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Abstract

This report presents a critical analysis of the fluid interaction on a kiteboard hydrofoil
wing. The investigation shows that the wing operates in a fully turbulent flow regime,
which sustains flow attachment and lift generation. This hydrodynamic behaviour has
a direct effect on the wing's high-aspect ratio and optimised profile. The study
re-evaluates the force assumption made previously and demonstrates that complex
distributed loads more accurately reflect real-world hydrodynamic loading compared
to simplified point loads. Despite being susceptible to impact damage, carbon fibre
reinforced plastic (CFRP) is recommended for its strength-to-weight ratio. The report
concludes that CFD simulations and experimental towing tank tests must be
combined to validate and improve design. A balanced integration of turbulent flow
management, hydrodynamic form, and advanced composite materials produces

peak hydrofoil performance.

1.0 Introduction

The sport of kiteboarding has undergone significant technological evolution, largely
driven by the integration of hydrofoil systems. These systems increase lift and
reduce hydrodynamic drag, improving performance. This report analyses fluid flow
around a kiteboard hydrofoil wing. The study has six main goals: to perform a
Reynolds number analysis, to examine boundary layer effects on wing design, to
critically evaluate force assumptions from a previous study, to evaluate modelling
techniques like CFD and carbon fibre composites, and to propose an experimental
validation method.The report sequences these tasks to understand how fluid
dynamics, structural design, and material science affect modern hydrofoil

performance.



2.0 Task 1: Reynolds Number Analysis

e 2.1 Reynolds number

The Reynolds number (Re) is a dimensionless parameter defined as the ratio of
inertial to viscous forces in a fluid flow, expressed as Re = pVL/y, where p is density,
V is velocity, L is a characteristic length, and p is dynamic viscosity (Saldana et al.,
2024, Sec. 3.1). Its primary significance is characterising flow regimes: laminar flow
(Re < ~2000), where viscous forces dominate and fluid moves in orderly layers;
transitional flow (~2000 < Re < ~4000); and turbulent flow (Re > ~4000), where
inertial forces create chaotic, mixing motion (Saldana et al., 2024, Sec. 3.2). Re is a
key part of this idea because it lets you guess how things will act and interact in
different situations without having to solve the whole Navier-Stokes equations over

and over again.

e 2.2 Relevance to Hydrofoil Performance

The Reynolds number (Re) directly affects the boundary layer and main drag
sources, affecting hydrofoil performance. Hydrofoils exhibit a thick boundary layer
that separates early from the surface at low Reynolds numbers, such as 1.4x10°
(Wei et al., 2015). This significantly increases pressure drag and can cause the foil
to stall at low angles of attack.

A higher Reynolds number thins the boundary layer, but pressure drag from flow
separation and turbulent energy dissipation dominates, with skin friction playing a
minor role (Guo & Wang, 2023). The angle of attack (a) is crucial for management of
this separation. An increase in a causes the hydrofoil's flow separation to move
forward, leading to stall and a larger wake size. To improve hydrodynamic efficiency,
the hydrofoil must operate near the optimal angle of attack and manage pressure
drag (Guo & Wang, 2023).



e 2.3 Estimation of Operational Reynolds Number

A kitesurf hydrofoil's performance is governed by its Reynolds number, which varies
with equipment types and riding conditions. Different foil aspect ratios alter the
characteristic chord length, consequently affecting the operational Reynolds number
(Thekitesurfcentre, 2021).

The key parameters for this calculation are shown in the table below.

The Open University

1000 kg/m?® 1025 kg/m® (2018)
IAPWS (2008);
1.002 x 10-° Pa's 1.088 x 10° Pa's Shargawy et al. (2010)

Martinez-Barbera et al.
(2025); Wei et al.

0.075 m-0.2 m (Mean 0.075m-0.2 m (Mean (2015); Lopes et al.
Geometric Chord ~0.15 m) |Geometric Chord ~0.15 m) [(2019); Androuin (2022)

Martinez-Barbera et al.
(2025); Wei et al.
(2015); Lopes et al.

~9 m/s ~9 m/s (2019); Androuin (2022)

[Table 1] Reynolds number parametars for fresh and salt water

Due to its simplicity and ability to balance disciplines, the average chord was chosen.
These factors, along with the standard speed of 9 m/s, determine kitesurf foils'
Reynolds number range in fresh and salt water.

Re:m
L

Re (fresh water) = 1000797013 _ 1 35x10°

1.002x107°

1025*9*0.15

6
= = 1.27x10
1.088x10

Re (salt water) =

[Figure 1] Reynolds number calulations




e 2.4 Interpreting the results

The estimated Reynolds number of approximately 1.3x10° confirms a fully turbulent
flow regime, where inertial forces dominate viscous forces (Tamburrino and Nifio,
2025). This turbulence is characterised by significant velocity fluctuations and
enhanced turbulent kinetic energy (Timoshevskiy et al., 2020). The hydrofoil must
therefore be designed to withstand these unstable loads and prevent flow separation
and vibration. Consequently, the wing's shape, particularly its aspect ratio, is
optimised for lift, structural integrity, and stability in turbulent flow, ensuring

consistent rider performance.

3.0 Task 2: Boundary Layer Flow and Wing Design

e 3.1 Boundary Layer Concepts

The boundary layer, a thin region of fluid adjacent to a hydrofoil's surface where
viscous forces dominate, is critical to performance. Under specific conditions, a
laminar boundary layer, characterised by orderly motion, reduced friction, and
smaller thickness, can form at the leading edge (Xu et al., 2018). This laminar state
can persist even at high Reynolds numbers, with transition to turbulence occurring

further downstream (as cited in Ye, 2020).

As the flow moves across the foil, it encounters a negative pressure gradient. If
sufficiently strong, this gradient causes the boundary layer to separate, creating a
turbulent wake and unsteady flow (Schmidt et al., 2020). This separation directly
compromises efficiency by significantly increasing pressure drag and causing lift
loss. Consequently, the primary goal of parametric shape optimisation is to identify
geometries that promote attachment flow, thereby maximising the lift-to-drag ratio
(Schmidt et al., 2020).



e 3.2 Turbulence and Separation on the Hydrofoil

The high operational Reynolds number (~1.3%x10°) ensures that the flow around a
kitesurf hydrofoil remains fully turbulent, which causes the boundary layer to
transition almost instantly at the leading edge (Shi and Wang, 2021) and become
highly mixed (Timoshevskiy et al., 2020). This turbulent state is key to managing flow
separation. It is possible for laminar flow to separate and stall because of adverse
pressure gradients (Schmidt et al., 2020). On the other hand, natural mixing in a
turbulent boundary layer keeps the near-surface flow going by moving momentum
from the faster outer stream. This process creates a more robust velocity profile that
remains attached to the wing longer (Ye et al., 2024). Therefore, despite increasing
skin friction, turbulence's primary advantage is its exceptional ability to delay
large-scale separation, ensuring stable handling and preventing abrupt lift loss (Ye et
al., 2024).

e 3.3 Critical Appraisal of the Wing Design

The hydrofoil wing is shaped specifically to perform efficiently in its fast, turbulent
operating environment. Its long, narrow shape (high aspect ratio) is a common
modern feature that helps it cut through the water with less drag from swirling wingtip
vortices (Nestor, 2023). An elliptical, curved planform also helps to lessen these

energy-sucking vortices.

The wing's unique curved profile keeps water flowing smoothly over its surface,
preventing separation and the drag it creates. Engineers use complex computer
simulations, like the multi-fidelity models described by Pehlivan Solak et al. (2024),
to find the optimal shape for this; some designs achieve drag reductions of up to
17%. In these simulations, a dense mesh around the wing is essential, as it allows
the computer to accurately simulate the complex flow right next to the surface,

ensuring the final design produces steady and effective lift.



4.0 Task 3: Critical Appraisal of Assumed Forces

4.1 Review of Assignment 1 Force Assumption

Applying a 500N vertical point load at the centre of each side of the hydrofoil wing
greatly simplified the structural analysis of the wing in Assignment 1. This
assumption was helpful for making a baseline model and figuring out how basic
structures act under a simple load. In practice, though, a hydrofoil is subject to much

more intricate and dispersed forces.

4.2 Analysis of Real-World Force Distribution

Although a central point load is a helpful engineering simplification, it does not
accurately represent the forces that a hydrofoil actually encounters while in use. In
reality, lift forces vary along the foil's span (length) and chord (width), distributing
them unevenly across the wing surface. According to Pozhidaev's thesis, the
pressure field surrounding a hydrofoil is not constant and varies depending on the
submersion depth, speed, and angle of attack (Pozhidaev, 2022). This indicates that
certain parts of the wing are subjected to greater loads and pressures than others.
Furthermore, hydrofoils in the real world experience more than just vertical lift. They
also experience:
e Drag forces consisting of skin friction (from water flowing across the surface)
and pressure drag (from the foil's shape);
e Side forces due to steering or cross-currents;
e Moments, like pitching and twisting, that can put a lot of stress on the
structure (Pozhidaev, 2022).
According to Martinez-Barbera et al. (2025), the process by which these forces work
together is called fluid-structure interaction (FSI). In this process, the flow of water
affects the structure, and the structure's deformation, in turn, affects the flow.
Martinez-Barbera et al. (2025) emphasised that the precise modelling of this
interaction is crucial for forecasting real-world performance and preventing

unexpected failures.



4.3 Conclusion on Force Assumption

The 500N point load assumption is appropriate because it is simple to compare
material options and general structural layouts in the early stages of design.
Although it is not precise enough, it offers a helpful standard for stiffness and mass.
This simplification has obvious limitations, though, when it comes to thorough
performance analysis or final design validation. A distributed load model would
probably display distinct stress patterns, particularly in the vicinity of the wing's root
and leading edge, where Pozhidaev's research suggests peak stresses frequently
occur (Pozhidaev, 2022). Point loads can miss important failure points, like the
junction of bending and twisting, or understate localised stresses.

While the point load model was useful in Assignment 1, it would be much more
accurate to use a distributed load model, ideally one based on computational fluid

dynamics (CFD), to help design a safer, more effective hydrofoil.

5.0 Task 4: Material Selection and Evaluation

e 5.1 Properties of Carbon Fibre Reinforced Plastic (CFRP)

Due to its superior mechanical properties, carbon fibre reinforced plastic (CFRP) is
the preferred material for high-performance hydrofoils. Table 2 quantifies and
compares its high specific stiffness and specific strength to aluminium, which are its
most important properties.

Under heavy and fluctuating loads, CFRP's stiffness is necessary to maintain the
hydrofoil's aerodynamic profile. The consistent lift and predictable handling depend
on this dimensional stability under load. The low density of CFRP gives it a high
strength-to-weight ratio, making it lighter without compromising structural integrity.
Riders can move the board more easily due to this mass reduction.

Beyond static loads, CFRP has excellent fatigue resistance, allowing it to withstand
waves and manoeuvres. Additionally, CFRP is corrosion-resistant in saltwater, unlike

aluminium or steel, which makes the hydrofoil durable and reliable.



CFRP Performance |Aluminium (6061-T6)
Property (high end value) (High end value) Source
Density (kg/m?) ~1.7 [1] |2700 [3]
Tensile strength (MPa) ~6,000 [1] 1290 [3]
YOUHQS modulus (GPa) ~600 ['1] 68.9 [3] Thomasnet (2024) [1]
Stiffness-to-Weight (MN-m/kg) |~353 [1] |25.52 [3] |Guoetal, (2022) [2]
Strength-to-Weight (MN-m/kg) |~3.53 [1]]0.107 [3] |World Material (2020) 3]
Fatigue Resistance Very good [2] |Moderate [3]
Corrosion Resistance Excellent [2] |excellent [3]

[Table Z] Properties of CFRP and Aluminium

e 5.2 Implications for Hydrofoil Performance

For high-performance kite-surfing hydrofoils, the use of carbon fibre reinforced
polymer (CFRP) composites is essential because of their remarkable
strength-to-weight and stiffness-to-weight ratios (Alam et al., 2019). CFRP's low
weight directly improves the rider's experience by making the hydrofoil more
responsive and easier to steer, which means they can control it quickly and
accurately. Additionally, for the hydrofoil to maintain its precise aerodynamic shape
under the dynamic loads experienced during kitesurfing, its high stiffness is essential
for ensuring stable performance and effective lift (Alam et al., 2019; Zheng et al.,
2022).

However, there are particular difficulties with this performance in a kitesurfing setting.
According to Alam et al. (2019) and Zheng et al. (2022), the material's susceptibility
to impact damage from floating debris or improper handling is a major concern
because it can lead to internal cracks that compromise fatigue life and structural
integrity. High production costs are also a result of the intricate manufacturing
process, which is necessary to prevent defects that reduce strength (Alam et al.,
2019). In conclusion, connections between CFRP and metal fittings in a corrosive
marine environment may result in galvanic corrosion, where the carbon fibres hasten
the metal's degradation and endanger its long-term durability (Alam et al., 2019; Liu
et al., 2023).



5.3 Historical, Current, and Future Context

Early prototypes and components of the hydrofoil were made of conventional
materials like wood, aluminium, and stainless steel, marking the beginning of its
manufacturing history (Ng, 2025). Advanced composite materials, especially carbon
fibre and fibreglass, changed everything. This shift improved performance and
accessibility due to the need for stronger, lighter, and more tuneable structures
(Yashchuck, 2023). Composites, the industry standard, enable today's sophisticated,
high-performance hydrofoils.

Contemporary hydrofoil wings use advanced Carbon Fibre Reinforced Polymers
(CFRP) that follow BSI guidelines. The BS EN ISO 12215 series provides the
foundation for maritime composite part material integrity (BSI Group, 2025).

The field is ready for significant changes that go beyond what is currently being
done. Future composites will include recyclable thermoplastics and bio-based resins
to reduce environmental impact (Nehls, 2025). Team (2025) claims that additive
manufacturing will enable complex topology and "smart" foils with real-time
performance monitoring and structural health assessment from sensor systems
integrated during layup. Ultra-high modulus carbon fibre, CFD with rider feedback
loops, modular systems, and winglets promise a new generation of intelligent,

effective, and environmentally friendly hydrofoiling technology (Team, 2025).

6.0 Task 5: Modelling Techniques for Fluid Flow

e 6.1 Overview of Potential Modelling Techniques

There are several different methods do simulate the fluid flow around a hydrofoil.
The most thorough method is Computational Fluid Dynamics (CFD), which simulates
viscous flow by numerically solving the Navier-Stokes equations. This enables a
thorough examination of pressure distribution and wake turbulence, capturing
intricate phenomena like boundary layer development, transition, and separation (Zic
et al., 2021).

Potential flow techniques are very useful for early design phases where
computational speed is a top concern. Techniques like the Vortex Lattice Method

(VLM) simplify the physics by assuming an inviscid, irrotational fluid. According to



Nayem and Tarafder (2023), this simplification makes it possible to quickly estimate
global parameters such as lift and moment coefficients, which makes it perfect for
initial sizing and optimisation studies.

Finally, wind tunnel and towing tank testing validate all theoretical models. Reliable
sources like Bertin and Smith (1998) show that these physical tests are essential for
verifying computation results. High cost and long turnaround times limit physical

prototypes' use for quick, iterative design cycles (Bertin and Smith, 1998).

e 6.2 Critical Evaluation of CFD

o Advantages:

CFD offers significant benefits for hydrofoil analysis, including the ability to optimise
complex 3D geometries without the need for costly physical prototypes (Li, 2022).
Using software like STAR-CCM+ and ANSYS Fluent, engineers can visualise critical
flow characteristics, such as pressure distribution, velocity fields, and wake
turbulence, which helps increase the lift-to-drag ratio (Li, 2022; Zic et al., 2021).
Furthermore, it accelerates the development of more reliable systems by enabling
rapid design iterations through testing various angles of attack and flow conditions
(Li, 2022).

o Disadvantages:

CFD also has some disadvantages. Li (2022) and Zic et al., (2021) found that:

The results are greatly impacted by mesh quality, which makes costly independence
studies necessary.

Even on supercomputers, the computational cost is high; simulations take hours.
Realism is diminished by important simplifications, such as disregarding free-surface
effects.

Complex geometries can cause convergence issues, and physical model testing is

ultimately required to confirm the accuracy of all results.

e 6.3 Estimation of Forces on the Wing

According to Li (2022), the NACA 63-412 foil's "even and smooth curve" makes it
appropriate for hydrofoils, and its well-known efficiency and balanced performance

led to its selection for this analysis. Comparative studies show how widely used it is



in research (Pattanashetti et al., 2020). These studies led to the angle of attack
being set at 4 degrees, which is consistently found to be the foil shape's peak
efficiency point and produces the best lift in relation to drag.

A lift-to-drag (L/D) ratio of 115-118 was determined using data from Aerofoil Tools
(2025) and standard aerodynamic formulas. Higher values indicate greater efficiency.
This ratio, known as "hydrodynamic efficiency” (Li, 2022), represents lift generated
per unit of drag. Li's (2022) 3D CFD simulations demonstrated a 10.7% L/D
improvement at 4 degrees, and Pattanashetti et al. (2020) verified that this angle
yields maximum L/D in 2D analysis, so this result strongly supports independent
research. This consistency demonstrates that the chosen parameters and

computational methodology are sound.

Area of foil 0.08m?-0.1m? (the mean (Dan, 2025)
optimum area for all
round kitefoiling. = 0.09m?
Density (salt water) 1025 kg/m?*
Density (fresh water) 1000 kg/m?
Velocity 9 m/s
Lift coef ficient (CI) 0.7902 (Airfoil Tools, 2025)
Drag coef ficient (Cd) 0.0068 (Airfoil Tools, 2025)

[Takle 3] Table of parameters used for lift'drag calculations.

The lift and drag forces are calculated below using L = Cl-pziA (Glenn Research

Centre, 2024):



1000*49

> 0.09 = 2880N

L (fresh water) = 0.7902

L (salt water) = 0.7902 22272 0.09 = 2835 N

D = cd 5~ 4

D (fresh water) = 0.0068 —2—-0.09 = 25N

1025*9

> 0.09 = 24N

D (salt water) = 0.0068

Lift/Drag ratio ( fresh water) = 2220 = 115.2

Lift/Drag ratio (salt water) = 228—55 = 118.125

[Figure 2] Lift and drag calculations

7.0 Task 6: Experimental Testing and Correlation

e 7.1 Proposed Experimental Setup

Experimental testing gives us the real-world data we need to prove that a hydrofoil
design works, going beyond just theoretical calculations and computer models. The
best technique for this is a towing tank test.

The movement of a hydrofoil through water is replicated in a towing tank, which is a
long, water-filled channel where a scaled model is drawn along by a moving carriage
at regulated speeds (Varvne and Eriksson, 2024). With this configuration, forces can
be directly measured in realistic flow conditions.

Similar to the model used by Liarokapis et al. (2025), a scaled model of the NACA
63-412 hydrofoil, potentially 3D-printed for accuracy, would be mounted to the
carriage via a stiff strut connected to a force balance. This balance is the most
critical component, as it accurately measures the lift and drag forces on the foil
(Liarokapis et al., 2025). Flow visualisation would employ techniques like Particle
Image Velocimetry (P1V), which determines water velocity and direction by tracking
seeded particles illuminated by a laser sheet (Russell et al., 2018). Furthermore,

cavitation inception and the resulting bubbly wake could be studied using



shadowgraphy, a backlighting technique that produces clear images of small bubbles
and voids (Russell et al., 2018).

e 7.2 Data Acquisition and Measurement

The lift (vertical force) and drag (horizontal force) that the hydrofoil experienced
during each test run would be continuously recorded by the force balance, which is
basically an advanced multi-directional load cell (Liarokapis et al., 2025). Lift and
drag coefficients (CL and CD) can be computed from a thorough map of the foil's
performance created by testing at various speeds and angles of attack.

The PIV system would simultaneously record the water's behaviour. It would show
how the boundary layer, which is a major source of drag and lift loss, forms and
where it may separate from the foil. The boundary layer is a thin layer of water
slowed down by friction on the foil's surface.

Visualising the energy and structure of the vortex-filled wake behind the foil would

also reveal induced drag (Varvne and Eriksson, 2024).

e 7.3 Correlation with Simulation

Finally, the experimental data must be correlated with the Computational Fluid
Dynamics (CFD) outcomes from Task 5. This process turns a good simulation into a
useful tool for making predictions.

Following the method of Liarokapis et al. (2025), it is possible to make a direct
comparison by plotting the experimentally derived CL and CD values against the
angles of attack and overlaying the CFD-predicted curves. The correlation would
also include looking at pressure distribution plots along the foil's surface and using
Particle Image Velocimetry (PIV) data to check if the CFD model correctly predicts
where the flow separates.

Differences between experimental data and CFD results are opportunities to improve
the numerical model rather than failures. The choice of the turbulence model itself is
a frequent source of inaccuracy. To illustrate the importance of model selection,
Varvne and Eriksson (2024) showed that various RANS-based turbulence models
can predict drag coefficients for the same hydrofoil with errors greater than 90%.
Inaccuracies also arise in simulating cavitation; Dular et al. (2005) found that

standard models incorrectly over-predict turbulent viscosity, which dampens the



development of key vortices and bubbles. More complex models, like the k-omega
SST, which can better handle flow transitions, or targeted mesh refinement in crucial
regions found by the PIV data are two ways to improve the CFD setup in order to

address these problems (Dular et al., 2005).

8.0 Conclusion

This report has critically evaluated the fluid flow around a kiteboard hydrofoil. The
analysis confirmed a highly turbulent flow regime (Re = 1.3x10°), where turbulence
delays flow separation to ensure steady lift. This flow behaviour directly influenced

the wing's optimised profile and high aspect ratio.

While the initial 500N point load provided a structural analysis baseline, a
CFD-informed distributed load model is essential for accurate stress prediction.
Carbon Fibre Reinforced Plastic (CFRP) was selected for its superior specific
stiffness and strength, maintaining performance despite challenges like impact
sensitivity and cost. Finally, correlating advanced CFD with towing tank validation
was identified as the most effective method for ensuring simulation accuracy. In
conclusion, hydrofoil performance is a direct result of the synergy between turbulent

flow, an optimised structural form, and advanced material properties.
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10.0 Appendices

Appendix 1: Image of the table of Lift (Cl) and Drag (Cd) coefficients taken from Airfoil
MFOLIL version &.9%6
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