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CFD ANALYSIS OF SURFACE-PIERCING HYDROFOIL VENTILATION 

INCEPTION 

 
Abstract 

 

The paper presents a possibility of occurrence of ventilation phenomenon on the centerboard 

surface-piercing (SP) hydrofoil of a small autonomous unmanned surface vehicle (AUSV). 

Ventilation is a common problem associated with the design of surface-piercing hydrofoil crafts, 

which results in a loss of lift leading to undesired performance and consequences. Ventilation can 

be intentionally induced or can occur as a natural phenomenon at any air-water interface. In this 

work only spontaneous inception of the ventilation in transient motion of the separated flow region 

was considered. The main features are analyzed with the panel method such as coefficient of lift 

and drag for 3D wing. The free surface capturing was done using the volume of fluid (VOF) method 

to capture flow separation effect. CFD simulation was carried out for different attack angles, speeds 

and hydrofoil design in order to determine the probability of ventilation occurrence. Conclusions 

and suggestions for design of the hydrofoil are presented. 

 

Key words: surface-piercing hydrofoil, natural ventilation, CFD analysis 

 

 

CFD ANALIZA POJAVE VENTILACIJE NA DJELOMIČNO URONJENOM 

HIDROKRILU 

 
Sažetak 

 

Rad prikazuje mogućnost pojave ventilacije na prednjem hidrokrilu malog autonomnog površinskog 

plovila. Ventilacija je problem povezan sa dizajnom hidrokrilnih brodova sa djelomično uronjenim 

(eng. surface-piercing) krilima, koji rezultira gubitkom uzgona i vodi do neželjenih učinaka na 

performanse plovila. Ventilacija može biti namjerno izazvana ili se može pojaviti kao prirodni 

fenomen pri bilo kojoj interakciji vode i zraka. U ovom radu razmatra se samo spontani, prirodni, 

nastanak ventilacije u prijelaznom području kod odvajanja strujanja. Glavne značajke kao što su 

koeficijenti uzgona i otpora 3D krila analiziraju se panel metodom. Slobodna površina prati se 

metodom VOF ("Volume of Fluid") kako bi se prikazao efekt odvajanja strujanja pomoću CFD 

simulacije, koja je provedena za različite napadne kutove, brzine i dizajn krila u  cilju određivanja 

vjerojatnosti nastanka ventilacije. Zaključak i sugestije za dizajn hidrokrila su predstavljeni. 

 

Ključne riječi: Surface-piercing hidrokrilo, prirodna ventilacija, CFD analiza 
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1. Introduction 

Autonomous unmanned surface vehicles are the natural progression for today’s marine 

industry. They save costs, reduce risk and increase flexibility and efficiency in a variety of missions 

and applications [1], [2]. Progress and demands have been increasing for military, security, research 

and commercial use with a number of developed designs [3], [4]. One common type is a surface-

piercing hydrofoil craft that is investigated in this study, shown in Figure 1. In order to fulfill their 

roles in the real-world, autonomous surface-piercing hydrofoils must be able to operate in foil-borne 

mode (i.e. to fly) in a stable, controllable manner in different environmental situations, with 

effective lift-drag ratio for intended operations.  

 

 

Fig. 1 Surface-piercing catamaran 

 

Hydrofoils are being widely used with the aim of reducing drag by lifting the hull of the craft 

out of the water [5], [6]. Two frequent problems are common in the design of hydrofoils: cavitation 

and ventilation. Cavitation is abundantly investigated phenomenon [7], [8], [9], while the studies of 

the impact of ventilation on hydrofoil performance, both experimental and theoretical, are scarce as 

noted in [10], [11]. 

Ventilation occurs when exhaust gases or the air near the free surface are drawn into the 

lifting surface, i.e. the suction region on the foil is strong enough to suck the air from the free 

surface down to the foil's surface. It happens when a hydrofoil operates near the free surface, like in 

the case of surface-piercing hydrofoil crafts. V-shaped hydrofoils are particularly prone to this 

problem due to the shallow angle of the foil with respect to the free surface. 

 The origin of the cavitation and ventilation phenomena is different, but both result in a rapid 

loss of lift. Lower density of the air causes the reduction of the lift force, which leads to the 

crashing of a vehicle down to the water surface. Such a sudden reduction of the lift can cause 

maneuvering problems and loss of control at higher speeds, which can lead to a disaster. 

Additionally, collapsing of the cavities may cause vibrations, noise, material erosion and even 

structural damage [12]. Inconsistent behaviour due to cavitation and ventilation can be reduced by 

careful design, but in the end it usually results in a very narrow operating speed range, since 

hydrofoils can be used only in a certain angle of attack range to avoid cavitation. The paper 

identifies the need for a simple and robust hydrofoil design such that the surface-piercing craft 

inherently does not suffer any adverse effects and does not suffer any significant degradation of 

performance at high speed due to the ventilation. 

 The correlation between the flow patterns and modes of ventilation is divided to natural 

inception (spontaneous, self-generated) and induced inception, e.g. deliberate air injection into a 

wake with the goal to increase the lift to drag ratio at high-speeds [13]. Two principle types of 

natural inception are possible. One type occurs in transient motion of the separated flow region and 

https://www.researchgate.net/publication/267606901_Physical_and_Theoretical_Modeling_of_Surface-Piercing_Hydrofoils_for_a_High-Speed_Unmanned_Surface_Vessel?el=1_x_8&enrichId=rgreq-a3b86b40de9f9b7238dc88ee337b6fbb-XXX&enrichSource=Y292ZXJQYWdlOzMwODk0ODMyMTtBUzo0MTUwMDMyNjI4OTgxNzZAMTQ3NTk1NTg5Njc1MQ==
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it is easily observed at large angles of attack, around 20 - 25° [13]. The second type takes place 

through aeration of the trailing tip vortex, which draws air to the bottom tip of the foil. The second 

type will not be considered in this study due to the chosen high aspect ratio (AR) that eliminates tip 

vortex, which influence is greatest below AR = 4. The aspect ratio is a measure of fineness of the 

wing and it is defined as ratio of span/chord [14]. In the investigated design, the span is constant, 

and not tapered. 

In the surface-piercing concept, foils must be designed to extend through the air/water 

interface when foilborne and when the hydrofoil is operating at design speed. Struts must have 

sufficient length to support the hull free of water surface. When the speed of the boat increases, the 

hydrodynamic lifting force generated by the water flow over the foil causes the hull to rise and the 

submerged area of the foils to decrease. For the designed speed boat will rise until the 

hydrodynamic lifting force equals the weight of the boat. The foil lifting capacity increases 

approximately with the square of the vessel’s speed, and the foil lift force is proportional to the 

projection of the foil area. Therefore, surface-piercing foils need a larger foil area than fully 

submerged ones. This work is motivated by the need to predict the situations in which atmosphere-

fed ventilated cavities are created and conditions under which this flow pattern can exist. 

The pressure on the ventilated surface is constant but equal to some value, which is different 

to the vapor pressure value in the case of cavitation. Since the similarity between ventilation and 

cavitation exists, the ventilated surface can be modeled like a cavity surface with a different 

pressure. The same method can be used to determine the flow separation locations, as well as the 

extent and thickness of the ventilated surfaces. It follows that the same free streamline analysis is 

applicable whether the cavity is a true vapor cavity (cavitation) or whether the wake has been filled 

with air introduced into the cavity. 

Ventilation can be avoided by means like fences or by unloading the root region of a fin 

which operates close to the surface. Also, the foil sections are more likely to ventilate when the 

leading edge of a foil is knife sharp than when it is rounded [14]. The fences mounted on the foil are 

physical obstacles used to reduce the occurrence and the spread of an air bubble. The theoretical 

knowledge about the impact of the fences on ventilation occurrence is not yet satisfying. Most of 

the knowledge comes from experience and tests [14], [15], but with modern tools like CFD, it is 

possible to simulate the occurrence of natural phenomena [16], [17]. 

2. Hydrofoil ventilation inception 

Investigated craft was a surface-piercing catamaran hydrofoil. It can be seen in Figure 1 that 

the craft incorporates combination of a surface-piercing V-shaped front foil and a fully submerged 

T-shaped aft foil. Vessel details are presented in Table 1.   

 

       Table 1 Vessel details 

Length Overall 2460 mm 

Beam Overall 1760 mm 

Draught 685 mm 

Depth 1035 mm 

Displacement 58 kg 

Design Speed 6 m/s 

Hull material Carbon composite 

Engine 1400W 48VDC EM 

 

https://www.researchgate.net/publication/235033174_VENTILATION_INCEPTION_ON_A_SURFACE-PIERCING_DIHEDRAL_HYDROFOIL_WITH_PLANE-FACE_WEDGE_SECTION?el=1_x_8&enrichId=rgreq-a3b86b40de9f9b7238dc88ee337b6fbb-XXX&enrichSource=Y292ZXJQYWdlOzMwODk0ODMyMTtBUzo0MTUwMDMyNjI4OTgxNzZAMTQ3NTk1NTg5Njc1MQ==
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In order to recognize the possibility of ventilation, foils with different range of angles of attack 

and speeds, with and without fences were analyzed. Model used for these tests consists of two 

wings 1500 mm long each, assembled to form a surface piercing foil with 30° dihedral angle, with 

chordal length of 150 mm, without vertical struts. Dihedral angle is the upward angle from 

horizontal of the wing. The foil cross-section, which is constant along the span, is a NACA 4412 

airfoil section with maximum camber of 4% at 40% chord length.  

The foil with the aspect ratio 8.66 was tested over a range of angles of attack (0 - 30°) using 

the panel method from XFLR5 software which is an analysis tool for airfoils. Analyzing the surface 

piercing 3D dihedral model (Figure 2), obtained lift coefficient increases with the angle of attack 

until around 12° angle of attack, where the lift coefficient starts to decrease, reaching stall when 20° 

angle of attack is exceeded. The lift and drag forces calculated with panel method for 3D dihedral 

model are given in Table 2. For the 0° attack angle at 3 m/s, which is the take-off speed, the lift 

coefficient is CL = 0.324, and for the 20° attack angle at the same speed, the lift coefficient is CL = 

1.677. Since the take-off is desirable to occur as quickly as possible, it is mandatory to produce high 

lift force and low induced drag at lower speeds. Based on the desirable take-off performance, the 

CFD analysis was performed on the hydrofoil setup with 0° and 20° angle of attack, and the 

possibility of ventilation inception is analyzed. The 20° angle of attack was chosen based on 

maximum feasible pitching during the take-off and foil-borne operation mode, where the foil starts 

to lose lift with large possibility of spontaneous ventilation that occurs at large angles of attack [13]. 

The expected range of operating speed is from 3.5 up to 6 m/s, which corresponds to Reynolds 

number from 4×105 up to 9×105. Expected operating speed of the vessel was calculated through 

CFD resistance analysis for the maximum propulsion power of 1400 W.  

 

Table 2 Lift and drag forces calculated with panel method for 3D dihedral model 

 

Lift Forces 

 

Drag Forces 

 

4 m/s 6 m/s 

  

4 m/s 6 m/s 

angle CL FL (N) CL FL (N)  angle CL FL (N) CL FL (N) 

0 0.324 241 0.324 3254 

 

0 0.002 1 0.002 3 

5 0.628 507 0.682 6850 

 

5 0.010 7 0.010 17 

10 1.031 767 1.031 10355 

 

10 0.024 18 0.024 40 

15 1.364 1015 1.364 13700 

 

15 0.041 31 0.041 69 

20 1.677 1248 1.677 16844 

 

20 0.061 45 0.061 102 

 

3. CFD simulation setup 

In this study Reynolds-averaged Navier-Stokes (RANS) solver for incompressible flow is 

employed for the numerical simulation of the steady flow around the hydrofoil. The volume of fluid 

scheme (VOF) is used for the multiphase modelling, and the mass fraction scalar field is used as an 

indicator of the higher probability of the ventilation inception.  

CFD simulations were performed with FINE/Marine incompressible flow solver specialized 

for marine applications and free surface capturing was done using the VOF method. The k-ω 

Menter’s shear stress turbulence model was used to address wall distance-based turbulence 

modeling and to correctly capture flow separation effects. Each simulation was initialized with zero 

velocity field, with defined free surface depth for the VOF initialization. The foil accelerated from 

zero speed to its target speed with the half-sinusoidal ramp function, with time step set to 0.005 s. 

Simulation was stopped when the resistance force became steady. The simulations were performed 

for the foil with and without fences. Computations were set up for two different speeds, 4 m/s and 6 
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m/s, and for two different angles of attack, 0° and 20°. The foil was fixed throughout each 

simulation, without dynamical change in trim and draught, in order to compare the simulated flow 

around the foil under similar conditions.  

 

Fig. 2 3D panel model with Cp contour plot, 0° attack angle (left) and 20° attack angle (right) 

 

3.1. Computational domain and mesh 

Mesh is created using HEXPRESS, which is an automatic unstructured hexahedral mesh 

generator software designed to generate mesh from complex 3D geometries. First, wall and far 

boundary conditions were defined on the surfaces of the computational domain (Figure 3). The 

refinement adaptation criterions were set to adapt the cell sizes to match the specific geometry of 

the fences and to fill the narrow gaps between surfaces with a sufficient amount of cells (Figure 3). 

The cells were refined locally close to proximity of high geometry curvature regions, and some 

volume box refinement was also used to refine the mesh around and behind the surface-piercing 

foil. After the mesh optimization based on the mesh orthogonality criteria, 15 additional viscous 

layers (Figure 4) were inserted by further anisotropic cell subdivisions in order to generate the mesh 

suitable to resolve highly sheared flow. Finally, meshes for all computations consisted of around 2.5 

million of hexahedral cells while the domain stretched far enough to capture and properly damp 

generated waves. 

 

3.2. ‘Volume of fluid’ interface capturing 

For an incompressible flow of viscous fluid under isothermal conditions in the multi-phase 

continuum, mass (or volume) fraction between 0 and 1 indicates the presence of a mixture. 

Therefore, the mass fraction value of 0.5 defines the interface between water and air. The sharpness 

of the interface directly depends on mesh quality around the free surface, and it heavily depends on 

the scheme used for the advection of the volume fraction. The scheme should ideally sharpen any 

gradient into a discontinuity, and ideally there should be no limitation on the cell Courant numbers. 

In this work Blended Reconstructed Interface Capturing Scheme (BRICS) was used, which fulfills 

these requirements by blending together different schemes [18]. By using such advanced scheme, 

the smearing of volume fraction scalar field and its gradient is used to detect the areas of higher 

probability for the inception of the ventilation phenomena. Unfortunately, numerical diffusion helps 

the smearing of the volume fraction values in addition to the physical events. Nevertheless, these 

areas can serve as an indicator where the ventilation is more likely to incept. 

https://www.researchgate.net/publication/223288892_An_Interface_Capturing_Method_for_Free-Surface_Hydrodynamic_Flows?el=1_x_8&enrichId=rgreq-a3b86b40de9f9b7238dc88ee337b6fbb-XXX&enrichSource=Y292ZXJQYWdlOzMwODk0ODMyMTtBUzo0MTUwMDMyNjI4OTgxNzZAMTQ3NTk1NTg5Njc1MQ==
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Fig. 3 Meshed computational domain (top), foil and fences detailed mesh (bottom) 

 

 

 

 

Fig. 4 Cross section of the foil with inserted viscous layers 
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4. CFD analysis of hydrofoil without fences 

The mass fraction and free-surface elevation obtained by CFD simulations of the clean 

hydrofoil without fences is shown in Figure 5 and 6, for the zero and 20° angle of attack, 

respectively. Each figure contains converged steady flow situation for the advancing speed of 4 m/s 

and 6 m/s. Zero angle of attack simulation, as expected, resulted in sharp interface between water 

and air phases, as shown in Figure 5. The mass fraction contour plot reveals pull-out effect of a thin 

layer of the water up against the foil, and possibility of a sparse spray above the free-surface level. 

On the contrary, 20° angle of attack simulation resulted in two jumps, i.e. discontinuities, in the 

mass fraction scalar field, as shown in Figure 6. The upper discontinuity is drawn where the non-

ventilated water/air interface should be. The lower discontinuity is the simulated water-air interface 

where the value of mass fractions equals to 0.5, which can be detected as strong gradient between 

green and yellow colour in Figure 6. Numerically simulated ventilation occurs at the angle of attack 

of 20° at operating speeds. Simulation of hydrofoil advancing with 6 m/s shows air-dominated 

mixture of the phases below the initial free-surface level and emphasised stirring of the interface, 

while the mass fraction below the initial free-surface level for the 4 m/s simulation remains around 

0.5 value. The simulation of the hydrofoil advancing with 6 m/s shows high probability of 

ventilation inception and creation of an air bubble, as shown in Figure 7. 

 

 

Fig. 5 Foils mass fraction without fences for 0° angle of attack, 4 m/s (top) and 6 m/s (bottom). 
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Fig. 6 Foils mass fraction without fences for 20° angle of attack, 4 m/s (top) and 6 m/s (bottom). 

 

 

 

Fig. 7 Ventilation air bubble for 20° angle of attack and advancing speed of 6 m/s 
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5. CFD analysis of hydrofoil with fences 

The fences are constructed in a way that they extend completely along the chord length, and 

they have an outboard surface that is convexly curved over their entire length in the chord wise 

direction of the foil. They are attached to the foil to remain parallel to the local direction of the fluid 

flow. Maximum vertical dimension measured from the foil chordal plane is 18 mm, and the 

thickness at the widest part which is located on trailing edge is 7 mm. Each fence has a leading edge 

that extends substantially along a straight line, and is swept back at an angle of approximately 40° 

from the chordal plane of the foil. 

The results of CFD simulations are presented in order to assess the impact of fences on 

occurrence of natural ventilation phenomena. The mass fraction and free-surface elevation obtained 

by CFD simulations of the hydrofoil with fences are shown in Figure 8, for 20° angle of attack. The 

figure renders converged steady flow situation for the advancing speed of 4 m/s and 6 m/s. By 

analysing the mass fraction contour plot for the 4 m/s simulation, it can be seen that there are no 

jumps and no strong gradient areas on the foil surface. The predicted small probability of ventilation 

inception, analysed from the top image in Figure 6, is thus extinguished by the installed fences. The 

simulation with 6 m/s speed of advancing, shown in the bottom of the Figure 8, also resulted in 

sharp water/air interface without retracted phase mixture below the initial free-surface level. Albeit 

non-negligible gradient area of the mass fraction is obtained just near the least immersed fence, the 

fence really acts by its name definition – it blocks mixture of phases to advect further down the foil 

surface. Thus, the fences can limit the extent of the ventilation even if it spontaneously incepts near 

the initial free-surface level. 

 

 

Fig. 8 Foils mass fraction with fences for 20° angle of attack, 4 m/s (top) and 6 m/s (bottom). 
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6. Conclusions 

AUSVs create new opportunities to meet unique mission requirements in a changing world. 

These vessels can operate with high speed by relying on efficient propulsion and hydrofoils. One of 

the main problems that can occur while operating in foilborne mode is rapid loss of lift due to the 

ventilation phenomena, which is still not clearly understood. In this study, steady incompressible 

fluid RANS solver is used in addition to the advanced ‘volume of fluid’ free-surface capturing 

approach, in order to simulate the flow and analyze water/air mixture around the hydrofoil. 

Simulations were performed on the hydrofoil without and with installed fences, for the zero and 20° 

angle of attack that could generate separation of flow and thus help ventilation inception. 

Simulation of the hydrofoil without the fences, rotated to reach 20° angle of attack, resulted in 

pronounced smearing and retraction of the phase mixture near the foil surface and below the initial 

free-surface level. On the contrary, simulation of the hydrofoil with fences resulted in sharp free-

surface interface. Furthermore, the slight smearing of the mass fraction near the free-surface is 

immediately blocked by the first immersed fence, i.e. the mixture of phases does not advect further 

down the foil surface. The conclusion is that the fences can be used to limit extent of the ventilation 

even if it spontaneously incepts. CFD modeling of the ventilation phenomena does not explicitly 

exist, and although the volume of fluid approach is verified and validated, experimental insight is 

still needed to confirm the connection between the mass fraction and the probability of ventilation 

inception. 
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