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[bookmark: _Toc214734172]Introduction
The following report will consist of the assessment and critical appraisal of the fluid flow around a carbon fibre reinforced plastic (CFRP) hydrofoil wing, the structural design of which was conducted in a previous report. This report will analyse the previous structural design report, viewing it from the fluid flow perspective and considering real world forces rather than the central static load of 500N used previously.
A hydrofoil is a lifting surface that is attached to the underside of a kiteboard to generate lift in water, allowing the kiteboard to rise above the water while the user propels their self. [bookmark: _Toc214734204]Figure 1 Hydrofoil wing on the underside of a kiteboard
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[bookmark: _Toc214734173]Aims
The aim of this report is to analyse the fluid flow around the CFRP hydrofoil wing while critically appraising the previous technical report, where relevant. There is a greater importance on the physics surrounding fluid flow, the interaction between the water and hydrofoil wing and how that information will affect the overall design.  

[bookmark: _Toc214734174]Objectives
To achieve the aims of the report, the hydrodynamic behaviour of the hydrofoil will be analysed, and research will be conducted into the principals of fluid dynamics, particularly key parameters that influence flow behaviour, like Reynold’s number and boundary layer characteristics, as well as an evaluation of the utilisation of CFRP. 

[bookmark: _Toc214734175]Reynolds Number
[bookmark: _Toc214734176]What is Reynolds number?
Reynolds number (Re) is a dimensionless quantity used to predict flow patterns in different fluid flow situations, distinguishing between orderly (laminar), transitional, and disorderly (turbulent) flows (Sears, et al., 1985). Its significance is crucial to the study of fluid dynamics, as critical threshold values of Re are used to set classification, where Re < 2000 indicates laminar flow, 2000  Re  4000 implies transition, and an Re > 4000 indicates a turbulent flow (Wadhwa, 2021).
Renolds number is defined as: 

where ρ is the density of the fluid (kg/m3), V is the fluid’s kinetic velocity (m/s), L is the length (m), and μ is the dynamic viscosity of the fluid (Pa.s).

[bookmark: _Toc214734177]Estimated Reynolds number
[bookmark: _Toc214734178]Determining Variables
To estimate Reynolds number, there are several variables that must be determined. 
· Firstly, the density of water is a known value of 1000 kg/m3 (Vitello, et al., 2015). The velocity of the water is unknown and will have to be estimated. 
· The chord length of the hydrofoil varies along the wing, so the Re value will be determined at each point and compared to determine any anomalous results. See 2.2.1.1 below.
· The dynamic viscosity of water varies depending on the temperature as well as salinity. As kiteboarding is an outdoor activity, for this experiment the temperature of the water will be assumed to be 20°C and the salinity will be 35% (Sharqawy, et al., 2010), as kiteboarding is most commonly conducted at sea in the summer in the United Kingdom (thekitespot.com, no date).
· Average wind-speeds on the coasts of the UK are in excess of 10 m/s (Department for Energy & Climate Change (DECC), 2013), so the baseline for this experiment will be set as 10 m/s.
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AI-generated content may be incorrect.]Determining the chord length[bookmark: _Toc214734205]Figure 2 Section C - 300mm from Section A (L = 62mm)
[bookmark: _Toc214734206]Figure 3 Section B - 150mm from Section A (L = 103.8mm)
[bookmark: _Toc214734207]Figure 4 Section A - the widest point of the hydrofoil (L = 117.5mm)
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The chord length was measured at three points on the hydrofoil (see Figures 2-4, above). The chord length at the widest point (Section A) was 117.5mm, and 103.8mm centrally (Section B), and 62mm very close to the area where the hydrofoil flattens at its end (Section C).

Determined Values
· ρ = 1000 kg/m3 
· L = 117.5mm (A), 103.8mm (B), and 62mm (C)
· V = 10 m/s
· μ = ~1.08 × 10⁻³ Pa.s (Sharqawy, et al., 2010)
· 

[bookmark: _Toc214734179]Determining Reynolds Number
An average Re value will be taken across the 3 sections.
Re at Section A
When L = 117.5x10-3 m,
 1.08x106 (turbulent flow)

Re at Section B
When L = 103.8x10-3 m,
 0.96x106 (turbulent flow)

Re at Section C
When L = 62x10-3 m,
 0.57x106 (turbulent flow)

Reynolds Number
 0.87x106 (turbulent flow)








· 

[bookmark: _Toc214734180]Analysis of the Hydrofoil Wing Design
The design of kiteboard hydrofoils is significantly influenced by boundary layer behaviour, flow separation, and turbulence, which each play critical roles in determining the hydrodynamic performance. 
A boundary layer is he region close to the surface of the hydrofoil where the friction of the surface affects the flow of the fluid (Madholpa, 2022). Flow separation is an aerodynamic and hydrodynamic phenomenon in which the boundary layer detaches when it can no longer overcome an adverse pressure gradient (Schlichting & Gersten, 2017), and turbulence influences hydrofoil performance by altering the way fluid flows around the foil’s surface (Ye, et al., 2024). This section will elucidate the interaction between these phenomena.

[bookmark: _Toc214734181]Boundary Layer Management and Turbulence-Induced Flow Separation[bookmark: _Toc214734208]Figure 5 Boundary layer behaviour diagram (Embry-Riddle Aeronautical University, no date)
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AI-generated content may be incorrect.]Managing the boundary layer, particularly the transition from laminar flow to turbulence, is one of the most fundamental aspects of hydrofoil design. As water flows around the hydrofoil, a pressure difference between the upper (or suction) surface and the lower (or pressure) surface is established to create lift (Alexander, et al., 1972).
When the boundary layer remains attached to the suction surface the flow follows the contour of the hydrofoil, allowing the hydrofoil to increase lift significantly by maintaining a strong adverse pressure gradient over a large portion of the chord (White, 2016). The adverse pressure gradient can cause a laminar separation bubble to form which, under certain flow conditions, can in turn promote reattachment of the flow, delaying separation and thereby enhancing lift performance at specific angles of attack (Delafin, et al., 2014).
The effect of leading-edge protuberances illustrates another method where boundary layer behaviour can be manipulated to enhance lift by altering the pressure distribution and delaying flow separation (Cai, et al., 2015). The principles outlined in the Prandtl lifting line theory, which interprets the relationship between the overall hydrofoil performance and its flow structure (Anderson, 2001), aligns with this concept.[bookmark: _Toc214734209]Figure 6 Diagram of turbulent flow separation (Gudmundsson, 2022)

[image: A diagram of a circular object

AI-generated content may be incorrect.]As the flow begins to separate from the boundary layer, edge separation vortices begin to form (see Figure 6, above). These vortices are crucial as they modify the local pressure distribution around the hydrofoil, contributing significantly to lift. Effective management of flow separation is pivotal for maintaining lift at higher angles of attack (Ye, et al., 2022). Not only can turbulence and vortices increase lift, but they can also allow for more efficient lift production to stable, laminar conditions by creating a reattachment point for the flow and delaying the effective stall conditions (Chen, et al., 2009). 

[bookmark: _Toc214734182]Design Rationale[bookmark: _Toc214734210]Figure 7 Isometric view of kiteboard hydrofoil
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AI-generated content may be incorrect.]The design of the hydrofoil has to incorporate all of the hydrodynamic features mentioned previously (see Section 3.1) to maximise lift. As seen in Figure 7, above, the hydrofoil has a thin, cambered profile with smooth curvature to minimise the flow detachment while maximising the lift-to-drag ratio (Sarpkaya, 2010). The thin hydrofoil also reduces the weight and thus the drag.


[bookmark: _Toc214734183]Critical Appraisal of the Assumed Forces
In the previous assignment, a central vertical load of 500N was applied to the hydrofoil for the purposes of conducting a finite element analysis (FEA) and FEA optimisation, after changing the material from steel to CFRP. That force was an estimation, so the actual force subjected to the hydrofoil must be determined.
According to Newton’s third law, “if two bodies exert forces on each other, these forces have the same magnitude but opposite directions (Newton, 1999)”, thus the force exerted on the hydrofoil must be equal to the lift. The equation for lift is:

Where L is the lift (N),  is the lift coefficient, ρ is the density of the fluid (kg/m3), V is the fluid’s kinetic velocity (m/s), and A is the surface area of the hydrofoil.

[bookmark: _Toc214734184]Determining Values
The following values are known:
· ρ = 1000 kg/m3 
· V = 10 m/s
Thus, we must determine a value for  and for A.

[bookmark: _Toc214734185]Determining Lift Coefficient
Hydrofoil design is based upon a set of standardised foil (cross-sectional shapes) originally developed by the National Advisory Committee for Aeronautics (NACA). Each foil is specifically designed to balance pressure differentials to maximise lift, or drag, for different sizes and thicknesses (Smith, 2020). In kiteboarding applications, designers frequently use symmetrical profiles such as the NACA 0015 due to their stable lift characteristics and structural benefits (Schmidt, et al., 2020).
As lift coefficient varies depending on angle of attack and Reynolds number, a value for  is often selected by designers between 0.4-0.6 (Backas, 2016), so in this case we will go for the middle value of 0.5.

[bookmark: _Toc214734186]Determining Surface Area
The following values were determined using the SolidWorks surface area measuring tool (see Figures 13-17, Section 9. Appendix). The total surface area given by SolidWorks was as follows:
· Top Wing Surface = 30.3x10-3 m2 
· Bottom Wing Surface = 31.5x10-3 m2
· Middle Section = 3.9x10-3 m2
Total surface area, A = ((TWS + BWS)(2)) + MS = ((30.3x10-3 + 31.5x10-3)(2)) + 3.9x10-3
                                                      = 0.1275 m2

[bookmark: _Toc214734187]Determining Lift
Known variables:
· ρ = 1000 kg/m3 
· V = 10 m/s
· A = 0.1275 m2
·  = 0.5
Using, 


Then,                               3187.5 N
Therefore, the assumed central load used in the previous assignment was 6.375 times too low.



[bookmark: _Toc214734188]Material Considerations: Carbon Fibre Reinforced Plastic
[bookmark: _Toc214734189]Material Performance
CFRP offers a remarkably high stiffness-to-weight ratio, as proven in the previous assignment, which means that it is an ideal material for a kiteboard hydrofoil because it will be able to withstand the forces exerted on it while remaining lightweight. This will reduce drag and make it easier for a kiteboarder to transport and handle their kiteboard. Other mechanical properties that benefit CFRP usage in marine applications is its excellent corrosion resistance, ensuring durability over prolonged exposure to harsh marine environments (Yang, et al., 2023), as a steel alternative would have to be coated and that coating would break down over time, leading to corrosion and failure. The high levels of fatigue resistance are another benefit as hydrofoils are subjected to cyclic loading conditions during their operation, which poses a risk to material fatigue, so the longevity and reduced maintenance requirements of CFRP-equipped hydrofoils represent a significant advantage in economy to consumers (Alam, et al., 2019).
Despite these clear benefits, the deployment of CFRP is not without challenges, with the high manufacturing costs representing a primary concern. High cost can limit the economic viability of a product, especially for recreational or less demanding applications. These costs are caused not only by material cost but mostly from the complexities in the production process, mainly the need for precise control over manufacturing parameters (layer thickness, direction, number of plys, etc.) to achieve optimal mechanical properties (Im, et al., 2021). 
Another concern with CFRP is how it interacts with other materials, chiefly metals, as their bonding can cause galvanic corrosion (see Figure 13, below). This creates the potential for deterioration when the materials are exposed to electrolytic environments (Tavakkolizadeh & Saadatmanesh, 2001). Understanding and mitigating this risk factor will be vital for ensuring the reliability and durability of CFRP hydrofoils in varied environmental conditions.
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AI-generated content may be incorrect.][bookmark: _Toc214734211]Figure 8 Deterioration of CFRP–steel due to galvanic corrosion near the metal bolts on steel structures (Yang, et al., 2025)


[bookmark: _Toc214734190]Historical and Current Developments
Kiteboard hydrofoils were originally made from metal alloys, predominantly aluminium and stainless steel, as these materials provide robust structures that are durable when subjected to mechanical stresses and resistant to corrosion from exposure to saltwater. However desirable those qualities are, their considerable weight limits their performance when conducting the rapid, agile manoeuvres necessary in kiteboarding (Majnarić & Zamarin, 2020).
To counteract the negative performance of metal alloys, fibreglass composites were introduced to the process, marking a significant turning point in hydrofoil design as it allowed for lightweight constructions while maintaining good strength and enhancing overall performance, whilst also improving on corrosion resistance (Rubino, et al., 2020).
In contemporary applications, the use of CFRP has become increasingly prevalent for the reasons covered in Section 5.1, above. Initially, CFRP manufacturing was vastly more expensive than with alternative materials but over time the process has become more cost effective (Hagnell, et al., 2020) and there has been an increasing accessibility of composite manufacturing techniques, such as the refinement of layering and curing processes, which has contributed to the widespread adoption of CFRP in not only hydrofoil design, but across the marine industry (Wijewickrama, et al., 2025).

[bookmark: _Toc214734191]Future Trends
Materials science is poised for further innovations that may revolutionise hydrofoil construction with advances in hybrid composites that combine various fibres, like carbon and natural fibres, that yield even lighter and more sustainable materials that both optimise performance and address environmental concerns associated with traditional composites (Fekiač, et al., 2025). Another sustainable breakthrough in composites involves the exploration of bio-derived materials and new polymers designed with advanced recycling capabilities (Abascal & Regan, 2018). 
Smart materials also offer exciting future developments in hydrofoil design with shape memory alloys (SMAs), piezoelectric materials and thermochromic materials, offering unique functionalities to enhance performance. These materials can adapt their shape or stiffness, responding autonomously or under control mechanism, and even feature the ability to sense environmental changes (Sun, et al., 2016). The integration of smart materials could significantly enhance performance and versatility in hydrofoil design, as the dynamic alteration of shape/curvature of hydrofoils using SMAs could increase lift and drag in reaction to real-time water and weather conditions, like choppy waters or heavy winds (Zhang, et al., 2022). Smart materials can be deployed with bioinspired strategies observed in nature, where certain animals have been observed to adjust their bodies or fins to adapt to hydrodynamics, thus enhancing their control and efficiency (Shahid, et al., 2025).[bookmark: _Toc214734212]Figure 9 Stress-Strain graphs of a ordinary metal material (a), a SMA (b), and a super-elastic alloy (c) [‘b’ and ‘c’ being smart materials] (Furukawa Techno Material, no date)
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[bookmark: _Toc214734192]Modelling Techniques for Fluid-Structure Interaction
The two main modelling techniques that can be used to simulate the fluid flow around the hydrofoil and the forces that this fluid flow exerts on the structure are computational fluid dynamics (CFD) and finite element analysis (FEA), which can be coupled to enable fluid-structure interaction (FSI) modelling.

[bookmark: _Toc214734193]Computational Fluid Dynamics (CFD)
CFD simulations using Reynolds-Averaged Navier-Stokes (RANS) or Large Eddy Simulation (LES) methods can model turbulent flow around hydrofoil, allowing for the prediction of lift, drag and pressure distribution with high special resolution (Ferziger, et al., 2019). This allows a designer to better understand how the hydrofoil performs in practice and how it can be altered to enhance its performance.
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AI-generated content may be incorrect.][bookmark: _Toc214734213]Figure 10 Example of CFD simulation of a hydrofoil (SimScale, no date)

[bookmark: _Toc214734194]Pros of CFD
CFD has been proven to effectively predict the hydrodynamic performance of hydrofoils in various configurations to offer insights that are very difficult to obtain through traditional experimental methods and does so at much cheaper cost (Shang & Horrillo, 2021). CFD also offers flexibility for rapid modifications to geometry and flow conditions which enables swift iterations in design that facilitates optimisation processes in design (Aisyah, 2024).
[bookmark: _Toc214734195]Cons of CFD
One limitation to CFD is the considerable computational power requirements for high-fidelity simulations, particularly for three-dimensional cases with complex geometries. Smaller design teams lacking advanced computational resources would not being able to execute such simulations (Zhang, et al., 2020). Another limitation to CFD is the heavy reliance that the accuracy of the results have on the chosen turbulence models and the assumptions made during the simulation process, with any misestimation leading to discrepancies between the predicted and actual performance of the hydrofoil (Nived, et al., 2021).
[bookmark: _Toc214734196]Finite Element Analysis (FEA)
FEA can evaluate the hydrodynamic forces exerted onto the hydrofoil, as seen in the previous assignment. It is widely employed to provide essential data for the design and optimisation of these structures.[bookmark: _Toc214734214]Figure 11 Example of the displacement of a CFRP hydrofoil conducted via FEA (from the previous assignment)
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[bookmark: _Toc214734197]Pros of FEA
The primary advantage of using FEA for a hydrofoil is its ability to accurately predict stress and deformation under various loading conditions and allowing for various levels of precision. Another benefit of FEA is the way it allows for comprehensive parametric studies, which enable engineers to investigate how changes in design parameters impacts the overall performance of the hydrofoil. It allows engineers to assess how modifications to hydrofoil shapes can influence lift response to fluid loads and facilitate optimised hydrofoils that can operate more effectively under varying conditions (Giovannetti, et al., 2018). These processes result in significant savings in cost and time compared to physical prototyping and experimentation (Qu, et al., 2024).

[bookmark: _Toc214734198]Cons of FEA
FEA and CFD both share the same risks and concerns (see 6.1.2, above) as they are computational methods that require significant training, understanding, and resources to be utilised effectively.


[bookmark: _Toc214734199]Experimental Testing and Data Acquisition
[bookmark: _Toc214734200]Experimental Testing of the Hydrofoil Prototype
In a laboratory environment the prototype can be tested using tow tanks, which are used to simulate the movement of the hydrofoil through the water. By including instrumentation like force balances, pressure sensors and high-speed cameras to capture flow patterns and performance metrics, the resistance data gathered in the tow tank experiments can be compared to the CFD simulations for validation (Putri & Suastika, 2024). 
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AI-generated content may be incorrect.]Examining the response of the hydrofoil in different flow regimes both the static and dynamic behaviours can be assessed, which are parameters essential for stability during kiteboarding (Ducoin, et al., 2012). The capability to visualise flow and quantify performance allows designers to analyse phenomena that critically affect hydrofoil performance, such as cavitation and stall.[bookmark: _Toc214734215]Figure 12 Example of a tandem hydrofoil array for tow tank testing (Owen, 2008)


[bookmark: _Toc214734201]Comparison with CFD Simulation
Once the data from both the CFD simulation and the experimental testing has been gathered, comparisons can be made to assess the accuracy and reliability of the CFD model as a means to validate the CFD simulation. If there is good agreement between the two data sets, then the CFD parameters and input data can be concluded to be accurate and trusted when run in a later scenario.
Key metrics, such as pressure distributions and drag-to-lift ratios, can be examined for discrepancies and it can be determined whether they lie within an acceptable range of error, which are typically within ±10% (Ismail, 2020).
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[bookmark: _Toc214734217]Figure 14 Plan view on hydrofoil 3D model
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image1.png
Prifysgol Cymru
% Y Drindod Dewi Sant

. University of Wales
Trinity Saint David

»




image2.jpeg




image3.png




image4.png




image5.png




image6.png
Streamline of
outer flow

Upper surface b.l.

Transition
Laminar b.I. N/ ~Turbulent b.l.

Separation
~ ~ point Turbulent
wake

Stagnation point

Streamline of Lower surface b.l.
outer flow




image7.jpg




image8.png




image9.jpeg
Metal bolt Galvanic corrosion:

Cathode & Anode
Elec'trolyte A

Self-corrosion
Coating

Electric contact points in steel-CFRP-bolt




image10.png
Elasticarea Load Load
/ / Unload
Unload Unload

Permanent / nioa '/ nloa //
strain .
Heating
Strain Strain Strain

@ (b) ()
Ordinary metal material Shape memory alloy Super elastic alloy




image11.png




image12.PNG
K
I>

DR ' T
-
& B 6 v -8
B -
B
z
3
@
g
ES
2
3
=
-
R
S 4
3 <
23
2
x
s 3

_
=
;
&
8
é

4.5E-3

2.3E-3:

9.7E-6:

Cycle 0 Loadcose 1 Displocement XYZ Mognitude | Deform Scole = 7,267E-001




image13.png




image14.PNG
74.04mm

33035mm

45,60

318.1mm





image15.PNG
nsmmm

j

7656mm

5amm





image16.png
ares|a0a0sammez

perimeters 28 26mm





image17.png




image18.PNG
B Measure - WING2.SLDPRT ? X
o - G X - 8|M RS

Face<10> ~

Face<11>
Face<12>
Face<13>

Face<14>

Total area: 3907.37 millimetersA2
WING2.SLDPRT
File: WING2.SLDPRT Config: Default





