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Designing a kiteboard: fluid flow assessment
Kiteboarding combines elements of surfing, windsurfing, and paragliding (Bourgois, et al., 2013). The performance and safety of a kiteboard are heavily influenced by its design and the materials used in its construction (Newcomb, 2015). The following report is split into five distinct tasks, which focus on evaluating the fluid dynamical principles that affect a kiteboard and exploring the implications of a modified material composition on its overall performance. By leveraging theoretical concepts such as Reynolds number  (Reynolds, 1883) and boundary flow (Douglas & Matthews, 1996), this assignment aims to deepen the understanding of how fluid flows around the kiteboard, influencing its performance and stability.
The first task involves discussing the Reynolds number, a dimensionless quantity used in the prediction of fluid flow patterns  (Streeter & Wylie, 1983). Understanding the Reynolds number is crucial as it affects the transition from laminar to turbulent flow around the kiteboard, impacting its drag and lift characteristics. 
The second task examines boundary flow, including flow separation and turbulence, to understand the design rationale behind the kiteboard's shape and contours (Douglas & Matthews, 1996) (Robinson, 1963).
The third task investigates the performance implications of using Carbon fibre-reinforced plastic as the proposed material for the kiteboard. This material choice will be evaluated, considering historical, current, and future developments in composite materials. 
The fourth task explores computational modelling techniques to simulate fluid flow and estimate forces acting on the kiteboard, providing insights into the advantages and limitations of two simulation tools.
Finally, the fifth task outlines an experimental approach to validate the computational models through laboratory testing of a prototype. This holistic approach, combining theoretical analysis, computational simulation, and experimental validation, aims to thoroughly understand a kiteboard's fluid dynamics and material performance, thereby informing better design and material choices for enhanced performance and safety in kiteboarding.










Task 1
The Reynolds number (Re) (Reynolds, 1883) was first described by Osbourne Reynolds in 1883 when they posed this dimensionless quantity to predict fluid flow patterns in different circumstances by quantifying the ratio between inertial and viscous forces. Reynolds discovered in observations that water had a higher tendency to eddy as the temperature of the liquid increased (Jackson, 2004). Reynolds performed an experiment shown in Figure one, where a dye was added to water to allow the opportunity to view water flow under different conditions  (Reynolds, 1883). This enabled observations that would be otherwise impossible with water in its typical transparent form. Reynolds posited from his observations that there were two types of fluid motion, direct and sinuous- more commonly known as laminar and turbulent flow (Douglas, 1975). Reynolds found that under low flow velocities, the dye moved linearly, signifying laminar flow. However, as the velocity of the water increased, the dye began to mix more chaotically, indicating the presence of turbulent flow  (Jackson, 2004).
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Description automatically generated]Figure One- Reynolds Dye test showing laminar and turbulent flow. Source: (Cradle-CFD, 2024)






Reynolds number is quantified using the formula (Douglas & Matthews, 1996):


Where:
 Fluid density.
 velocity of the fluid.
 The characteristic length of a surface. (substituted for  for the diameter when calculating flow through a pipe).
 The dynamic viscosity of the fluid.

The influence of the Reynolds number is powerfully exhibited by the water flow around a kiteboard. Research shows that it affects flow characteristics such as stability, vortex formation, and turbulence intensity (Kumar & Sharma, 2024) (Yao, et al., 2019). Assuming the kiteboard is flat along its length, a Reynolds number <500000 would be considered laminar flow (Matthews, 2012). As the number increases beyond this threshold, the flow becomes turbulent, which can affect the stability and performance of the board by increasing drag through frictional losses (Robinson, 1963).

Estimating Reynolds number around a kiteboard
As the dimensions or shape of the board have not been quantified, to estimate the Reynolds number, it is first essential to make some assumptions:
1. The board is in complete contact with the water lying horizontally on its face.
2. The board is assumed to be completely flat along its length.
3. The board is 1.4m in length (Kitespot, 2024).
4. The fluid  in contact is saltwater with an average water temperature of 20˚C (Roemmich, 2024); therefore, the density is 1025 (Engineeringtoolbox, 2024)
5. The kiteboard is travelling at its upper speed of 25mph or 11.176  (Kitesurffirst, 2024)
6. The saltwater has a dynamic viscosity of 0.109 Pa*s @20˚C (Engineeringtoolbox, 2024)






This high Reynolds number suggests that the water flow around the kiteboard is predominantly turbulent. However, it could be argued that this figure is inaccurate due to several variables. Research suggests that kiteboards are constructed in various shapes and lengths (Lieuweboards, 2024), which may affect the characteristic length of contact with the fluid. Furthermore, the results can be affected by the trim angle of the board, thus giving differing Reynolds results (Mateev, 2024). 














Task 2
The boundary layer concept was founded in 1904 by Ludwig Prandtl (Anderson, 2005). It is a fundamental topic in fluid dynamics and can be explored from various perspectives in literature. The critical element of this concept is that it provides an integral link between ideal and real fluid flow (Anderson, 2005). Prandtl theorised that fluids with a relatively small velocity are only affected by internal frictional forces within narrow regions surrounding the fluid boundaries (Cowley, 2001). 
The boundary layer exists as a thin layer of fluid that is in immediate contact with the surface of the kiteboard. Within this layer, the velocity arises from zero, where, due to the no-slip condition of the board's surface, the fluid flow will be static (Douglas & Matthews, 1996). In turn, the velocity will increase to the stream velocity, where the fluid returns to its original velocity outside the boundary layer of the immersed object (Khan, 1987). 









Figure two- Image visualising boundary layer formation over a surfboard. Source:(Hydrodynamics, 2023)
[image: drag friction limit layer surf]

As shown in Figure two, the characteristics of the boundary layer, whether laminar or turbulent, will significantly impact the board's overall performance. Laminar flow will be of a lower Reynolds number; thus, the fluid layers are sliding past each other with minimal mixing (Khan, 1987). This results in lower friction drag over the surface, although it will be less stable and more prone to the layers collapsing under separation (Douglas & Matthews, 1996). As the flow conditions become chaotic, there is a transition zone where the conditions become mixed, where some regions are laminar and others turbulent before meeting a critical point where the flow changes completely to turbulent (Streeter & Wylie, 1983). This chaotic fluid motion causes eddies and vortices, increasing drag through frictional losses. However, it is more stable as it adheres better to the surface of the kiteboard, reducing the likelihood of flow separation (Douglas & Matthews, 1996).
Figure Three displays an interpretation of a fluid flowing over a convex surface of a solid. The dashed line signifies when the boundary layer is typically at its maximum thickness; after this point, the surface curvature causes the fluid to deaccelerate. This can cause an adverse pressure gradient, separating the boundary layer from the surface causing reversed flow (Douglas & Matthews, 1996). This exact area where the boundary layer is removed from the surface is called the separation point and is unfavourable due to the efficiency losses it induces. At this point, drag increases through friction, lift reduces, and flow becomes unstable, resulting in unsteady forces (Khan, 1987) (Surfhydrodynamics, 2023). 

[image: 5: Flow over a protruding obstacle. Showing the streamwise changes of pressure and velocity gradients, the development of a boundary layer, the flow separation and the development of a wake region and the forces emanating from skin friction (F SF ) and pressure (F D ). Direction of flow is from left to right (combination of figures 11.11, 12.1 and 12.2 of Douglas et al., 2005). ]Figure three- Diagram signifying boundary layer formation and separation. Source: (Vasilopoulos, 2017)





The design of kiteboards attempts to reduce the effects of flow separation by using optimised geometries. One example in this case is a rocker- a term used to denote the curvature of a board (Surfhydrodynamics, 2023). The leading edge of the board is raised, which helps prevent premature flow separation and maintain smooth flow (Surfhydrodynamics, 2023). The trailing edge is curved and designed to minimise the wake region, allowing the boundary layer to remain attached. Another critical element is the board's shape in the transverse plane. Figure four shows that kiteboards are often designed with modified channels to reduce turbulence and improve efficiency (Landell-Mills, 2021). Finally, the board's surface finish can substantially affect the boundary layer (Choudhari & Edwards, 2009). Research shows that kiteboards are typically epoxy coated (Behaveboards, 2024) , providing a smooth surface finish (Sicomin, 2024), which may be due to speed optimisation. Rougher surfaces can trigger a turbulent boundary layer sooner, which, as previously stated, is more stable and less prone to separation, although this may indelibly negatively affect speed performance (Krogstadt & Antonia, 1999).
[image: What Defines a Twin Tip Kiteboard?]Figure four- Represents the channel shape at the bottom of a kiteboard. Source: (Tidy, 2015)






Task 3
Using carbon fibre reinforced plastic for constructing the kiteboard can offer significant advantages due to the high strength-to-weight ratio, durability, and stiffness that carbon fibre composites possess (Siva, et al., 2020).
The sources of information on kiteboard development are not comprehensive and are not typically from academic sources, which can place the validity of some information in doubt. Evidence suggests that early kiteboards were simply surfboards that had been repurposed to include foot straps, although the design of the boards were not well suited to the application (Shinn, 2024). By 1999, single-directional boards- derived from existing surfing and windsurfing designs became commonplace (Kitesurfinghandbook, 2024). Surfboards are a composite construction of fiberglass, resin, polyurethane foam, and a wood-supporting structure called a stringer (BlinkSurf, 2020). The stringer is mounted laterally in the centre of 2 foam blanks, as shown in Figure five.








Figure five- Representation of a cross-section of a surfboard. Source: (BlinkSurf, 2020)
[image: Surfboard Anatomy ]
The key feature of this design is that it is optimised for stiffness which results in minimal flexibility  (NauticalChannel, 2021). This is a problem in kitesurfing, where significant force is placed on the board's deck due to the force applied by the rider's feet while being towed by a kite (AppletreeSurfboards, 2024). Standard surfboards are not designed for this purpose, therefore would likely see premature failure. 
As the sport evolved and the boundaries of capability were pushed, further developments were made, such as introducing bi-directional twin tip boards in the early 2000s (Figure six)(Kitesurfinghandbook, 2024). These boards consisted of a wooden core coated in resin and fibreglass, making the boards thinner and more flexible, giving the boards increased potential to survive heavy shock loads compared to the earlier models (Lang, 2009). This board style quickly became mainstream and is today's most common design.



Figure six- Exploded view of twin tip kiteboard construction. Source: (Pastor, 2017)
[image: Alex Pastor Kite Club - Kitesurf Buying Guides - How to choose your twintip kiteboard - Kiteboard Carbon Construction]
The development of fibre-reinforced composites, such as carbon laminated plastic, aimed to address the limitations of traditional materials by improving mechanical properties like bending strength and impact resistance (Walker, et al., 2002). Current advancements in CFRP technology have focused on optimising manufacturing processes to enhance performance attributes such as tensile strength, compression resistance, and torsional resistance (Pawlak, et al., 2022). Although these properties are advantageous, they often come at a higher financial cost than standard boards and are more commonly suited to experts (Pereria, 2024) (Kiteline, 2024). 






Future innovations in hybrid materials could integrate more cost-effective and sustainable composites into board designs. There is evidence to suggest that the recycling of kiteboarding products is challenging (Heuer & Janoušková, 2023). This could, in part, be due to difficulties in recycling laminar materials that have been impregnated with plastic (Dey, et al., 2021). Alternative composites consisting of basalt fibre and eco-friendly resin alternatives are one such example. Basalt fibre does not possess all of carbon fibre's positive attributes but excels in temperature resistance, sustainability and is more cost-effective (V. Fiore, 2015). An example of an eco-friendly resin is GreenPoxy 56, which owes 51% of its molecular structure to plant products and is suitable for marine applications  (Sicomin, 2024). Although combining these two materials may provide more sustainable composites, it could be argued that it will not improve recyclability as the products will still be difficult to separate at the end of their operational life.








Task 4
The modelling and simulation of fluid flow around a kiteboard and, thus, the forces exerted on its structure can be achieved by several techniques. A commonly used method is Computational Fluid Dynamics (CFD). CFD involves using specialised software to solve the Navier-Stokes equations and is frequently used to simulate the fluid flow behaviour in the boundary layer (Klazly, 2019). CFD holds several advantageous attributes that make it a powerful apparatus for the task at hand, one such being the highly detailed nature of its results (Bakker, et al., 2001). This data can be used to simulate design geometries (as shown in Figure seven) and differing flow conditions, which may be expensive or difficult to test physically.
Figure seven- A representative image of a CFD model of a surfboard. Source: (Surfer-Today, 2017)[image: Computational Fluid Dynamics (CFD): the surfboards of the future will be shaped using high-tech software]

Conversely, it could be argued that the detail of the data gathered does not necessarily guarantee accuracy. This is because the validity of the results depends strongly on the correct application of the quantitative variables needed to simulate the fluid flow. A further advantage is CFD's ability to visualise the fluid flow virtually  (Tu, et al., 2023). This may allow designs to be tested and altered without repeatedly manufacturing physical prototypes (Denton & Dawes, 1998). Although this may allow for a more rapid review of prospective designs, it is not without its deficiencies. The Creation of CFD models is intensive both computationally and in terms of complexity (Lawson, et al., 2012) . Furthermore, significant expertise, resources, and time are needed to build the virtual models accurately and interpret the generated results (Rojas-Sola, et al., 2016).
 One possible solution to this could be to use an alternative Numerical model, such as the panel method- also known as the boundary element method (BEM) (Kinnas, 2022). BEM works by dividing the object into a finite number of more minor elements, simplifying the computational load (Liburdy, 2021). This is achieved by reducing a three-dimensional problem to a two-dimensional one, which sacrifices the accuracy compared to CFD but allows for faster calculations  (Molland, 2008). One limitation of this method is that it does not account for viscous effects, which makes it unsuitable for flows where viscosity is significant, such as boundary layer separation (Mushtaq, et al., 2010). Furthermore, this method linearises the flow, which can show issues when visualising high angles of attack or intensely curved surfaces.



Estimating forces exerted on the kiteboard.
A kiteboard planes across the water's surface; thus, it is subject to drag force from frictional losses (Surfhydrodynamics, 2023). Furthermore, as the board is ridden, it experiences torsional, bending, and shear forces. These can be observed while the rider turns and twists their body. A further example may be impact force through performing manoeuvres. Two forces have been estimated using analytical methods: drag and bending. These calculations have been made using estimated values; therefore, their accuracy may be questioned.


Estimating drag force exerted on the kiteboard.
To estimate drag force, it is quantified using (LumenLearning, 2024)   :  


Where:
 = Drag force (N)
 The coefficient of drag on a streamlined body. 
 The density of the fluid. 
 Cross-sectional area perpendicular to flow 
 The velocity of the kiteboard relative to the water. 

To calculate the drag force, assumptions have been made:
1. The board's shape is half streamlined; therefore, the drag coefficient is.09 (Engineeringtoolbox, 2024).
2. The frontal area of the board is 0.016  (0.04 m thick x 0.4m wide)
3. The fluid in contact is saltwater with an average water temperature of 20 C; therefore, the density is 1025
4. The kiteboard is travelling at its upper speed of 25mph or 11.176 





To calculate a bending force, it is quantified using (Bird & Ross, 2020):

Assume the kiteboard is a beam supported at both ends. There is a 70kg force from the rider, acting directly in the centre of the beam. Moments are taken about A. Gravity is assumed to be 9.81 


Figure eight- Representative of kiteboard as a beam.
A
B


70 Kg
0.7 m
0.7 m







1. Convert the mass to a force.




2. Calculate the magnitude of reaction forces.





3. Resolve upward forces.





4. Calculate the bending moment.








Task five
To conduct a laboratory experiment to effectively understand the fluid flow and the associated forces exerted on the board's structure could be theoretically achieved using several techniques. Research suggests that towed water tank testing (as shown in Figure nine) would be suitable as this approach would allow the alternate flow conditions to be simulated around the board (NewcastleUniversity, 2024). The case for this is made due to the ability to calibrate the test cell to match the criteria used within the CFD simulation. The towed water tank experiment must be planned with a structured approach (Jentzsch, et al., 2021) (Pacaru, 2020). This will involve the design of the experiment, the creation, calibration, and setting of necessary equipment, and finally, the recording and analysis of the data

[image: Ship model towing tank opened at Gdansk University of Technology ...]Figure nine- A representation of a towed water testing tank. Source: (Poland-at-sea, 2024)

At the experiment's inception, it is necessary to set boundaries to ascertain what design elements must be examined and what tests must be performed. The flow conditions at which the board is tested should be considered. It should be simulated with alternating conditions, and angles of attack should be applied to test the board according to the criteria set out through the CFD simulation (Pinna, et al., 2024). A range of sensors, such as strain gauges and force transducers, may be used to record the forces exerted within this test (Kistler, 2024). The sensors should be strategically placed to record the required data accurately and then digitally record it for analysis (example representation in Figure ten) (Sajedi & Ghadimi, 2020).


Figure ten- A representation of sensor and camera set up in water testing tank. (Ghadimi, 2020)
[image: ]
Consideration should be made to creating a prototype of the kiteboard and whether there is a single design to be tested or multiple. The prototype's dimensions may also be considered, including whether it is a full-size or scaled model (Irvine & Thomas, 2010). The benefits of using a scaled model may be that it lowers cost, although it may be argued that models should be as large as possible to minimise the fluid viscosity scale effects (Wartsila, 2024).
As the visualisation of fluid flow around the board is a crucial element within this experiment, research has a technique that may be used. Dye testing involves the use of a coloured dye which is injected into the water flow; this can then be recorded by a high-speed camera for analysis (Bella, et al., 2022) (MichiganInstituteOfTechnology, 2024). However, the results gained will be qualitative rather than quantitative.
Once the testing has concluded, the results should be compared to the data gained during the CFD simulation. The analysis of the two forms of testing can then either validate or invalidate the computational simulation (Stern, et al., 1999). The researcher should analyse the possible differences, including experimental errors, and limitations not accounted for in the CFD model, such as physical or environmental inconsistencies  (Trucano, 2000). This data can then refine the CFD model to improve accuracy in later simulations.
Conclusion
The study of fluid dynamics in kiteboarding reveals the importance of the Reynolds number and the boundary layer concept in predicting and optimizing board performance. The Reynolds number helps differentiate between laminar and turbulent flows (Reynolds, 1883), with our estimates indicating predominantly turbulent flow around a kiteboard at high speeds, affecting stability and drag (Douglas, 1975).
Prandtl's boundary layer theory explains how fluid flow near the board's surface transitions from laminar to turbulent, impacting drag and flow separation (Douglas & Matthews, 1996). Design strategies like board curvature and smooth surfaces aim to minimize these adverse effects (Khan, 1987).
Advancements in materials, particularly carbon fibre reinforced plastic (CFRP), have significantly improved board performance by enhancing strength and flexibility (Pawlak, et al., 2022). Future innovations may focus on sustainable and cost-effective composites to improve environmental impact without compromising performance (V. Fiore, 2015) (Sicomin, 2024).
Computational Fluid Dynamics (CFD) is crucial in simulating fluid flow and guiding design improvements (Klazly, 2019). Despite its complexity, CFD provides detailed insights, complemented by experimental methods like towed water tank testing and dye visualisation to validate models and refine designs (Bakker, et al., 2001).
Overall, integrating theoretical principles with practical applications and advanced materials drives continuous advancements in kiteboard design, enhancing performance and sustainability in the sport.
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