


This report will focus on fluid flow around a kiteboard. Kite MN (2024) states kiteboarding is an action sport which involves a rider being pulled by a large steerable kite across a surface. The aim of this report is to investigate the relationship between fluid flow and mechanical performance in kiteboards, this will involve analysing the influence of Reynolds number and boundary flow around the board. In addition, reviewing the design of the board and materials used to manufacture the board. 
The influence of Reynolds number around the kitesurf board
Reynolds number is a dimensionless number that plays an important role in forecasting the patterns in a fluid’s behaviour. Reynolds number, also referred to as Re, can be used to determine whether the fluid flow is in a turbulent or laminar state, Simscale, (2023). Ansys (2023) goes on to state that with the number being non-dimensionless it reduces the number of variables and enables correlation of physical properties in a scalable system. 
Miedema (2017) discusses the numbers often appear during the dimensional study of liquid dynamic problems, and as a result they can be utilised to determine the dynamic similarity between various experimental cases. LaNasa & Loy Upp (2014) discuss that a Reynolds number at values of 2000 and below indicates the flow profile is bullet shaped and in laminar flow. Between the values of 2000 and 4000 the flow is in its transition region then at 4000 and above the flow is turbulent and has a domed profile. 
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Figure 1: Laminar & Turbulent Flow Pattern, Source – Rhys Brannan (2024).
Resource system analysis (2021) describes how the Reynolds number establishes the relationship between viscous and inertial forces during fluid flow using the following equation:

Calculating the Reynolds number of the fluid flowing around the board is important to understand the hydrodynamic force of drag. NASA (2024) states drag is one of the four primary hydrodynamic forces acting on an object that moves through fluid. Cadence (2023) goes on to state when the Reynolds number is in the laminar region (lower than 2000) the flow around the kiteboard results in less drag and an efficient ride. When in laminar flow the rider will be able to achieve high speeds with minimal resistance from the water. At a higher Reynolds number (above 4000) when in turbulent flow the kitesurf board succumbs to increased drag due to the erratic movement of the fluid, as seen in figure 1. They go on to describe how turbulence can come into play in the turbulent region, this can enhance lift and stability of the board.
The Reynolds number for the board can be estimated by finding the typical values of the variables from the equation above. From research and prior reading, it can be estimated:
[bookmark: _Hlk169714372]Density of the fluid (ρ) – The kiteboard is most commonly used in sea water, the average temperature of surface seawater is 20 ° C (Scripps Institution of Oceanogrpahy, 2014). At this temperature the density of seawater is 1025 , (Engineering ToolBox, 2024).
Velocity (V) – From Kitesurfist (2020) it is understood that most kiteboarders commonly ride at speeds between 15-25 mph. For the estimation of the Reynolds Number 8.9 m/s will be used. 
Body length (L) – The average length of a kiteboard, as demonstrated by SurferToday (2024), is 1.45 meters.
Fluid viscosity (μ) – For continuity with the density, the viscosity at 20° C is 0.00109  , (Engineering ToolBox, 2024).
These average values can be inputted to the equation, 

This estimated Reynolds number gives an indication that the flow around the board is in the turbulent region. From this Reynolds number the board should be designed in a manner that minimises the drag generated. 
Boundary layer flow around the board 
Augustyn (2017) states the boundary layer, in fluid mechanics, is a thin layer of liquid that is in contact with a surface, this fluid in the boundary layer is exposed to shearing forces. The flow in this region of the board is generally laminar at the leading portion but then becomes turbulent in the trailing region. 
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Figure 2: Formation of a boundary layer, Source- Rhys Brannan (2024).

Landmark University (2018) explains when fluid flows over a surface the molecules closest to the surface are brought to rest due to the viscosity of the fluid. Layers of fluid above the surface are also slowed down, but this is to a lower extent. The velocity of flow in the boundary layer increases from zero at the surface to free stream velocity at the edge of the boundary layer. The boundary layer also determines the viscous friction drag as a function of the velocity and the length of the kiteboard in contact with the seawater. 
The kiteboard is designed in such a way to manage the boundary layer flow effectively to impact the boards durability, performance and users’ control. The rocker has an influence how water flows around the board. Kitesurf Culture (2014) describes how a flat rocker (minimal curvature) has more of the boards surface in contact with the water, this leads to a faster, stable board but low amount of manoeuvrability. This is as it tends to maintain a more laminar boundary layer flow over a long length of the board.  A steeper rocker encourages an earlier transition to turbulent from laminar flow. The controlled turbulence can keep the boundary layer attached to the board for longer, delaying flow separation.  This type of rocker will be slower due to the increased drag created. 
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Figure 3: Kitesurf board profile, Source – Kitesurf Culture (2014).
Anderson (2017) explains in their textbook, fundamentals of aerodynamics, how a sharp sudden edge helps to manage the flow separation of water, this reduces pressure drag. A thick rounded rail will offer more manoeuvrability due to the gradual detachment of the boundary layer. A sharp rail provides a faster water release, which reduces turbulent separation and reduces drag. This enhances the board movement through water, the sharp edges maintain speed and stability. 
Another design features to manipulate fluid flow is channels within the board. Laurunaityte (2023) describes these channels will guide the water flow in specific directions, helping to control turbulence and build a more stable boundary layer. The boundary layer becomes stabilised as there is a clear pathway, reducing chaotic turbulence and ensuing smoother flow. Channels will also enhance lift and control by delaying flow separation and reducing drag. 
How does material selection influence the performance of the board
Newcomb (2015) states that most kiteboards are traditionally made from a wooden core covered top and bottom with fiberglass. This is then often covered in a plastic composite to protect the board from the impact of the water. They go on to discuss how fiberglass offers relatively low weight and good flexibility for manoeuvrability, it is lightweight due to its low density of glass fibres combined with the low-density resin used. Schitzhofer (2014) argues foam is a better main component than wood due to its lightweight characteristics. However, they go on to state that foam is not as pressure resistant as wood. It is thought there is more durability in a wood board and has the perfect compromise between weight, strength, pressure resistance and sustainability.
As well as foam and wood it is proposed that the kiteboard is built from Carbon fibre reinforced plastic (CFRP). CFRP is composed of two primary components, carbon fibres and a polymer matrix, Composite construction (2023). This material is comprised of two components;
 1) Carbon fibres - this is high – strength, thin strands of carbon. During the manufacturing process of this plastic, these raw materials undergo heat treatment to align the carbon atoms to form the fibres.
2) Polymer matrix – the carbon fibres are then embedded with a polymer matrix, this is most commonly epoxy resin. The matrix binds the carbon fibres together and provides protection from environmental factors. It also helps in distributing stresses evenly within the material.
Ensinger (2024) describes how due to the high modulus of elasticity this material is ideal for applications in which rigidity is the predominant requirement. Hernandez (2022) goes on to state CFRP has a resistance to tension, low thermal conductivity and low thermal expansion. Figure 4 is a table comparing the properties of wood and CFRP. 
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Figure 4: Comparing properties of wood and CFRP, Source- Ueda (2004), Tsoumis (2024), Avient (2024), Performance Composites (2009), AmesWeb (2013).
Reviewing Figure 4 Kiteboards would benefit greatly from CFRP’s improved strength, stiffness and durability. Although wood is naturally flexible and lighter then CFRP, it does not have the same advanced qualities or adaptability to the environment. Consequently, a Carbon fibre reinforced plastic kiteboard would offer better performance, longevity and resilience to various riding environments. 
Although CFRP is superior to wood in ideal properties for a kiteboard cost is an issue. SMI Composites (2023) explains how there is a high cost associated with Carbon fibre due to its manufacturing process which involves several intricate steps through a series of heating and stretching processes, the procedure requires precise control of pressure, temperature and time to achieve the desired mechanical properties. 
A change in material will also affect the boundary flow layer around the kiteboard. In comparison to wood, Carbon fibre reinforced plastic can have a very smooth surface finish. Choudhari & Chang (2009) state that surface roughness can have an influence on laminar-turbulent transition. In addition to this Kadivar & Torney (2021) argue a smoother surface finish will reduce friction drag by minimising surface roughness, this will lead to a more stable and smaller boundary layer. A reduction in drag improves the kiteboards speed and efficiency in the water.
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Figure 5: Effect of surface roughness on boundary layer, Source: Kadivar & Torney (2021) 

Simulating fluid flow
Before manufacturing of a kiteboard it is important to put the design through several tests to ensure it performs how intended. The engineer can run several computational techniques to simulate how fluid flows around the kiteboard and the forces exerted on it. 
Computational fluid dynamics (CFD)
Leer (2010) states that computational fluid dynamics originated during World War II to aid in the development of the atomic bomb, in the 75 years of its existence it has become an established discipline of theoretical and experimental fluid dynamics. They go on to explain how CFD is the process of mathematically predicting fluid flow around a subject by solving governing equations using computational power. Simscale (2023) goes on to explain before the introduction of CFD the only way an engineer could optimise their design would be to conduct physical tests on a prototype, the improvement in technology of computers and growing computational power means CFD has become a widely applied technique to predict real world physics. 
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Figure 6: CFD of a model car, Source: Greenshields (2016)
Spatial (2023) proposes there is 3 key steps to completing CFD analysis;
1) Pre – Prossesing 
This helps in defining the parameters of the simulation. The user will need to identify the model being tested, create a mesh for the model, define the properties of all the materials involved and create boundary layers and set the expected real-world conditions.
2) Processing 
Once the problem has been created in the previous step it can be solved using a chosen software. There are many different CFD softwares available on the market such as, Autodesk CFD, Solidworks Flow simulation and Converge all with different capabilities. These softwares are capable of solving equations at every probe-point identified during the mesh generation.
3) Post-Processing 
Once the results have been obtained as values at the probe point, they need to analysed, this can be done by means of colour plots, like seen in figure 6, contour plots and appropriate graphical representation. 
Samya (2019) proclaims an advantage of using CFD is its relatively low cost, a CFD simulation is relatively inexpensive in comparison to conducting physical experiments and tests. Another advantage they explain is the speed in which tests can be conducted, the data produced from the simulations can be introduced in the design stage early on. But Quadco (2024) argues that there are limitations to using CFD, for example, model limitations. CFD simulations are based on mathematical models which approximates of real-world systems, these models may not be an accurate representation of all the physical phenomena present.
Finite Element Analysis (FEA) 
English (2023) discusses how FEA is the simulation of a physical phenomenon using a numerical mathematical technique called the finite element method. Analysing most of the physical properties can be done using differential equations, but in complex situations where multiple variable equations are needed, finite element analysis is the leading technique. FEA can allow an engineer to bend, break, heat and vibrate their design before prototyping, when producing a test on a kiteboard design the structural response to the forces exerted by the fluid flow can be analysed. Gigante (2022) demonstrates that there are five steps to follow when conducting finite element analysis;
1) Modelling – When creating a model of the subject, in this case a kiteboard, only the basic structure should be included.
2) Material Definition – The material properties need to be defined. This can include yield stress, ultimate stress, Youngs modulus, Poisson ratio and thermal conductivity.
3) Defining loads – This step identifies which external forces are acting on the structure. For a kiteboard you would have environmental loads, user load and hydrodynamic loads. 
4) Meshing – This is where the geometry of the model is divided into finite elements. The most used element types are tetrahedral and hexahedron elements.  Figure 6 shows the different types of meshing that could be used. Madier (2023) states that meshing directly impacts the accuracy and reliability of the analysis results, considerations should be made when choosing a mesh type, for example, does the computer have sufficient memory,
5) Solution – In the final step partial differential equations are converted into algebraic equations as matrices. The singular matrices are assembled into a large matric, this is then solved for unknown variables.
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Figure 6 - Different types of mesh element, Source: Rhys Brannan (2024)
The benefits of using finite element analysis, as described by GMT (2024), are that it’s a safe testing condition. It allows for safe simulation of conditions that may be dangerous or difficult to replicate in a physical test. FEA also an efficient testing method, doing the analysis without computational power can be extremely time consuming and difficult. But Nkuleon (2018) discusses that FEA is susceptible to human error, the analysis is only as accurate as the input provided by the engineer. Any mistake in specifying the material properties, boundary conditions or model can lead to incorrect results. 
It is possible to estimate the hydrodynamic force exerted on the kitesurf board using the following formula;

Assumption can be made that;
 = Density of seawater, assuming the surface temperature of the seawater is 20° C density is 1025 Kg/m^3, Engineering ToolBox (2024).
 = Velocity, 8.9m/s from Kitesurfist (2020).
 = Drag coefficient, basing the board on being a long stream-lined body the drag coefficient is 0.1, Engineering Toolbox (2024).
 = Frontal area, this is the projected area facing in the flow direction. Assuming the board is rectangular and has a length of 1.45 meters & width of 0.4 meters, area = 0.58, assuming that the entire boards width contributes to the frontal area.
 

Prototype Testing
To verify results from the CFD and FEA prototype testing can take place. Trucano & Oberkampf (2002) state that the underlying strategy of validation is to assess how accurately computational results from CFD and FEA compare with experimental data, with quantified error and uncertainty estimate for both. The prototype of the kiteboard should include the key features and functionality of the desired final product. For this experiment and to validate the results found in the CFD and FEA the prototype could be placed in a water tunnel. Erm & Ol (2012) write that water tunnels are useful in providing validation data for computational fluid dynamics of flow. They describe how in functionality a water tunnel is related to how a wind tunnel functions except for the difference in fluid. A water tunnel is designed to test the efficiency of a structure by facilitating the effective visualisation of flow behaviour in a controlled environment.
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Figure 7: Visualisation of fluid flow in water tunnel, Source: Gereshes (2023).
Experiment
When manufacturing the prototype, it is critical that the dimensions accurately match those of the model used in the FEA and CFD simulations. A water tunnel will be used in this experiment, it should be capable of producing flow speeds up to 15 m/s to replicate real-world conditions. Sensors would need to be mounted to the kiteboard prototype, ensuring that the mounting does not interrupt the fluid flow around the board. The type of sensors that would be used are;
· Strain gauge load cells – converts force into an electrical signal by measuring deformation.
· Flush diaphragm pressure transducer- Highly accurate sensor which provides accurate pressure measurements.
· Flow visualisation dye – visually track and analyse fluid flow patterns around the kiteboard.
These sensors would need to be calibrated to ensure reliable data, in addition to this baseline data would also need to be collected. A test would need to be complete without the prototype in the water tunnel to confirm the repeatability of the testing environment. Tiwari & Garg (2021) write that baseline data is used to gain a better understanding of what is happening in the process. The board should be tested under two conditions:
· Velocity – Water flow speed should be increased from 0 m/s to 15 m/s. As reported the average velocity of a kiteboard surfer is 8.9 m/s. Measurements should be taken in increments of 0.5 m/s. 
· Orientation – In real world conditions the board is always going to be in different positions. This should be simulated in the water tunnel by testing at different angles. 
The data collection should look like this;
	Velocity (m/s)
	Angle (°)
	Force (N)
	Pressure (Pa)
	Flow Visualisation 

	0
	0
	/
	/
	/

	0
	5
	/
	/
	/

	0
	10
	/
	/
	/

	0
	20
	/
	/
	/

	0.5
	0
	/
	/
	/

	0.5
	5
	/
	/
	/


Figure 8: 

Once data has been collected then it can be compared to the results found in the FEA and CFD. By validating the associated flow data with computational simulation efficient design of the kiteboard can be achieved. 
This report has found that Reynolds number plays a critical role in understanding and predicting the fluid flow behaviour around a kiteboard.  A high Reynolds number will impact the board performance by affecting lift and drag, a Reynolds number of  was estimated by researching the average velocity, body length, viscosity and density of seawater. The effect boundary layer has on the performance and efficiency of the board has also been reviewed, design considerations such as the rake of the board, how sharp the drop-off of the board is and channels and ridges aim to minimise flow separation and turbulence. These considerations maintain laminar flow and delay the transition to turbulent flow. Material selection can also affect how fluid flows around the board. Carbon fibre reinforced plastic is proposed as an alternative to traditional materials used such as wood and foam due to its improved strength, stiffness and durability. A change in material can also alter the boundary flow, a smoother surface finish will reduce friction drag by minimising surface roughness, this will lead to a more stable and smaller boundary layer. The theories stated above can be analysed in a FEA or CFD simulation, these computational techniques can simulate how fluid flows around the kiteboard and the forces exerted on it to reach maximum efficiency of the design. Once the computational methods have been reviewed a prototype can be produced for physical testing. This test should be done a water tunnel under a controlled environment with velocity and geometry being the two variables. The results produced by the sensors attached to the prototype should be compared to the computational methods for validation. 
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