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Abstract 

Hydrofoil wings enable efficient lift generation in water by controlling viscous and inertial interactions within the boundary layer. Understanding this flow behaviour is fundamental to predicting lift, drag, separation onset and cavitation risk. This report critically appraises the fluid flow around the kiteboard hydrofoil geometry developed in the report Designing a Kiteboard Hydrofoil Wing: Structural Design (Assignment  1), maintaining the same configuration and 500N vertical load per side to ensure structural and aerodynamic consistency. Six sequential tasks evaluate the governing flow parameters, hydrodynamic validity of loading, material implications, modelling fidelity and laboratory validation methods.
The analysis establishes a chord-based Reynolds number range of approximately  to , spanning transitional to fully turbulent regimes. Boundary-layer evolution and separation behaviour are interpreted to justify the hydrofoil’s camber, thickness and planform design. The use of carbon-fibre-reinforced plastic (CFRP) is assessed in relation to stiffness-to-mass advantage, fatigue and water-ingress durability, guided by relevant ASTM and ASME standards.
Modelling techniques from potential flow and lifting-line methods to steady three-dimensional Reynolds-averaged Navier–Stokes (RANS) computational fluid dynamics (CFD) are compared; in RANS the Navier–Stokes equations are solved in time-averaged form and turbulence effects are represented through additional transport equations, providing an efficient approximation of turbulent flow. A steady 3D RANS CFD model with an appropriate turbulence closure is identified as offering the best balance of accuracy and efficiency for this geometry. A prototype water-tunnel test plan is then proposed to correlate measured lift, drag and centre deflection to simulation results through repeatable, uncertainty-bounded validation. The overall recommendation is to adopt the RANS approach, verify it experimentally, and update the model iteratively until convergence between physical and computational data is achieved.
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[bookmark: _Toc214817340]Introduction 

This report critiques fluid flow around the kiteboard hydrofoil wing designed in “Designing a Kiteboard Hydrofoil Wing: Structural Design” (Assignment 1) and sets out a validation plan. The same planform and section geometry are retained, and the structural loading assumption of 500N vertical force per wing side is carried forward so that structural and flow-based force estimates can be compared directly.
Water at 20°C is taken to have density ρ = 998kg/m³ and dynamic viscosity μ = 1× 10⁻³Pa s, based on standard water-property data (Schlichting and Gersten, 2017). The characteristic length is the chord c = 0.25m, consistent with Assignment 1. Two operating speeds are assumed: take-off at V ≈ 3m/s and typical ride at V ≈ 10m/s, chosen to bracket reported minimum lift-off and cruising speeds for rider-scale hydrofoils (RYA, n.d.; Fliteboard, 2024; Foilboard, 2024).
[bookmark: _Toc214817341]Task 1 — Reynolds number: importance and estimate

The Reynolds number (Re) governs the balance between inertial and viscous forces in a fluid flow and therefore controls the behaviour of the boundary layer around the hydrofoil. It determines when and where the flow becomes turbulent, how resistant the surface is to separation, and how drag and lift scale with speed (Schlichting and Gersten, 2017). Dynamic similarity between laboratory models and full-scale hydrofoils is achieved by matching Re, provided geometry and incidence remain constant; for fully submerged foils, Froude-number wave effects are secondary within the present scope (ITTC, 2014a; ITTC, 2024).
Re is defined as: 
,
where ρ is fluid density, V is speed, c is chord length and μ is dynamic viscosity. The definitions of chord length c, freestream speed V and angle of attack α adopted in this report are illustrated in Figure 1 for a representative mid-span section of the hydrofoil.
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[bookmark: _Toc214817359]Figure 1 - Schematic aerofoil section, representative of the mid-span section of the hydrofoil (Wikimedia Commons, 2006)

As stated, and justified previously, the characteristic chord is c = 0.25m. Water at 20°C is assumed with ρ = 998kg/m³ and μ = 1× 10⁻³Pa s. Two representative speeds are used: take-off at V₁ = 3m/s and ride at V₂ = 10m/s.




At take-off, Re ≈ 7.5 × 10⁵, this places the flow in a transitional regime, where laminar and turbulent regions coexist. At ride speed, Re ≈ 2.5 × 10⁶, which indicates a fully turbulent boundary layer. These values confirm that viscous effects are small compared with inertial forces, so turbulence dominates the boundary-layer behaviour over the operating range (Schlichting and Gersten, 2017; ITTC, 2014a). The variation of Reynolds number with speed over the representative 3–10m/s operating band is illustrated in Figure 2.


[bookmark: _Toc214817360]Figure 2 – Reynolds number as a function of speed for the hydrofoil section, created using Excel

For modelling and testing, Re defines the flow regime to be replicated. Laboratory experiments or simulations should therefore maintain similar Re to ensure realistic boundary-layer behaviour and reliable scaling between test and full-scale conditions (ITTC, 2014a; ITTC, 2024).
[bookmark: _Toc214817342]Task 2 — Boundary layer, separation, turbulence; design rationale

Within the Reynolds range established in Task 1 , the hydrofoil boundary layer lies in the regime where the flow is transitional at take-off and predominantly turbulent in steady ride (Schlichting and Gersten, 2017). On the suction surface the flow accelerates sharply at the leading edge, creating a strong suction peak; the subsequent adverse pressure gradient promotes transition and can trigger local separation if wall shear drops to zero (Schlichting and Gersten, 2017). The pressure surface experiences weaker acceleration and a smoother recovery, so its boundary layer tends to remain thinner and more stable over a larger portion of the chord (Schlichting and Gersten, 2017).
At take-off speed the chord-based Reynolds number lies near the lower transition threshold for smooth foils in water; transition on the suction side is typically expected around 10–30% chord, earlier if surface roughness or free-stream turbulence is elevated (Schlichting and Gersten, 2017; ITTC, 2014a; ITTC, 2024). At ride speed, the boundary layer is mostly turbulent and generally remains attached over typical operating incidences until stall, with thickness increasing towards the trailing edge (Schlichting and Gersten, 2017).
Three-dimensional effects are strongest near the wingtip. Pressure equalisation across the tip drives a coherent tip vortex that induces downwash and changes the effective angle of attack spanwise; accurate analysis should therefore consider at least a symmetric half-span representation or a full 3D view when tip behaviour is important (Katz and Plotkin, 2001).
For modelling choices, a steady RANS baseline is appropriate for attached and mildly separated conditions because it is robust for adverse pressure gradients while remaining computationally efficient (ITTC, 2014a; ITTC, 2024). If take-off behaviour or surface finish suggests early laminar separation, a simple transitional check can be added (for example, applying a controlled trip or enabling a transition option) to confirm sensitivity without changing the overall approach.
Assumptions used consistently in analysis and lab planning are: representative free-stream turbulence intensity  for coastal-tank conditions, and a hydraulically smooth surface with small-finish roughness; where service roughness is expected, sensitivity at take-off is checked because roughness tends to advance transition and can suppress large laminar bubbles (ITTC, 2014a; Schlichting and Gersten, 2017). A schematic of this suction-side boundary-layer development is shown in Figure 3, to illustrate the laminar, transitional, turbulent and potentially separated regions described above (Leishman, 2006).
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[bookmark: _Toc214817361]Figure 3 - Conceptual development of the boundary layer over the upper and lower surfaces of an aerofoil (Leishman, 2006).

[bookmark: _Toc214817343]Task 3 — Critical appraisal of the assumed forces 

The structural design assumption from Assignment 1 applied a vertical load of 500N to each hydrofoil side. This task examines whether that value is physically credible when interpreted as lift generated by the fluid flow (Hearn, 1998).
The lift force on a hydrofoil is given by:

where ρ is fluid density, V is flow speed, S is planform area and  is lift coefficient.
For consistency with the Assignment 1 wing geometry, the single-side planform area is taken as S = 0.05m². Using water at 20°C (ρ = 998 kg/m³) and the two representative speeds (take-off V₁ = 3m/s, ride V₂ = 10m/s), defined in Section 1, the required  values for 500N can be calculated.
At take-off:


At ride speed: 


Experiments on NACA 0009-type marine hydrofoils indicate design lift coefficients of order  in steady wetted operation, with higher  achieved as angle of attack increases towards stall (Brandner and Pearce, 2012; Garg et al., 2019).
The take-off requirement of  ≈ 2.2 therefore exceeds the practical limit for attached flow, suggesting that a 500N load at 3m/s represents a near-stall or over-load condition. Conversely, at 10m/s the predicted  ≈ 0.2 is realistic for level ride, supporting the structural assumption for steady operation.
These findings imply that the 500N per-side assumption is credible for structure-only analysis, representing the peak design load but not representative of typical hydrodynamic forces at low speed. In flow modelling, this load should be replaced by distributed pressure fields derived from the local  distribution along the span to capture lift curvature and tip-loss effects. The force resultant acts near the quarter-chord rather than at the mid-chord point used structurally, producing both bending and torsional effects that should be considered when correlating FEA and CFD results.
Overall, the 500N assumption is acceptable for conservative strength design but must be reinterpreted for accurate fluid-structure correlation in Tasks 5 and 6.
[bookmark: _Toc214817344]Task 4 - CFRP material implications: past, present and future

Carbon fibre reinforced polymer (CFRP) has become the preferred material for high-performance hydrofoils due to its exceptional stiffness-to-weight ratio and corrosion resistance compared with aluminium or stainless steel (Pemberton et al., 2018). Its high specific stiffness allows thin sections to resist bending without excessive mass, improving efficiency by maintaining accurate hydrodynamic profiles under load (Hull and Clyne, 1996). The directional nature of CFRP fibres also allows stiffness and strength to be tailored along the span and chord to match expected bending and torsional loads, which is particularly useful for hydrofoils where lift varies across the span. Representative laminate stacking sequences with unidirectional, cross-ply and multidirectional plies used to tailor stiffness and strength are illustrated in Figure 4. In typical marine laminates, 0° plies primarily carry spanwise bending loads, while ±45° plies contribute to in-plane shear and torsional stiffness (Hull and Clyne, 1996; Harris, 2003).
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[bookmark: _Toc214817362]Figure 4 - Representative CFRP laminate stacking sequences illustrating how ply angles are combined to tailor stiffness and strength in laminates (Aspinall et al., 2023).

However, CFRP is not without challenges. It is anisotropic and brittle, meaning strength depends heavily on fibre orientation and laminate quality. Local impact or out-of-plane loads can cause delamination, and repeated loading may lead to fatigue cracking or matrix degradation in marine environments (Davies and Rajapakse, 2018). Moisture absorption can reduce the glass transition temperature of the resin, while galvanic coupling with metallic fittings can accelerate corrosion if isolation coatings are not used (Harris, 2003).
For marine applications, surface finish and coating are also critical. A smooth gelcoat or polyurethane top layer is typically applied to reduce surface roughness and delay transition to turbulence, preserving low drag at cruise speed. Surface voids or fibre print-through can increase roughness and promote early boundary-layer transition or cavitation onset (ITTC, 2024).
Manufacturing processes vary according to performance and cost requirements. Vacuum-bagged wet lay-up is simple and suitable for prototypes, while prepreg autoclave curing provides the highest fibre fraction and quality. Out-of-autoclave (OOA) curing offers a balance for production parts with lower equipment cost. Each method must maintain laminate balance and symmetry to avoid warping, following standard composite design rules (Hull and Clyne, 1996). Quality assurance should verify fibre alignment, void content and cure degree, and may include non-destructive testing/inspection by ultrasound or thermography.
Relevant standards support both materials testing and model validation for the CFRP hydrofoil considered in this project. ASTM D3039 defines tensile properties of polymer matrix composites, ASTM D7264 covers flexural testing, and ASTM D7137 describes compression-after-impact performance, providing a basis for damage-tolerance assessment of thin laminates (ASTM International, 2017a; ASTM International, 2017b; ASTM International, 2017c). For modelling credibility, ASME V&V 10-2019 provides guidance on verification and validation of computational models (ASME, 2019).
Historically, hydrofoils transitioned from aluminium to CFRP as improved resins and curing methods reduced moisture sensitivity (Pemberton et al., 2018). Current designs combine CFRP with titanium or composite fittings to mitigate galvanic issues (Harris, 2003; Pemberton et al., 2018). Future developments focus on tougher resins, bio-based fibres and digital manufacturing methods that enable repair tracking and structural health monitoring (Davies and Rajapakse, 2018).
For this project, CFRP is suitable because it meets the strength-to-mass requirements of the 500N design load while maintaining low surface roughness. Material properties used in subsequent tasks should be taken from room-temperature, wet-condition allowable per ASTM D5229, ensuring that stiffness, density and environmental durability are realistic for marine service (ASTM International, 2020).
[bookmark: _Toc214817345]Task 5 - Flow modelling and force estimate

The purpose of this task is to identify credible methods for predicting flow behaviour and lift forces on the hydrofoil, and to select an appropriate modelling route for this project. The choice depends on the Reynolds number range, flow features such as tip vortices and mild separation, and the balance between computational cost and accuracy.

[bookmark: _Toc214817346]Modelling options and trade-offs

Potential-flow and panel methods are fast and suitable for early design when the flow is mostly attached. They neglect viscous and turbulent effects, so they cannot predict stall or accurately capture drag. These methods remain useful for estimating lift distribution and induced drag on slender wings at small angles of attack (Katz and Plotkin, 2001).
RANS models solve the time-averaged Navier–Stokes equations and account for viscosity and turbulence (Versteeg and Malalasekera, 2007). They provide good accuracy for attached or mildly separated flows while keeping computation manageable. For the present Re ≈ 10⁶, steady RANS offers an appropriate compromise between fidelity and runtime.
Large-Eddy Simulation (LES) and Detached-Eddy Simulation (DES) are unsteady turbulence models that directly resolve the larger turbulent eddies in time, giving a much more detailed picture of separated and vortical flow than steady RANS but at far higher computational cost (Zhang et al., 2016). In practice, these methods are mainly used in detailed research on complex unsteady phenomena such as stall, cavitation and tip-vortex structure, and are unnecessary for the present design-level hydrofoil force estimate (Menter, 2015; Ducoin et al., 2012).
Finite-element or beam-based aeroelastic models can represent foil deflection under load, but a one-way coupling, where aerodynamic pressures are applied to a static structure, is sufficient for this project. This is because Assignment 1 showed small deflections under the 500N design load and similar hydrofoil studies treat the structure as effectively rigid at comparable load levels (Ducoin et al., 2012).



[bookmark: _Toc214817347]Recommended modelling route

A 3D steady RANS model using symmetry about the centre plane is chosen as the main route. The computational domain will include refined leading-edge and tip regions, with a velocity inlet and pressure outlet boundary conditions. The mesh must be sufficiently fine normal to the surface, with several prism layers in the near-wall region, so that the boundary layer, pressure gradients and tip vortex are resolved. Inlet turbulence intensity can follow the 1–3% range used previously to represent laboratory water-tunnel conditions (ITTC, 2024).
To maintain traceability, the simulation should first analyse a 2D mid-span section to confirm lift-curve slope and stall behaviour, then extend to 3D for the full span. The resulting pressure distribution will then be integrated to obtain the total lift and compared with the 500N structural design load to check correlation between CFD and FEA results.

[bookmark: _Toc214817348]Force estimate

The lift coefficient  from Task 3 at ride speed (≈ 0.2) can be used for a first analytical check. Using the lift equation:

Substituting 

gives:


This confirms that the 500N assumption aligns with the expected hydrodynamic lift at ride speed. The corresponding pressure coefficient distribution from CFD should therefore produce an integrated load close to 500N per side.
For take-off (V = 3m/s), the same load would require  ≈ 2.2, which is beyond normal stall limits and consistent with the earlier conclusion that the low-speed case represents an extreme or transient condition.
[bookmark: _Toc214817349]Validation hierarchy

The CFD model will be checked in three steps:
1. Run a 2D mid-span section at the same Reynolds number and compare section lift coefficient and stall angle with published hydrofoil data.
2. Simulate the 3D half-span geometry and integrate the surface pressure to obtain total lift, and compare this with the 500N analytical estimate from Task 5.
3. If the difference is large or the flow is mostly separated, refine the mesh near the leading edge and tip and, if still needed, repeat the case with a simple transient RANS check.
These steps keep the set-up simple, show clearly how the model is behaving, and provide a direct link between the CFD results and the physical tests planned in Task 6.
[bookmark: _Toc214817350]Task 6 - Prototype test and correlation

The purpose of the prototype test is to provide experimental data that verify the predicted lift forces and flow behaviour from the numerical model. By comparing measured and simulated lift, drag, and flow features, the credibility of the chosen modelling approach can be assessed (MacDonald, 2020).

[bookmark: _Toc214817351]Test specimen and facility

A sub-scale hydrofoil section will be tested to represent the mid-span geometry of the full foil. A chord of 0.1m and span of 0.3m are selected so the model fits within a small water-tunnel test section while maintaining a similar Reynolds number to the full-scale foil. Dynamic similarity is achieved by matching Reynolds number through tunnel speed adjustment; for Re ≈ 7 × 10⁵–2.5 × 10⁶, flow velocities between 3m/s and 10m/s are used (Skripkin et al., 2022). Fresh water at 20°C is used to maintain the same fluid properties assumed in Tasks 1–2. A representative water-tunnel test section with a hydrofoil instrumented by wall-pressure transducers and a downstream load cell, similar in principle to the proposed arrangement, is shown in Figure 5 (Ducoin et al., 2012).
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[bookmark: _Toc214817363]Figure 5 - Representative hydrofoil instrumentation and tunnel test section (Ducoin et al., 2012).
[bookmark: _Toc214817352]Instrumentation

The foil will be mounted on a three-component load cell to measure lift and drag directly. Pressure taps along the suction surface will record local pressures, from which pressure coefficients can be derived to map the pressure distribution and identify separation. Tufts or dye flow visualisation will be applied to indicate transition and separation zones. An LVDT or simple dial gauge will record mid-span deflection to monitor structural compliance. All sensors will be calibrated using known reference loads or pressures before testing.

[bookmark: _Toc214817353]Test procedure

The experiment will use a speed range from 3m/s to10m/s in 1 m/s increments, with angles of attack from 0° to 10° in 2° steps. For each speed–angle combination, at least three repeat runs will be carried out to check repeatability. Lift, drag and pressure data will be recorded over 10 s intervals once steady readings are reached.

[bookmark: _Toc214817354]Data processing and uncertainty

For each condition, the mean and standard deviation of lift and drag will be calculated. Pressure data will be integrated to recover the total force, and results will be converted into non-dimensional coefficients and . Combined uncertainty will be estimated from calibration accuracy and run-to-run variation, following ITTC uncertainty-analysis practices (ITTC, 2014b).

[bookmark: _Toc214817355]Correlation and acceptance criteria

Model–experiment correlation will use the following metrics:
· RMSE of ≤ 0.05
· Stall-onset angle difference (Δα) ≤ 1°
· Centre deflection error band ≤ ±10 % of measured value
If results fall outside these limits, the simulation will be updated by refining mesh resolution or adjusting turbulence intensity. Agreement within these bands will confirm that the numerical model reliably predicts lift and stall onset for the design Re range.

[bookmark: _Toc214817356]Outcome

The validated model will provide confidence in the predicted lift distribution and structural load path, allowing accurate transfer of pressure fields to the FEA model and supporting design decisions for material lay-up and stiffness tuning in future development.

[bookmark: _Toc214817357]Conclusion

The hydrofoil operates in a transitional-to-turbulent Reynolds regime (Re ≈ 7.5 × 10⁵–2.5 × 10⁶), where viscous effects are small at ride speed but still influence flow attachment at take-off. This supports the use of a steady 3D RANS flow model, provided it is checked against matched-Re laboratory data. Boundary-layer analysis showed that the suction surface dominates lift and is most sensitive to early transition and separation at low speeds.
The assumption of a 500N vertical load per side is credible for steady ride but conservative at take-off. It remains suitable for strength design, but CFD–FEA correlation should use distributed pressure loads so that torsional and bending effects are captured more accurately. CFRP offers the required stiffness-to-mass ratio and corrosion resistance if laminate balance, isolation from metallic fittings, and marine-grade surface finishes are applied in line with ASTM and ASME guidance. A validated steady RANS model therefore provides a sound basis for further work. Next steps are to complete the sub-scale test, update the model using quantitative correlation metrics, and assess long-term durability and surface-finish effects on flow performance.
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