flow Around a Kiteboard

Methods of Modelling and Replicating Fluid Flow Around a Kiteboard

Several computational and experimental modelling techniques can be used to simulate fluid flow around a kiteboard and analyse the forces acting on the structure. Computational Fluid Dynamics (CFD) and experimental testing in wind or water tunnels are the main techniques.

Computational Fluid Dynamics (CFD)

CFD is the process of solving and analysing fluid flow issues via the use of numerical techniques and algorithms. It is frequently used to forecast the forces and moments acting on objects and to mimic the fluid flow around them.
The advantages of CFD include comprehensive data on Velocity, Pressure, Turbulence, and other flow characteristics are provided by detailed flow information. Makes it possible to see separation points, boundary layer behaviour, and flow patterns. CFD enables the optimisation of design parameters through the execution of several simulations under different circumstances and minimises the requirement for high-cost physical prototypes and experiments (Versteeg and Malalasekera, 2007 pp. 1-2).
Where CFD is ideal for collecting flow data, there are disadvantages to the method. It requires significant amount of time and processing power, particularly for intricate geometries and high-resolution simulations. The turbulence models, boundary conditions, and mesh quality all affect how accurate CFD is when analysing designs. Configuring and verifying CFD simulations can be difficult and specialised knowledge and outsourcing is required as the software required including the equipment needed can be expensive.



Testing in Wind Tunnels and Water tunnels

To research aerodynamic properties and forces, a scale model of the kiteboard is placed in a controlled airflow environment for wind tunnel testing. Wind tunnel testing offers information for CFD simulation validation; compare data between the two testing methods. Repeatability and controlled testing conditions are made possible by the testing method and allows for employing methods such as smoke or laser sheets to monitor aerodynamic forces, pressures, and flow visualisation directly (Li, et al, 2023).
To counter the benefits of wind tunnel testing, Xu, et al (2020) argue that Due to the variations in Reynolds numbers, results from scale models may not always transfer to full-size performance due to further environmental factors. It can be costly and time-consuming to build models and perform wind tunnel testing and access to adequate wind tunnel facilities within the immediate area could be difficult and require travelling further. High energy consumption during testing increases the cost of the experiment and it is difficult and sometimes impossible to accurately simulate the characteristics of the natural wind field.

Water Tunnel Testing

Hydrodynamic characteristics and forces can be studied with water tunnel testing, which uses similar testing as wind tunnel testing but requires a different environment. Due to Kiteboards which function in water, they are more immediately applicable to water tunnel testing. Turbulence and flow patterns can be seen using methods such as dye injection and Particle Image Velocimetry (PIV) in wind tunnel experiments (Bourgoyne, et al, 2000). Comparable to wind tunnel testing, water tunnel testing disadvantages are comparable to those of wind tunnel testing, such as expense, scale effects, and accessibility to facilities.
Testing in wind and water tunnels is more expensive and time-consuming, but it offers empirical validation and direct force measurement. When these techniques are combined, a thorough study may be performed, with tunnel testing validating and improving the results and CFD guiding initial designs. 


Estimation of Forces on the Kiteboard

Using the Reynolds number calculated earlier (11,289,592), an estimation on the forces exerted on the kiteboard can be calculated as shown below:
Drag Force (Fd​)
The drag force can be estimated using the drag equation:

Where:
The density of the fluid is p (kg/m³) = 1027 kg/m3
The fluid's characteristic velocity is u (m/s) = 8.9048 m/s
Cd is the drag coefficient = 1 (estimated as 1 due to a flat plate being between 0.8 and 1.2)
A is area of the kiteboard (1.5m length and 0.5m width) = 0.75 m2
Calculating Drag Force:

The drag force exerted on the kiteboard can be estimated to be 307086N, although this is an approximation on certain conditions and size of kiteboard which can vary. According to the calculation provided, the drag force on the kiteboard can be significant, this provides important information that designing a kiteboard with drag force considered is beneficial to enhance performance and efficiency. The calculation would benefit from a detailed CFD analysis and validation through experimental testing to determine if this calculation is correct. 
Weight Force (Fw)

If the force of the rider is 81kg and the kiteboard 3kg (for a lightweight kiteboard) then the combined weight will be 84kg.
Weight force can be calculated by using the following equation:

 = 824.04 N

Lift Force (Fl)

The lift force is more complex to estimate without detailed flow characteristics but can be approached similarly as Drag Force:

Lift coefficient is typically smaller than Drag Force, Cl is assumed to be 0.1:

Impact Force

Using the values from previous calculations to estimate the impact force of the kiteboard during a jump. Assume a jump height of 1.5 meters and an impact time of 0.2 seconds:
Calculate the Velocity Before Impact:
 ​
 Estimate deceleration during impact:

​Calculate impact force:


The impact force when the kiteboarder lands after a 1.5-meter jump, assuming an impact time of 0.2 seconds, is 2280.6 N.






Experimental Testing of a Kiteboard

By using the information gathered and discussed in section 5. Modelling Techniques for Simulating Fluid Flow Around a Kiteboard in the report, a detailed testing method for the Kiteboard will be provided.
The process of setting up an experiment to test the fluid flow around a kiteboard involves constructing a prototype, selecting an appropriate testing environment, employing various instrumentation and tools, setting realistic test conditions, and acquiring comprehensive data for comparison with simulations.

Prototype Construction

The kiteboard prototype should be constructed from carbon fibre reinforced plastic (CFRP) due to its high strength-to-weight ratio, stiffness, and durability. The prototype must include all desired design features, such as rockers, fins, and bindings. Rockers are curved sections on the board’s profile that aid in manoeuvrability and control, while fins stabilise the board and enhance directional control.
Testing Environment 

Choosing between a towing tank and a water tunnel is crucial for creating a controlled environment. A towing tank involves towing the kiteboard through stationary water at controlled speeds, suitable for larger models and simulating real-world conditions. A water tunnel involves stationary kiteboards with water flowing around them, allowing detailed flow visualisation and force measurement under controlled conditions. 
Instrumentation and Tools 

To measure the forces and analyse the fluid flow around the kiteboard, several instruments and tools are necessary. Force sensors, such as force transducers or load cells, should be attached at strategic points on the kiteboard to measure drag, lift, and side forces. Pressure sensors, in the form of pressure taps, should be installed along the kiteboard’s surface to measure local pressure distribution. 

For visualising the fluid flow, dye injection can be used to allow for the visualisation of streamlines and flow separation points. High-speed cameras should be positioned around the test setup to capture flow patterns, turbulence, and any erratic motions of the board.
Test Conditions

Creating realistic test conditions is essential for accurate results. The kiteboard should be tested at various angles of attack to simulate different riding conditions and manoeuvres. Tests should be conducted at multiple flow velocities (e.g., 5, 10, 15 m/s) to cover a range of operating conditions. Additionally, variations in water conditions, such as waves and choppy water, should be introduced to simulate the natural environment.
Data Comparison and Analysis

Once the data is acquired from the testing, it must be compared and analysed against CFD simulation results. Investigating discrepancies involves considering factors such as mesh quality, turbulence models, and boundary layer modelling in simulations. Pressure distribution observed experimentally should be contrasted with CFD predictions. Statistical methods should be employed to measure the correlation between simulation and experimental data, using metrics such as correlation coefficients or Root Mean Square Error (RMSE) to evaluate the accuracy of the simulations (Smith, 2017).










Conclusion

The Reynolds number plays a crucial role in understanding fluid dynamics, enabling the prediction and analysis of flow regimes around objects, including kiteboards. By differentiating between laminar, transitional, and turbulent flows, designers can optimise kiteboard shapes to reduce drag and enhance performance. The calculated Reynolds number for typical kiteboarding conditions confirms that the flow is turbulent, emphasizing the need for designs that account for this regime.
Kiteboard performance is significantly influenced by boundary layer characteristics and flow separation. Understanding these factors allows for the creation of designs that balance lift, drag, and stability. The use of materials like Carbon Fibre Reinforced Plastic (CFRP) further enhances performance by providing high strength-to-weight ratios and durability
Modelling techniques such as Computational Fluid Dynamics (CFD) and experimental testing in wind and water tunnels are essential for simulating fluid flow around kiteboards. These methods provide detailed insights into flow patterns and forces, guiding the design process. The integration of CFD simulations with empirical data from wind and water tunnel testing ensures accurate predictions and optimised designs.
Ultimately, the combination of advanced materials, precise modelling techniques, and thorough experimental testing leads to the development of kiteboards with superior performance, tailored to various riding conditions and styles. As material science and computational methods evolve, the future of kiteboard design will continue to advance, offering enhanced capabilities and new innovations.
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