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Kiteboarding is a sport that relies upon a hydrofoil assembly attached to conventional surfboard, pictured in Figure 1. The hydrofoil assembly acts as a submerged lifting device, that relies upon the lift generation of the wings to raise the board and rider above the surface of the water, drastically reducing the frictional forces of the water acting upon the surface of the board. The reduced friction enables significantly increased velocities for the rider.
 The hydrofoil assembly has a critical impact upon the lift efficiency, structural resilience and hydrodynamic stability of the board directly influencing rider control, speed and overall system performance. As hydrofoils operate at relatively high velocities and interact with complex free-surface flow, understanding the hydrodynamic behaviour of the wing is essential for effective design. The Reynolds number, boundary layer development and flow separation significantly influence lift generation, drag and dynamic stability. Furthermore, the structural performance of the hydrofoil, typically fabricated from composite materials, such as Carbon Fibre Reinforced Plastic (CFRP), must be ensured to conform to the required stiffness, durability and weight, to ensure it can withstand the hydrodynamic loads that will be present during its operational lifetime.
Accurate prediction of the forces acting upon the wing require modelling techniques, such as RANS, LES, or BEM, each offering a range of potential benefits and challenges in their use. Another method of determining the hydrodynamic forces upon the wing includes experimental testing. Within this report both methods are evaluated and their importance within the design process reviewed.
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According to Rott (1990) the Reynolds number is a dimensionless parameter that is utilised to predict the behaviour of fluid flow, and that within a tube the state of flow is determined by the Reynolds number, where values of less than 2,300 generally indicate laminar flow, values between 2,300 and 4,000 indicate the transition between laminar and turbulent flow, and values higher than 4,000 generally mean a turbulent flow will be seen, irrespective of the characteristics of the fluid, its environment or flow velocity.
According to Saldana et al. (2024) the Reynolds number is defined as the ratio of inertial forces and viscous forces. Equation 1 is given as its mathematical definition;
Equation 1

Where,   is the Reynolds number,  is the velocity of the flow,  is the characteristic length, for a hydrofoil the chord length is typically used, and  is the kinematic velocity, given by the ratio of the fluid’s viscosity and density.
According to Schewe (2001) the Reynolds number is a critical parameter in the analysis of fluid flow as flow separations are typically dependent on the Reynolds number. Its importance is due to the importance of boundary layer separation, and its influence on the location of the transition between laminar and turbulent flow. A higher Reynolds number typically results in the formation of separation bubbles, which grow larger until they are unstable and then burst, resulting in poor hydrodynamic performance.
The Reynolds number strongly influences the hydrodynamic performance of the wing through determining whether the boundary layer is laminar or turbulent, the location and magnitude of separation, wake structure and vortex creation, lift and drag coefficients, and hydrodynamic stability. Schewe (2001) explains that boundary layer state changes alter separation bubbler formation, wake topology, pressure distribution and the lift generated by the foil.
According to Martínez-Barberá et al. (2025) the flow conditions for a hydrofoil wing are also dependent upon the Froude number, , based upon the chord length and submergence, and the submergence ratio. These parameters are given by;
Equation 2

Where  is the flow velocity,  is the acceleration due to gravity (taken as 9.18m/s^2),  is the chord length and  is the submergence. Fesal et al. (2023) explain that the Froude number quantifies the ratio of the inertial forces to the gravitational forces within fluid flow. When the Froude number is high, inertial effects dominate the behaviour of the flow, whereas lower values indicate that gravity plays the controlling role. This makes the Froude number an essential parameter in the prediction of hydrodynamic performance, particularly in submerged or free-surface hydraulic environments where wave formation, flow regime and stability are strongly influenced by the relationship between these forces.
Methods of improvement for the design of the hydrofoil include the integration of bend-twist coupling of the design, Giovannetti et al. (2022) explains that bend-twist coupling in the design of the wing shows an increase in the Lift-to-Drag ratio of the foils. The bend-twist coupling enables this improvement in efficiency through the forces acting upon the wing creating a deflection in the length of the wing, also causing a slight bend, which when considered properly within the design process, may be ensured to adjust the angle of attack of the wing, enabling enhanced performance.
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[bookmark: _Toc214792638]Figure 1 - Components of a Kiteboard Hydrofoil Assembly (Kristoffer Sjøwall 2022)
Seen in Figure 1 is the components utilised within a hydrofoil assembly, the main focus of this report will be the front wing. The choice of materials used in kiteboard hydrofoil components has evolved alongside advances in composite engineering and increasing performance demands in marine sports. Historically, early kiteboards were built with wooden cores, valued for their natural flexibility, resilience and buoyancy. These properties mirror the long-standing use of timber in broader marine structures. However, as manoeuvres became more dynamic and riders required improved stiffness and responsiveness, manufacturers began reinforcing wooden cores with GFRP. This transition followed wider marine industry trends, where GFRP became a dominant material for hulls and secondary structures due to its favourable cost, corrosion resistance and manufacturability, as highlighted by Rubino et al. (2020). 
As shown by Ivo et al. (1963) another historically popular material in the manufacture of hydrofoils included treated steels, the treatment of which is critical for corrosion resistance due to the salt-water environment the hydrofoil is required to operate. An example of steel used at the time for hydrofoils given by Ivo et al. (1963) is HY-80, featuring a minimum yield strength of 80000 psi, the protective coating was essential to the performance of the hydrofoil to ensure satisfactory resistance to corrosion from the salt water.
GFRP offers significant benefits for kiteboards, to include improved durability, better flex control and reduced maintenance requirements. As noted by Schmidt et al. (2020) kiteboard hydrofoil wings are now typically made of Carbon Fibre Reinforced Plastic (CFRP) due to its high tolerance for stress while enabling low thicknesses and hydrodynamic geometries. The manufacturing for this material features the creation of individual moulds and stacking of unidirectional fibre layers, with each layer coated with a polymer matrix for the bonding of the layers. The benefits associated with the use of composite materials, listed by Liao et al. (2023), include their high strength to weight ratios, corrosion resistance, and their capability to passively adapt its response through engineered bend-twist coupling.
According to Liao et al. (2023) composite materials have now become commonly used for marine applications due to their impressive strength to weight ratios and corrosion resistance, replacing the metallic materials utilised in the past. Liao et al. (2023) explain that composite materials combine a resin acting as a polymer matrix with reinforcing fibres. The resin acts as glue to bond the fibres aligned with the desired shape for the component. The authors further comment that commonly used composite materials include Carbon Fibre Reinforced Polymer (CFRP) and Glass Fibre Reinforced Polymer (GFRP).
Fat Cheung and Bari (2022) explain that the wing foils may also feature CFRP, titanium or aluminium fuselages. Each with their individual benefits, such as the low cost of aluminium, this benefit is generally offset by the higher weight associated with aluminium compared to CFRP and titanium. Fat Cheung and Bari (2022)  explain that generally CFRP is chosen over titanium for this application due to the exceedingly high material and manufacturing costs associated with titanium. 
Based upon the current trends and literature the proposal of manufacturing the hydrofoil wing from CFRP would be the most suitable material, due to its suitable characteristics to effectively fulfil the requirements of the wing.
Sustainable materials are also emerging as a major focus. Rubino et al. (2020) explain the negative impact upon the environment associated with the use of Fibre Reinforced Polymers, due the difficulties associated with their recyclability. Rubino et al. (2020) further note that there is currently ongoing research into the use of bio-based polymers and natural cellulose fibres, to improve recyclability. Although currently these alternatives offer lower stiffnesses than CFRP, there is a potential in the future for these materials to provide a reduction in the environmental impact caused by the manufacture of CFRP components.
Brull et al. (2023) display another avenue for the potential future of hydrofoil design, which features an electric propellor within the assembly. This allows the rider to adjust the velocity of the board regardless of the wind velocity, enabling ease and comfort for the rider.
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Using Equation 1, the water density was taken to be 1030 kg/m³, the flow velocities were taken as 10m/s and 20m/s, and the chord length taken to be 0.0735m (Martínez-Barberá et al. 2025). To determine the viscosity of sea water the range of sea temperatures was taken as 8°C to 13.9°C (The Beach Guide 2025), which corresponded to viscosities of 0.00141 Pas and 0.00126 Pas (The Engineering Toolbox 2004) respectively, for a salinity of 35000mg/l.
Using Equation 1,  was calculated to represent the Reynolds number at a velocity of 10m/s, and  to represent the Reynolds numbers at 20m/s.  was found to be approximately , and  was .  corresponded to a Reynolds number of approximately , and  a value of  was calculated. This range corresponds to fully turbulent boundary layer flow on much of the foil surface. At Reynolds numbers within this range laminar flow will only be present at the leading edge of the foil. Martínez-Barberá et al. (2025a) state that for flows of 4m/s the corresponding value of Reynolds number is  and the Reynolds number at 10m/s is , displaying a relatively close value to the estimation conducted above.
The Froude number were also estimated for velocities of 10m/s and 20m/s, using Equation 2. Using a value of 9.81 for the acceleration due to gravity and 0.0735m for the chord length,  was calculated to be 11.78, and  was calculated to be 23.55. These values indicate that the gravitational forces have more of an effect on the wing at lower speeds.
To accurately review the accuracy of the 500N load a range of lift forces will be estimated along with the forces due to the weight of the board and the rider. Which will be discretised into a singular resultant load and compared with the initial load of 500N. To estimate the resultant-load, the force due to lift will be removed from the estimated force due to the weight of the rider and the board, leaving the resultant force acting upon the hydrofoil.
To estimate the force due to lift upon the foil, Equation 3 was utilised. Equation 3 shows the relationship between the lifting force, , the density of the fluid , the square of the velocity of the fluid flow, , the reference area of the foil, , and the coefficient of lift, .
 
Equation 3

As above the density of the seawater will be taken as 1030kg/m^3. The velocity for the fluid flow will range from 10m/s to 20m/s. The reference area will be taken as a range from 0.06m^2 to 0.12m^2, as given by Marshall and Johnson (2023). 
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[bookmark: _Toc214792639]Figure 2 – The lift coefficient as a function of the angle of attack (Marshall and Johnson 2023)
Shown in figure 2 is the relationship between the coefficient of lift of a hydrofoil with the angle of attack, at different levels of submergence. Ni et al. (2021) state that calculated values of lift coefficient for a hydrofoil analysed was approximately 1.043. For simplicity this value will be used as the lift coefficient of the hydrofoil featured in this report, however in reality the coefficient of lift of the hydrofoil will be dependent upon the angle of attack of the hydrofoil within the water, and the chord length of the design.
The stated values were then input into Equation 2, which resulted in four results due to the range in values for reference area and velocity. The lift at a velocity of 10m/s was calculated first, a reference area of 0.06m^2 gave a lift force of 3222.87N, and a reference area of 0.12m^2 gave a lifting force of 6445.74N. The lifting force for a velocity of 20m/s was then calculated, with the reference area of 0.06m^2 giving a result of 12891.48N and the reference area of 0.12m^2 giving a lifting force of 25782.96N. Meaning the lift force varied in a range from 3,222.87N to 25,782.96.
The weight of the rider has been taken as a range of 70 to 90kg to investigate the effect of rider weight upon the force acting upon the hydrofoil. The weight of the board was taken as 4.6kg, as an example provided by Hydrofoil Store (2025) stated their board features a weight of 4.6kg. The weight of the board was combined with the weights determined for the riders and then multiplied by the acceleration due to gravity, taken as 9.81m/s^2, to determine the force due to their weights. The range determined from these calculations was 732N to 928N. This will correspond with the estimated overall downward force acting upon the hydrofoil.
These values would leave a minimal resultant force of 2,294.87N and a maximum of 25,050.96N. The width of this range is mostly caused by the range in velocities the lift was calculated for. This range indicates that the taken value of 500N utilised within the previous report is inaccurate and would benefit from an increase, however the calculated range is also inaccurate due to the estimated value for the reference area of the hydrofoil. If a corresponding velocity was provided with the 500N load, a more accurate comparison could be made concerning its accuracy, as for velocities below 10m/s the 500N load may be fairly accurate.
Furthermore, Schmidt et al. (2020) created Figure 3, which displays the lift generation of a hydrofoil as a function of its velocity. The amount of lift generated by Schmidt et al. (2020) support that the 500N load may be more accurate for lower velocities, as accounting for the weight of the board and the rider would indicate the resultant force would approximate 500N for speeds upward of 5m/s.
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[bookmark: _Toc214792640]Figure 3 – Lift as a function of Velocity (Schmidt et al. 2020)
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To successfully analyse the fluid flow and optimise the lift generated by the foil, it is crucial that the hydrofoil be analysed using Computational Fluid Dynamics (CFD), which enables the prediction of how fluid will flow around the hydrofoil, and providing insights regarding its hydrodynamic performance. As shown by Rojas-Sola et al. (2016), CFD will allow for the modelling of the boundary layer and its behaviour, alongside the separation location. Rojas-Sola et al. (2016) explain that typically the RANS method deals with the discretisation of the Navier-Stokes equations using the Finite Volume Method (VFM) to replace the differential equations with algebraic expressions, that can be solved using computers. Shamsi et al. (2017) also explain the methods of calculation for the RANS method as well as the Boundary Element Method (BEM). 
Zullah and Lee (2018) explain that there are mainly four numerical methods to simulate turbulent flow, direct numerical simulations, Large Eddy Simulations (LES), Reynolds-Averaged Navier-Stokes methods, and detached eddy simulations. Zullah and Lee (2018) continue to include a brief review of each of the methods. Direct numerical simulations are claimed to be greatly computationally intensive, however the thoroughness of the description of wave behaviour mean it is well suited for research purposes, but that it is not commonly utilised for commercial purposes. The LES method is considered less computationally intensive compared to the direct numerical simulations and can consider small and large wave turbulence. However, the LES method is still considered relatively expensive for commercial use. Zullah and Lee (2018) state that the best method for most purposes is the RANS method.
Rojas-Sola et al. (2016) list multiple CFD software suitable for this application, including ANSYS Fluent, Autodesk Simulation CFD, and OpenFOAM as a non-commercial alternative. Rojas-Sola et al. (2016) review the benefits of using the commercial software, which includes that generally the commercial software also offer CAD and FEA, which enables ease of use for the user to transfer between tools within the same package. ANSYS Fluent and OpenFOAM are listed as the most popular CFD software. One of the only disadvantages listed concerning use of ANSYS Fluent is the cost of the license which is where the authors recommend the use of OpenFOAM, due to the open-source nature of the software.
Use of these tools will allow for the initial 500N load to be reviewed effectively and better predict the loading the hydrofoil will experience. Knowledge of the loads experienced by the foil will allow for an increased accuracy in the factor of safety required to ensure the foil will not break under load. Review of these loads will also allow for a prediction of the maximum rider weight to be established before the component is sold commercially. However, to effectively establish these characteristics, it would be beneficial to test a prototype within a laboratory, to eliminate any potential errors or miscalculations within the use of the CFD software.
Martínez-Barberá et al. (2025) explain the process of prototype testing hydrofoils. Martínez-Barberá et al. (2025) conducted testing upon a hydrofoil by placing it within a towing tank, pictured in Figure 4.
[image: ]
Figure 4 - Towing Tank (Martínez-Barberá et al. 2025)

The hydrofoil to be tested was attached to a carriage which would travel through the water of the towing tank, at a maximum speed of 4.0m/s. This maximum velocity will not be appropriate for the testing of the prototype hydrofoil, as a kiteboard hydrofoil will experience significantly higher speeds. Potentially this towing tank may be adapted for higher velocity use. The forces acting upon the hydrofoil will be measured by a force and torque sensor fitted to the hydrofoil. This testing will allow for definitive values of the forces acting upon the hydrofoil, as well as the deflection behaviour of the hydrofoil, allowing for an estimation of its hydrodynamic performance under loading.
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The findings of this report concluded that the forces acting upon the hydrofoil were in the range of 3,222.87N to 25,782.96N, depending upon the speed of operation of the hydrofoil, as well as the reference area of the wing. To expand upon this approximation, it was recommended within this report that CFD analysis be completed, to predict the behaviour of the fluid flow around the wing and better estimate the forces acting upon it. Upon completion of the CFD analysis the design of the hydrofoil will be reviewed to determine if the predicted levels of deflection, lift generation and vortex creation are within acceptable levels. Once the CFD simulation shows an appropriate design has been achieved a prototype wing will be constructed of CFRP, to be tested within a modified towing tank, allowing higher velocities. The results of this testing will then be compared to the results of the CFD simulations to determine any unpredicted behaviour of the wing.
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The CFD analyses show the range of lift at given flow velocities that can be served with
manufacturable wing shape designs. As the lower wing surface is scaled down, too, this leads to a
certain deviation of the simulated wing shapes from actually molded wing shapes. A slight deviation
of the effectively achievable lift and drag values is expected. To keep this deviation low, a maximal

scaling to 90 % of the basic wing shape is allowed. The results of the parameter study are summarized
in Figure 4.
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Figure 4. Results of CFD parameter study on scaled wing shapes based on the basic wing shape (BW):

Generated lift of scaled wing shapes within the given parameter space in a range of 4.9-6.0 m/s flow
velocity.
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