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In preparation for this report, academic research was conducted on essential fluid flow concepts such as Reynolds number, boundary layer, and separation. The study also explored fluid flow simulation using computational fluid dynamics and the subsequent real-world fluid flow testing to validate the simulation. Additionally, the report investigates the potential utilisation of carbon fibre-reinforced plastic as a material selection for a kiteboard. Furthermore, comprehensive research evaluated historical, current, and prospective material selections for a twin-tip kiteboard.
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[bookmark: _Toc170670434]Introduction.
Reynolds number is a concept first described in 1883 by British engineer Oswald Reynolds. Reynolds number is a unitless quantity used in fluid dynamics to predict flow patterns in various fluid flow scenarios (simscale, 2024). Reynolds number is defined as the ratio of inertial forces to viscous forces within a fluid (Ansys, 2023).
[bookmark: _Toc170670435]Reynolds Number Definition






To demonstrate the number unitless or dimensionless, all variable units can be placed into the formula and eliminated, as shown below:

The resulting formula ratio helps classify the flow as laminar, transitional, or turbulent. A low Reynolds number signifies that viscous forces dominate over inertial forces, maintaining a laminar flow. Higher inertial forces over viscous forces result in a higher Reynolds number, indicating turbulent flow. (Cadence, 2024). 
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[bookmark: _Toc170671314]Figure 1 - Laminar and Turbulent Flow Diagram (Elizade, 2021) 
The figures in Table 1 outline the general categorisation of Reynolds number and flow type for fluid flowing internally through a pipe (Numerical ranges can vary by source).
[bookmark: _Toc170671339]Table 1 - Internal Flow Reynolds Number Values (Cadence, 2024)
	Flow Type
	Reynolds Number

	Laminar Flow: 
	Re < 2300

	Transitional Flow:
	2300 < Re < 3500

	Turbulent Flow:
	Re > 3500 



Table 1 states the critical Reynolds number for flow through a pipe is 2300. It is important to note that the critical Reynolds number varies for different geometries. For example, the critical Reynolds number for flow over a flat plate is generally listed as , and pure laminar flow occurs around a sphere at 10 (Nuclear-Power, 2024).
[bookmark: _Toc170670436]Importance.
This report encompasses an analysis of the design of a standard kiteboard and the determination of its Reynolds number in seawater. The Reynolds number is a crucial factor when designing a product that interacts with fluids as part of its function. As the object displaces the fluid, it's essential to understand the flow characteristics around it to enhance the design by optimising its shape; in the case of a kiteboard, this optimisation is utilised to minimise drag, increase lift, and improve overall performance across different water conditions. (Thekitespot, 2024). 
[bookmark: _Toc170670437]Influence on Design.
Reynolds number influences the flow types around the board; higher inertial forces like density, velocity and length or lower viscose forces can impact the Reynolds number, helping predict where the fluid flow transitions from laminar to turbulent can also help to predict where separation of the boundary layer of flow occurs (Ansys, 2023). Optimising the Reynolds number through design can increase control, stability, and speed by identifying drag forces, flow separation, and lift generation.
[bookmark: _Toc170670438]Estimation.
Using Microsoft Excel, the Reynolds number for a kiteboard was estimated using the following variables: dynamic viscosity, density, velocity, length, and viscosity. The number was calculated at maximum and minimum seasonal seawater temperature ranges for Swansea, United Kingdom (Seatemperature, 2024). A board length of 1.38m was sourced from (24-7boardsports, 2024), dynamic viscosity and density values sourced from (Engineeringtoolbox, 2024) and three board velocities were assumed at 5, 10 & 15 m/s. Due to the shallow radius of the kiteboard profile, the board is assumed to be flat for Reynolds number calculation.
[bookmark: _Toc170671340]Table 2 - Reynolds Number Figures
	[bookmark: _Hlk169120843]Reynolds Number Estimation

	Sea Temperature (°C)
	Dynamic Viscosity (kg/ms)
	Density (kg/m³)
	Velocity (m/s)
	Length (m)
	Reynolds Number

	8
	0.00149
	1027
	5
	1.38
	4.76E+06

	8
	0.00149
	1027
	10
	1.38
	9.51E+06

	8
	0.00149
	1027
	15
	1.38
	1.43E+07

	16
	0.0012
	1026
	5
	1.38
	5.90E+06

	16
	0.0012
	1026
	10
	1.38
	1.18E+07

	16
	0.0012
	1026
	15
	1.38
	1.77E+07



Data analysis signifies that the flow around the board is Turbulent in these conditions; the Reynolds number rises due to the increase in velocity, which is part of the inertial forces. The Reynolds number also increases where the dynamic viscosity lowers due to sea temperature, indicating more turbulent flow at increased temperatures.

[bookmark: _Toc170670439]Boundary Layer & Separation.
For this report, the kiteboard was assumed to be a medium rocker with a straight outline and a twin-tip style board. This type of board inhibits a shallow curve along its length, as illustrated in Figure 2. The board would also act parallel to the water's surface for simplicity.[image: A page of a flyer
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[bookmark: _Toc170671315]Figure 2 - Rocker Types (Thekitespot, 2024)
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[bookmark: _Toc170671316]Figure 3 - Outline Styles (Thekitespot, 2024)


[bookmark: _Toc170670440]Boundary Layer
Unlike a flat surface, where the pressure external to the boundary layer stays constant, curved surfaces create a pressure variation in the flow direction, affecting how the fluid behaves. As the fluid is directed over the curved surface, the velocity is accelerated to the quadrant of the radius, or the lowest point of the board, shown at point C (Figure 3); at this point, velocity outside the boundary layer has peaked, thus decreasing pressure to a minimum, this phenomenon is Bernoulli's principle  , stating that as pressure lowers, velocity increases (Airshaper, 2022). The transition from A to C illustrates that the pressure gradient is negative, and the force on the element in the boundary layer is in the forward direction; this is stated as a favourable pressure gradient. (Massey, 1999).
[bookmark: _Toc170670441]Separation
After point C, the pressure increases, restricting forward flow; this significantly affects the flow near the board's surface, where there is less momentum and velocity eventually reaches zero, as shown at point D, where initiation of separation of the boundary layer occurs. This is caused by the positive pressure gradient, also termed the adverse pressure gradient (Massey, 1999). The flow separation creates an unsteady area downstream, characterised by high turbulence and reverse flow, also referred to as the wake area (Vagnoni, 2022). 
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[bookmark: _Toc170671317]Figure 4 - Boundary Flow Over a Curved Surface (Massey, 1999)
Delaying this separation is crucial in kiteboard design. The earlier the separation point occurs, the larger the wake area becomes, increasing the drag and reducing the lift. The shallow radius of the kiteboard design enables the separation to be delayed due to the delayed increase in pressure along the board. This type of kiteboard is also designed to be used in both horizontal directions. The symmetrical nature of the board allows fluid flow properties to be used in equal measure for both forward and backward motion.

[bookmark: _Toc170670442]Kiteboard Material.
Historically, twin-tip kiteboards have been constructed from a lightweight paulownia wood core for flexibility, which is then sandwiched top and bottom by fibreglass composites to add tensile strength and an element of stiffness. Paulownia wood cores have been the traditional choice of core material for twin-tip kiteboards and remain standard in current designs (Cbcmboarderclub, 2024). 
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[bookmark: _Toc170671318]Figure 5 - Kiteboard Layered Materials (Cbcmboarderclub, 2024)
The materials used in kiteboard construction have not significantly changed, with the core being made of Paulownia wood. However, advancements have been made in the materials surrounding the wood core to enhance its strength. Traditionally, fibreglass has been the preferred material for its strength and flexibility, resulting in a smoother ride. (Newcomb, 2015). 
With advancements in materials, the kiteboarding industry has embraced the use of cutting-edge materials to enhance the properties and performance of kiteboards. These newer materials have been carefully selected to improve durability, flexibility, and overall functionality, resulting in a better kiteboarding experience for enthusiasts. One of these cutting-edge materials, Carbon fibre, is now a popular choice for experienced riders, offering alternative benefits to traditional core skin materials such as fibreglass. 
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[bookmark: _Toc170671319]Figure 6 - Carbon Fibre Kite Board (Robertoriccidesigns, 2024)
This report evaluates the performance and hydrodynamic benefits of utilising carbon fibre-reinforced plastic as the external skin composite for the kiteboard core. The report will refer to Carbon fibre-reinforced plastic as ‘CFRP’.
Durability.
In high wind conditions, kiteboards can reach speeds of up to 17 meters per second and experience significant forces in challenging water conditions, leading to substantial strain on the board. CFRP is particularly effective in these circumstances due to its high tensile strength of 3.38 GPa (Matweb, 2024), outperforming traditional fibreglass skin, which exhibits a tensile strength of 2.05 GPa (Azom, 2024). Due to a lower modulus of elasticity, fibreglass skins are better suited to absorb minor impacts compared to carbon fibre, which is more prone to shatter with impact (Appletreesurfboards, 2022). 
Stiffness.
CFRP has a modulus of elasticity of 520 GPa (Matweb, 2024), which allows it to retain its shape. This has benefits hydrodynamically, as the rocker's shallow radius is maintained, delaying the separation point along the board, reducing drag, and lowering lift. Fiberglass, which has a modulus of elasticity of 2.88 GPa (Azom, 2024), allows the board to flex more, increasing the radius and speeding up the separation of the boundary layer. 
Experienced riders looking for precision, power, and control will benefit from the stiffness, which can offer more predictability. However, stiffness can also have its disadvantages when comfort for the rider is required for beginner riders, or the board is utilised in ‘choppy’ water conditions, where flexibility acts as a shock absorber over tough conditions. (Lieuweboards, 2024) A kiteboard with greater stiffness will impose more physical exertion, which could potentially reduce the amount of time the rider spends on the water due to fatigue (Ikointl, 2018).
Weight.
Weight is the principal property of carbon fibre that separates it from traditional kiteboard composites. CFRP exhibits an exceptional strength-to-weight ratio (Tevema, 2024) Weight reduction is advantageous to riders who require exceptional manoeuvrability. It also aids in freestyle tricks where the board must be lifted from the water and manoeuvred out of the water for display purposes. Due to the weight reduction of CFRP, the board can easily be raised out of the water for jumps, but the stiffness of the board will result in a hard landing (Appletreesurfboards, 2022).
Future Kiteboard Materials
CFRP is the current advanced material in kiteboard construction, but due to some environmental factors concerning recycling and financial implications of purchasing a board constructed with CFRP. Designers are looking to utilise more advanced composites that are more recyclable and better for the environment; some of these include biomaterials such as flax and basalt fibres and a bio-sourced epoxy resin (Teyssier, 2024) & (Cicaia, et al., 2018).
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[bookmark: _Toc170671320]Figure 7 - Recyclable Kiteboard Materials (Latham, 2023)
[bookmark: _Toc170670443]Fluid Flow Simulation.

Accurately simulating the complex fluid dynamics around a kiteboard is essential to understanding its performance and optimising its design. Computational fluid dynamics (CFD) offers a powerful method for analysing the dynamic flow scenarios and lift forces that affect the kiteboard's movement through the water. Using CFD simulations, researchers and designers can gain insight into the hydrodynamic forces acting on the kiteboard, improving performance and efficiency. 
[bookmark: _Toc170670444]Navier Stokes Equations
Understanding flow parameters and behaviours is crucial for theoretically analysing a flow model using Computational Fluid Dynamics (CFD). The Navier-Stokes energy equations are the foundation for this understanding, simplifying the flow behaviour analysis in various fluid systems. Engineers can use CFD simulation tools to accurately solve the momentum, mass, and Navier-Stokes energy equations (Cadence, 2024). Navier-Stokes equations are the basic governing equations for the motion of incompressible fluids (Simscale, 2024).
[bookmark: _Toc170670445]CFD Process
To accurately model the fluid flow, a model of the object, in this instance, a kiteboard, must be created dimensionally accurate to the real-life object; this model is then imported into the fluid flow software.
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[bookmark: _Toc170671321]Figure 8 - Typical Model in CFD (Fetchcfd, 2024)
[bookmark: _Toc170670446]Domain
A domain must be created for the analysis where the geometry can be imported; this domain is the area where the simulation is carried out. Some consideration must be taken to estimate this area; the area must contain the steady fluid flow occurring before and after the model; for example, any disturbance of the flow by the model can take some distance to settle back to a steady flow, and best practice is to create a boundary undisturbed by the models' presence in the simulation. 
[bookmark: _Toc170670447]Geometry.
After the domain is created, the geometry can be imported into the software, and any faces of the geometry can be logically named and moved into groups that the software can identify for the analysis reports.
[bookmark: _Toc170670448]Simplification of the Analysis.
The time and computational power used for the simulation must be considered; some intricate geometry coupled with complex fluid scenarios can take extended time to produce the final simulation. For example, when a  geometry is symmetrical, and the fluid flow is assumed symmetrical, it is possible to slice the geometry vertically down the centre, only analysing half the domain; by doing this, the computing power and time taken to complete the simulation will be halved (Idealsimulations, 2024).
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[bookmark: _Toc170671322]Figure 9 - Geometrical Symmetry (Idealsimulations, 2024)
[bookmark: _Toc170670449]Mesh Resolution.
Once a mesh is selected and applied to the boundary, the model surfaces can be used to pinpoint the areas required for finer meshing using mesh refinement volumes; these areas are where the geometry will disturb the fluid flow. A caveat to finer meshing is that the time to compute the results increases. Oversizing the boundary domain can also create unnecessary computations; to alleviate this, the boundary domain can be re-sized after an initial run of the simulation (Idealsimulations, 2024). 
[bookmark: _Toc170670450]Simulation
The selection of the required parameters in the software is referred to as the solver settings; these can contain outputs like pressure, velocity, temperature and forces. Once the settings have been defined, a simulation of the fluid flow can be achieved with various outputs for analysis of the data (Fidelisfea, 2024).
[bookmark: _Toc170670451]Kiteboard Simulation
Developing a kiteboard simulation of the fluid flowing around it, it would be expected that the forces affecting the board would be lift and drag due to the curved surface of the board and the adverse pressure difference created in the flow direction. Due to the nose of the board not entering the water, there would be no stagnation point where the fluid is brought to zero velocity, as in the case of an aerofoil.
[bookmark: _Toc170670452]CFD Advantages & Disadvantages.
[bookmark: _Toc170670453]Advantages.
CFD simulations offer advantages such as improved design optimisation, cost reduction through minimised physical testing, enhanced safety by analysing environmental impacts, and detailed insights into fluid and gas behaviour. (Mr-cfd, 2024) & (Quadco, 2024).
[bookmark: _Toc170670454]Disadvantages 
Running a CFD simulation requires specialised software, expertise in fluid dynamics, and significant computational power. The mathematical models may not fully capture all physical phenomena, leading to potential uncertainties. Accuracy must be ensured by validating simulations against experimental data, which can be time-consuming and costly. Running simulations for large and complex systems can be time-consuming and challenging for time-sensitive projects. (Quadco, 2024).
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It is expected the board will experience various forces due to the fluid flow; these are categorised below:
Weight of the board user.
Hydrodynamic lift is the force generated by the board moving through the water, acting perpendicular to the direction of motion. This force keeps the rider and board on top of the water (Massey, 1999).
Hydrodynamic Drag is the force resisting the motion of the kiteboard due to its interaction with the water. This is caused by the surface of the kiteboard creating skin friction drag and by the shape and volume of the kiteboard creating form drag (Massey, 1999).
The board will undergo various structural forces, such as torsion, bending, and impact, resulting from jumps, freestyle tricks and ‘choppy’ water conditions.
[bookmark: _Toc170670456]Estimation of Forces.
To calculate the hydrodynamic drag and lift of the kiteboard, the following equations were used:










[bookmark: _Toc170670457]Hydrodynamic Drag Estimation.
The following variables were used to estimate the hydrodynamic drag.


(streamlined body from Engineeringtoolbox, 2024)


 
[bookmark: _Toc170670458]Hydrodynamic Lift Estimation.
The following variables were used to estimate the hydrodynamic lift.


Calculating the lift coefficient of a kiteboard accurately would require testing facilities to obtain real-world lift data. This can be done by setting the variables in the following formula and measuring the lift value: 

For this calculation, 0.8 is assumed for the lift coefficient.


.
[bookmark: _Toc170670459]Force of Board User.

Board Weight = 2.5kg




[bookmark: _Toc170670460]Impact Forces.
Potential energy at a jump height of 4m:



Velocity before impact:





Total impact velocity:



Impact force (assumption of impact distance = 0.1m):






[bookmark: _Toc170670461]Simulation Validation Testing.
A laboratory experiment involving a physical prototype is essential for validating a CFD simulation and understanding the fluid flow around a kiteboard and the forces exerted on the board (Melber-Wilkending, et al., 2007).
Implementing the experiment in a fluid flow testing facility would be essential so that this experiment mimics the actual hydrodynamic conditions of the kiteboard in open water. 
Two standard methods for fluid flow testing of liquids are water tunnels and water towing tunnels. Through academic research, it is apparent that size and velocity are a potential issue in the instance of a water tunnel where a kiteboard is concerned (Sargison, et al., 2009). 
A water towing tunnel was chosen as the preferred method for this experiment. Scale models were not considered due to the requirement to increase velocity further to keep the Reynolds number similar (a modification to density or viscosity could achieve this, but it is not realistic) (Airshaper, 2022)
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[bookmark: _Toc170671323]Figure 10 - Boldrewood Towing Tank (Southampton, 2024)
Fluid properties are a critical factor in testing. The goal is to ensure that the fluid properties of seawater in the testing environment match the expected conditions during kiteboarding.


Flow Visualisation.
To visualise the fluid flow around the kiteboard, coloured dyes shall be pumped through tubes connected to the board to show the specific flow characteristics. (Nasa, 2009). 
Force Measurement.
Load cells at strategic points on the kiteboard shall measure the forces and moments exerted. These load cells will enable precise data gathering on the distribution and magnitude of forces acting on the board, providing valuable insights for data analysis.
Velocity Measurement.
Pitot tubes in the testing system validate fluid velocity in the test rig.
Pressure Measurement.
Pressure taps placed on the surface of the kiteboard measure the local pressure distribution, while pressure transducers connect to the pressure taps for real-time data acquisition.
Data Comparison
After acquiring force and pressure data into a database, the results can be grouped and compared using graphs or side-by-side visual checks.
Flow patterns would require the experiment to be recorded visually and then compared to the visual simulation of flow imagery to identify differences.
Simulation Refinement
The current CFD model can be adjusted and refined based on the comparison with the expected results. After the refinements, the simulation should be repeated to enhance the accuracy of the results.


[bookmark: _Toc170670462]Conclusion.
Reynolds number is crucial in fluid dynamics as it predicts flow patterns, distinguishes between laminar and turbulent flow, and influences the design and analysis of numerous products that interact with fluids. Boundary flow and separation are also crucial in fluid dynamics. They affect drag and lift by determining where the flow detaches from a surface, impacting the performance of various products and structures.
CFRP has numerous benefits in kiteboard design due to its stiffness-to-weight ratio, but this material has disadvantages in terms of recyclability and cost. 
Computational Fluid Dynamics (CFD) offers detailed insights into data, cost efficiency in designs, design optimisation, and predictive capabilities in fluid dynamics. Essential to CFD's effectiveness is its validation of empirical data from real-world experiments using accurate models for testing.
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ROCKER

Rocker is the amount of curvature in the board from tip to tip.
It can be classified as low/flat, medium, and high rocker and sub-classified into continuous rocker or 3 stage rocker.

HIGH

MEDIUM

LOW/FLAT
LOW/FLAT Rocker HIGH Rocker
Minimal or zero amount of rocker holds more contact This level of rocker is typical of Wakestyle and Freestyle boards.
with the water. + Great for explosive pop and smoothing out heavy landings
+ Great at planing early in light wind - Inefficient in light winds and requires more skill and power for
+ More efficient in upwind riding upwind
- Easily overpowered in stronger winds - Unsuitable for beginner riders

- More likely to catch a tip in uneven water surface

MEDIUM Rocker

The most common amount of rocker found on + Cuts through chop more smoothly and is less likely to bury a
boards across the market. tip than low rocker board

Medium rocker boards are great allrounders offering + More efficient at upwind riding than high rocker board
versatility and a great level of performance for the + More pop than low rocker board

needs of most riders in many riding conditions. + More manoeuvrable than low rockered board
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« Wider at the centre of the board
« Narrower towards the tips
« Less rail contact with water

Improved carving ability as
transfer from rail to rail

becomes easier

STRATIGHT
OUTLINE

« Less difference between the width
at the centre of the board and at the
tips

« More edge contact with the water
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improved upwind and pop
=
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turning
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Computational domain for a CFD simulation of a heavy-goods vehicle

CFD computational domain exploiting the geometrical symmetry of the case
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