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[bookmark: _Toc214829565]Abstract.

The integrated hydrodynamic and structural analysis for a high-speed composite hydrofoil intended to function in a demanding, fully turbulent flow regime (Re ≈ 9.49 × 10^6) is described in this report. To guarantee structural efficiency and safety, the study switched from non-conservative initial assumptions to high-fidelity computational techniques.
The approach used a three-dimensional RANS CFD model with the k–epsilon Realisable turbulence closure and theoretical boundary layer analysis to describe flow separation resistance. A maximum vertical lift force of 1,450 N and considerable frontal drag was confirmed by the CFD analysis, which also established the critical structural load.
The structural choice of anisotropic Carbon Fibre Reinforced Polymer (CFRP), whose customised lay-up resists the computed bending and torsional moments whilst maintaining minimal mass, was directly influenced by this maximum load. To close the investigation on a robust engineering design and empirically validate the computational predictions, a validation experiment based on Reynolds Number equivalency is proposed at the end of the design process.
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[bookmark: _Toc214829566]1.0 Introduction.

Hydrofoils are a technology that allow propelled hulls to travel while completely lifted from the surface of the water. Similar to aerodynamic wings, these hydrodynamic components operate under the same fundamental fluid mechanics principles, a combination of Newtonian laws and Bernoulli’s principle. Hydrofoils began to be used recreationally in the early 2000s, particularly in kitesurfing (Windsurfsardinia, 2019). This is where a rider uses a kite to generate thrust while standing on a board equipped with a hydrofoil, allowing the board to rise above the water’s surface and significantly reduce drag.
This report will analyse the hydrodynamic performance of a hydrofoil’s main wings, which were previously examined for its structural properties in a former report. Now, its fluid properties will be explored under its designated application. Six unique, yet interconnected tasks will be completed throughout the report, investigating aspects such as the influence of the Reynold’s number around the wing, boundary flow, turbulence, separation, forces induced, material performance, and validation.  
The objective of this investigation will be to develop a comprehensive understanding of the hydrofoil’s properties and performance both theoretically and numerically. Hand calculations are to be utilised along with analytic methods such as Computational Fluid Dynamics (CFD) are to be employed where hand calculations lack due to complexities. The use of CFD will provide a much deeper insight into the governing forces and behaviour of the fluid around the wing. The role of carbon fibre reinforced polymers (CFRP) will also be considered in the wing’s performance and durability. 


2.0 [bookmark: _Toc214829567]Theoretical Background and CFD Methodology.
[bookmark: _Toc214829568]2.1 Theoretical Background.
Although hydrofoils function under the basic principles of lift generation established in normal aerodynamics, viscosity and fluid density primarily govern their performance in water. The component’s hydrodynamic performance is measured through its Lift Coefficient (CL) and Drag Coefficient (CD) which are derived from dynamic pressure (, its planform area, and lift & drag forces. A primary metric for optimisation is the ratio between CL and CD, which dictates the efficiency of the component (Rosado, 2020). 
The behaviour of the flow around the hydrofoil is defined by the Reynolds Number (Re), which represents the balance between viscous and inertial forces. Due to the high density of water and relatively fast velocities that hydrofoils function in, turbulent flow can be expected. This directly correlates to the boundary layer. The boundary layer is the layer of fluid adjacent to the surface where viscous forces are dominant. It is crucial for determining skin-friction and form drag to analyse the behaviour of the boundary layer.

[bookmark: _Toc214829569]2.2 CFD Methodology. 
With the incredibly complex nature of hydrodynamics, CFD is absolutely quintessential. Accurately modelling nonlinear fluid-flow behaviour would not be possible without the aid of CFD, due to the complexity of the governing partial differential equations. ANSYS Fluent will be utlised for this investigation. 

[bookmark: _Toc214829570]2.2.1 Geometry. 
 Figure 1 highlights the hydrofoil of interest that will be investigated. It was provided in the project brief. Only the front hydrofoil is analysed and not the whole kite foil component. The root chord length is measured at 0.12m. An angle of attack (AoA) of zero will also be assumed, representing steady state and stable cruising position of the kitesurf. 
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Figure 1- Hydrofoil of Interest
[bookmark: _Toc214829571]2.2.2 Turbulence Model. 
Research highlights how the optimal turbulence models have already been validated for external hydrodynamic analysis. Davoudabadi indicates how the SST sub-model of the  family was dominant for external hydrodynamic applications. He further states that models such as k- and its sub-models, k- Realizable also yield more computationally efficient results at the cost of lower accuracy than  (Davoudabadi, 2012). Due to the lack of computing power, k- Realizable has been selected as an acceptable compromise whilst still being valid for hydrodynamic use. 

[bookmark: _Toc214829572]2.2.3 Computational Domain and Mesh.
Following good practice (IdealSimulations, 2020), the domain was set to 2c upstream, 5c downstream, and 5h high/wide (c = chord). A domain independent study was conducted to ensure validity. 
Prism/inflation layers are utilised on the surface of the hydrofoil whilst a Delaunay mesh is sued for the outer flow region for its accuracy to resolve the boundary layer and computational efficiency. In addition, y+ must be maintained below 5 to effectively couple the wall layer with the chosen turbulence model. A mesh independent study was conducted for validity.  The fluid properties are based on seawater at 15°C (ρ = 1026 kg/m^3 and μ = 0.00122 Pa s) (TheEngineeringToolBox, 2019). The velocity inlet was set to 20 knots (approx. 10.3 m/s) flowing in the positive X direction as it is a common velocity for aerofoils to travel at (Backas, n.d). 

Table 1- Boundary Conditions and Applied Setting
[image: A table with text and symbols

AI-generated content may be incorrect.]
[image: A black and white math formula

AI-generated content may be incorrect.]
Figure 2 - Calculations for Re and First Layer Height at y+=30.
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Figure 3 - Image of Domain and Boundary Conditions

[bookmark: _Toc214829573]3.0 Reynolds Number.
[bookmark: _Toc214829574]3.1 Definition and Estimation.
Reynolds number (Re) is a non-dimensional parameter, fundamental in fluid dynamics. It quantifies the ratio between the inertial forces and viscous forces. More specifically in hydrofoils, it determines the flow regime (laminar or turbulent) and consequently, the proportion of viscous drag to pressure drag (NASA, 2019). Furthermore, aerofoil performance varies with the Re of its operating conditions. Some aerofoils have greater efficiency than others within differing Re ranges (Zhang et. al, 2020).  Re is calculated using Equation 1 below, where ρ is the fluid density, v is the fluid velocity, L is the Characteristic length, μ is the dynamic viscosity. 
  (Equation 1).
Table 2 - Reynolds Number Calculation
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Table 2 highlights the parameters described in section 2.2.2. With this, the Re is calculated to be . 

[bookmark: _Toc214829575]3.2 Influence on Fluid Flow and CFD Methodology. 
The calculate Re of approximately 1 million confirms turbulent flow over the wing which has critical implications for the wing’s performance. 
Turbulent boundary layers are less susceptible to premature flow separation due to them being more energetic, which is advantageous. On the other hand, turbulent boundary layers lead to severe increases in wall shear stress due to the mixing of fluid layers. The skin friction drag is therefore significantly higher in comparison to laminar scenarios, leading to lower efficiencies and more waste energy (Fiveable, 2025). 
It must be considered that the calculation in Section 3.1 is an estimation, as Re varies across the span of the wing, especially since the hydrofoil exhibits complex geometry with anhedral and taper features. In reality, the fluid flow accelerates and decelerates over different spans of the wing, particularly near the stagnation point and the trailing edge. The CFD study is used to provide a more accurate and localised estimation of Re. 
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Figure 4 - Velocity Magnitude of Hydrofoil CFD Results
Figure 4 highlights the velocity of the fluid around the hydrofoil near the root. In this cross section of the hydrofoil (near the root), the fluid is examined to have reached a maximum velocity of 12.1 m/s. The localised Re is therefore 1.22e6, a 17.4 % increase in comparison to the estimation made in Section 3.1. This highlights the advantages of CFD and its usefulness in acquiring more accurate and specific data. 

 


[bookmark: _Toc214829576]4.0 Boundary Layer, Separation, and Design.
[bookmark: _Toc214829577]4.1 The Turbulent Boundary Layer Characteristics.
As established the previous section, the hydrofoil operates in a fully turbulent regime. Turbulent boundary layers are characterised by the significant momentum mixing perpendicularly to the wing’s surface. This behaviour leads higher-energy fluid into the near wall region which has implications in its behaviour such as high skin friction and resistance to much higher Adverse Pressure Gradients (APGs). Which allows for operational stability across a wider range of AoA, delaying separation (Fiveable, 2025). 

[bookmark: _Toc214829578]4.2 Flow Separation Mechanism and Analysis. 
Flow separation is the phenomenon where the boundary layer detaches from the hydrofoil surface resulting in a drastic drop in lift with the significant rise in pressure drag. This is primarily driven by the APG that occurs naturally in all hydro and aerofoils’ low-pressure side towards the trailing edge (Anderson, 2017). 
The static pressure begins to increase in the direction of the flow which resists the kinetic energy of the fluid. If the pressure reaches a higher magnitude, the boundary layer fluid can no longer overcome it, reducing its velocity to zero. This is highlighted in Figure 5. This causes the flow to reverse and detach from the surface (Versteeg & Malalasekera, 2007). The primary objective of the hydrofoil is to therefore manage the development of APG. 
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Figure 5 - Image Highlighting APG and Flow Separation (Rmjg20, 2012).

[bookmark: _Toc214829579]4.3 CFD Analysis of Separation.
The CFD simulation can indicate when this separation occurs given the operating conditions and in specific sections of the total span. Three main visual and numerical outputs are utilised:
First of which is streamline visualisation. Through plotting the streamlines across the cross-sectional plane, flow attachment or detachment can be confirmed. Regions where the streamline lifts away from the hydrofoil surface or the presence of a recirculation bubble confirms separation.
The separation point is also defined as the point in which the local skin friction coefficient (Cp) reaches zero and therefore the local wall sheer stress is also zero (Anderson, 2017). This is true as separation is when the flow is no longer in contact with the surface of the hydrofoil. 
Lastly, the pressure coefficient distribution is critical as it reveals the magnitude of the APG. A rapid increase in Cp towards the trailing age signals a greater APG that indicates separation. This is highlighted in the CFD results of the pressure distribution in Figure 6, where the pressure increases towards the trailing edge of the section. 
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Figure 6 - Static Pressure Distribution of Hydrofoil at the  Root.
[bookmark: _Toc214829580]4.4 Design Justification.
The hydrofoil’s geometry is a calculated compromise optimised for efficiency in fully turbulent conditions. Furthermore, it utilises complex aerodynamic features such as planform taper and winglets. The carefully managed taper manages APGs, retains good aerodynamic efficiency throughout the span. Figure 6 clearly indicates this, depicting how the APG towards the rear is not too significant, reducing its effects and delaying separation. 
Planform taper, where the chord length varies from root to tip (normally decreasing), reduces drag and improves efficiency. It also provides an improved weight and structural efficiency (Leishman, 2023). The hydrofoil’s large bend downwards in the tip is described as a winglet. Winglets reduce the magnitude of strength of tip vortexes, forcing less waste energy and improving aerodynamic efficiency. Winglets have been examined to reduce fuel consumption by 6.5% in certain aircraft (Dasilva, 2023). 



[bookmark: _Toc214829581]5.0 Appraisal of Forces. 

The brief assumes that the forces subjected to a wing is 500N at the centre of each wing (total of 1000N). The load is static and is concentrated to a single point at each half span. This assumption also neglects all other forces, serving as a simple structural check. 
 (Equation 2)		  (Equation 3)
In comparison to the calculated dynamic lift, the assumption is conservative. Equations 2 and 3 were used to calculate CL, using data from the CFD and the provided geometry. Using the CFD study, the dynamic lift on the half span for the given operating conditions and zero AoA was calculated as 247.78N. This is at a steady low-lift cruising speed (CL = 0.1626). The assumption of 500N therefore provides a safety factor of 2.0. 
Contrast to this, the assumption is no longer conservative when analysing critical operation. Maximum loads in kitesurfing occur during harsh turns and higher AoA. Commonly used profiles for aero and hydrodynamics (such as the NACA 4412) can reach CL values of 1.20 at an AoA of approximately 10 (Heffley, 2007).  Using equation 2 rearranged for L, in this scenario, the lift force on each half span would be 1828.65 Newtons. The 500 N assumption is massively inadequate for designing against this peak operational force.
Furthermore, the assumptions neglect the distribution of the load (concentrated pressure near the leading edge) and the presence of significant chord-wise (drag) forces, which contribute to bending moment and torsion on the main strut. The structural assessment must therefore use the full CFD pressure map and account for the dynamic loads from other axes.



[bookmark: _Toc214829582]6.0 CFRP Evaluation. 

The selection of carbon fibre reinforced polymers (CFRPs) is a critical design decision necessitated by the high speed and high-density working environment the hydrofoil undergoes. Recreationally used hydrofoils (such as for kitesurf) began surfacing during the early 2000s. Coincidentally, popularisation of CFRP in consumer products also began at approximately the same time. The use of CFRP then allowed for smaller and more agile boards that would otherwise be impossible with traditional metals (Yashchuk, 2023). CFRP provides a far superior strength to weight ratio compared to aluminium alloys or steel, which proves crucial for minimising structural mass and maximising lift efficiency.
A core structural challenge is managing the torsional and bending moments generated by the lift. As stated in Section 5.0, the half-span can experience loads of up to 1800N during high lift scenarios. Regarding bending moments, these forces would cause significant deflection in metal hydrofoils of similar weight (Graham-Jones et. al, 2018). Tip deflection is unfavourable, leading to hydroelasticity. In this case, it is when the deflection alters the local AoA distribution along the span. Significant variance of performance parameters will be observed due to hydroelasticity and can even cause sections of the span to stall prematurely (Ducoin & Young, 2013).  CFRP’s exceptional Young’s modulus allows for the design of a slender foil resistant to bending, the hydrodynamic profile is therefore preserved and stability is maintained. 
Another benefit for CFRP is its anisotropy. Although it could be argued that its anisotropy is unfavourable, it allows the material properties to be tailored specific to the load paths (Kaw, 2005). Unlike isotropic metals, CFRP ply orientation can be strategically designed to the required stiffness in the desired axes, bending stiffness and torsional stiffness. 
Finally, CFRP offers second order advantages relating to durability and efficiency. Firstly, carbon composites are resistant to corrosion, a common failure mode and cause of expensive maintenance in traditional metal boats and structures. Especially in highly conductive saltwater, being resistant to corrosion mitigates the need for protective coatings (Suryanto et. al, 2025). Secondly, mould tooling and resin application permits the creation of extremely smooth surfaces. As established in the boundary layer analysis (Section 4.0), a smooth surface is essential for delaying the transition from laminar to turbulent flow, thereby minimising skin friction drag and maximising the overall hydrodynamic efficiency of the foil. This directly supports the primary performance objectives derived from the CFD.


[bookmark: _Toc214829583]7.0 Modelling Techniques. 

The values for hydrodynamic loads and surrounding hydrodynamic properties were initially estimated using hand calculations (such as the initial Re estimation). This provided fast and essential preliminary sizing. However, they lack specificity and accuracy, neglecting flow separation, viscosity, and complex pressure distribution (as highlighted in Section 3). This necessitated the need for the adoption of CFD to further examine the hydrofoil’s performance. 

[bookmark: _Toc214829584]7.1 Advantages of CFD.
CFD offers multiple key advantages over empirical testing and analytical methods when analysing flow behaviour. Firstly, using RANS based solvers accurately model the complex and turbulent flow field that the hydrofoil operates under. The use of k- realizable turbulence model allows for reliable prediction of flow characteristics under the strong APG that precedes stall (Versteeg & Malalasekera, 2007). 
Unlike hand calculations that yield unspecific and estimated values, CFD integrates the pressure and sheer stress distributions across the foil surface. It also allows for detailed analysis in localised areas for any of the performance parameters. This provides detailed maps for variables such as pressure, loads, and lift. 
CFD also allows for unintrusive testing. This means that extreme conditions can be simulated without the risk of bodily harm or destroyed equipment, which is costly. Iterative testing can also be performed much quicker. For example, testing the hydrofoils at different AoAs or velocities requires changing a few parameters whereas testing this in a physical experiment is timely. 

[bookmark: _Toc214829585]7.2 Disadvantages of CFD.
Despite its strengths, the CFD model involves necessary compromises and sources of potential error. First of which is the turbulence model dependence. The accuracy is tied directly to the selected turbulence model. The k- realizable model is not the most accurate model for this application, but even then, the most accurate models such as k-omega SST are still approximations of real behaviour. 
The k- realizable requires the use of standard wall functions for efficiency in high-Re flows. This requires a specific mesh set up (y+ ≈ 30-100). Whilst being computationally efficient, it introduces an uncertainty in the near-wall region (Davoudabadi, 2012). CFD analysis requires immense computational resources for more accurate simulations which also have incredibly long run times.


[bookmark: _Toc214829586]7.3 Forces Around Hydrofoil.
Figures 7 and 8 depict the forces around the hydrofoil. Figure 7 is the forces in the X direction, depicting drag forces. Whereas Figure 8 highlights the forces in the Y direction, the lift forces. Both include pressure and viscous forces with the net resultant force. It is important to know that these are for half spans, to obtain the total forces, they must be doubled. 
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Figure 7 - CFD Derived Forces in the X Direction (Drag Forces)
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Figure 8 - CFD Derived Forces in the Y Direction (Lift Forces)
Another force that must be considered is the buoyancy force. This force acts in the positive Y axis and can be resolved using Archimedes’ principle of:
  (Equation 4).
With the parameters from Section 2 and the volume obtained from CAD (499890.45mm^3), the buoyancy force is calculated to be = 5.03 N. 



[bookmark: _Toc214829587]8.0 Laboratory Validation Method.

To ensure CFD validity, a physical validation using a circulating water tunnel (CWT) must be used to determine CFD correlation to real life. The proposed experiment aims to measure the physical lift and drag coefficients of the hydrofoil and compare them directly to the CFD results, replicating the same operating conditions.
The CWT must be able to provide steady state flow conditions with the hydrofoil rigidly mounted to a high-precision, six-axis load cell. If using a scaled model, the velocity must be adjusted to retain the same Re as simulated in the CFD (as chord length will be a difference scale and is a component of Re). This ensures the boundary layer behaviour and turbulence are physically comparable to the CFD conditions
The measured forces are then converted to coefficients. Correlation is then achieved by graphically overlaying CL and CD. Strong agreement in the lift and drag curves validates the accuracy of the CFD set up. Pressure taps can also be utilised in areas of significance such as the stagnation point, comparing experimental and CFD results. Any discrepancies, such as deviations due to minor free surface effects or manufacturing tolerances of the scaled model, must be reported as sources of uncertainty.


[bookmark: _Toc214829588]9.0 Conclusion. 

This report successfully establishes the structural and hydrodynamic properties for a high-speed composite hydrofoil. Analytical calculations confirm operating conditions to be in highly demanding and turbulent flow regimes. Preliminary hand calculations were grossly non-conservative against maximum dynamic loads but was over-conservative for steady state use. 
The 3D RANS model utilised the k- realizable turbulence model, critical for real performance quantification, capturing induced drag and pressure distributions. It also identified critical structure loads, 248N of lift and 36N of drag at zero AoA. The CL derived from this also aided in calculating an estimate for maximum vertical force of 1829 N. 
This load assessment informed the structural solution: the selection of anisotropic Carbon Fibre Reinforced Polymer (CFRP). The composite’s tailored lay-up provides the specific stiffness required to resist bending and torsional moments. Finally, the proposed validation experiment, designed for Reynolds number equivalence, provides the empirical path to validate the computational predictions.
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