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Abstract

This thesis investigates the mechanisms of ventilation inception on surface-piercing hydrofoils
under quasi-static variations of the angle of attack (AoA). Two hydrofoil geometries, a Semi-
Ogive profile with a blunt trailing edge and a streamlined NACA 0010-34, were tested in a
towing tank across a range of Froude numbers (Fnh) and aspect ratios (AR). The study
introduces a novel experimental methodology, quasi-static testing, which eliminates inertial
effects associated with acceleration by maintaining constant Fnh while varying AoA. This
approach contrasts with traditional ”static tests” found in the literature.

A new flow regime map in the α−Fnh parametric space was developed, tracing distinct venti-
lation inception boundaries for the two hydrofoils and offering a more detailed representation
of transitions between flow regimes. The findings challenge the validity of previous methodolo-
gies, which assumed that ventilation inception boundaries were dominated by stall angles and
fixed AoA, overlooking the dynamics of ventilation inception. At low Fnh, leading-edge (LE)
ventilation appears as the dominant mechanism, slightly enhancing lift by stabilizing flow on
the suction surface. As Fnh increases, transitions to Rayleigh-Taylor (RT) instabilities become
evident, particularly at moderate Reynolds numbers. At high Fnh (≥ 2.5), RT instabilities
prevail, with trailing-edge (TE) effects becoming significant for the Semi-Ogive hydrofoil. In
contrast, the streamlined NACA 0010-34 primarily exhibits RT-driven mechanisms.

The results demonstrate that this new methodology yields precise and repeatable inception
boundaries, representing a significant improvement over historical techniques. Notably, con-
trary to prior assumptions, the AoA at which ventilation inception occurs exceeds 15◦ and
is no longer constant across various Fnh. Additionally, trailing-edge geometry was found to
influence ventilation inception, particularly at higher AR, as evidenced by the diverging trends
observed between the two hydrofoil profiles. Furthermore, the experimental results align well
with semi-empirical models for lift and drag coefficients at Fnh ≥ 1.0, reinforcing the robust-
ness of the findings.

These contributions provide more in-depth insights into ventilation inception dynamics and
offer valuable guidance for the design of hydrofoils in marine applications.
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1
Introduction

The maritime industry constantly evolves, with increasing demands for faster, more efficient,
and environmentally sustainable vessels. Among the new technologies are larger ship pro-
pellers and hydrofoils, designed to enhance propulsion efficiency and reduce hydrodynamic
drag. However, as these technologies advance, they bring new challenges, particularly in multi-
phase flow phenomena such as ventilation. Ventilation, where air is drawn into the water
around a propeller or hydrofoil, can lead to significant performance losses, including reduced
lift and potential structural damage. These effects are more likely to happen in surface-piercing
hydrofoils, which operate near the water’s surface and are highly susceptible to ventilation.

The Ship Hydrodynamics Section of Delft University of Technology aims to address these
challenges by studying the multi-phase phenomenon of ventilation around surface-piercing
hydrofoils. This research focuses on designing and building experimental models to conduct
tests in the Towing Tank, developing a new experimental methodology to study ventilation
inception, and acquiring images to visually classify the transitioning regimes. A quasi-static
variation of the angle of attack (AoA) while maintaining a constant Froude number (Fnh) is
proposed as an innovative methodology to study ventilation inception.

The selected geometry for these experiments is a semi-ogive strut, previously studied by Har-
wood et al. [1, 2]. Additionally, an experimental campaign will be conducted in parallel with
a modified NACA0010-34 hydrofoil to study the influence of waves on ventilation inception
for leading edge (LE) and Rayleigh-Taylor (RT) inception mechanisms. The calm water data
from these experiments will be used in this research to provide a comprehensive understanding
of ventilation phenomena.

This research is motivated by the need to fill the gaps in our understanding of ventilation
and improve our ability to predict it for designing and operating more efficient and durable
hydrofoils and propellers. The insights gained from this study are expected to improve the
existing knowledge of ventilation and contribute to the reliability and performance of high-
speed marine vessels.

1.1. Introduction to Multi-phase Flow in Lifting Surfaces
Multi-phase flows are systems consisting of two or more thermodynamic phases. These phases
can include combinations of liquids, gases, and solids [3]. Phase distribution, interface dynam-
ics, and phase change processes influence these phases’ behaviour and interactions. Common

1
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examples include liquid-gas mixtures, liquid-solid suspensions, and gas-solid flows [3]. Multi-
phase phenomena involve interactions between a solid surface, such as a foil, and multiple
fluid phases, typically liquid and gas, leading to complex and often undesirable performance,
stability, and durability effects. Typical multi-phase flows in lifting surfaces are ventilation
and cavitation [3].

Ventilation is a multi-phase phenomenon where atmospheric air is drawn into the liquid flow
around fully or partially submerged bodies, such as hydrofoils or high-speed watercraft. This
can occur due to surface piercing, where part of the lifting surface moves through the air-water
interface, or due to pressure differences that draw air into the water [4, 5]. The resulting air
cavities persist due to the continuous supply of atmospheric air, leading to equalization of
pressure within the cavity to atmospheric pressure [6]. This process can lead to significant
losses in lift force, reductions in speed, maneuverability, and stability [7, 8]. For ventilation
to occur, the local pressure on the suction side of the body must be lower than atmospheric
pressure, there must be a separated flow region, and a continued path for air ingress must be
available [7, 9, 10, 11, 12].

Cavitation is the formation and collapse of vapour bubbles in a liquid due to a local drop below
the liquid’s saturated vapour pressure [13, 11, 14]. When these vapour bubbles collapse, they
can generate significant pressure pulses, leading to noise, vibration, and potential damage to
the lifting surface. Unlike ventilation, which involves non-condensable gas, cavitation involves
the transition between liquid and vapour phases through vaporization and condensation. Thus,
dynamics involving ventilated and vaporous cavities may vary [15]. Vaporous cavitation can
also promote the inception of atmospheric ventilation, and the two phenomena can coincide
[10, 11, 16, 12, 17, 15]. However, these conditions require sufficiently high speeds for the cavity
pressure to decrease until the vapour pressure of the fluid or a forced decrease in pressure
within the cavity prompts cavitation.

1.2. Background Information
Experimental studies on ventilation were extensively conducted during the 80ies and 90ies, and
in recent years, there has been a renewed focus on understanding and predicting ventilation
phenomena. Various researchers identified the conditions under which ventilation develops and
its effect on hydrofoils and surface-piercing bodies. A summary of previous studies is presented
in Table 1.1.

In the early studies, Perry [18] focused on understanding the forces and ventilation mechanisms
on struts that pierce the water surface. They found that if the surface tension was broken,
the aerated wake behind the bluff bodies could affect the entire body’s ventilation. Similarly,
Kiceniuk [19] observed the same behaviour in streamlined bodies when the angle of attack
reached or exceeded the stall angle. Both studies observed that once the cavity was established,
it remained stable across various angles, including sub-stall angles of attack. The ventilated
cavity was initially created by air entering into low-pressure regions of the separated flow.
However, if the cavity was sufficiently big, a new stable state was reached, with a cavity
developing beyond the original wetted zone and original wake.

Wetzel [9] conducted fundamental experiments using various cylindrical rods and NACA pro-
files to investigate the scale effects associated with ventilation phenomena. Surface tension
and viscosity were altered by heating the water and adding detergents. This was done to study
their impact on the transition between wetted and ventilated flows. The results indicated
that both Reynolds and Weber numbers significantly influence this transition, particularly for
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small rods. Harwood [15] indicated that the effect of the Weber number was negligible above
a critical value of We = ρfU

2l/γ ≈ 250. Wetzel [9] described two types of ventilation: ”flash”
and ”creeping.” ”Flash” ventilation occurred suddenly and was associated with a noticeable
hysteresis effect, especially in small-diameter rods and at angles below the stall boundary. In
contrast, ”creeping” ventilation occurred at angles of attack surpassing the stall angle, with the
air pocket forming gradually. Wetzel [9] found that creeping ventilation could be correlated
with the depth-based Froude number and the submergence ratio. This type of ventilation was
linked to a critical Froude number of approximately 1.7 and occurred particularly in larger
diameter rods or smaller rods at higher submergence ratios.

Wadlin [10] performed experiments on a surface-piercing strut to understand the relation be-
tween ventilation and boundary layer separation. Wadlin used an oil-flow technique to reveal
areas of high-energy attached flow and low-energy-separated flow on the suction side. The re-
sults showed that laminar separation bubbles (LSB) form near the leading edge at low angles
of attack, and turbulent separation occurs near the trailing edge at higher angles of attack.
However, these separated regions did not extend to the free surface. Wadlin injected air ar-
tificially into the separated flow, creating a cavity of the same size as the preceding LSB.
Wadlin concluded that both low pressure and separated flow are required for ventilation to
occur. Wadlin highlighted the importance of considering the scale effect when interpreting the
experimental results. The behaviour observed in model tests did not translate to a full-scale
condition. Finally, they suggested that for ventilation to start, a low-pressure path had to be
available to allow air ingress into the cavity.

Breslin and Skalak [7] conducted investigations on yawed surface-piercing hydrofoils, both with
and without cambered sections. They reported a significant reduction in lift (up to 70%) and
a smaller reduction in drag during ventilated flow. The study introduced the terms ”inception”
and ”closure” to describe the generation and disappearance of ventilation. Their findings
corroborate the observations made by Kiceniuk [19] and Wetzel [9], showing that ventilation
could be triggered at sub-stall angles by disturbing the free surface upstream of the hydrofoil’s
leading edge. Additionally, it was documented that cavities remained stable even if the yaw
angle decreased towards zero degrees, an effect also noted by Fridma [20], who termed this
hysteresis range as ”unstable”. Breslin’s report introduced two Froude-number-based criteria
for achieving stable ventilated flow. These are:

CLw ≥ 5Fn−2
h (1.1)

Fnh ≥ 3. (1.2)

Rothblum et al. [11] conducted high-speed experiments on a family of symmetric biogival-
section hydrofoils, observing the same types of ventilation as Breslin and Skalak [7]. Rothblum
noted that hysteresis caused the ventilated flow to persist down for a zero-degree angle of attack.
At high speeds, significant reversal of side forces occurred on surface-piercing struts, with
ventilation most likely to occur on blunt-nosed struts. Rothblum suggested that at moderate
angles of attack, flow over the hydrofoil’s suction surface induced a downward acceleration
of the free surface, creating Taylor instabilities, which are fluid instabilities caused by surface
waves, leading to the growth of disturbances and potentially turbulent motion in the direction of
the denser fluid (Emmons et al. [21]). Additionally, Rothblum defined boundaries for different
foil shapes and configurations based on the lift coefficient and Froude number, illustrating the
conditions under which fully-ventilated flows remained stable. The same biogival family was
used in the experiments conducted by Waid [16], who studied the interaction of ventilated
and vaporous cavities in a depressurized towing tank. The main mechanism for air ingress
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was observed to be through Taylor’s instabilities. These findings suggest that Taylor-induced
ventilation formation or RT inception occurs only at high Froude or low cavitation numbers.

Rothblum [22] studied the effects of surface roughness, surface wettability, and speed on the
formation of ventilated cavities using various section profiles with different surface coatings and
finishes. The study determined that roughened surfaces and higher speeds weaken the sealing
effect of the unseparated flow at the free surface. These findings are supported by Fuwa
et al. [23], who found similar results. They reported that surface roughness affected drag,
particularly the frictional drag component, due to boundary layer transition. Additionally,
Fuwa’s study highlighted that surface roughness increased the wetted area and contributed to
higher frictional drag. Rothblum’s study suggested that surface wettability and surface tension
were negligible factors.

Swales et al. [12] used the same models as Rothblum et al. [11]. The main findings indicated
that sub-atmospheric pressures and flow separation preceded ventilation formation. They
identified two requirements for sustaining ventilation: pressure below atmospheric levels on
the suction side and flow separation around the foil. Swales reported that Taylor instabilities
induced ventilation for streamlined sections, whereas sharp-nosed sections ventilated through
a long leading-edge bubble and an associated leading-edge vortex, termed ”nose inception.”

More recent studies have delved into the transitional region and the underlying physics of the
ventilation phenomenon. Pogozelski et al. [24] investigated flow structures around a surface-
piercing symmetric body, finding that at low Froude numbers, the bow wave exhibited capillary
waves that became unstable with higher Froude numbers. At FnL > 0.357, the bow wave
separated at the toe, generating a bubbly wake. The wave contained strong counter-rotating
vorticity, leading to boundary layer separation near the free surface. The study emphasized the
significant impact of shoulder wave breaking on flow structures and highlighted discrepancies
with previous studies due to unaccounted energy dissipation. Additionally, it emphasized the
importance of flow visualization techniques, especially Particle Image Velocimetry (PIV), in
understanding ventilation mechanisms.

Young and Brizzolara [17] investigated the hydrodynamic response of a surface-piercing hydro-
foil using both numerical and experimental methods. Their study extended a 3-D boundary
element method (BEM) to model the effects of cavitation and ventilation. The research found
that lift coefficients varied depending on whether the cavity was closed or open to the free
surface. Good agreement was observed between numerical predictions and experimental mea-
surements in both fully attached and fully ventilated regimes. The study identified major
flow regimes around hydrofoils—fully attached, transitional, and fully ventilated—based on
the separation and aeration on the suction side.

Harwood et al. [1, 2] conducted an experimental study on atmospheric ventilation of a surface-
piercing hydrofoil, further developing the criteria implemented by Young and Brizzolara [17].
They classified steady flow regimes and examined the conditions for ventilation formation and
elimination. Three distinct flow regimes were identified: fully wetted (FW), partially ventilated
(PV), and fully ventilated (FV). They also developed a scaling relationship for the washout
stage of ventilation elimination and mapped the flow regimes as a function of the yaw angle and
depth-based Froude number. A review of the scaling relation on ventilated flow was presented
by Young et al.[6].

The most recent research focuses on predicting ventilation through CFD simulations. Charlou
and Wackers [25] conducted numerical experiments on the same model as Harwood’s model to
study the transition between wetted and ventilated flow regimes. Andrun et al. [26] utilized
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CFD simulations to investigate natural ventilation on surface-piercing hydrofoils. They dis-
cussed the use of fences to prevent ventilation and improve hydrofoil stability. However, their
simulations overestimated the drag forces. Other studies, [27, 28, 29, 30] have highlighted the
importance of modeling Froude numbers, flow separation, and leading-edge geometry. They
have reported that ventilation affects cavitation behaviours, with base ventilation suppress-
ing natural cavitation and emphasising challenges in simulating complex multi-phase flows.
Design modifications and understanding flow regimes were also key to controlling ventilation
phenomena.

Mcgregor et al. [31] were the first to study the effects of waves on ventilation through a series
of experiments in a towing tank facility. Their principal findings indicated a reduction in the
inception angle of attack (AoA) with increased wave amplitude, orbital velocity, or steepness.
While wave effects are beyond the scope of this work, excellent reviews on the topic can be
found in Young et al. [32, 33, 31]. Additionally, the hydroelastic effects in ventilated flows,
reviewed by Harwood et al. [34, 35, 15], are outside the scope of this thesis, which focuses on
the hydrodynamic response of a rigid hydrofoil.

The analysis of existing literature indicates a prevalent experimental method for investigating
ventilation inception in calm waters by increasing the Fnh with a constant AoA, yet this
approach does not avoid the inertial effects of foil acceleration. This tendency leads to a new
experimental approach that takes this inertial effect off the equation. This innovative approach
builds upon the work of Harwood et al. [2, 15] and incorporates the observations made by
Charlou and Wackers [25].
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Table 1.1: Summary of previous studies on natural ventilation at surface-piercing and submerged hydrofoils
and strut-foil systems. The facility types are keyed as follows: TT-towing tank, FSWT-free surface water
tunnel, RAT-rotatory arm tank, DPTT-depressurized towing tank, FSCC-free surface cavitation channel, and
NS-numerical solver. When the values of the parameters were not explicitly given, they are inferred from the
respective reports. Reprinted with modifications from Harwood et al. [2]

Citation Section Shape Facility Type c(d) (cm) v (m/s) ARh Fnc Fnh σv

Coffee and McKann (1953) [36] NACA 661 012 TT 10-20 9.14 - 24.38 1-6 6.48-24.42 2.64-24.42 0.33-2.3
NACA 664012 TT 1 9.14 - 24.38 1-6 9.16-24.42 3.74-24.42 0.33-2.3

Kiceniuk (1954) [19] Circ. arc FSWT 3 1.50 - 8.22 0.98-1.46 6.16-12.27 5.1-12.42 4.1-16
Perry (1954) [18] Rect. bars FSWT 2.5 1.50 - 8.22 1.2-16.8 3.05-16.49 0.74-15.05 2.9-84

Wetzel (1957) [9]
Cyl. rods RAT 0.1 - 5.1 0 - 45.74 1-100 1.3-65.32 0.13-65.32 5.3 to >100

NACA 0012 RAT 5.1 0.73 - 6.05 0.5-5 1.05-8.64 0.47-12.21 5.3 to >100
NACA 0024 RAT 5.1 0.73 - 6.05 0.5-4.5 1.29-8.64 0.61-12.21 5.3 to >100

Ramsen (1957) [37] Flat Plate TT 36-91 1.91 - 41.23 0.01-0.42 1.02-13.8 1.56-117 0.33-2.3
Wadlin (1958) [10] Wedge TT 18-18 3.66 - 76.28 0.5-1.5 2.76-57.4 2.25-81.2 0.33-2.3

Breslin and Skalak (1959) [7] NACA 4412 RAT 7.6 0.76 - 9.18 0.5-2 0.88-10.58 0.62-14.96 2.3 to >100
Circ. Arc RAT 6.4 0.76 - 9.18 0.5-2 0.96-11.59 0.68-16.38 2.3 to >100

Fridma (1963) [20] Wedge at 30 deg dihedral TT 5.1 3.05 - 12.19 1-3 4.32-17.27 2.49-17.27 1.32-21
Waid (1968) [16] Biogive family DPTT 30.5 6.1 - 9.14 1-1.5 3.53-5.29 2.88-5.29 0.16-5.3
Rothblum et al. (1969) [11] Biogive family TT 30.5 2.06- 25.72 1-3 1.19-16.35 0.69-16.35 0.24-46

Mcgregor et al. (1973) [31]
Blunt biogive TT 10 1.52-6.09 1-1.5 1.54-6.15 1.26-6.15 5.3-84
NACA 0012 TT 10 1.52-6.09 1.5 1.54-6.15 1.26-5.03 5.3-84

6º wedge TT 7.5 1.32- 6.1 1.5 1.54-7.11 1.26-5.8 5.3-84

Swales et al. (1974) [12]

Sharp biogive FSCC 10 1.5-6.1 2 1.5-6.11 1.06-4.32 0.08-87
NACA 0012 FSCC 10 1.5-6.1 2 1.5-6.11 1.06-4.32 0.08-87

NACA 016-021 FSCC 10 1.5-6.1 2 1.5-6.11 1.06-4.32 0.08-87
Biogive TT 30.5-61 1.9-25.2 2 0.78-14.57 0.55-10.3 0.31-54

Fuwa et al. (1993) [23] Circ. Arc TT 30 0.17 - 5.14 1.5 0.1-3 0.08-2.45 7.4 to >100
Circ. Arc TT 80 0.28-8.40 1.5 0.1-3 0.08-2.45 2.8 to >100

Pogozelski et al. (1997)[24] Streamlined body at 0 def TT 91.4 0.15-1.52 1.5 0.05-0.51 0.04-0.42 84 to >100
Harwood et al. (2016) [2] Semi-ogive TT 27.9 0.6-6 0.5-1.5 1.21-3.68 0.5-5 5.3 to >100
Ageorges et al. (2019) [38] Cyl. rods TT 1.4-16 0.25-1.5 1.44-16.5 0.20-2.41 0.20-2.41 -
Wang et al. (2022) [28] Biogive Family NS 27.9 50 1 30.2 30.2 0.0784
Huang et al. (2022)[27] Triangle TT & NS 0.05 0.36-22.96 0.5-1.5 0.51-32.79 0.51-43.34 0.37 to >100
Zhi et al. (2022) [39] Semi-ogive NS 27.9 0-4.13 1 0-2.5 0-2.5 -
Wang et al. (2024) [40] NACA0012 TT 0.05 5.0-25.0 0.25-2.0 7.14-35.69 5.05-50.47 0.31-7.83

1.3. Problem Statement
Extensive research has been conducted on the inception of ventilation, with significant advance-
ments in understanding atmospheric ventilation on rigid surfaces and hydroelastic responses
[1, 2, 34, 35]. However, a common experimental approach—maintaining a constant angle of
attack (AoA) while slowly accelerating the strut—may not fully capture the dynamic nature of
ventilation inception. Charlou and Wackers [25] demonstrated through CFD simulations on a
ventilated surface-piercing hydrofoil that the inception points vary depending on whether AoA
or Froude number is kept constant. Additionally, the literature lacks detailed imaging, such as
underwater and above-water videography, and stereo imaging on the suction side of the strut,
which are crucial for accurately defining the cavity and validating CFD simulations. There is
also an absence of tools to track the cavity closure line or the free surface, leaving gaps in the
understanding of ventilation mechanisms.

After defining the problem statement, the research objectives and guidelines for the study’s
structure must be provided.
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1.4. Research Objective
This research focuses on the inception of ventilation in surface-piercing hydrofoils, a topic of
significant interest since the mid-20th century due to the rise of high-speed crafts and the
associated drag-reduction benefits of hydrofoils. While recent studies have characterized atmo-
spheric ventilation, the methodologies have largely remained unchanged, typically involving
a constant AoA with increased Fnh. To address these gaps and provide a more fundamen-
tal understanding of ventilation mechanisms, this study aims to experimentally investigate
ventilation inception in a surface-piercing hydrofoil using a novel approach.

The research is conducted in collaboration with the Ship Hydrodynamics group at the Univer-
sity of Delft, where there is growing interest in ventilated flows. The analysis takes place at
the towing tank facilities of the Faculty of Mechanical Engineering at the University of Delft.
The following study objectives are defined:

Experimental study on the influence of a quasi-static variation of the angle of attack in the
inception of ventilation.

1.5. Research Questions
The research objective is always accompanied by a series of questions that provide a more
structured manner towards achieving the objective. The main question of the research is the
following:

How is the inception of ventilation affected by a quasi-static variation of the angle of attack?

A series of sub-questions accompany the main research question to facilitate a comprehensive
examination of the initial question’s scope and potential branches. The following itemization
encloses the formulation of sub-questions:

• How repetitive is the AoA at which ventilation inception occurs for a given Fnh and
ARh?

• How do varying Froude numbers affect the inception AoA for a given geometry?
• How is the inception mechanisms affected by the Fnh and the Rec?
• How does varying the hydrofoil geometry, particularly the trailing edge shape, impact

the inception AoA and mechanism at moderate to low Fnh?

The sub-questions will be addressed through the analysis of experimental results. These ques-
tions focus primarily on interpreting the data obtained from the experiments. The project
planning and research scope are essential for understanding the study’s goals and constraints.

1.6. Plan of Approach
The research begins with thoroughly reviewing the existing literature on ventilation incep-
tion and elimination on lifting surfaces, particularly surface-piercing struts. The literature
review aims to summarize the current understanding of the ventilation phenomenon, identify
the experimental methods used in previous studies, analyze the various geometries studied,
and ultimately select the most suitable method and geometry for the upcoming experimental
studies.
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After reviewing the literature, the focus of the research will shift towards designing and build-
ing the surface-piercing hydrofoil, defining the experimental matrix, and preparing the setup to
conduct the experiments. The study aims to build upon existing knowledge of ventilation incep-
tion. Part of the experiments will be designed to verify the constructed geometry with previous
research, while the other part will focus on developing the experimental methodology. Upon
completing the experiments and obtaining the results, the focus will shift to post-processing
the collected data and developing a code to analyse the videography.

This research is conducted in collaboration with the University of Delft’s Ship Hydrodynamics
group. This experimental study marks the first step in a series of new research initiatives of
interest to the group. The experiments will yield a significant amount of videography and data,
which can be utilized for future research on the topic, such as CFD validation.

1.7. Structure
The thesis is divided into several chapters, each focusing on a specific task in the project:

• Chapter 2 is a description of the findings of the literature review performed before the
execution process of the project.

• Chapter 3 covers the experimental preparation of the towing tank testing. A description
of the instruments used is given, as well as the methodologies and the test matrices.

• Chapter 4 is a presentation and discussion of the results obtained from the towing tank
testing

• Chapter 5 provides a summary of the work carried out in the project and future recom-
mendations.



2
Theoretical Background

This chapter elaborates on the theory behind the research. To start, an explanation of foil
theory is given, covering the physical aspects and theory of hydrofoils, as well as the study
of lift, drag and the behaviour of foils in different fluid conditions. Next, the fundamental
concepts of multi-phase flows in 2D and 3D cavities will be introduced. This is followed by
a discussion on the understanding of the ventilation phenomenon, covering the main leading
parameters for ventilation inception, the different mechanisms for ventilation inception and the
different flow regimes. The theoretical background continues with a review of foil geometries
in previous research, covering the different parameters that affect the inception of ventilation.
The theoretical background is concluded with the identification of the research gaps.

2.1. Introduction to hydrofoils
This section provides an introduction to hydrofoils, their physical aspects and their theoretical
background. An extended version covering foil theory can be found in Appendix A, including
the study of lift, drag and the behaviour of hydrofoils in different fluid conditions.

An airfoil is a streamlined surface designed to generate lifting force perpendicular to the direc-
tion of the surrounding airflow [41]. The cross-sectional shape of an airfoil creates a pressure
difference between the upper and lower surfaces, resulting in an upward lift force. The lift is
defined as the component of force acting in the plane of symmetry in a direction perpendicular
to the line of flight [41, 42]. A hydrofoil is an airfoil operating in water. Aerodynamic foil
principles can, therefore, be utilized to characterize a hydrofoil [43].

The typical airfoil section notation is shown in Figure 2.1. The chord (c) of the foil is the
shortest distance from the leading edge to the trailing edge, and the angle of attack (α) is the
angle between the chord line and the flow direction. [43]

The mean line of the section is called the camber line, which is the maximum separation
between this line and the chord line [43]. The foil dimensions are usually taken at 1/4 of c
from the foil’s leading edge (where the hydrodynamic centre is defined). Thus, the thickness
is determined at this position.

The two-dimensional hydrodynamic forces, lift (L), drag (D), and moment (M), can be com-
puted as non-dimensional numbers, which depend on the density ρ, the velocity V and the size
and shape of the body [42].

9
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Figure 2.1: The geometry of a 2D foil. Reprinted from Kulkarni et al. [44]
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2.2. Multi-phase Flows
This section reviews the fundamental concepts and mechanisms of multi-phase flows in 2D and
3D cavities. subsection 2.2.1 reviews the hydrodynamics of two-dimensional cavity flows, and
subsection 2.2.2 describes three-dimensional cavity flows.

2.2.1. Two-Dimensional Cavity Flows
The classic lift geometry is a two-dimensional foil section representing a standard three-dimensional
strut. The two-dimensional theory usually serves as a first approach to understanding three-
dimensional flows. Thus, it is helpful to introduce the different 2D flow regimes.

The two-dimensional force coefficients for lift, drag, and moment on a foil section, as defined
in section 2.1, are described as follows.

Cl2D =
l

ρfV 2c/2
(2.4a)

Cd2D =
d

ρfV 2c/2
(2.4b)

Cm2D =
m

ρfV 2c2/2
(2.4c)

Where l, d and m are the lift, drag and moment per unit span, V is the velocity, ρf is the
density of the fluid, and c is the chord length.

Flow regimes around a foil section are classified by Franc and Michel [14] as fully wetted, base-
cavitating, partially cavitating, or supercavitating states. This terminology applies to any
multi-phase flow, whether cavitation or ventilation. Illustrations of these regimes can be found
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in Figure 2.2. The regimes are driven by the length of the cavity Lc and the non-dimensional
cavity length Lc/c, which is relative to the chord length. The AoA governs this parameter and
can be scaled with the cavitation number σc [14].

σc =
P∞ − Pc

ρfV 2/2
(2.5)

Where P∞ is the free-stream pressure, and Pc is the pressure inside of the cavity. In the case
of a cavitation cavity, Pc corresponds to the saturated vapour pressure; for a ventilated cavity,
it refers to the atmospheric pressure [6].

In the context of a ventilated foil, as discussed in works by Harwood et al. [1, 2, 15], these
regimes are categorized as thoroughly wetted (FW), partially ventilated (PV), and fully venti-
lated (FV). Further details on these concepts are provided in section 2.3.

Figure 2.2: Flow regimes of a 2D foil section.(a) Fully wetted, (b) Base-cavitation or base-ventilation, (c)
Partial-cavitation or partial ventilation, (d) Supercavitation or super-ventilation. Figure reproduced from Young
et al. [6].

2.2.2. Three-Dimensional Multi-Phase Flows
In 3D flow, different sections along the span of a lifting surface can experience varied flow con-
ditions simultaneously. For instance, some sections might be fully wetted while others might
be ventilated or cavitated. These spanwise variations are influenced by factors such as geome-
try, inflow conditions, cross-flow effects, proximity to the free surface, buoyancy or rotational
effects. The coordinate system of a 3D surface-piercing hydrofoil is illustrated in Figure 2.3.
For a surface-piercing hydrofoil, gravity often dominates the pressure gradient, resulting in a
hydrostatic pressure distribution along the span. This gradient causes the sectional cavitation
number (σc) to vary with the depth (z) below the free surface.

σc(z) =
Patm + ρfgz − Pc

0.5ρfV 2
=

2gz

V 2
(2.6)

The geometric aspect ratio of a lifting surface is defined as
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Figure 2.3: Coordinate system for a surface-piercing Hydrofoil. Figure reprinted from Elisa [45].

ARs =
S

c
(2.7)

where S is the span and c is the chord length. The submerged aspect ratio is given by

ARh =
h

c
(2.8)

where h is the submerged depth of the body, note that for a straight lifting surface piercing
the surface vertically, Equations 2.7 and 2.8 are equivalent.

The depth-based Froude number is critical for analyzing ventilation near the free surface. This
parameter indicates the ratio of dynamic to hydrostatic forces. It is defined as

Fnh =
V√
gh

(2.9)

The chord-based Froude number can be related to the depth-based Froude number by the
expression [6].

Fnh = FncAR
− 1

2
h (2.10)

The three-dimensional lift, drag and yaw moment coefficients are defined as: [4]

CL3D
=

L
1
2ρV

2hc
(2.11a)

CD3D
=

−D
1
2ρV

2hc
(2.11b)

CM3D
=

M
1
2ρV

2hc2
(2.11c)
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Figure 2.4: Drawdown to chord length ratio, d/c. Figure reprinted from Swales et al. [12]

Lift (L), drag (D), and yawing moment (M) are taken with respect to the rotation axis of the
surface-piercing hydrofoil.

The drawdown to chord length ratio, d/c, is a measurement of the position of the free surface
when ventilation triggers as a function of the chord length of the strut as depicted in Figure 2.4.
The parameter d is the surface drawdown on the low-pressure side, defined as the vertical
distance between the level of the nominal free surface and the intersection of the envelope of
the perturbations with the trailing edge [12].

Three-Dimensional Re-entrant Jets

When the angle of the cavity-closure line relative to the inflow is considered, the kinematics
of the re-entrant jet are notably affected. If the inflow velocity is decomposed into normal
and tangential components to the cavity-closure line, conservation of momentum shows that
the tangential component remains constant, reflecting the incoming flow about the separation
boundary [46]. A streamline intersecting the cavity closure at an angle ϕ will emerge in the
re-entrant jet at an angle 2ϕ (see Figure 2.5) [15, 6]. In two-dimensional flows, this reflection
maintains the jet’s velocity equal to the incoming flow, but in three-dimensional flows, the jet’s
behaviour is more complex due to spanwise velocity components. This interaction can either
stabilize or destabilize the cavity. The mirror-like reflection model, although idealized, helps
in understanding these jets, particularly noting that in growing cavities, the jet is weaker due
to the lower relative velocity to the moving closure line. These three-dimensional effects are
critical for surface-piercing hydrofoils, which often have non-normal closure lines to the local
flow.

2.3. Ventilation
Atmospheric ventilation, as mentioned in section 1.1, refers to the phenomenon of a non-
condensable gas, air, being drawn down along the low-pressure areas on a strut [4, 5]. In a
surface-piercing hydrofoil, there is a perturbation in the flow, which allows the air to break the
seal of the water surface, after which the entire cavity can be formed [43]. This phenomenon can
especially happen when the strut operates at high speeds or large yaw angles beyond the stall
angle. This leads to a breakdown of the lift-generating capacity of the hydrofoil, disrupting the
smooth flow of water. Examples of marine systems where atmospheric ventilation can occur
include propellers, rudders, fins, stabilisers, or ship hulls [47]. This section will delve into the
understanding of ventilation based on previously published studies.
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Figure 2.5: Reflection of oncoming flow by the closure line of the cavity. Figure reprinted from Harwood [15]
with modifications from De lange and De Bruin [46].

As described in section 1.1, ventilation is a multi-phase flow similar to cavitation, with the
primary difference being that a ventilated flow involves multiple fluids [45]. The effect of
ventilation on lifting surfaces mainly results in a decrease in lifting force, as water is replaced
by a less dense gas, such as air. However, ventilation can sometimes be beneficial. If the foil is
designed to ensure that the cavity closes well downstream of the body, it will form a supercavity,
leading to significant reductions in frictional drag on high-speed bodies [15]. However, the
uncontrolled or unanticipated formation of a ventilated cavity can cause stability or structural
concerns. Therefore, it is essential to understand the physics of ventilation inception.

Before ventilation, three requirements must be accomplished for the cavity to develop and be
sustained:

• Sub-atmospheric pressure at the suction side of the foil
• Flow separation region at the suction side of the foil
• Continued path of ingress for the air to enter the cavity.

2.3.1. Flow Regimes
Harwood et al. [1] established three steady-state flow regimes associated with ventilated flows
recognised by their flow stability. These flows were identified as fully wetted (FW), partially
ventilated (PV) and fully ventilated (FV). The criteria to determine the flow regimes may be
summarised as: [15]

D = 0 Fully wetted (FW) flow
D = h AND ϕ < 45◦ Fully ventilated (FV) flow
0 < D < h OR ϕ ≥ 45◦ Partially ventilated (PV) flow
D = 0 AND Water vapor present Partially cavitating (PC) flow

where D is the depth of the cavity measured vertically from the free surface and ϕ is the angle
of the cavity closure line. Note that Harwood [15] described an additional regime known as
partially cavitating (PC) flow. However, this regime requires a depressurised water channel to
inhibit cavitation at low cavitation numbers. Therefore, it is beyond the scope of this research.

Re-entrant Jet effect on Flow Regimes

The effects of the re-entrant jet on 2D and 3D flows were discussed in Sections 5.2.4 and 5.3.1.
For the specific case of a surface-piercing hydrofoil, a representation of the jet is shown in
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Figure 2.6. The incoming flow encounters the cavity closure line at a local angle ϕ and is
reflected at twice this angle.

Harwood et al. [1] studied the re-entrant jet’s influence on the flow regimes’ stability. They
outlined three stability conditions: globally stable, locally stable, and unstable. A flow regime
is globally stable if it remains unchanged after any perturbation. It is locally stable if small
perturbations don’t affect it, but large perturbations cause a transition to another regime. The
coexistence of locally and globally stable regimes was defined as bi-stable conditions. A regime
is considered unstable if it cannot sustain itself without perturbations. In this case, when the
cavity closure line angle ϕ exceeds 45°, the re-entrant jet moves upstream, causing large-scale
shedding and instability. If ϕ is below 45°; the jet is redirected downstream, maintaining
stability. Thus, a ventilated cavity is stable if ϕ < 45◦ and unstable if ϕ ≥ 45◦.

Figure 2.6: Representation of the re-entrant jet on spanwise-varying cavity. Figure reprinted from Harwood
[15].

Fully wetted flow

A fully ventilated (FW) flow is a non-ventilated regime with no significant gas entrainment [1].
In this regime, a small separated wake may be present for blunt trailing edge (TE) profiles, but
as they are confined to a small area, they do not affect the hydrodynamic performance of the
foil. Similarly, there is no noticeable impact on the free surface deformation or flow separation
[18]. An example of FW flow is illustrated in Figure 2.7.

Figure 2.7: Fully wetted (FW) flow over the suction surface. Figure reproduced from Harwood et al. [2].

Partially ventilated flow

Partially ventilated (PV) flow is defined as a regime where one of the conditions for an FV
regime is not met. Consequently, the cavity will not extend sufficiently to reach the foil’s
immersion depth, or the projected cavity closure angle will be ϕ ≥ 45◦. Figure 2.8 presents
two different PV regimes. In the first case, the cavity depth and length are unstable. On the
other hand, a significant portion of the re-entrant jet is directed towards the LE. This will
result in unsteady shedding structures.
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Figure 2.8: Partial ventilated (PV) flow. Figure reproduced from Harwood et al. [2].

Fully ventilated flow

Fully ventilated (FV) flow is defined as a regime where the ventilated cavity has extended
to the entire span of the suction surface, and the incoming flow is redirected at ϕ << 45◦.
Figure 2.9 gives an example of a fully ventilated regime.

Figure 2.9: Fully ventilated (FV) flow. Figure reproduced from Harwood et al. [2].

Partially Cavitating Flow

Partial cavitation refers to a regime where the cavity is primarily filled with vaporous cavitation.
This phenomenon was observed in experiments conducted by Harwood et al. [2], where air was
evacuated from a depressurized towing tank to a pressure of 44 mbar. Similarly, Rothblum et
al. [11] observed this regime by accelerating a foil to high Froude numbers at a sub-stall angle
of attack (AoA) of α ≤ 15◦. Figure 2.10 illustrates an example of a partially cavitating regime,
showing both a vaporous cavity and a ventilated base cavity at the trailing edge (TE).

Figure 2.10: Partially cavitating (PC) flow. Figure reproduced from Harwood et al. [2].
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2.3.2. Flow Stability
The four regimes defined by Harwood et al. [2] are mapped as a function of α and Fnh for
an immersed aspect ratio of ARh = 1.0 in Figure 2.11. The map represents the flow regimes
observed in experiments conducted by Harwood et al. [2], where the hydrofoil was accelerated
quasi-statically while maintaining a constant value of α. Stability regions are defined for each
regime, with boundaries indicating where flows are stable, locally stable, or unstable. Three
bi-stable areas are observed, where two different regimes are stable; typically, one will be locally
stable and the other globally stable. This can be correlated with the hysteric loop observed by
Fridsma [20], see Figure 2.12.

Figure 2.11: Stability map for a hydrofoil with ARh = 1.0 with overlaid transition events. The flows are
plotted as a function of the AoA and Fnh. Figure reprinted from Harwood [15].

Harwood et al. [2] identified three types of boundaries. The transition boundaries separate the
flow regimes along the Fnh axis, representing the experimentally observed transitions between
flow regimes. The bifurcation boundary vertically separates the region where only FW flow
is stable from the bi-stable regions (zones 1 and 2). The bifurcation angle (αb) is the lowest
angle at which FW and FV flows can coexist [48]. The stall boundary defines the limit for
stable FW flow and indicates where the exclusively stable FV regime begins.

Charlou and Wackers [25] conducted numerical experiments on the same geometry as Harwood
et al. [2] to study the transition between wetted and ventilated flow regimes. The study
employed two different methods. First, they slowly accelerated the strut at a fixed angle,
yielding results consistent with Harwood’s findings. The second method fixed the speed while
gradually increasing the angle of attack. Surprisingly, at a fixed Froude number (Fnh) of 2.5,
ventilation inception occurred at 27.5° instead of 15° as predicted by Harwood et al. [2], which
the study suggested was due to unsteady fluctuations in the wake. The difference between
the two methods was attributed to the wave characteristics behind the LE: at Fnh < 2.5, the
wave was shorter but steeper, making ventilation inception easier at lower speed. Therefore,
the inception occurred spontaneously during the slow acceleration. These findings contradict
the vertical bifurcation and stall boundaries proposed by Harwood, indicating that further
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experiments are necessary to understand ventilation inception.

Figure 2.12: The hysteresis loop in the characteristic lift curved and the stability map. Reprinted from Young
et al. and Fridsma [6] [20].

2.3.3. Hydrodynamic Loads
As observed in previous research, ventilation formation primarily affects hydrodynamic forces
by reducing lift. The impact on drag force and yaw moment is less significant but should
be further discussed. This section will explore the influence of various parameters and flow
regimes on the hydrodynamic loads.

The lift force exhibits significant variations depending on whether the flow regime is fully
wetted, partially ventilated, or fully ventilated. Breslin and Skalak [7] found that transitioning
to the fully ventilated regime can reduce the lift coefficient by up to 70% compared to the
fully wetted regime. Harwood et al. [2] observed that this reduction in lift is more pronounced
at higher angles of attack. The Froude number can also affect the lift coefficient. Harwood’s
experiments demonstrated that as Fnh increases, the lift coefficient in the fully ventilated
regime decreases due to reduced lift-induced drag. If ventilation exists for Fnh ≤ 1, it often
manifests as leading-edge laminar separation, which can increase lift due to increased effective
camber and decreased span-wise flow separation [7, 2]. The aspect ratio influences the lift
coefficient slope in the FW regime due to finite-aspect ratio effects. However, the FV’s slope
is independent of the ARh [4].

Harwood et al. [2] reported the drag force to follow the classic quadratic trend with α. They
noticed that the global drag was not affected by variations in the flow regime. Instead, the
lift-induced drag component decreases with lift while the pressure drag increases due to the
generation of large-side spray sheets [15]. This was first observed by Breslin et Skalak [7], who
reported that ventilation causes an increase in form drag and a reduction of frictional drag.
Harwood [15] noted that both the lift and drag coefficient will decrease with increasing Fnh,
which reflected the importance of the lift-induced drag.

The yawing moment measured approximately at the mid-chord is reported by Harwood et al.
and Young et al. [2, 6] to be affected by the transition from fully wetted (FW) to fully ventilated
(FV) regimes. The magnitude of the yawing moment is reduced due to the movement of the
centre of pressure towards the mid-chord. The moment is also decreased by increasing Fnh in
the bi-stable region. Harwood et al. [2] noted that as the Fnh increased, the lift and moment
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coefficients tended to stabilise and reach a maximum value.

2.3.4. Ventilation Formation
Experiments by Harwood et al. [2] described the different formation mechanisms for ventilation.
The concept of ventilation formation represents the transition from a fully wetted regime to a
fully ventilated regime. The process was subdivided into two sequential stages. Inception is
the transition from FW to PV, and it constitutes the process when the aerated cavity forms
on the suction surface. As the speed increases, the flow will stabilise. The stabilisation is the
transition from PV to FV.

Ventilation formation typically occurs when a low-pressure path created by a vortex core allows
air to enter the separated low-pressure regions [12]. The mechanisms inhibiting this process
were described by Harwood et al. [2] as spontaneous formation and perturbation-induced
formation. Wetzel [9] described this process as creeping and flash ventilation.

Spontaneous or spontaneous-induced inceptions are mechanisms where ventilation is self-generated
and develops naturally without external intervention. These include Leading-edge formation,
tip-vortex formation, and Rayleigh-Taylor ventilation. The presence of vaporous cavities can
also lead to cavitation-induced ventilation. Contrariwise, if the vortex is introduced artificially
through disturbances in the incoming flow, it is called perturbation-induced formation. Fig-
ure 2.13 summarises ventilation formation and elimination, depicting the transition between
the three flow regimes [6].

Rayleigh-Taylor at acceleration

The mechanism of spontaneous ventilation was first observed by Kiceniuk, Breslin and Skalak,
and Swales et al. [19, 7, 12] and later classified by Harwood et al. [2]. This mechanism acti-
vates when the fixed angle of attack is set at or above the stall angle for an increasing speed.
At this angle, boundary layer separation is forced, leading to a reduction in lift. Initially, the
flow is attached, but a large vortex starts to develop at the leading edge (LE), generating
flow separation in this region [2]. The low pressure associated with the speed creates a de-
pression in the free surface, eventually reaching the separated flow region. Meanwhile, minor
vorticity disturbances are generated at the free surface depression that is quickly magnified
[12, 24]. These vortices, also called Rayleigh-Taylor instabilities, can breach the free surface
seal, allowing a path for air ingress. If there is sufficient air ingress, the regime transitions to a
ventilated flow, either PV or FV. Typically, after inception, the flow is classified as PV. Only
after the flow velocity increases will the separated flow propagate enough to allow the cavity
to reach fully ventilated conditions. Harwood et al. [2] describe this process as quasi-static,
where the development of the cavity takes place on a time scale governed by the acceleration
of the hydrofoil.

Tip-vortex and Trailing Edge Formation

Tip-vortex inception is another form of spontaneous ventilation. A strong tip vortex draws in
air from far behind, eventually reaching the tip and entering the low-pressure region at the
leading edge (LE). This interaction causes a rapid transition to fully ventilated (FV) flow and
significantly shifts the hydrodynamic coefficient. Young et al. [6] suggested that this rapid
transition likely occurs due to the flow’s susceptibility to ventilation. Similar mechanisms were
observed in the works of Ramsen, Breslin and Skalak, Swales et al., and Wetzel [37, 7, 12, 9],
with Wetzel describing this tip-vortex ventilation phenomenon as ’flash ventilation.’
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In the experiments conducted by Harwood et al. [2], the air entered the tip vortex through
the bubbly wake generated by the blunt trailing edge (TE). In this case, the tip vortex was
induced by the blunt TE of their geometry, rather than entering from far behind as in typical
tip-vortex ventilation. This mechanism was observed only at high Froude numbers and angles
of attack near the stall boundary. Trailing edge formation is similar to the observation made by
Harwood et al. [2]. However, in hydrofoils or wedges with a blunt trailing edge, the ventilation
wake provides an aeration path that ultimately reaches the leading-edge separation bubble
without passing through the tip vortex.

Rayleigh-Taylor ventilation Formation

Rayleigh-Taylor ventilation, also known as Taylor ventilation, occurs at higher velocities and
moderate angles of attack. This phenomenon was observed in the works of Waid, Rothblum
et al., Rothblum, and Swales et al. [16, 11, 22, 12]. The mechanism is related to the leading
edge formation, but the air ingress process is more complex. The air channel is generated by
Taylor instabilities on the free surface near the trailing edge (TE). These instabilities grow
when the interface, the free surface, is accelerated downwards in the direction of the denser
fluid, the water. Emmons et al. also predicted that for the growth of unstable surface waves, an
additional Helmholtz-type instability would develop on the surface [21]. For Rayleigh-Taylor
ventilation, the low-pressure area on the suction side of the hydrofoil induces a downward ac-
celeration of the free surface, creating a depression. If this downward acceleration is sufficient,
small disturbances on the free surface, such as ripples or capillary waves, can rapidly grow in
amplitude, become unstable and collapse once the low-pressure region and downward accelera-
tion subside. The vortices generated by these perturbations can lead to air ingress [6]. Young
et al. described this process as occurring over a relatively large time scale. This extended
time frame is because the vertical elements generated by these instabilities allow only a small
amount of air ingress at a time [22]. Consequently, a series of small perturbations are required
to develop the cavity fully. This ventilation mechanism is described by Harwood et al. [2] as
tail ventilation

Cavitation-induced Formation

The cavitation-induced formation was observed in the works of Waid, Rothblum et al., Roth-
blum, and Swales et al. [16, 11, 22, 12] at very high speeds. Cavitation promotes ventilation by
creating a separated region filled with vapour at low pressure. In experiments by Harwood [15],
cavitation specifically favoured Rayleigh-Taylor ventilation, as vaporous cavitation disappeared
near the free surface. In experiments by Wang et al. [40], they found that cavitation-induced
ventilation was influenced by the tip-immersed depth and forward speed.

Leading Edge Ventilation Formation

At angles of attack below the stall boundary, natural perturbations cannot break the surface
seal. Therefore, the FW flow can remain stable long after the conditions for FV are established.
Harwood et al. [2] suggested that this delay was due to a thin layer of high-momentum flow
at the free surface. Consequently, the flow can remain in the fully wetted region even after
conditions for full ventilation are met in some surface areas. Ventilation caused by external
disturbances is known as perturbation-induced formation or forced inception. Previous research
has identified various methods to perturb the surface, such as jet sprays, sharp objects, and
thin wire intrusions [7, 12, 2]. A recurring observation from these studies is that an immediate
transition to a fully ventilated regime occurs as the surface is pierced. Harwood et al. [2]
noted that for a surface-piercing hydrofoil, a thin layer of separated flow exists at the leading
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edge, allowing air ingress and later cavity expansion. Leading edge ventilation occurs when
natural disturbances—such as capillary waves or ripples generated by the leading edge run-up
or naturally, have sufficient momentum to disrupt the free surface around the LE and reach
the small separation bubble at the LE, ultimately causing ventilation inception. Typically,
this formation can transition the flow into partial ventilation (PV) or full ventilation (FV),
depending on the Froude number, Fnh.

Figure 2.13: Ventilation formation and elimination mechanisms on a surface-piercing hydrofoil. Figure
reprinted from Young et al. [6]

2.3.5. Ventilation Elimination
Elimination is the process where the ventilated cavity is destabilised and reduced [15]. Hard-
wood et al., and Breslin and Skalak [2, 7] described this process to occur when the velocity or
the angle of attack (AoA) were reduced. It involves transitioning from a fully ventilated (FV)
regime to a partially ventilated (PV) regime and eventually to a fully wetted (FW) regime.
Harwood et al. [1] explained ventilation elimination in two stages: washout and re-wetting.
Washout is the transition from FV flow to PV flow, usually due to not meeting the criteria
for FV flow, and involves large-scale shedding of the cavity. Re-wetting is the transition from
PV flow to FW flow, completing the transition to fully attached flow when there is no visual
evidence of air entrainment on the suction or pressure surfaces. However, bubbly flow may
persist after the trailing edge. Harwood et al. [2] observed that the connection between the
cavity and the free surface is terminated as speed is reduced.

Cavitation elimination typically occurs by the action of a re-entrant jet when the steepness of
the closure line exceeds 45 degrees, ϕ > 45◦, as the strut decelerates. For α > 5◦, the re-entrant
jet has enough momentum to impact the upstream cavity boundary, leading to the shedding
of a portion of the cavity and leaving the flow partially ventilated. At very small angles of
attack, α < 5◦, the jet is confined to the trailing edge and lacks the momentum to shed the
cavity [14, 6]. Consequently, reattachment is more gradual as the cavity slowly reduces to a
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separated bubble. Harwood et al. [2] described the two mechanisms of ventilation elimination
as Re-entrant jet elimination and turbulent reattachment. These processes are sketched in
Figure 2.13.

Breslin and Skalak [7] first introduced the washout boundary. However, Harwood et al. [1, 2]
noticed that this formulation over-predicted the washout boundary. Therefore, they presented
an expression for the critical washout Froude number (Fnh) in relation to the slope of the
cavity closure line. The following expression represents this slope.

m =
(1− κ)h

Lc
(2.12)

Where κ is the non-dimensional immersion depth, which was taken by Harwood et al. [1] as
κ = 0.5, and Lc is the cavity length for that immersion. A representation of these values is
presented in Figure 2.14.

Figure 2.14: Representation of the cavity closure line. Figure reprinted from Harwood et al. [1]

The non-dimensional approximation for the cavity length was also defined by Harwood et al.
[2].

Lc

c
= 4.62

αeff

σc
(2.13)

The effective angle of attack can be approximated by the finite aspect-ratio correction presented
by Fridsma [20].

αeff ≈ α
2ARh

2ARh + 1
(2.14)

By combining equations 2.13 and 2.14 and solving for the critical washout Froude number
(Fnh), the following expression is obtained.

Fnh =

√√√√κ(1− κ)
1
b

α
1
b

(2ARh + 1)

AR
b−1
b

h

1

α
(2.15)

where a and b are constants [14]. This expression was modified by Harwood et al. [2] in order
to include the three-dimensional lift coefficient.
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Fnh =
π
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(2.16)

2.3.6. Hysteresis of Ventilation
Hysteresis in ventilated cavities is a phenomenon caused by transitions between different flow
regimes. When flow conditions change, overlapping flow regimes can lead to bi-stability, which
induces hysteresis in hydrodynamic loads. This occurs because the stabilisation boundary
does not coincide with the washout boundary. Instead, once the flow transitions to the FV
regime, decelerating the flow will cause it to remain in the FV regime at a lower speed than
the stabilisation boundary.

Rothblum et al. [11] reported this phenomenon and found that they could not reestablish the
non-ventilated condition before inception by simply restoring the previous conditions. Fridsma
[20] also highlighted the instability of the bi-stability region (see Figure 2.12). Additionally,
Harwood et al. [2] noted that the bi-stability region ends at the bifurcation boundary at a
specific angle of attack (AoA). Their experiments determined this angle to be approximately
αb ≈ 2.5◦, although the geometry may influence this boundary.

2.3.7. Scale Effects
Previous literature has examined the scaling factors affecting the hydrodynamic response of
ventilated flows. For instance, Young et al. [6] developed scaling relations for model-scale
testing of ventilated lifting surfaces. Similar to observations by Rothblum et al. [11], they found
that keeping the cavitation number (σc) and the chord-based Froude number (Fnc) constant
between models is required for achieving a similar hydrodynamic response in ventilation studies.
This similarity is further supported by keeping geometric similarities, such as the aspect ratio
(ARh) and the shape of the models. Additionally, the geometric angle of attack should remain
consistent.

However, maintaining these values constant can be challenging because other parameters may
not scale proportionately with the model. This discrepancy and its implications will be further
discussed in this section.

The Reynolds number (Rec) influences the location and extent of flow separation and the
formation of vortical structures. In RT ventilation formation during acceleration, the effect
of Rec depends on the type of flow separation and the characteristics of the boundary layer,
whether laminar or turbulent. At low angles of attack and moderate Rec values (between 105

and 106), the transition from laminar to turbulent flow can occur spontaneously by creating
a laminar separation bubble (LSB). This bubble develops due to flow reversal caused by an
adverse pressure gradient. At higher Rec the LSB may ”burst” or fail to reattach, causing a
direct transition from laminar to fully separated flow [6].

Young et al. [6] observed that hydrodynamic loads varied with the Reynolds number for
Rec < 3 × 106. Their study concluded that scaled models might affect ventilation formation,
particularly at Rec < 3 × 106. The Reynolds number was scaled according to Equation 2.17,
with λFnc = 1.

Recscaled = Recfull · λ
3/2
L (2.17)

where the Rec is derived as follows.
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Re =
V c

ν
(2.18)

The influence of the Weber number was studied by Wetzel [9]. This parameter represents the
ratio between inertia and surface tension. Their experiments noted that the effect of surface
tension was negligible for We ≥ 250. However, for small bodies with We ≤ 250, surface tension
affected the surface wave and spray sheet pattern [6]. Surface tension could also dissipate small
perturbations, such as Taylor instabilities, which would eventually delay ventilation inception.
The following expression can define the Webber number.

We =
ρu2c

γ
(2.19)

Other parameters also influence the scaling of the ventilated flow. For instance, Young et al. [6]
observed that the Mach number (Ma) impacts the cavity shedding frequency in cases involving
vaporous cavitation. However, these effects are negligible when Ma < 0.1. The waves and
surface disturbances are also parameters that affect the inception of ventilation. Rothblum et
al. [11] noted that these disturbances weaken the free-surface seal. Similar to this, Mcgregor et
al. [31] found that the inception AoA decreased with increased wave steepness, orbital velocity,
and amplitude. Therefore, the scaling of waves must be considered when working with scaled
models.

2.4. Geometry Definition
This section reviews the geometries from previous research and provides an initial geometry
selection based on several parameters.

2.4.1. Previous Research Geometries
As discussed in section 1.2, several studies have experimentally investigated the mechanics of
ventilation. These studies have introduced various geometries with unique parameters. There-
fore, it is beneficial for the experimental campaign to gather all available information to define
the geometry for the case study. For instance, in Figure 2.15, a summary of previously used
geometries is presented. For each geometry and study, the formation points have been defined
in the parametric space represented by α− Fnh.

Figure 2.15 shows that previous studies have reported depth-based Froude numbers in the
range of 1 ≤ Fnh ≤ 25, except for the study by Huang et al. [27], which aimed to investigate
the inception of ventilation through cavitation-induced formation and therefore required higher
speeds. For the case study, the aim is to investigate fluids in the range of low-to-moderate
Froude numbers (0.5 ≤ Fnh ≤ 4), also due to the speed restrictions imposed by the facilities
(V ≤ 6 m/s). As reported by Harwood [15], this range is where flows are more prone to exhibit
pronounced spanwise variation in the cavity topology, and therefore multiple flow regimes may
exist. Thus, Figure 2.16 provides a more detailed view of the experiments that reported most
formation points for Fnh ≤ 4. The Figure is set to a maximum of Fnh ≤ 10

In Figure 2.16, the studies with all the formation points obtained bellow Fnh ≤ 10 were
included, summarizing the possible geometries to 8 specific, corresponding to 8 different studies.
It is noticeable that the majority of the studies have reported some formation points at 0.5 ≤
Fnh ≤ 4. However, this is achieved by having an AoA ≥ 20◦. The study by Breslin and Skalak
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Figure 2.15: Formation points in α− Fnh space. Data from previous studies are plotted as symbols: H, Y &
C: Harwood et al. (2016) [2]; H, Q & Z: Huang et al. (2022) [27]; B & S: Breslin and Skalak (1959) [7]; R, M
& W: Rothblum et al. (1969) [11]; W: Waid (1968) [16]; S & W: Swales et al. (1974) [12]; We: Wetzel (1957)
[9]; K: Kiceniuk (1954) [19].1 Tests conducted at atmospheric pressure. 2 Tests conducted at reduced pressure.

[7] has most of the points above the intended Fnh boundary and will not be considered for
the geometry selection. For the different studies, it is noted that the one with lower formation
points in both Fnh and AoA is the study by Harwood et al. [2], without taking into account the
points with reduced pressure reported by Swales et al. [12]. The lower formation points indicate
that lower hydrodynamic loads are reached, and therefore, a wider range of Froude numbers
can be tested. The geometry studied by Harwood et al. [2] is a semi-ogive with a blunt trailing
edge. The primary formation mechanism reported was the spontaneous formation, likely due
to the sharp-nose leading edge (LE) and tip-vortex formation at moderate Froude numbers
(Fnh ≥ 2.5) due to the blunt trailing edge (TE) that allows a wake to be attached.

To determine which geometry is most suitable for the intended test campaign, the formation
points for different conditions have been grouped and plotted in Figure 2.17 for all previously
studied geometries and in Figure 2.18 for those with formation points below Froude numbers
Fnh ≤ 10. Figure 2.18 reveals two main areas: those with a more rounded leading edge
(LE), specifically streamlined NACA bodies, which reported higher formation inception points
both in Fnh and AoA; and those with a sharper LE, including the bi-ogive, semi-ogive, and
Circular-Arc families, which have formation points below AoA ≤ 20◦.

Another factor to consider is the chord length of the strut. If only the sharp-nose geometries
are considered, then two main choices arise, a geometry with a chord length around c = 0.3 m
or a geometry with a chord length around c = 0.1 m. The main parameter affected by the chord
length is the Reynolds number. For models at Re < 3 × 106, Young et al. [6] reported that
ventilation inception is influenced somehow by the Reynolds Number. Additionally, around
Reynolds numbers of 5 × 105 < Re < 1 × 106, the transition from laminar to turbulent flow
occurs, which Harwood et al. [2] noted as appearing in laminar separation bubbles (LSB).

The study intends to investigate LE ventilation and Rayleigh ventilation formation; therefore,
the effects associated with Reynolds number (Re) should be minimized as much as possible.
This can be achieved in two ways: by increasing the chord length or by increasing the speed
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Figure 2.16: Zoom-in view of inception points in α− Fnh space.

for smaller models. However, there is a limitation in the towing tank with a maximum speed
of V ≤ 6 m/s. Another method to induce the transition from laminar to turbulent flow is
using turbulent tripping tape, which can prompt this transition. However, previous studies
have not used it, as the experiments were performed at Reynolds numbers over the transition
from laminar to turbulent, and the sharp LE provided a fixed point of flow separation.

Figure 2.19 represents the geometry formation points in the α− V parametric space, with the
same areas as in Figure 2.18 reported. It can be noted that the geometries provided by Breslin
and Skalak [7] surpass the limit imposed by the facility in the majority of cases. Furthermore,
the main inception points are within the speed range of 1m/s ≤ V ≤ 3m/s, which indicates
that the formation points for the models with a chord length of (c = 0.1m) may be affected by
the transition from laminar to turbulent flow.

Ultimately, a model with a chord length of c = 0.3 m is the best choice. For these models,
the laminar to turbulent transition will occur at around V ≈ 1.5 m/s, providing a broader
range to study the intended formation mechanisms. On the other hand, models with c = 0.1
m will transition at V ≈ 3 m/s, which already uses half of the available speed range in the
towing tank. Among the choices, the geometry provided by Harwood et al. [2] is the one that
has been more extensively studied and characterized. This geometry resembles those used in
previous studies by Rothblum et al. [11], Waid [16], and Swales et al. [12] and was intended
to be an improved version of these geometries. Therefore, it was selected for the intended test
campaign. A more detailed rationale for this selection will be discussed in further chapters.
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Figure 2.17: Inception points in α − Fnh space. Data from previous studies are plotted as symbols and
grouped depending on the geometry: H, Y & C: Harwood et al. (2016) [2]; H, Q & Z: Huang et al. (2022)
[27]; B & S: Breslin and Skalak (1959) [7]; R, M & W: Rothblum et al. (1969) [11]; W: Waid (1968) [16]; S &
W: Swales et al. (1974) [12]; We: Wetzel (1957) [9]; K: Kiceniuk (1954) [19].1 Tests conducted at atmospheric
pressure. 2 Tests conducted at reduced pressure.

2.5. Conclusion
The literature analysis has provided an overview of ventilation phenomena in hydrofoils, com-
bining insights from previous studies. The investigation has covered several aspects as follows:

The investigation starts with an introduction to hydrofoils, focusing on their design and func-
tion. It explored how hydrofoils generate lift and the principles governing their behaviour in
different fluid conditions. Secondly, the analysis discussed the various types of multiphase
flows, focusing on ventilation. The study provided insight into how ventilation is formed and
eliminated, the effects of ventilation on hydrodynamic loads, and the implications of venti-
lated cavities in lifting surfaces. Lastly, the investigation reviewed previous geometries used
in ventilation experiments to determine which geometry has a lower inception point.

2.5.1. Knowledge Gaps
Overall, previous studies have advanced our understanding of ventilation. The literature review
provides a discussion of the existing knowledge on ventilation. However, several gaps are found
regarding the ventilation phenomenon. These gaps can be summarised as follows:

• Experimental studies evaluating the impact of varying the angle of attack (AoA) on the
inception of ventilation are limited.

• Comparative experimental investigations into the effects of different trailing-edge geome-
tries are lacking.

• High-quality videography documenting the inception of ventilation and the associated
flow regimes remains scarce.

• The quantification of the ventilated region, as well as the previous instants prior to ven-
tilation inception using automated, vision-based techniques is a very recent advancement
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Figure 2.18: Zoom-in view of inception points in α − Fnh space. Data from previous studies are plotted as
symbols and grouped depending on the geometry.

Figure 2.19: Zoom-in view of inception points in α − V space. Data from previous studies are plotted as
symbols and grouped depending on the geometry

and requires further development.

The first and second research gap identified in this analysis closely correlates with the exper-
iments conducted by Harwood et al. [2]. The intention is to build upon the findings of this
research. While the geometry selection has already been introduced, it will be further detailed
in the remaining part of the project. The third and fourth research gaps are associated with
analysing early studies on ventilation inception, where these issues have been identified [25, 39,
28, 40, 38, 27].



3
Experimental Approach

Two hydrofoil models were tested in the Towing Tank at Delft University of Technology. This
chapter details the experimental program. First, the hydrofoil models will be described, in-
cluding their geometry and construction. Next, the facilities and the force predictions will be
covered. The instrument selection, alignment and calibration process will be explained in de-
tail, along with the overall test program and methodology. Finally, the chapter will conclude
with an overview of the post-processing approach and an analysis of measurement uncertain-
ties. This chapter results from a simultaneous process where the parameters defined in the
various sections are influenced by each other.

3.1. Hydrofoil Models and Fixture
Two foils with comparable chord lengths and spans were constructed, with their critical char-
acteristics summarized in Table 3.1. Construction drawings for the models and fixtures are in
Appendix B. The following section provides a detailed explanation of the geometry selection,
the construction process, and the experimental facility setup.

Table 3.1: Foil Characteristics

Semi-Ogive NACA0010-34 Unit
Chord length c 279.4 300 mm

Total span s 680 700 mm
Submerged depth h 279.4, 419.1 300, 450 mm

Aspect ratio ARh 1, 1.5 1, 1.5 -
Max. thickness t 27.9 30 mm

Velocity V 0.83 - 4.14 0.86 - 4.29 m/s
Froude nr. Fnh 0.5 - 2.5 0.5 - 2.5 -
Yaw angle α 0 - 30 0 - 30 deg.

3.1.1. Geometry Considerations

Chord

Building on the discussion in section 2.4, chord selection is influenced by how the Reynolds
number affects the ventilation onset. The chord length can be scaled appropriately based on
two factors: the critical Reynolds number, set to 5 × 105, which marks the transition from

29
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laminar to turbulent flow near the leading edge, and the tested speeds. Previous geometries
can be categorized into two main groups, c = 0.1m and c = 0.3m, representing the two primary
options for chord selection.

For the first option, c = 0.1m, the transition to turbulent flow occurs at a speed of V = 3m/s
following Equation 3.1, while for the second option, c = 0.3m, the transition occurs at V =
1.5m/s. Taking into account a maximum allowable lift of 800 N (see section 3.2), a chord
length of 0.1m can theoretically reach speeds of up to 16m/s but is limited by the maximum
carriage speed (V ≤ 6m/s), achieving a Froude number of 6 and generating a lift force of 110 N.
In contrast, a chord length of 0.3m can reach speeds of 4.5m/s, resulting in a Froude number
2.5 and producing a lift force of 500 N.

Vcrit =
Recrit · ν

c
(3.1)

Therefore, considering these factors, selecting a chord length of 0.3m is more suitable for the
experiments. This choice reduces the number of cases with laminar flow to only those below
Fnh = 1 m/s while losing only points above 4.5 m/s that are less relevant. It also minimizes
the points affected by the Reynolds number effect, thereby reducing the number of points
where ventilation is expressed as laminar separation bubbles.

Span

Several factors determine the span of the hydrofoils: the maximum allowable deflection, the
required clearance to prevent water spray or run-up from reaching the force balance, and the
maximum positioning height of the Hexapod.

The waterline is positioned 500 mm below the force balance at a height of 2.2 meters, the
maximum height at which the Hexapod can be set. The hydrofoils are optimized to maintain
a 500 mm clearance from the force balance, mainly when the aspect ratio (AR) is 1.

According to experimental observations by Harwood et al. [2], at least 0.75c of the foil must
be above the waterline to prevent water run-up from affecting the force balance at the tested
speeds (see section 3.6). The selected chord length corresponds to 225 mm of foil above
the waterline. This requirement becomes more critical when AR increases to 1.5, where the
clearance reduces to 350 mm.

To ensure rigidity, the maximum deflection is limited to 5 mm. A maximum allowable span is
calculated to be 857 mm (see Equation 3.2) by applying the general deflection formula for a
cantilever beam, with an estimated load of 500N distributed over the submerged area. Further
details on the model construction can be found in subsection 3.1.5.

In the final design, the foils from the fixed position were chosen to span 700 mm. This provides
400 mm of foil above the waterline for AR = 1 and 250 mm for AR = 1.5, satisfying both
clearance and deflection requirements. The design’s maximum deflection for a lift force of 600N
is 3.86 mm, ensuring the foils’ structural integrity while maximizing the available clearance
from the Hexapod.

δ =
qL2

1

6EI
· (3L− L1) (3.2)
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3.1.2. Semi-Ogive
The cross-section of the semi-ogive hydrofoil closely resembles the design used by Harwood et
al. [2] in their experiments, as illustrated in Figure 3.1. The geometry remains uniform along
the span, with an approximate chord length of c = 279.4mm and a maximum thickness of
T = 0.1c = 28mm. The section features a leading-edge radius of 0.01c and a blunt trailing
edge. This type of geometry was previously studied in experiments by Rothblum et al., Swales
et al., Waid, and McGregor et al. [11, 12, 16, 31] and has also been applied in CFD simulations
following Harwood’s experiments.

The design offers several advantages, including a negligible pressure gradient over the aft half of
the section and a sharp leading edge that acts as a fixed point for flow separation, eliminating
the need for turbulent tripping. The choice of a sharp leading edge aligns with the experimental
focus on studying ventilation inception through leading edge ventilation and Rayleigh-Taylor
ventilation. Additionally, the blunt trailing edge facilitates ventilation via the classic ”creep-
ing” mechanism described by Wetzel [9], Trailing edge or tip-vortex formation, as defined by
Harwood et al. [2].

Figure 3.1: Cross-section shape of the Semi-ogive Hydrofoil. Figure reproduced from Harwood et al. [2].

The hydrofoil was constructed at the TU Delft towing tank workshop, using a 3D printer (Orig-
inal Prusa MK3) to create four sections along the span with PETg. Its cost-effectiveness and
ease of machining drove the decision to use 3D printing. Although PETg alone does not pro-
vide sufficient rigidity, the hydrofoil was designed to be reinforced. After printing, the sections
were joined and structurally strengthened at the mid-chord by three steel rectangular hollow
sections (RHS) measuring 40x20 mm with a 3 mm thickness to ensure the necessary stiffness.
Additionally, two carbon fibre rods were installed near the leading edge (LE) and trailing edge
(TE) to reduce torsional moments. The fully assembled foil is depicted in Figure 3.2, while the
cross-sectional shape is illustrated in Figure 3.3. Table 3.2 lists the material properties of the
S235 Steel and PETg, and Table 3.3 gives the physical properties of the two hydrofoil models.

Table 3.2: Tabulated material properties of hydrofoil construction materials

Property Symbol Units S235 Steel PETg
Density ρ kg/m3 7.850 1.270

Young’s Modulus E GPa 210 2.0
Shear Modulus G GPa 80 0.7
Poisson’s Ratio ν - 0.33 0.40
Yield Strength σy MPa 235 50

The surface of the hydrofoil was machined and coated with epoxy-based paint to prevent water
ingress into the model. Yellow was selected to provide maximum contrast against the towing
tank walls. The surface was meticulously smoothed to eliminate imperfections that could
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(a) 3D Printer (b) Semi-ogive Hydrofoil without coating

Figure 3.2: Construction process of the Semi-Ogive Hydrofoil.

Figure 3.3: Cross-section shape of the Semi-ogive Hydrofoil with structural characteristics.

trigger premature ventilation. Finally, a grid with a pitch of c/14 was painted onto the foil
using a precision meter to assess the ventilated flow better, as illustrated in Figure 3.4.

3.1.3. NACA0010-34
The NACA0010-34 cross-section was selected based on the requirements of the parallel exper-
imental campaign and is illustrated in Figure 3.5. The geometry features a chord length of
c = 300mm and a maximum thickness of T = 0.1c = 30mm This section has a leading edge
that is three times sharper than the standard NACA0010 profile, with the centre of efforts at
0.4c.

The sharp leading edge, similar to a semi-ogive hydrofoil, acts as a fixed point for flow sepa-
ration, enabling separation at an angle of 8º This design is selected to facilitate LE formation
by enabling earlier flow separation, which is consistent with the objectives of the experimen-
tal campaign. Additionally, the sharp trailing edge and streamlined aft-body contribute to
Rayleigh-Taylor ventilation by generating an additional low-pressure region and preventing
tip-vortex-induced ventilation at higher speeds, which was observed by Harwood et al. when
using a blunt trailing edge [2].

The model was produced at an external facility using a resin-based 3D printer, fabricated
as a single piece and reinforced by three steel rectangular hollow sections (RHS) measuring
40x20 mm with a 3 mm thickness like the Semi-ogive hydrofoil. The cross-sectional shape and
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(a) Semi-Ogive Hydrofoil Painted (b) Final aspect of the Semi-Ogive Hydro-
foil

Figure 3.4: The process of painting the Semi-Ogive hydrofoil.

Table 3.3: Tabulated physical properties of the two tested hydrofoils. The moments of inertia and rigidities
are calculated only for the structural RHS reinforcements.

Semi-ogive NACA 0010-34 Unit
Chord length th c 279.4 300 mm

Section Area As 6741.36 6340.74 mm2

Mass m 9.54 8.93 kg
Volume V 3727.03 3579.51 cm3

Mass Center
(Aft of LE) CG 0.60 0.37 XCG/c

Moment of Inertia Ix 5..05 5.05 cm4

Moment of Inertia Iy 111.9 111.9 cm4

Flexural Rigidity EI 234960.66 234960.66 N −m2

Torsional Rigidity GJ 93552.21 93552.21 N −m2/rad

structural characteristics are shown in Figure 3.6. The surface coating applied to the hydrofoil
follows the same procedure as the previous design, ensuring a smooth, waterproof finish with
good contrast over the walls. Further, a grid with a pitch of c/15 was drawn on the surface.

3.1.4. Geometry Comparison
Figure 4.25 presents an overlay of the two tested cross-sectional shapes. The most notable
difference between the two designs is the contrast between the blunt and streamlined trailing
edges. Both designs feature a similar leading edge, with a sharp nose that maximizes flow
separation at small angles of attack, followed by a sharply contoured aft body. These de-
sign characteristics facilitate ventilation through spontaneously induced mechanisms, such as
Leading edge and Rayleigh-Taylor ventilation. Additionally, the blunt trailing edge fosters an
additional form of ventilation at higher speeds via tip-vortex inception, where air is drawn into
the tip vortex through the bubbly wake formation at the trailing edge, rather than downstream,
as observed in previous studies by Harwood et al. [2] Note that both foils are assumed to be
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Figure 3.5: Cross-section shape of the NACA0010-34 Hydrofoil.

Figure 3.6: Cross-section shape of the NACA0010-34 Hydrofoil with structural characteristics

rigid because of the steel reinforcement.

Figure 3.7: Comparison of the hydrofoil models cross-section shapes.

3.1.5. Model Set-up
The hydrofoils were clamped at the root and mounted vertically in a cantilevered configuration
to pierce the water’s free surface, as shown in Figure 3.8 and Figure 3.10; the camera module
setup will be discussed in the following sections. The foils were designed to fit an existing
6DOF load gauge (force balance) clamped to the Hexapod. The setup is configured so that
the angle of attack (α), the speed (U), and the immersion depth (h) can be independently
varied. The hydrofoils were secured to the force balance by a built-in disk that fit the force
balance, along with six ITEM 80x80 brackets that fixed the position of the hydrofoils. The
force balance was then secured to the Hexapod Appendix B shows the technical drawing of
the experimental setup.

The immersion depth of the hydrofoils was visually measured against a reference grid and
monitored through the 90° underwater camera, as shown in Figure 3.9. Two thicker lines were
marked on the grid, corresponding to the two aspect ratios (AR) to be tested The width of
the grid lines determined the maximum uncertainty in-depth measurement, which was ±3mm,
due to the challenge of precisely positioning the hydrofoils. Additionally, the water level
fluctuated naturally, with approximately 1 mm of water evaporating each morning and the
consequent filling of the towing tank, contributing to minor variations in the immersion depth.
The immersion depth and angle of attack were controlled by adjusting the Hexapod, which
operates with a 6-degree-of-freedom (6DOF) configuration.
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Figure 3.8: Rendering of the experimental setup underneath the carriage and the main variables that define
the flow. The coordinate system used in the experiments is set at the coordinate system of the force balance.
The X-axis is pointing upstream, and the Y-axis is in the direction of positive lift. The direction of the Z-axis
follows the right-hand rule.

3.2. Facilities
The experimental campaign took place over two months in the spring of 2024 at the testing
facilities of Delft University of Technology. Specifically, the experiments were conducted in
Towing Tank No. 1 at the Ship Hydromechanics Laboratory, see Figure 3.11. The tank is
142 meters long, 4.22 meters wide, and has a maximum water depth of 2.5 meters, though
the water level was set to 2.2 meters for the campaign’s duration. The tank features a gantry-
type carriage equipped with a laser-aided positioning drive system. The carriage is capable
of reaching speeds of up to 7 m/s; however, a maximum speed of 4.29 m/s (Fn = 2.5) was
used due to the force limitations of the balance, as detailed in section 3.5. The speed and
acceleration of the carriage were configured on a dedicated computer, while the carriage was
controlled via a switch just behind the model.

3.3. Reference Frame
The standard coordinate system in the TU Delft Towing Tank is defined as indicated in Fig-
ure 3.8: the x-axis points in the direction of the carriage’s motion, the y-axis aligns with the
direction of positive lift, and the z-axis points vertically upward The angle of attack is measured
in a clockwise direction when viewed from above This coordinate system is located within the
carriage and moves along with it The origin of the carriage’s coordinate system corresponds
to the reference frame of the force balance, as shown in Figure 3.12, where the yaw moment
is set to zero. Since the force balance rotates with the Hexapod, the measured forces must be
corrected for the angle of attack to express them in the reference frame.
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Waterline

(a) Above-water camera

Waterline

(b) Underwater camera

Figure 3.9: Grid on the foil suction surface of model NACA0010-34. The grid waterline is thicker for a better
measurement.

3.4. Instrumentation, Alignment and Calibration
In this experimental campaign, several instruments were employed to capture, measure, and
record the necessary data. The instrumentation setup remained consistent throughout the test-
ing campaign and was identical for both hydrofoil configurations. The setup includes dedicated
instruments for force and moment measurements, systems for executing controlled movements,
separate systems for detecting and tracking these movements and videography systems for
visual data capture. This section describes the equipment used, categorized by the measured
quantities and the complementary systems required for their operation. Furthermore, it ex-
plains the alignment of the systems with the hydrofoil and outlines the calibration procedures
for each instrument.

3.4.1. Force and Moment Measurements

6-DOF load gauge

The 6-DOF load gauge used for the experiments was previously built by the personnel at the
TU Delft Towing tank. It consists of two rigid plates with a wooden core, reinforced by two
thin steel layers, and is equipped with six load cells. These load cells can be exchanged so that
the maximum force capacities vary, allowing the 6-DOF system to be customized according to
the specific requirements of each experiment Figure 3.13 and 3.14 shows an overall view of the
sensor and a detailed view of the cell loads.

Figure 3.13a shows the connections of the load gauges to the mounting plate. The load gauge
is positioned transversely to the action plane of the steel rods, which are aligned along the
axis of force application. The thin ends of these rods are meant to constrain movement to a
single axis, thereby minimizing any additional unwanted forces. The load gauges are arranged
as follows: one gauge measures force in the x-direction (F1X), two gauges measure in the
y-direction (F2Y and F3Y), and the remaining three gauges measure force in the z-direction
(F4Z, F5Z, and F6Z) However, for this experimental campaign, the primary interest was to
measure Fx, Fy and Mz Consequently, The load gauges measuring in the z-direction were
replaced with non-instrumented load cells, or dummy gauges, resulting in a final configuration
with a 3-DOF load gauge system This adjustment will enhance the force capacity of these load
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Figure 3.10: Experimental setup featuring the positioning of the semi-ogive hydrofoil and the camera module
The NACA0010-34 hydrofoil is arranged in the same configuration.

cells, mainly as they will register the highest expected loads, see section 3.5. The positioning
of the load cells relative to the reference coordinate system is shown in Table 3.4.

Table 3.4: Load cell configuration in the 6-DOF load gauge

F1X F2Y F3Y F4Z F5Z F6Z
X 0 0.2 -0.2 -0.26 0 0.26
Y 0 0 0 -0.15 0.3 -0.15
Z 0 0 0 0 0 0

Amplifiers

The strain in the load cell gauges is measured as a change in resistance. However, this sig-
nal is relatively small, making direct recording challenging. To resolve this, a Peekel PICAS
Multi-Channel Compact Amplifier System was employed to amplify the signal before trans-
mitting it to the data acquisition system The amplifier converts the resistance changes into a
corresponding voltage output, ranging between -10V and 10V Figure 3.15 illustrates the setup,
where both the PICAS amplifier and the rack-mounted data acquisition unit (DAQ) are shown.
The latter gathers the amplified signals for further processing and analysis on the measuring
computer.
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Figure 3.11: Towing Tank No.1. [49]

3.4.2. Position and Angle Measurements

Hexapod

The Hexapod is a six-legged robot centrally mounted on the carriage, as shown in Figure 3.10.
Each of the robot’s legs consists of linear electric actuators, controlled using the commercial
software provided by Symétrie®. The system is made to allow movements in six degrees of
freedom.

The specific model used in this setup is the Notus hexapod. The dedicated software offers
advanced positioning capabilities. This includes simulating particular rotations around the
Z-axis (yaw) while dynamically compensating for movements and rotations in other axes. The
Hexapod can also be programmed to follow predefined movement sequences specified with time
and coordinates. This functionality is essential for the upcoming test campaign, as outlined in
section 3.6.

Certus

The Certus system was used to measure the hydrofoil’s rotation and position with respect to
the reference frame. This instrument operates based on three infrared cameras that interpolate
the location of the reference plate. The reference plate is mounted in the 6-DOF sensor, as
depicted in Figure 3.16.

The origin of the Certus system was set when the foil aligned with the experimental reference
frame. Since the yaw angle was the primary parameter of interest, its rate of change was
recorded. As a result, the first reading in the dataset was replaced by the initial yaw angle.

3.4.3. Flow Speed and Droplet Release Measurement

Peristaltic Pump

A peristaltic pump was initially used to release droplets at a known distance from the hydrofoil’s
leading edge to introduce controlled perturbations that could trigger ventilation. By controlling
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Figure 3.12: Reference frame detailed representation in the Semi-ogive hydrofoil

the size of the ripple, LE ventilation could be regulated rather than relying on naturally
occurring droplets due to the rump-up at the leading edge. However, after multiple runs, the
inception angle showed no variation with or without the pump, leading to the discontinuation
of this approach (see Appendix C remarks for additional details).

3.4.4. Setup Alignment
The alignment procedure ensures that all systems, including the hydrofoil, align correctly with
the reference frame. This subsection will explain the alignment processes for each system
within the experimental setup. Additionally, an estimation of the measurement accuracy for
each system will be provided, along with the overall accuracy for each principal axis. The
alignment procedure follows a hierarchical order, starting with the Certus system, then the
Hexapod and force balance, and concluding with the alignment of the hydrofoil.

The Certus system was aligned in two steps. First, the Y and Z axes were aligned. This
was done by placing the reference plate on a pole at the bottom of the tank. By moving the
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(a) Force sensor mounted on the 6-DOF
frame

(b) Single load gauge

Figure 3.13: Force measurement instruments

carriage over a distance of ±500mm, the misalignment on the Y and Z axis could be measured.
Then, the x-axis was defined by moving the pole over the bottom of the towing tank. The
reference plate should be located in the same x and y plane as the first measurement, as the
bottom of the towing tank is said to be flat. A maximum deviation of 0.1◦ is expected due to
the misalignment of the carriage wheels. The pole was moved 300 mm, over which the height
does not differ more than 0.25 mm. That being the case, a maximum deviation of 0.04◦ on
the roll axis is expected. Therefore, an overall accuracy of ±0.04

◦ can be assumed.

The Hexapod was calibrated using the Certus system. The Hexapod was moved along the
three principal axes of the reference frame, and the deviations were measured. Euler angles
were then calculated for each axis rotation. These corrections were subsequently applied to
the Hexapod’s configuration to ensure precise alignment.

The 6-DOF gauge was aligned by performing oscillations of ±100mm and f = 1.2s along the X
and Y axes and looking for minimal combined deviation across both axes. The initial position
was set at the aligned position of the Hexapod and Certus. At this stage, the system was
configured without the hydrofoil. There is a final deviation of 0.1848 Rz for Fx and −0.1743
Rz for Fy, which are associated with the misalignment of the load gauges during the assembly
of the 6-DOF plate. Overall, these values were obtained for a yaw offset −0.196

◦ with respect
to the initial position. The slightest deviation and cross-coupling for both axes was found
in this position. However, due to the non-symmetry across the x-axis of the force balance a
second alignment was performed. The force balance was calibrated using a laser orientated on
the x-axis. The final correction was found to be −0.28

◦ . This correction was introduced in the
configuration of the Hexapod.

Once all systems were correctly aligned, the hydrofoils were adjusted by identifying the angle of
attack (AOA) at which the lift reached zero, thereby eliminating misalignment. The procedure
involved running the carriage at a fixed speed and varying the AOA in steps within the range
of −3◦ < AOA < 3◦. Output forces were plotted against the AOA, and a linear fit was applied
to the lift data. The intersection of the fitted line with zero lift indicated the misalignment
angle of −0.10◦ in yaw for both hydrofoils. Manual measurements were taken for pitch and
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Figure 3.14: 6-DOF configuration

roll misalignments, recorded as −0.45◦ and −0.2◦, respectively. Note that the alignment of
the systems was maintained when switching between hydrofoils, with only the hydrofoils being
re-aligned. Due to the minimal variation in misalignment between the two hydrofoils, the
corrections were kept the same.

Summing up all identified misalignments, Table 3.5 presents the complete set of corrections
to be applied to the Hexapod configuration, ensuring that the hydrofoils are aligned with the
reference frame.

Table 3.5: Corrections applied to the Hexapod configuration

Units Roll Pitch Yaw
Correction deg -0.2 -0.45 -0.37

3.4.5. 6-DOF Calibration
The calibration process for the 6-DOF load gauge involved two primary stages: first, the
individual calibration of each load cell, followed by the combined calibration of the entire
6-DOF system, as illustrated in Figure 3.17. Given that the selected load cells have a linear
relationship between voltage and load, this calibration aimed to establish this linear correlation
and quantify the measurement uncertainty for each load cell and the complete 6-DOF system.

The load cells were securely bolted, and weights were gradually added to a hook suspended
below them. Calibration was performed in positive and negative directions to assess the bidi-
rectional response. After each weight was added, readings were taken following a set delay
to minimize drift in the measured quantities. The measurements were taken for loading and
unloading to assess the hysteresis effect. Once all measurements were recorded, a linear fit was
applied to the data, allowing the error relative to the expected values to be assessed and the
linearity error to be calculated.
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Figure 3.15: Signal amplifiers and data acquisition (DAQ) system used to amplify and capture force measure-
ments from multiple sensors.

Figure 3.16: Certus reference plate
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Fx

Fy

Mz

 =
[
F2Y F3Y F1X

] −0.4126 143.7645 28.7233
0.6965 144.9642 −28.9496
69.7757 −0.0272 0.0527

 (3.3)

After individually calibrating each load cell, the 6-DOF system was assembled within a ref-
erence frame to minimize potential interference between the load gauges. To calibrate the
system, weights were applied through distinct load configurations to capture the FX, FY, and
MZ components. This approach allowed for an evaluation of cross-interference among the load
cells. The calibration procedure was repeated over multiple runs to assess repeatability and
quantify measurement error. Finally, an ordinary least-squares (OLS) fit was applied to the
measured data against the predicted forces, yielding the calibration matrix shown in Equa-
tion 3.3. This matrix converts the load gauge readings into forces along the principal axes
while accounting for interference between the load cells. The uncertainty on the measurement
will be discussed in section 3.8.

(a) Single cell load calibration (b) Full board calibration

Figure 3.17: 6-DOF Gauge Calibration

3.4.6. Camera Systems and Synchronization
Low-speed videography for the towing-tank experiments was captured using four cameras: two
LaVision® cameras for underwater visualization and two Basler® cameras for above-water shots
The LaVision cameras recorded at a resolution of 2048 × 2048 pixels at 100 Hz, while the Basler
cameras recorded at 1920 × 1200 pixels In some trials, the frame rate was reduced to 50 Hz
to capture the entire run, as noted in the comments of Appendix C. The positioning of the
cameras is shown in Figure 3.18, following the model setup described in Figure 3.10.

The camera setup consisted of two camera sets configured to achieve stereo vision of the free
surface and ventilated areas Two cameras were positioned at 90 degrees to the hydrofoil’s
field of view, while the other two were angled to create stereo vision The field of view for
the underwater cameras was adjusted to ensure that the free surface and the foil’s tip were
visible at all angles for AR = 1 However, this configuration did not allow visibility of the tip
at AR = 1.5, due to limited field of view For the above-water cameras, the field of view was
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off-centred on the foil in the direction of the incoming flow to capture the wake Views from
each camera are depicted in Figure 3.19 and 3.20.

The camera module was securely fixed to the towing tank’s carriage and reinforced to main-
tain rigidity and minimize vibrations during testing. To protect the underwater cameras, they
were housed in streamlined ”torpedoes,” which acted as waterproof enclosures. Additional
streamlined bodies were fitted to the base of these torpedoes to minimize interference with
the hydrofoils. The lighting setup used LED strips and an LED panel. These were strategi-
cally positioned to illuminate the hydrofoil and ensure optimal camera visibility, avoiding the
reflections as much as possible.

LaVision® cameras were controlled using their commercial DaVis software, while Basler® cam-
eras were managed through an in-house script. Both camera systems were synchronized using
a common trigger signal provided by the DaVis software via the Programmable Timing Unit
(PTU), see Figure 3.21. This trigger signal was also routed to an Arduino® Uno, which gen-
erated a 5V pulse reflecting the timing of the trigger signal into the Data Acquisition (DAQ)
system. This allowed the measured forces to match their corresponding camera frames accu-
rately. The files containing the frames were saved after each run, with filenames corresponding
to the run time and number, ensuring proper identification and tracking. All frame manipula-
tion was completed using a combination of DaVis and PythonTM.

An additional Nikon® Z 6II camera was used during specific runs to capture a detailed view of
the trailing edge during ventilation formation. This was done solely to record supplementary
visual footage and was not part of the former videography setup for the experimental campaign.

Underwater 
Cameras

Above-water 
Cameras

Torpedoes

Streamlined 
Bodies

LED Strips

Figure 3.18: Cameras module for both underwater and above-water views The underwater cameras are
mounted on torpedo-shaped structures equipped with streamlined bodies to minimize wave interference. Addi-
tional instrumentation, such as LED strips, is also shown.
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(a) 90 degrees underwater camera (b) Angled underwater camera

Figure 3.19: Views from LaVision® cameras installed during the experimental campaign. Both cameras look
at the suction side of the hydrofoil.

3.4.7. Stereo Camera Calibration
Stereo camera calibration is a process used to precisely determine the relative position and
orientation of cameras with respect to a 3D calibration plate This step is crucial for accurately
capturing 3D points from the acquired images, enabling the precise reconstruction of different
structures in the pictures Through this procedure, an epipolar plane is established, allowing
any visible point to be located along an epipolar line The cameras were calibrated using a
Type 31 3D calibration plate for stereo calibration, as shown in Figure 3.22. The calibration
plate features several rows of points at known heights, facilitating the calibration process.

For the LaVision® cameras, their commercial software DaVis automatically performed the
calibration procedure. In contrast, the Basler® cameras were calibrated using an in-house
point detection script This script processes several images of a 3D calibration plate positioned in
different locations with known coordinates Markers in the images are detected and triangulated
to generate 3D coordinates, which are then transformed into the desired reference frame and
used to create the epipolar plane To verify the accuracy of the calibration, the 3D points are
re-projected back onto the 2D images to calculate the fit error This error ranged between 0.17
and 0.4 pixels for the underwater cameras, while for the above-water was approximately 0.17
pixels These values indicate that the calibration is accurate, meaning that the extrinsic and
intrinsic parameters are well-calibrated.

This calibration procedure was performed after every significant change in the setup, such as
changing the AR or switching between hydrofoils.

3.4.8. Data Acquisition System
Data acquisition was managed by four dedicated computers: one for speed and acceleration
control, two for camera operations, and one for force and position measurements. The arrange-
ment and connections are summarized in the following subsection.

Force, speed, and position signals were initially measured as analog voltages, filtered with a
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(a) 90 degrees above-water camera

(b) Angled above-water camera

Figure 3.20: Views from Basler® cameras installed during the experimental campaign. Both cameras look at
the suction side of the hydrofoil.

100 Hz low-pass filter, and then converted into binary data. The filter specifications are preset
by the Delft towing tank system and are integrated within the DAQ unit shown in Figure 3.15.
For each run, two binary files containing the force and position data, along with a configuration
file, were saved.

Image files from the LaVision® system were saved directly into their commercial software,
Davis, while Basler® images were stored as a ”pickle” file containing all frames and associ-
ated metadata. Additionally, the trigger signal was sent into the DAQ system, where it was
converted into a digital format.

3.4.9. Instrumentation overview
A schematic overview of the instrumentation setup is shown in Figure 3.23

3.5. Force Predictions
Force predictions were based on the experimental results of Harwood et al. [2], who used the
same semi-ogive hydrofoil. Identical coefficients were assumed for the NACA0010-34 hydrofoil.
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Figure 3.21: Programmable Timing Unit that controls the trigger signals received by the cameras.

The maximum forces are expected at an aspect ratio of 1 and a Froude number of 2.5 (see
section 3.6 for details on the test matrix). Under these conditions, the predicted maximum
drag, lift, and yaw moment values are 200 N, 450 N, and 25 Nm, respectively. The maximum
forces for each load cell in the most demanding conditions are presented in Figure 3.24. For
this configuration, load cells 1, 2, and 3 require a full-scale capacity of 400 N, while load cells
4, 5, and 6 need a full-scale capacity of 800 N.

The forces and moments acting on the hydrofoil are calculated using the following recalled
equations for the lift, drag, and moment coefficients:

CL3D
=

L
1
2ρV

2hc
(2.11a)

CD3D
=

−D
1
2ρV

2hc
(2.11b)

CM3D
=

M
1
2ρV

2hc2
(2.11c)

where CL = 0.65, CD = 0.3 and CM = 0.12 (Based on experiments by Harwood et al. [2]).

The forces and moments measured in the 6-DOF reference frame are converted into the forces
acting on each load cell using the transformation matrix. This matrix describes the geometric
configuration of the load cells in the system, taking into account the positions and orientations
of the cells. The load cell positions in the system are depicted in Table 3.4. This relation is
expressed through the following matrix equation.



Fx

Fy

Fz

Mx

My

Mz


6DOF

= Af6DOF =



1.0 0.0 0.0 0.0 0.0 0.0
0.0 1.0 1.0 0.0 0.0 0.0
0.0 0.0 0.0 1.0 1.0 1.0
0.0m 0.0m 0.0m −0.15m 0.3m −0.15m
0.0m 0.0m 0.0m −0.26m 0m 0.26m
0.0m 0.2m −0.2m 0.0m 0.0m 0.0m





F1X
F2Y
F3Y
F4Z
F5Z
F6Z

 (3.5)
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(a) Above-water camera calibratrion (b) Underwater camera calibration

Figure 3.22: Type 31 3D calibration plate in front of the hydrofoil.

The forces in each load cell were calculated using the established transformation matrix. The
next step is to visualize how these forces evolve as the configuration of the 6-DOF force balance
rotates The configuration ranges from 0 degrees, representing the initial setup as shown in
Figure 3.12, to 90 degrees, corresponding to a positive rotation about the Mz axis Figure
Figure 3.24 illustrates how the forces in each load cell vary with this rotation, providing insight
into the distribution of forces across different configurations.

The load cells along the y-axis, FY , reach their maximum value at around 25 degrees, while
the load on cell F1 becomes zero at this point. This angle represents the configuration where
the foil is expected to generate its predicted forces. As the rotation continues, the load along
the x-axis increases steadily, reaching its peak at 90 degrees, indicating a clear shift in force
distribution towards the x-axis as the system approaches full rotation.

Notably, the load cells in the z-direction experience the most significant forces overall, likely
due to the location of the centre of effort of the foil. The lift force is mainly distributed between
load cells 2 and 3, with F2Y taking a more significant share of the load due to the positive
Mz moment. This moment induces an imbalance in the lift distribution, causing F2Y to carry
more force than F3Y .

Therefore, based on the maximum expected forces in each load cell, the full-scale capacity can
be appropriately selected Load cells F4Z, F5Z, and F6Z, as previously mentioned, will be
replaced with non-instrumented load cells, as their measurements are not required For load
cells F2Y and F3Y , considering that the lab has three types of load cells available—200 N,
400 N, and 800 N—load cells with an 800 N capacity were selected Although 400 N load cells
would have been preferable, there were not enough available to equip both load cells in the
same direction Therefore, 800 N-load cells were equipped This option provides a broader range
for higher-speed conditions while still maintaining accuracy for the lower-speed ranges of 25N
Finally, load cell F1X was chosen to have a 400 N capacity, as this best fits the expected force
distribution along the x-axis The chosen sensor ranges are shown in Table 3.6
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Figure 3.23: Schematic overview of the intruments

Table 3.6: Cell gauge full-range

Units F1X F2Y F3Y F4Z F5Z F6Z
Full-Load N 400 800 800 - - -

3.6. Method
This section describes the methodology used during the experimental campaign for both hy-
drofoils. A complete list of all conditions tested in the towing experiments is provided in
Appendix C. The methodology was divided into two main phases:

1. Static tests: Runs were conducted at a constant angle of attack (AoA) to validate the
test geometries by comparing results with previous experimental campaigns.

2. Quasi-static tests: Runs involved varying the AoA to evaluate its effect on ventilation
susceptibility.

3.6.1. General Considerations
This subsection outlines key considerations for both testing phases and hydrofoils. All tests
were conducted in calm water.

Each run followed a standardized procedure. The amplifiers were zeroed before every run to
eliminate residual effects from previous measurements. A waiting period of approximately 30
minutes was established between runs to allow the water to return to calm conditions, for
higher speed this time as increased. Before each test, a zero run was recorded without moving
the hydrofoil or carriage. This run was then subtracted from the test data to obtain the true
zero.

The experimental campaign began with tests on the Semi-ogive hydrofoil. Once these tests
were completed, the Semi-ogive was replaced with the NACA0010-34 hydrofoil, requiring a
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Figure 3.24: Predicted forces for the load gauges in the 6-DOF force balance across a range of configurations
from 0 to 90 degrees.

recalibration of all systems. Due to differences in the centre of rotation between the hydrofoils,
the camera frame had to be adjusted by a few centimetres and recalibrated. After completing
the calm water tests, a campaign was conducted with the NACA0010-34 hydrofoil to assess
ventilation inception under wave conditions. However, this is out of the scope of this thesis.

3.6.2. Static Tests
The static tests were designed to replicate previous experiments on ventilated hydrofoils. Specif-
ically, those documented by Harwood et al. [2]. The objective was to induce ventilation at the
acceleration stage, following the approach described by Harwood et al. [2]. The approach is
illustrated in Figure 3.25.

The approach maintained a constant angle of attack (AoA) as the foil accelerated to a speci-
fied speed, after which both speed and AoA were held constant for the remainder of the test.
Only a Froude number of Fnh = 1.5 was evaluated. The AoA was adjusted in four-degree
increments for non-critical angles and two-degree increments near stall. This setup was cho-
sen to validate the models, as a single Froude number was sufficient to confirm geometric
consistency. Additionally, this test aimed to estimate the AoA at which ventilation triggered
during acceleration—a crucial insight for the remaining experimental phase, given that the
towing tank’s limited length prevents starting at an AoA of 0◦, if a quasi-static state is to be
maintained. A summary of the test conditions follows in Table 3.7

Table 3.7: List of static tests. The angle of attack is fixed at this test.

Aspect Ratio Froude Number Angle of Attack
1 1.5 0, 4, 8, 12, 14, 16, 18, 20
1.5 1.5 0, 4, 8, 12, 14, 16, 18, 20
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Figure 3.25: Experimental procedure performed by Harwood et al. [2], illustrated in the α− Fnh parametric
space. The two stages are represented as acceleration (red) and deceleration (blue). The inception boundary is
based on experiments by Harwood et al. [2].

For certain conditions, the run at AoA = 20◦ was replaced with a run at an AoA closer to
the point where ventilation was triggered. This approach provided greater resolution on the
critical AoA associated with ventilation inception.

3.6.3. Quasi-Static Tests
This phase aims to improve the understanding of ventilated flow formation through a method-
ology that has not yet been experimentally tested. As noted in previous chapters, prior experi-
ments have primarily focused on the transient effects in ventilation inception by quasi-statically
varying velocity. Harwood et al. [2] contributed significantly to this area by developing a para-
metric framework that maps AoA and Fnh across distinct flow regimes, as shown in Figure 2.11.
However, it remains uncertain whether this map fully captures the effects of varying AoA on
ventilation, as it was developed by solely adjusting speed and acceleration. To address this gap,
the quasi-static tests were designed to vary AoA during the run in a controlled, quasi-static
manner. To eliminate any transient effects associated with acceleration, the foil was acceler-
ated at a shallow angle below the thresholds for ventilation formation, identified in the initial
phase of the experiments. The anticipated ventilation formation for this phase of testing is
through spontaneously induced mechanisms, such LE ventilation, Rayleigh-Taylor ventilation
or TE ventilation. However, tip-vortex or TE inception are unlikely, as the test speeds are too
low for this mechanisms to trigger ventilation. Harwood et al. reported TE-induced- tip-vortex
formation at Fnh = 3.5, leaving LE and Rayleigh ventilation as the primary mechanisms.

Approach

The main approach for each run is presented in the α − Fnh parametric space in Figure 3.26
and consists of three key stages: the acceleration stage, the AoA variation stage, and the
deceleration stage. During the acceleration stage, the strut was brought to the target speed
at 0.3m/s2, the maximum achievable by the carriage without causing wheel slip. This stage
was executed as quickly as possible to maximize the available time for the AoA variation stage.
While an initial AoA estimate was obtained from the previous phase, slight adjustments were
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necessary due to its dependency on Fnh and ARh.
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Figure 3.26: Experimental procedure illustrated in the α − Fnh parametric space. The three stages are
represented as follow: acceleration (green), AoA variation (red) and deceleration (blue). The inception boundary
is based on experiments by Harwood et al. [2].

The AoA variation stage began near the end of the acceleration phase, with the hexapod exe-
cuting a calculated rotational motion to adjust the foils from their initial AoA to a target AoA.
This stage aimed to create a controlled rotation to facilitate ventilation inception. However,
due to manual initiation control, the exact frame marking the transition from acceleration to
AoA variation was imprecise, occasionally causing the rotation to start slightly earlier or later.
The yaw motion was governed by the turnover rate, set as high as possible in each run to
approximate quasi-static conditions, which are discussed further in this subsection.

Initial estimates based on Harwood et al. [2] suggested that ventilation would form around a
stall AoA of 15◦. However, it became evident that significantly higher angles were required.
Consequently, the target AoA was determined through trial-and-error adjustments for each
condition, as it varied considerably with changes in Fnh during the experiments. Ventilation
inception was expected to occur during the yaw motion stage, but any runs that exhibited
ventilation precisely at the beginning or end of the motion were discarded, as this was likely
induced by the motion itself rather than natural flow conditions.

The motion generally concluded before the deceleration stage began, allowing some frames to
be recorded under steady-state conditions. However, due to the limited length of the towing
tank, this was not always achievable, and in some cases, the deceleration stage started just
before the end of the motion, leaving no opportunity for steady-state conditions. During this
stage, the cameras were manually triggered, typically capturing 3000 frames.

The deceleration stage was automated, with the carriage programmed to stop upon reaching
a specified position and speed within the towing tank. This stage also included the additional
time at the end of each run for the instruments to complete data recording.

Figure 3.27 illustrates the typical variations in speed and AoA for a run and in specific run
1152, showing the progression through the three key stages: acceleration (Acc), AoA variation
(AoA var), and deceleration (Decel). This figure highlights the adjustments made to achieve
the target speed and angle of attack.
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Figure 3.27: Variations in AoA and speed throughout run 1152. Green dots represent the acquired images,
and the horizontal line indicates the point of ventilation inception. The three stages are denoted as acceleration
(Acc), AoA variation (AoA var) and deceleration (Decel). White and grey backgrounds indicate a transition
within stages.

Quasi-static state

As previously noted, the yaw rotation was conducted quasi-statically, with a rate determined by
the convective timescale, c/u, to maintain consistent quasi-steady conditions across the range
of Froude numbers. The convective timescales per degree were affected by factors including
the towing tank length, carriage acceleration, degree range, and Froude number. Given the
towing tank specifications and the intended Fnh range, the minimum rate of angle of attack
was set at (u/c)/20. This rate change varied between the minimum for the higher Fnh and
(u/c)/30 for the lower.

The convective timescale defines the characteristic duration for a fluid particle to traverse a
given length scale, specifically the chord length in this context. This selected timescale indicates
that for each degree of rotation, 20 to 30 timescales are needed.

To verify the quasi-static condition, it is essential that the yaw rotation does not influence
the measured forces. This implies that the results obtained under steady-state and quasi-
static conditions should be consistent. Specifically, for the tested scenarios, both static and
quasi-static tests were conducted at Fnh = 1.5. When comparing these tests, the slope of the
relationship between lift and angle of attack should remain identical. This is illustrated in
Figure 3.28 and Figure 3.29 for the two tested geometries.

The lift trend under quasi-static conditions closely follows the same pattern as observed in the
static tests. However, at α ≈ 21◦ there is a noticeable shift in the lift trend. This change
is likely associated with the interaction between the hydrofoil and fluid dynamics phenomena.
By analysing the linear trends, the slope can be determined, allowing for the calculation of
the relative error between the quasi-static and static tests. These findings are summarized in
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Figure 3.28: Measured hydrodynamic lift and drag for the NACA hydrofoil at an AR = 1 and Fnh = 1.5, for
the ”Static” and ”Quasi-static” tests. The data is fitted with a linear trend for lift and quadratic for drag.
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Figure 3.29: Measured hydrodynamic lift and drag for the Semi-ogive hydrofoil at an AR = 1 and Fnh = 1.5,
for the ”Static” and ”Quasi-static” tests. The data is fitted with a linear trend for lift and quadratic for drag.

Table 3.8.

Table 3.8: Relative error in the Lift-AoA slope

NACA Semi-Ogive
Static Quasi-Static Error Static Quasi-Static Error

8.2 8.272 0.87 % 7.178 7.299 1.67 %

The results indicate that the relative error is within the 2% which is below the standard
deviation on the measurement for both test conditions. Consequently, it can be assumed that
the experiments are conducted under quasi-steady conditions. Several runs were conducted
using 20 or 30 convective timescales for Fnh = 1.5 for the NACA hydrofoil. The results
indicate no significant variation in the onset of ventilation or the forces.

Test Conditions

Tests were conducted across nine Froude numbers (Fnh) ranging from 0.5 to 2.5, with aspect
ratios (AR) of 1 and 1.5. However, due to the force balance’s capacity limitations, tests at
AR = 1.5 were capped at Fnh = 1.5. For each condition shown in Table 3.9 and Table 3.10, at
least three runs were performed to ensure statistical reliability. Additional runs were carried out
for cases with high uncertainty in the inception angle of attack (αi) to improve data robustness.
Further tests were also conducted at Fnh = 1.5 and AR = 1 for the NACA0010-34 profile, as
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this condition was the main focus of the subsequent experimental campaign on ventilation in
waves.

Table 3.9: Test Conditions at AR = 1 for the Semi-ogive and NACA0010-34 hydrofoils, respectively.

Froude Number Towing velocity Turnover Alpha rate of change
Fnh u tc α̇
Unit m/s deg. deg./s
0.5 0.83 / 0.86 30 / 30 0.10
0.75 1.24 / 1.29 30 / 30 0.15
1.00 1.66 / 1.72 30 / 30 0.20
1.25 2.07 / 2.14 25 / 25 0.3
1.50 2.48 / 2.57 20 / 25 0.44 / 0.34
1.75 2.90 / 3.00 20 / 25 0.52 / 0.40
2.00 3.31 / 3.43 20 / 25 0.59 / 0.46
2.25 3.73 / 3.86 20 / 20 0.67 / 0.64
2.5 4.14 / 4.29 20 / 20 0.74 / 0.71

Table 3.10: Test Conditions at AR = 1.5 for the Semi-ogive and NACA0010-34 hydrofoils, respectively.

Froude Number Towing velocity Turnover Alpha rate of change
Fnh u tc α̇
Unit m/s deg. deg./s
0.5 1.01 / 1.05 30 / 30 0.12
0.75 1.52 / 1.58 30 / 30 0.18
1.00 2.06 / 2.10 20 / 20 0.36
1.25 2.53 / 2.63 20 / 25 0.45 / 0.35
1.50 3.04/ 3.15 20 / 25 0.54 / 0.42

3.6.4. Experimental Matrix
The following test matrices indicate the conditions of testing for each hydrofil.

Table 3.11: Test matrix

Hydrofoil Models Semi-ogive NACA 0010-34 Units
Tip Immersion h 279.4, 419.1 300, 450 mm

Immersed Aspect Ratio ARh = h
c 1.0, 1.5 1.0, 1.5 -

Velocity U 0.83 - 4.14 0.86 - 4.29 m/s
Depth Froude # Fnh = U√

gh
0.5 - 2.5 0.5 -2.5 -

Chord Reynolds # Rec =
Uc
ν 2.1× 105 - 1.1× 106 2.4× 105 - 1.2× 106 -

Yaw angle α 0 - 30 0 - 30 deg
Weber Number We = ρU2c

γ 2.6× 103 - 6.6× 104 3× 103 - 7.6× 104 -
Vaporous Cavitation # σv = Patm−Pv

ρU2/2
11.44 - 284.78 10.65 - 265.25 -

3.7. Post-processing
A total of 148 runs were conducted, with data collected from each. This includes 80 runs
with the semi-ogive hydrofoil and 68 runs with the NACA0010-34. The run identifiers follow
the formats 1xxx, 2xxx, or 3xxx, representing the semi-ogive hydrofoil, the NACA0010-34, in
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calm water and wave conditions, respectively. Collected data encloses all instrument outputs,
including videography, force, and position measurements.

3.7.1. Filtering
Typically, the phenomena of interest occur at low frequencies (below 1 Hz). Therefore, the
raw signal, sampled at 1000 Hz, was filtered to remove high-frequency noise caused by facility
vibrations. Two filters were applied to the force measurements for optimal noise reduction and
data clarity.

First, a notch filter was applied to attenuate the hydrofoil’s natural frequency, identified
through a decay test. This step was essential to eliminate resonant frequencies inherent to
the hydrofoil, providing a clearer view of the primary forces acting on the system. Subse-
quently, a zero-phase 5th-order low-pass Butterworth filter with a 1 Hz cutoff frequency was
applied to isolate the main components and reduce high-frequency noise, effectively retaining
only the relevant low-frequency signals.

The carriage velocity and measurements from the Certus system showed a very low standard
deviation, making filtering unnecessary for these variables. This is also evident in Figure 3.27,
where the speed and yaw rotation are presented as raw data.

3.7.2. Force Rotation
The forces due to hydrodynamic effects are required in the global reference frame. After
filtering the data obtained for each load cell, the forces are calculated using Equation 3.3. The
resulting force vector is described as

[
Fx, Fy,Mz

]6DOF . To express this force vector in the
global reference frame, a rotation by the AoA is required, as shown in Equation 3.6.

Fx

Fy

Mz

Ref.frame

=

 cosAoA sinAoA 0
− sinAoA cosAoA 0

0 0 1

 ·

Fx

Fy

Mz

6−DOF

(3.6)

The final forces were then used to compute non-dimensional coefficients, including the lift, drag,
and moment coefficients (CL, CD and CM ), to analyse the effect of ventilation on the forces
over time. For the ventilation analysis, the forces were plotted both with and without the low-
pass filter applied. The non-dimensional force coefficients were typically calculated over the
1-second interval preceding inception, allowing for comparison with the semi-empirical formula
derived by Damley-Strnad et al. [48].

3.7.3. Ventilation
The ventilated flows were investigated visually using the videography from both above and
underwater cameras to determine factors such as the inception frame, flow regime, or the free
surface’s position before ventilating. From this data and the trigger signal, each run’s inception
angle (αi) was found and plotted against the Fnh to obtain the inception boundary. This made
it easier to draw conclusions on how these factors affected the flow.

3.8. Uncertainty Analysis
The estimated uncertainties of the measured and derived quantities are summarized in Ta-
ble 3.12. This uncertainty analysis follows the guidelines for the expression of uncertainty



3.8. Uncertainty Analysis 57

in measurement as provided by the International Bureau of Weights and Measures (BIPM)
et al. [50]. Uncertainty estimates were obtained based on the calibration procedures of the
instruments used for measurement and the uncertainty of the measured signal after filtering.
The associated uncertainty of the instruments is the positive square root of the uncertainty
components of the instrument listed as resolution, repeatability and calibration uncertainty.
On the other hand, the associated uncertainty of the signals is estimated as the positive square
root of the standard deviation of the mean, expressed as

s2 (q) =
s2 (qk)

n
(3.7)

where

s2 (qk) =
1

n− 1

n∑
j=1

(qj − q)2 (3.8)

The associated uncertainty of the derivated quantities is estimated as the positive square root
of the combined variance, expressed as

u2c(y) =
N∑
i=1

u2xi
(y) (3.9)

where

u2xi
(y) =

(
∂y(xi)

∂xi

)2

u2(xi) (3.10)

and u(xi) is the uncertainty associated for each independent quantity listed in Table 3.12.
This formulation also applies to the combination of signal and instrumentation uncertainty for
measured quantities.
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Table 3.12: Estimated uncertainties in baseline variables, measured and derived quantities. Baseline variables
and measured quantities are obtained a 95% confidence interval.

Baseline Variables Description Uncertainty
h Tip immersion depth 0.003m
ν Kinematic viscosity 3%
Measured Quantities Description Measurement Method
α Yaw angle Certus 0.04

◦

U Flow speed 0.3%
Fx X Force component 6-DOF load gauge 0.36%
Fy Y Force component 6-DOF load gauge 0.2%
Mz Z Moment component 6-DOF load gauge 1.28%
Tw Water temperature Thermometer 0.1

◦
C

Derivated Quantities Description Formula ARh = 1 ARh = 1.5

Fnh Froude number Fnh = U√
gh

0.6% 0.5%
ARh Inmersed aspect ratio ARh = h

c 1.07% 0.72%
Rec Reynolds number Rec =

Uc
ν 3% 3%

σc Vaporous cavitation number σv = Patm−Pv
ρU2/2

0.61% 0.61%
CL3D

Lift coefficient CL3D
=

Fy

ρU2hc/2
1.39% 1%

CD3D
Drag coeffiecient CD3D

= −Fx
ρU2hc/2

1.36% 0.96%
CM3D

Yawing moment coefficient CM3D
= Mz

ρU2hc2/2
1.85% 1.58%



4
Results

This chapter presents a discussion of the experimental data and findings. The chapter begins
by validating the Semi-ogive by comparing previous experiments with the same geometry,
examining the forces coefficients, αi and the inception mechanism. The chapter then maps the
flow regimes by identifying the inception boundary within the α− Fnh parametric space and
providing visual documentation that illustrates transitions between these boundaries.

Next, the mechanisms of ventilation inception are investigated, describing the distinct types
observed in the experiments, including leading-edge, Rayleigh-Taylor, and TE-induced tip
vortex ventilation. This analysis is further extended by examining the impact of the Froude
number on inception mechanisms and its effects on αi. A comparative analysis of the two
tested hydrofoils follows, highlighting performance differences.

To conclude, the findings are integrated with data from previous experimental studies to enrich
the understanding of ventilation phenomena. Additionally, a historical semi-empirical formu-
lation for lift and drag is introduced, evaluated against experimental data, and discussed with
proposed improvements.

Ultimately, this chapter aims to answer the research sub-questions, contributing directly to
resolving the primary research question in the final chapter.

4.1. Semi-Ogive Validation
The Semi-ogive hydrofoil was constructed following Model 0 from the experiments by Harwood
et al. [2]. Therefore, to compare the results obtained in both experiments, it is necessary to
confirm that the geometries are similar. It should be noted that the NACA 0010-34 is not
validated against Harwood’s experiments since having a different geometry will make the co-
efficients differ. However, the flow characteristics and inception angles will be compared. The
Semi-ogive hydrofoil was validated by replicating the experimental procedure in Harwood’s
experiments, named Static Tests in this experimental campaign. The force and moment coef-
ficients obtained were plotted against those obtained by Harwood. et al. [2] for AR = 1 and
AR = 1.5 (Figure 4.1 and Figure 4.2). Then, a polynomial fit was plotted for each regime in
Harwood’s experiments, and an uncertainty band of 8%, corresponding to the uncertainty in
the measurement reported by Harwood et al. [2] for these coefficients. It should be noted that
the moment coefficient is calculated at mid-chord, which replicates Harwood’s results.

59
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The results observed in Figures 4.1a-4.1b and 4.2a-4.2b show that the force coefficients for the
Semi-ogive are within the uncertainty region in Harwood’s results for the ventilated and non-
ventilated results. However, the moment coefficient is not in this region. A possible explanation
for this is where the yaw moment is obtained, which can result in different outcomes. Harwood
et al. [2] reported that the yaw moment was obtained about mid-chord but did not specify
the exact position. Thereafter, the moment coefficient deviation is not considered in validating
the Semi-Ogive hydrofoil. The deviation for each point is obtained to validate the hydrofoil
regarding the force coefficients. A summary can be observed in Table 4.1.
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Figure 4.1: Measured hydrodynamic lift and drag coefficients for the semi-ogive hydrofoil at an AR = 1
and Fnh = 1.5, compared against historical experimental data under identical conditions and geometry. The
experimental data aligns within an 8% uncertainty band around the polynomial fit of Harwood et al. [2] data.
H, Y & C: Harwood et al. (2016) [2].

The results indicate that, across all cases, the mean deviation remains within 6%, which can
be attributed to measurement uncertainty and differences in the experimental setups used
in the campaigns. It should be noted that the lift coefficients are closer, while for the drag
conditions, this deviation increases. This can be explained by the greater sensitivity of the
drag coefficient to small variations in the flow around the hydrofoil, primarily due to induced
drag. Consequently, any variation in experimental conditions, such as temperature, pressure,
or precise angle of attack, can have a greater impact on CD. Additionally, the higher deviation
may be associated with the relative magnitudes of the forces, as drag is smaller than lift,
making it more susceptible to measurement uncertainty.
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Figure 4.2: Measured hydrodynamic lift and drag coefficients for the semi-ogive hydrofoil at an AR = 1.5
and Fnh = 1.5, compared against historical experimental data under identical conditions and geometry. The
experimental data aligns within an 8% uncertainty band around the polynomial fit of Harwood et al. [2] data.
H, Y & C: Harwood et al. (2016) [2].

Overall, the results show that the Semi-Ogive and Model 0 from Harwood et al. [2] exhibit
similar force coefficients, suggesting their geometries are comparable.

To validate the ventilation inception mechanism and determine the lowest angle of attack
(AoA) at which the hydrofoil naturally ventilates, visual documentation for Run 1108 and
for Harwood’s experiments is provided (see Figure 4.4 and Figure 4.3). The experiments
by Harwood et al. [2] named the inception mechanism during acceleration as stall-induced
ventilation formation (see Figure 2.13); for the present dissertation, this is termed Rayleigh-
Taylor inception at acceleration. In Figure 4.4a, the low pressures on the hydrofoil surface
and the associated transient effect to the acceleration create a steep depression of the free
surface, forcing proximity to the separated flow. At the same time, this proximity generates
Rayleigh-Taylor disturbances that can momentarily breach the surface seal and admit air into
the flow, (see Figure 4.4b). Figure 4.4c and Figure 4.4d show the development of the cavity as
the speed increases and ultimately reaches the FV condition. The same mechanism is observed
in Figure 4.3, which ultimately connects the behaviour of both hydrofoils.

Ventilation inception for the Semi-Ogive occurs at approximately Fn = 0.5 during acceleration
in all cases shown in Table C.1, aligning with the inception boundary at Fn = 0.5 for Model
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Table 4.1: Measured percentage deviation between the experimental results and Harwood’s data.

α
(◦)

AR = 1
(%)

AR = 1.5
(%)

CL CD CL CD

4 7.2 1.69 1.05 5.74
8 1.10 8.36 4.0 6.85
11 - - 5.83 7.86
12 4.02 4.81 4.02 3.79
14 4.52 1.41 3.23 5.38
15 2.76 7.72 - -
16 2.69 7.27 2.66 6.89
18 3.22 6.02 2.42 7.89

Mean 3.19 4.66 2.90 5.55

0 in Figure 2.11. The lowest angle of attack (αi) at which ventilation is triggered is 14◦ for
AR = 1 and 12◦ for AR = 1.5, closely matching the last point on the inception boundary in
Figure 2.11.

(a) Fnh = 0.44 (b) Fnh = 0.60 (c) Fnh = 1.16

Figure 4.3: Rayleigh-Taylor (RT) ventilation inception observed during the acceleration phase by Harwood et
al. [2], with an aspect ratio, Arh = 1.5. The Froude number, Fnh, represents the value at the instant of each
photograph.

Based on the results, we can conclude that the Semi-Ogive hydrofoil and Model 0 from Har-
wood et al. [2] have comparable behaviour in relation to ventilation, as evidenced by their
similar force coefficients and ventilation inception characteristics. Validation tests, including
comparisons of lift and drag coefficients, confirm that the force behaviour of the Semi-Ogive
closely aligns with Harwood’s findings for AR = 1 and AR = 1.5. Additionally, the observed
Rayleigh-Taylor ventilation inception during acceleration at Fnh = 0.5 and the consistent
angle of attack further support the comparability of the two hydrofoils.

4.2. Flow Regimes
For all the runs listed in Table C.2, the inception angle of attack (αi) and the flow regime after
ventilation were measured at a given Froude number for both hydrofoils. The outcome of this
procedure can be found in the following subsections.
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(a) Fnh = 0.40 (b) Fnh = 0.50

(c) Fnh = 1.13 (d) Fnh = 1.47

Figure 4.4: Rayleigh-Taylor (RT) ventilation inception observed during the acceleration phase at an angle of
attack, α = 12◦, with an aspect ratio, Arh = 1.5, Run 1108. The Froude number, Fnh, represents the value at
the instant of each photograph. This approach follows the methodology described by Harwood et al. [2].

4.2.1. AoA− Fnh inception boundary
The inception boundary is obtained by plotting the mean value of αi for each test condition
shown in Table 3.9 and Table 3.10. This boundary is represented in the AoA−Fnh parametric
space for each AR in Figure 4.5 and Figure 4.6. The standard error is plotted as a shaded area
on each point.

The inception boundary defines the transition between the FW regime and the PV or FV
regime. Below this boundary, the flow remains naturally FW, with ventilation only triggered by
an artificial perturbation. Previously, researchers, in particular Harwood et al. [2], represented
this boundary as a vertical line fixed at the stall angle of attack, αS ≈ 15◦. However, this
simplification is not consistent with the results of this experimental campaign. As shown
in Figure 4.5 and Figure 4.6, by quasi-statically varying the AoA, the hydrofoil can reach
inception angles, αi, up to 29◦ in the FW regime, expanding the stability region represented
in Figure 2.11 for this regime. This finding applies not only to the Semi-Ogive hydrofoil but
also to the NACA profile, with minor differences in trends and inception angles.
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The experimental procedure was designed to eliminate any effects associated with the transient
effects of acceleration. By doing so, the hydrofoils did not ventilate through the mechanism
described in the previous section, allowing the flow to remain wetted at higher AoA. The
inception mechanisms are further explained in section 4.3.
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Figure 4.5: Ventilation inception angle of attack as a function of the depth Froude Number for AR = 1. The
hatched region indicates the transition between PV and FV regimes. Uncertainty on the measurement is plotted
as a shaded area on each point.
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Figure 4.6: Ventilation inception angle of attack as a function of the depth Froude Number for AR = 1.5.
The hatched region indicates the transition between PV and FV regimes. Uncertainty on the measurement is
plotted as a shaded area on each point.

4.2.2. Repeatability of the AoA
Ventilation was previously described as a stochastic mechanism, where ventilation could trigger
at any time or angle of attack, during the acceleration phase or at a steady state. However,
this uncertainty has been reduced by quasi-statically varying the AoA and reaching for the
inception boundary, as described in subsection 3.6.3. The experimental results in Table 4.2
and Table 4.3 show that the standard error over the mean inception angle has a maximum of



4.2. Flow Regimes 65

Table 4.2: Measured αi, σ, and σM for the Semi-Ogive and NACA 0010-34 hydrofoils at various Fnh across
test conditions for AR = 1.

Fnh Semi-Ogive NACA 0010-34
αi σ σM αi σ σM

0.5 13.4 0.132 0.066 16.6 0.338 0.195
0.75 16.6 0.610 0.249 17.7 0.156 0.090

1 22.7 0.479 0.214 24.6 0.336 0.194
1.25 26.5 0.549 0.224 28.6 0.531 0.306
1.5 27.0 0.323 0.145 26.8 0.647 0.244
1.75 26.2 0.394 0.176 26.3 0.566 0.327

2 26.1 0.229 0.103 24.4 0.371 0.214
2.25 24.7 0.103 0.103 22.7 0.613 0.307
2.5 23.5 0.103 0.103 22.1 0.524 0.262

Table 4.3: Measured αi, σ, and σM for the Semi-Ogive and NACA 0010-34 hydrofoils at various Fnh across
test conditions for AR = 1.5.

Fnh Semi-Ogive NACA 0010-34
αi σ σM αi σ σM

0.5 12.59 0.268 0.120 14.3 0.310 0.179
0.75 18.37 0.268 0.120 20.59 0.310 0.179

1 25.70 1.197 0.535 26.84 0.161 0.093
1.25 25.47 0.362 0.162 22.6 0.338 0.195
1.5 24.56 0.295 0.132 22.67 0.922 0.532
1.75 - - - 22.91 0.922 0.532

only ±0.5◦, with a mean standard error of ±0.195◦ for AR = 1 and ±0.25◦ for AR = 1.5. This
corresponds to a relative variation of approximately 1% to 2% around the mean value at each
point, indicating that the mean inception angle at each Froude number is highly accurate, with
ventilation likely occurring near that angle. This could indicate a natural mechanism that, in
those specific conditions, can trigger ventilation around that AoA.

Notably, the highest uncertainties generally occur when αi is close to its maximum value,
possibly reflecting the involvement of different inception mechanisms and thus contributing to
higher uncertainty. The standard deviation is typically around 0.5◦, with only two specific
cases reaching 1◦, which could likely be reduced by increasing the sample size

4.2.3. Flow Regime Transition
As previously described, the transition from FW to a ventilated flow can occur as PV or
FV. For the Semi-Ogive hydrofoil, a representative frame for each Fnh and Run at AR = 1
has been plotted in Figure 4.7. It is clear that as the Fnh is increased, the ventilated area
becomes larger until it reaches full ventilation at around Fnh = 1.25. This phenomenon is
due to the ratio between increased inertial forces and reduced gravitational as Fnh increases.
At higher Froude numbers, the high water flow velocity creates a strong low-pressure region
on the hydrofoil surface, which entrains air from the free surface and facilitates ventilation.
With the increasing dominance of inertial forces over gravity, gravity’s downward acceleration
becomes less effective in keeping water attached to the hydrofoil. This reduced gravitational
constraint allows ventilated areas to expand more easily.
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(a) Fnh = 0.5, Run 1024 (b) Fnh = 0.75, Run 1062 (c) Fnh = 1.0, Run 1036

(d) Fnh = 1.25, Run 1080 (e) Fnh = 1.50, Run 1038 (f) Fnh = 1.75, Run 1070

(g) Fnh = 2.0, Run 1086 (h) Fnh = 2.25, Run 1088 (i) Fnh = 2.50, Run 1090

Figure 4.7: Visualization of the flow transition for the Semi-Ogive hydrofoil at various Fnh with AR = 1. Each
frame represents the flow state for each tested Fnh value after ventilation, showing the progressive transition
from partially ventilated (PV) to fully ventilated (FV) regimes.
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4.3. Ventilation Inception Mechanisms
This section analyses the mechanisms of ventilation inception, beginning with an overview of
the different types of inception mechanisms observed in the experiments. Next, the specific
triggers for ventilation are examined. Furthermore, the influence of Rec, Fnh, and AoA on
these mechanisms is discussed.

4.3.1. Types of inception mechanisms
During the experimental campaign, three types of inception mechanisms are observed: LE
Ventilation, Rayleigh-Taylor Ventilation, and TE Ventilation. This list combines the Semi-
ogive Hydrofoil’s possible tip-vortex ventilation and TE ventilation.

LE Ventilation

As described in the literature review, LE ventilation occurs when natural disturbances have
enough momentum to disrupt the free surface near the leading edge and reach the small sep-
aration bubble at this location. During the experiments, two primary types of LE ventilation
were observed: LE ventilation due to a laminar separation bubble (LSB) at low Fnh and LE
ventilation due to the collapse of the run-up at the LE at moderate Fnh. As Fnh increased,
the collapse of the run-up occurred later, ultimately enabling for higher values of the inception
AoA for this mechanism. This inception mechanism is the most sporadic of the three observed,
with LE-LSB inception occurring within approximately 1/10th of a second and LE inception
occurring between 2/10th and 5/10th of a second as Fnh increases. A schematic of this incep-
tion mechanism is shown in Figure 4.8, along with three experimental runs providing visual
representations of the LE-LSB, Figure 4.9, LE to partial ventilated flow, Figure 4.10, and LE
to fully ventilated flow, Figure 4.11.

Fnh T0 + 0.2

T0 + 0.5

T0 + 0.1

Figure 4.8: Schematic of LE ventilation inception across different Froude numbers. The blue lines represent
streamlines, highlighting the flow field around the hydrofoil. Green areas with hatching indicate regions of
entrained air. Black hatching denotes boundary layer separation zones, and red arrows show the paths of air
ingress. T0 represents the moment of inception. The diagram is inspired by the schematics in Harwood et al.
[2].
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(a) T0 + 0.02 (b) T0 + 0.06 (c) T0 + 0.1

Figure 4.9: Leading edge - LSB ventilation inception, Fnh = 0.5; ARh = 1; Run 1024; Semi-Ogive. The time
is given at the instant of each photograph relative to the initiation of the mechanism.

(a) T0 + 0.03 (b) T0 + 0.08 (c) T0 + 0.19

Figure 4.10: Leading edge ventilation inception, Fnh = 1.0; ARh = 1; Run 1036; Semi-Ogive. The time is
given at the instant of each photograph relative to the initiation of the mechanism.

Rayleigh-Taylor Ventilation

Previous research has observed this type of mechanism at high velocities, but in the current
experimental campaign, it occurred at speeds as low as U = 2 m/s. In this inception mecha-
nism, Taylor’s instabilities along the free surface create a pathway for air. The low-pressure
region on the suction side of the hydrofoil induces a downward acceleration of the free surface,
forming a depression. When this downward acceleration is strong enough, small disturbances
on the surface, such as ripples or capillary waves, rapidly grow in amplitude, becoming unsta-
ble and collapsing as the low-pressure region and downward acceleration subside. The vortices
generated by these perturbations then facilitate air ingress. Once an air path is established
and sufficient air has entered the separated region, the air reaches the LE, creating a secondary
air pathway that ultimately triggers ventilation.

In the present experiment, the run-up generates the surface ripples that initiate the disturbance.
As the AoA increases, the run-up becomes unstable, releasing droplets along the free surface. A
schematic of this inception mechanism is shown in Figure 4.12, along with visual representations
from two experimental runs, one for each hydrofoil in Figure 4.13 and Figure 4.14.
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(a) T0 + 0.04 (b) T0 + 0.13 (c) T0 + 0.50

Figure 4.11: Leading edge ventilation inception, Fnh = 1.25; ARh = 1; Run 1058; Semi-Ogive. The time is
given at the instant of each photograph relative to the initiation of the mechanism.

T1 + 0.1

T1 + 0.4

T1

T0

T1

Figure 4.12: Schematic of Rayleigh-Taylor ventilation inception. T0 represents the moment of inception and
T1 is when enough air has entered for ventilation to trigger. The diagram is inspired by the schematics in
Harwood et al. [2].

TE - Tip-Vortex Ventilation

These two inception mechanisms were not explicitly observed during the towing tank exper-
iments. However, for the Semi-Ogive hydrofoil at Fnh = 2.5, ventilation inception occurs
through a combination of Rayleigh-Taylor and trailing edge inception. At this speed, tip-
vortex inception also appears to develop, with air supplied from the blunt TE, suggesting that
ventilation via this mechanism could occur at higher speeds. The blunt TE is crucial for these
mechanisms, as it serves as the primary air ingress point. For tip-vortex inception, air enters
the vortex through the bubbly wake, eventually reaching the leading edge (LE) and resulting
in sporadic inception. In contrast, TE inception aligns more closely with the RT mechanism;
air also enters through the bubbly wake but travels directly to the flow separation region.
From there, it reaches the free surface at the LE and ultimately triggers full ventilation. A
schematic of this inception mechanism is shown in Figure 4.16 and Figure 4.15 along with
visual representations from Run 1090 illustrating the two specific scenarios.
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(a) T0 + 0.02 (b) T0 + 0.04 (c) T0 + 0.14

Figure 4.13: Rayleigh-Taylor ventilation inception, Fnh = 2.0; ARh = 1; Run 2042; NACA 0010-34. The
time is given at the instant of each photograph relative to the initiation of the mechanism.

4.3.2. Triggering Mechanisms
For the inception mechanisms to develop, a perturbation must pierce the free surface. In the
experimental campaign, these perturbations arose naturally due to the hydrofoil’s geometry
and the specific flow conditions in each run. Three distinct mechanisms were observed.

First of all, LE-LSB inception is primarily driven by the transition from laminar to turbulent
flow as the angle of attack increases. During the experimental campaign, it was observed at
Fnh ≤ 0.75. At higher AoA, the LSB near the leading edge becomes increasingly unstable,
eventually transitioning to a turbulent state and shedding vortices.

These turbulent disturbances introduce enough energy and fluctuations to pierce the free sur-
face, allowing air to enter the separation region and trigger ventilation. Therefore, as the AoA
increases, the instability of the LSB grows, creating the conditions necessary for air entrainment
and ventilation through the LE-LSB mechanism.

Figure 4.19 illustrates the progression of LE-LSB ventilation inception as the AoA increases
over time. The figure contains four frames (a-d), showing the growth of instabilities at the
leading edge and corresponding AoA. The time stamps and AoAs are given to display the
chronological development of the phenomenon.

Secondly, leading-edge inception is primarily driven by the dynamics of the run-up phenomenon.
This mechanism involves a column of water at the LE that rises above the free surface due to
the sharp nose of the tested hydrofoils. During the experimental campaign, this mechanism was
observed for 0.75 ≤ Fnh ≤ 1.0. The collapse of this column provides the necessary momentum
to reach the separated flow region and initiate ventilation. At low Fnh, the water column
at the LE remains relatively small. As the angle of attack increases, this column becomes
unstable and collapses into the LE, triggering ventilation by inducing small vortices that carry
air into the separated flow region.

Figure 4.20 depicts the leading-edge ventilation inception through the run-up phenomenon.
The sequence of images (a-e) indicates the progression of the water column at the LE as it
collapses into the separated flow region. The red circles in frames (c) and (d) highlight the
perturbations at the LE that trigger ventilation. It can be noted that once the run-up has
collapsed it only takes 4/10th of a second for ventilation to trigger.

At 1 ≤ Fnh ≤ 1.25 − 1.5, the water column at the leading edge (LE) becomes taller due to
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Figure 4.15: Schematic of tip-vortex ventilation inception. The diagram is inspired by the schematics in
Harwood et al. [2].

Figure 4.16: Schematic of TE ventilation inception. The diagram is inspired by the schematics in Harwood
et al. [2].

(a) T0 + 0.35 (b) T0 + 0.59 (c) T0 + 0.72

Figure 4.17: Tip-Vortex inception, Fnh = 2.5; ARh = 1; 1090; Semi-Ogive. The time is given at the instant
of each photograph relative to the initiation of the mechanism.

(a) T0 + 0.02 (b) T0 + 0.15 (c) T0 + 0.26

Figure 4.18: RT-TE inception, Fnh = 2.5; ARh = 1; 1090; Semi-Ogive. The time is given at the instant of
each photograph relative to the initiation of the mechanism.
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(a) T = 0 s; AoA = 15.39 (b) T = 6 s; AoA = 15.94

(c) T = 17.5 s; AoA = 17.58 (d) T = 18.96 s; AoA = 17.78

Figure 4.19: LE-LSB ventilation inception, Fnh = 0.75; ARh = 1; Run 2050; NACA 0010-34. The flow can
be seen as instabilities grow near the leading edge. The time is given from the start of the recording.

the increased flow velocity. Rather than collapsing entirely, it becomes unstable and releases
droplets at the LE. These droplets create sufficient perturbations to reach the separated flow
region and trigger ventilation. However, as Fnh continues to increase, the stability of the
flow further inhibits the formation of disturbances at the LE. At this stage, the high-speed
flow prevents the droplets from becoming unstable as they reach the free surface, reducing
the effectiveness of the run-up mechanism. Consequently, inception begins to rely on other
mechanisms as Fnh increases. The transition between inception mechanisms was observed
around Fnh = 1.25− 1.5, coinciding with the maximum AoA. See the following subsection for
more details on the influence of the Fnh.

Figure 4.21 presents the leading-edge ventilation inception under higher Froude numbers
Fnh = 1.5. The sequence of images (a-e) captures the release of droplets at the LE and
their progression toward the free surface. The specific droplet that triggers ventilation is
highlighted in the red circles.

Finally, Rayleigh-Taylor’s inception is primarily influenced by the free surface position at the
LE. This phenomenon is observed above Fnh = 1.25 − 1.5, up to Fnh = 2.5 which is the
maximum tested speed. For Froude numbers above Fnh = 1.5, droplets released by the run-
up fall along the free surface without triggering ventilation. However, once the free surface
descends to approximately d/c = 0.5 below its nominal position at the TE, Rayleigh-Taylor
disturbances develop due to its proximity to the separation and low-pressure region. At this
stage, the droplets falling at the LE travel along the free surface gaining sufficient momentum
to become unstable, which forms small vortices that can trigger ventilation. As the Fnh

increases, the d/c ratio shows a decreasing trend, resulting in a reduction in the condition
of d/c = 0.5. Figure 4.22 illustrates the variation of the d/c ratio as a function of Fnh and
speed, providing a clear representation of this relationship. The first four images in Figure 4.14
illustrate the progression of a droplet as it travels along the free surface. Starting from the
LE, the droplet gains momentum and moves downstream while remaining attached to the free
surface. This process demonstrates how the droplet interacts with the surrounding flow field
until it reaches a critical point where it destabilizes, forming perturbations that eventually
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(a) T = 0 s; AoA = 22.82 (b) T = 0.4 s; AoA = 22.97

(c) T = 0.78 s; AoA = 23.04 (d) T = 0.82 s; AoA = 23.05

(e) T = 0.86 s; AoA = 23.05

Figure 4.20: LE ventilation inception, Fnh = 1; ARh = 1; Run 1036; Semi-Ogive. The run-up can be seen to
collapse onto the LE. The red circle indicate the perturbation that ultimately triggers ventilation. The time is
given from the start of the recording.
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(a) T = 0 s; AoA = 26.93 (b) T = 0.12 s; AoA = 26.98

(c) T = 0.16 s; AoA = 27.00 (d) T = 0.2 s; AoA = 27.02

(e) T = 0.22 s; AoA = 27.03

Figure 4.21: LE ventilation inception, Fnh = 1.5; ARh = 1; Run 1038; Semi-Ogive. The run-up can be
noticed to be releasing droplets toward the free surface and the LE. The red circle indicate the perturbation
that ultimately triggers ventilation. The time is given from the start of the recording.
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trigger Rayleigh-Taylor disturbances.

4.3.3. Influence of the Fnh and Rec on the Inception Mechanisms
The following section provided an analysis of the influence of the Fnh and Rec on the inception
of ventilation.

Figure 4.23 categorizes the inception mechanisms for the test runs across the tested Froude
numbers (0.5 ≤ Frh ≤ 2.5) for both geometries and aspect ratios. The figure distinguishes
between two primary inception mechanisms: Leading Edge LE inception and Rayleigh-Taylor
RT inception and their combinations with other mechanisms. Additionally, Figure 4.24 illus-
trates the relationship between the chord Reynolds number (Rec) and the angle of attack (α)
at which ventilation inception occurs for different geometries and aspect ratios. These figures
highlight how both Frh and Rec influence the transition between inception mechanisms. At
low Frh and low Rec ≈ 0.4 × c, Leading edge ventilation with LSB (LE-LSB) is identified as
the dominant mechanism for both geometries. This indicates that flow instabilities caused by
adverse pressure gradients at the leading edge are more prevalent in this regime. The presence
of LSBs can be associated with a slight increase in lift. This phenomenon occurs because ven-
tilation creates a stabilized bubble of air near the suction side, which smooths the transition
from laminar to turbulent flow, maintains attached flow, and slightly enhances lift.

At intermediate conditions, particularly around Frh = 1.25 or Rec ≈ 0.6 × 106, the angle of
attack reaches its maximum for all configurations. In this range, the inception mechanisms
transition from laminar separation bubble-dominated mechanisms to a combination of leading-
edge and Rayleigh-Taylor instabilities. This transition introduces greater uncertainty, as shown
in Table 4.2 and Table 4.3, as ventilation can be triggered by either mechanism independently
or through their interaction. For higher aspect ratios (AR = 1.5), the transition to Rayleigh-
Taylor-dominated mechanisms occurs at lower Frh, associated with the earlier compliance of
the condition presented in Figure 4.22. The peak in the angle of attack observed corresponds to
this transition between inception mechanisms and is related to the behaviour of the boundary
layer. The flow begins shifting from predominantly laminar to more turbulent characteristics.

At high Frh and Rec (Rec > 0.8× 106), Rayleigh-Taylor instabilities dominate the ventilation
inception process for both geometries. For the Semi-Ogive geometry, trailing-edge (TE) insta-
bilities begin to emerge, reflecting the influence of its blunt trailing edge. On the other hand,
the streamlined body of the NACA profile ensures that the triggering mechanisms remain fully
Rayleigh-Taylor driven.

For Frh ≥ 2.5, trailing-edge ventilation or combinations with tip-vortex ventilation are ex-
pected for the Semi-Ogive hydrofoil, as these mechanisms are already forming at lower angles
of attack before full inception by RT-TE. This behaviour is illustrated in Figure 4.18. The
NACA 0010-34, on the other hand, ensures that Rayleigh-Taylor-driven mechanisms remain
dominant without significant interference from trailing-edge effects. Figure 4.25 illustrates the
contrasting wake structures of the two hydrofoils before ventilation at Fnh = 1.5, AR = 1. The
ventilated wake behind the Semi-Ogive foil is visible, whereas the NACA 0010-34 maintains a
stable flow with no significant wake formation.

At AR = 1, the results for the NACA 0010-34 nand Semi-Ogive geometries appear to overlap,
as seen in Figure 4.24, while not for AR = 1.5. This suggests that, at lower aspect ratios, the
influence of the geometry on ventilation inception is reduced.
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Figure 4.22: The surface drawdown ratio, d/c, at the point of ventilation inception is presented as a function
of Fnh and U for both hydrofoil shapes (Semi-Ogive and NACA 0010-34) and aspect ratios (AR).
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Semi-Ogive

0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
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RT-TE

(a) AR = 1

Semi-Ogive
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Mechanism

LE-LSB
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LE-RT

RT

(b) AR = 1.5

Figure 4.23: Inception Mechanisms as a Function of Froude Number fpr AR = 1 and AR = 1.5. Each
dot represents an experimental run, excluding those without camera availability. The graph distinguishes two
primary mechanisms and three combinations: LE-LSB (Leading Edge inception by laminar separation bubble),
LE (Leading Edge inception), LE-RT (Combined Leading Edge and Rayleigh-Taylor inception), RT (Rayleigh-
Taylor inception), and RT-TE (Combined Rayleigh-Taylor and Trailing Edge inception).
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Figure 4.24: Ventilation inception angle as a function of the chord Reynolds Number. Hatched lines indicate
a transitional region were there is a combination of LE and RT ventilation

(a) Semi-Ogive (b) NACA 0010-34

Figure 4.25: Frame prior to ventilation, Fnh = 1.5; ARh = 1; Run 1090, Run 2132. The ventilated wake
behind the Semi-ogive can be noted, while there is no wake behind the NACA profile.
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4.3.4. Influence of the Inception Mechanisms and Fnh on the AoA
Figure 4.26 and Figure 4.27 present the inception boundary in the AoA − Fnh parametric
space for each AR and geometry. These graphs provide insights into the influence of the
Froude number (Fnh) and the corresponding inception mechanisms on the inception angle of
attack (αi).

Two distinct trends are visible in the graphs: an ascending trend associated with leading-edge
(LE) ventilation and a descending trend driven by Rayleigh-Taylor ventilation.

For 0.5 ≤ Fnh ≤ 1 − 1.25, depending on the AR, both geometries exhibit a steep increase in
αi. This is linked to the run-up phenomenon described in previous sections. As Fnh increases,
the angle of attack at which the run-up collapses also increases, ultimately leading to a higher
inception angle of attack. The Semi-Ogive hydrofoil consistently shows slightly lower αi values
compared to the NACA 0010-34, likely due to small differences in chord length between the
two geometries and speed.

The transition between inception mechanisms occurs when the condition d/c = 0.5 is met. As
reflected in Figure 4.22a, this transition takes place at Fnh = 1.25 for AR = 1 and Fnh = 1.0
for AR = 1.5. The higher peak observed in αi for the NACA 0010-34 is likely related to
differences in speed, suggesting that the Semi-Ogive’s peak would occur slightly later, between
Fnh = 1.25 and Fnh = 1.5. However, due to the fixed speeds tested, this delayed peak is not
observable. This phenomenon is further supported by Figure 4.24, where, for AR = 1, the
peak of the NACA 0010-34 lies exactly between these two Froude numbers, indicating that the
difference in peak location is a direct consequence of the variation in tested speeds.

At Fnh ≥ 1.25, Rayleigh-Taylor ventilation dominates the ventilation inception process. Both
geometries exhibit a slight decline in α, which might extend for Fnh > 2.5. This behaviour is
driven by a combination of the reduction in the d/c condition as Fnh increases and the higher
downward acceleration, which causes the free surface to meet the condition earlier in the region
where d/c remains constant. The slight difference in αi between the geometries at Fnh ≥ 2
can be attributed to the slight differences observed in Figure 4.22a. The condition for these
Fnh values is lower for the NACA 0010-34, which is reflected in a smaller inception angle of
attack. However, if d/c is plotted as a function of speed, as shown in Figure 4.22b, there is an
overlap in the data. This overlap suggests that the inception boundary as a function of Fnh

for the Semi-Ogive is shifted relative to the NACA 0010-34. Figure 4.24 shows αi as a function
of the Reynolds Number, for AR = 1 it can be noted that the data is coinciding.

4.4. Integration of Past Experimental Results - Flow Regime
Map

After presenting the results from the towing tank experiments, the data is compared to the
findings of Harwood et al. [2]. Figure 4.28 and Figure 4.29 illustrate the flow regime maps
for the Semi-Ogive hydrofoil, as presented by Harwood et al. [2] in Figure 2.11, specifically
highlighting the inception and stabilization boundaries. These maps define the transitions
between fully wetted, partially ventilated, and fully ventilated flow regimes.

The results from Harwood et al. [2] were obtained via towing tank experiments. The method-
ology employed in their study aligns with the approach used in the present experimental cam-
paign during the ”Static Tests.” In their experiments, the hydrofoil was set at a fixed α and was
quasi-statically accelerated to increasing speeds until ventilation inception was reached. This
approach corresponds to a vertical progression in the parametric α − Fnh space. Conversely,
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LE-LSB

LE RT

Figure 4.26: Ventilation inception angle of attack as a function of the depth Froude Number for AR = 1. The
arrows indicate the trends of the AoA as a function of the Fnh and the inception mechanism.

LE-LSB

LE RT

Figure 4.27: Ventilation inception angle of attack as a function of the depth Froude Number for AR = 1.5.
The arrows indicate the trends of the AoA as a function of the Fnh and the inception mechanism.
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the present experimental campaign used a different methodology, where Fnh was fixed, and
the angle of attack (α) was quasi-statically varied, corresponding to a horizontal progression
in Figure 4.28, named ”Quasi-Static Tests.”

The inception boundary, presented as a dotted line (blue for the present campaign and red
for Harwood et al. [2]), represents the transition from a fully wetted to a partially or fully
ventilated regime. In the case of moving horizontally, the hydrofoil will ventilate in accordance
with the horizontal inception boundary, which is dependent on the acceleration. Conversely,
if moving vertically, the foil will encounter the blue line. The data from both experimental
campaigns appear to connect, as there is a shared point at the very lowest inception point.
Furthermore, during the ”Static Tests,” the results obtained align well with those reported by
Harwood et al. [2].

However, the vertical line at α = 15◦, as presented in Figure 2.11, was found to deviate
significantly from reality, as evidenced by the updated regional map. The triangular dashed
line represents the transition from partial ventilation (PV) to full ventilation (FV). In the
present experiment, this transition was not explicitly tested. However, during the ”Quasi-
Static Tests,” it was observed that ventilation inception occurred horizontally below this line
in the PV regime, while above this line, the flow transitioned to FV.

For AR = 1, Harwood et al. [2] reported obtaining a point at Fnh = 3.5 and α = 15◦. They
stated that, after several runs, they were able to bring the hydrofoil through the inception
boundary at α ≈ 15◦ without inducing ventilation by decreasing the acceleration to its lowest
possible value. Later, at a fixed speed, the hydrofoil naturally transitioned to ventilation via
tip-vortex ventilation.

To connect this point with the present experimental campaign, it is possible to speculate about
the inception boundary at Fnh ≥ 2.5. Two possibilities arise: First, given the blunt trailing
edge (TE) of the Semi-Ogive and the growing influence of the ventilated wake it generates, it
is possible that the tip-vortex formation, reported in run 1090 at an AoA occurring 3◦ earlier
than full ventilation inception, triggers ventilation at higher Fnh, resulting in a discontinuity
in the data. This scenario is represented in Figure 4.28 by the green dashed line. Following
this pathway, αi would continue to decrease until coinciding with Harwood’s data.

Second, following the trend observed in c/d, the foil could simply continue decreasing its αi

at the same rate as observed above Fnh = 2.0. This path is more likely to be followed by the
NACA 0010-34, as the absence of a blunt trailing edge minimizes the influence of wake. This
scenario is represented by the purple dashed line in Figure 4.28.

In summary, the comparison with Harwood et al. [2] highlights the importance of proper
experimental methodology in interpreting ventilation behaviour and provides a foundation for
speculative trends at higher Fnh.

4.5. Lift and Drag Semi-empirical Formulation
This section builds upon a semi-empirical formulation for lift and drag coefficients, derived
from the work of Damley-Strnad et al. [48]. The formulation is designed to predict the force
coefficients, CL and CD, in the regime prior to ventilation inception. The semi-empirical
approach is expected to provide a good approximation for Fnh ≥ 2, as the authors state that
at lower speeds, experimental results are dominated by surface tension and viscous effects. The
results obtained from the semi-empirical model are compared to the experimental data from
the present campaign, serving to validate the model’s effectiveness in predicting the coefficients.



4.5. Lift and Drag Semi-empirical Formulation 83

10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
α (◦)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

F
n
h

Inception boundary

H, Y & C, Inception Boundary

Projected Tip-vortex

Projected Rayleigh-Taylor

H, Y & C, PV → FV

H, Y & C, TE - Tip-vortex

Figure 4.28: Flow regime map for the Semi-Ogive hydrofoil as a function of α and Fnh at a fixed aspect
ratio of ARh = 1.0. The inception boundary delineates the transition between fully wetted and partial or full
ventilation regimes. Symbols mark experimentally observed boundaries for the Semi-Ogive hydrofoil, including
boundaries documented in previous research by Harwood et al. [2] marked as H, Y & C. The dashed lines
indicate projected trends for the inception and bifurcation boundaries based on empirical data. This figure is
adapted from Harwood et al. [2].

4.5.1. Semi-empirical Lift and Drag Formula
The lift and drag coefficients are expressed using a semi-empirical formulation derived from
the work of Damley-Strnad et al. [48]. The drag coefficient (CD) is decomposed into three
components: the frictional drag (CDf

), the induced drag (CDi), and the wave drag (CDw).
Each component is defined as follows:

CDf
=

0.075
(
1 + 2 τmax

c +
(
60 τmax

c

)4)
|logRec − 2|2

, (4.1)

CDi =
2C2

L

πARh
, (4.2)

CDw = C2
Le

−2

Fn2
h

1

2Fn2
h

. (4.3)

In these equations:

• CDf
represents the frictional drag, where τmax is the maximum thickness of the hydrofoil

and c is the chord length.
• CDi represents the induced drag, which depends on the lift coefficient CL, the aspect

ratio ARh, and the Froude number Fn.
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Figure 4.29: Fow regime map for the Semi-Ogive hydrofoil as a function of α and Fnh at a fixed aspect
ratio of ARh = 1.5. Data are from the experimental campaign and previous research [2]. Figure inspired from
Harwood et al. [2].

• CDw represents the wave drag, which accounts for free-surface effects through an expo-
nential decay term that depends on Fn.

The general expression for the drag coefficient is the following:

CDwet = 2CDf
+ CDi + CDw (4.4)

In addition to the drag coefficients, the semi-empirical formulation provides an expression for
the lift coefficient at ventilation inception, CLincep . This coefficient is expressed as a function
of the Froude number, Fn, and a ventilation parameter, σv, which modulates the influence of
ventilation effects. The general formulation is given by:

CLincep = F−0.5
n

[
1− e−σvFn

]
, (4.5)

where CLincep represents the lift coefficient prior to full ventilation.

The behavior of CLincep can be described under two limiting conditions:

CLincep =

{
0, σvFn → 0,

F−0.5
n , σvFn → ∞.

(4.6)

• When σvFn → 0, the lift coefficient approaches zero, representing conditions where ven-
tilation effects are negligible or absent.
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Figure 4.30: Maximum lift coefficients at the ventilation inception boundary, (CLincep), as a function of
the Froude number, (Fnh), for both hydrofoil geometries (Semi-Ogive and NACA 0010-34) and aspect ratios
(ARh = 1 and ARh = 1.5). The plot includes a predicted curve at atmospheric pressure, calculated using
Equation 4.5.

• When σvFn → ∞, the lift coefficient asymptotically reaches F−0.5
n , indicating the maxi-

mum attainable lift in the presence of significant ventilation effects.

4.5.2. Comparison with Experimental CL and CD

The semi-empirical model for lift (CL) and drag (CD) coefficients was evaluated against ex-
perimental results from the present campaign and additional data from the literature. The
comparison of predicted and experimental CL, in Figure 4.30, shows that the predicted curve
provides an upper limit for the lift coefficient, capturing the general trend of decreasing lift
with increasing Fnh. Experimental results for both the Semi-Ogive and NACA 0010-34 geome-
tries follow this trend but consistently fall below the predicted curve, particularly at higher
ARh = 1.5. The Semi-Ogive exhibits higher CL values compared to the NACA 0010-34 for both
ARh = 1 and ARh = 1.5. Agreement between the predicted and experimental CL improves at
Fn ≥ 1.25 which is when the inception mechanism transitions from LE to RT ventilation.

For drag comparisons, in Figure 4.31, the predicted curves for ARh = 1 and ARh = 1.5
capture the general trend of drag reduction with increasing Fn. Experimental CD values are
generally lower. The Semi-Ogive has slightly higher CD values compared to the NACA 0010-
34, particularly at ARh = 1.5, due to trailing-edge effects and increased wake turbulence. At
Fn ≥ 1.75, the experimental CD values align closely with the predicted trends, demonstrating
the model’s reliability in high Fn regimes.

The inclusion of literature data highlights the significance of the results obtained in the present
experimental campaign. Except for the data from Vaughan and Ramsen [51], the literature
data fails to reproduce the semi-empirical formula, likely due to differences in the methodologies
employed to achieve ventilation compared to the present experimental campaign. Notably,
the experiments conducted by Harwood et al. [2] used the same geometry as the present
experiments. However, the significant discrepancies between their results and those obtained
in this campaign further underscore that the experimental approach used by Harwood et al.
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Figure 4.31: Maximum drag coefficients at the ventilation inception boundary, (CDincep), as a function of
the Froude number, (Fnh), for both hydrofoil geometries (Semi-Ogive and NACA 0010-34) and aspect ratios
(ARh = 1 and ARh = 1.5). The plot includes a predicted curve at atmospheric pressure, calculated using
Equation 4.4.

did not fully capture the essence of ventilation inception.

The differences in the lift coefficient below Fnh are associated with the geometry of the tested
foils. The geometries selected are of the thin airfoil type, which allows for separation at the
leading edge, resulting in LE ventilation. For thicker, more streamlined bodies, the flow tends
to separate at the trailing edge, increasing the angle of attack at which ventilation occurs
at low speeds. This scenario would likely lead to ventilation dominated by Rayleigh-Taylor
instabilities and, consequently, bring the values of CL closer to the predicted ones.

Overall, the experimental data closely aligns with the semi-empirical model for Fnh ≥ 1.0.
In contrast, the literature data appears scattered and deviates significantly from the model,
highlighting the importance of consistent methodologies and geometries in achieving accurate
results.
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Figure 4.32: Maximum lift coefficients at the ventilation inception boundary, CLincep , as a function of the
Froude number, Fnh. This figure compares the experimental results with prior experimental data. Harwood:
Harwood et al. [2], Breslin: Breslin & Skalak [7], Vaughan & Ramsen [51], Swales: Swales et al. [12]. Reprinted
with modifications from Damley-Strnad et al. [48].



5
Conclusions and Recommendations

The results obtained in this study can serve as guidelines for a deeper understanding of the
mechanisms associated with ventilation inception. Two experimental methods were used to
describe the behaviour of ventilation in the α− Fnh parametric space: one based on previous
experimental campaigns (Static Tests) and one new methodology not previously studied (Quasi-
Static Tests). The study concludes that the results obtained using the ”Quasi-Static Tests”
methodology differ significantly from those obtained using the historical method ”Static Tests”,
and the previously assumed inception boundary. This section will conclude the study based
on the answers provided to the research questions.

5.1. Conclusions on the Research Question
The research questions accompanying the thesis described in this report were formed in sec-
tion 1.5. The answers to them were found throughout the project. In this section, the support-
ing questions are first answered, followed by an answer to the main research question.

SQ 1: How repetitive is the AoA at which ventilation inception occurs for a given
Fnh and AR?

In section 4.2, it is demonstrated that, for the ”Quasi-Static Tests,” at a given AR and for the
combination of all Fnh, the standard error of the mean has an average value of only 0.195◦

for AR = 1.0 and 0.25◦ for AR = 1.5. This corresponds to a relative error of 1% to 2% over
the mean αi at each Fnh. The mean αi at each Fnh deviates by no more than 0.5◦, with the
maximum deviations occurring at the transition between flow regimes around Fnh = 1.25 for
AR = 1.0 and Fnh = 1.0 for AR = 1.5. This last increased uncertainty is associated with the
combination of the inception mechanisms, LE ventilation dominates when Fnh ≤ 1.25 while
RT ventilation is associated with Fnh ≥ 1.25. Therefore, based on the repeatability analysis
over the αi, the inception boundaries described in Figure 4.5 and Figure 4.6 are considered
reliable.

SQ 2: How do varying Froude numbers affect αi for a given geometry?

88
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In subsection 4.2.1, the inception boundary is presented in the α−Fnh parametric space. The
initial hypothesis, supported by the literature analysis, suggested that the inception angle of
attack would remain constant as Fnh increased, at an angle referred to as the stall angle (αs)
with an approximate value of αs ≈ 15◦. However, the present work has demonstrated that
this assumption is not realistic. For a sharp-nose hydrofoil, the inception boundary follows the
trends shown in Figure 4.5 for AR = 1 and Figure 4.6 for AR = 1.5.

Two main trends for αi were identified in subsection 4.3.4. Firstly, in the region dominated by
leading-edge ventilation, αi shows a sharp increase as Fnh rises to approximately Fnh = 1.25.
This phenomenon is associated with the run-up behaviour described in this study. Conversely,
for streamlined, thicker hydrofoils, this trend is speculated to be absent due to the flow’s
tendency to separate at the trailing edge (TE) rather than the leading edge (LE), as these
foils lack the separated flow region at the LE necessary for LE-driven ventilation. Secondly, in
the region dominated by Rayleigh-Taylor ventilation, αi shows a consistent decrease as Fnh

rises. This phenomenon is speculated to be associated with the d/c condition described in
subsection 4.3.4. The transition between trends and inception mechanisms coincides with the
maximum value of αi. For higher Fnh for values beyond the tested range (Fn ≥ 2.5), the trend
is expected to persist. The results indicate that the hydrofoils follow the trend described by
Equation 4.5. As CL decreases with increasing Fn, the angle of attack is expected to continue
decreasing. This behaviour aligns with the experimental observations.

SQ 3: How are the inception mechanisms affected by the Fnh and the Rec?

The variation of the inception mechanisms with respect to Fnh and Reh is presented in sub-
section 4.3.3. At low Fnh and low Rec (Rec ≈ 0.4 × 106), leading-edge ventilation driven by
laminar separation bubbles (LE-LSB) is the dominant mechanism. This regime is character-
ized by flow instabilities caused by adverse pressure gradients at the leading edge, resulting in
slightly increased lift due to the stabilization of the laminar separation bubble.

As Fnh and Rec increase, particularly around Fnh = 1.25 or Rec ≈ 0.6 × 106, the incep-
tion mechanisms transition from laminar separation-dominated behaviour to a combination
of leading-edge and Rayleigh-Taylor instabilities. For higher aspect ratios (AR = 1.5), this
transition occurs at lower Fnh. At high Fnh and Rec (Rec > 0.8 × 106), Rayleigh-Taylor
instabilities dominate the inception process.

SQ 4: How does varying the hydrofoil geometry, particularly the trailing edge
shape, impact the inception AoA and mechanisms at moderate to low Fnh?

This study conducted towing tank experiments with two distinct hydrofoil geometries: a Semi-
Ogive profile with a chord length of c = 0.2794 m and a blunt trailing edge, and a NACA
0010-34 profile with c = 0.3 m and a streamlined trailing edge.

For the Semi-Ogive hydrofoil, trailing-edge dominance begins to emerge at Fnh = 2.5, high-
lighting the influence of its blunt trailing edge. This geometry enhances the coupling be-
tween Rayleigh-Taylor and trailing-edge mechanisms, making RT-TE combinations increas-
ingly prevalent at moderate to high Fnh. In contrast, the NACA 0010-34, with its streamlined
trailing edge, minimizes trailing-edge-induced instabilities and maintains mechanisms domi-
nated entirely by RT instabilities.
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At low Fnh there is no significant difference between the two tested geometries. The small
differences in AoA can be associated to the difference in speed to match the Fnh. The NACA
0010-34 experiences a higher αi peak at Fnh = 1.25 while this is not observed for the Semi-ogive.
However, a peak is expected for the Semi-ogive at 1.25 ≤ Fnh ≤ 1.5 due to the observations
in Figure 4.24.

At AR = 1, the results for the NACA 0010-34 and Semi-Ogive geometries show significant
overlap in the Reh, as illustrated in Figure 4.24, suggesting that at lower aspect ratios, the
impact of geometry on ventilation inception mechanisms is diminished. However, at AR = 1.5,
the divergence between the two profiles becomes more pronounced, emphasizing the increased
sensitivity of the inception mechanisms to geometric differences at higher aspect ratios.

MRQ: How is the inception of ventilation affected by a quasi-static variation of
the angle of attack?

The inception of ventilation under quasi-static variations of α is governed by a complex inter-
play of parameters, including Fnh, Rec, AR, and hydrofoil geometry. Ventilation inception is
highly repeatable, with minimal deviation in αi for given Fnh and AR conditions. However,
uncertainties increase in transitional flow regimes, particularly at Fnh = 1.25 for AR = 1.0,
where leading-edge and Rayleigh-Taylor mechanisms interact.

The relationship between αi and Fnh is dynamic, with αi increasing sharply at low Fnh due
to LE-driven mechanisms and decreasing steadily at higher Fnh as RT-driven instabilities
dominate. This transition aligns with changes in the stability of flow structures, which are
influenced by Rec. At low Fnh ≤ 1.25 and Rec, laminar separation bubbles (LE-LSB) dominate
the flow dynamics, while at intermediate values, a mix of LE and RT instabilities emerges.
At higher Fnh ≥ 1.25 and Rec, RT instabilities become the primary driver of ventilation.
The unexpectedly high angles of attack observed during this phase, exceeding the initially
hypothesized stall angle of αs ≈ 15◦, challenge prior assumptions reported in the literature
and highlight the dynamic nature of ventilation inception in sharp-nose hydrofoils.

Hydrofoil geometry further modulates these dynamics, particularly the trailing-edge shape.
Blunt trailing edges, such as those in the Semi-Ogive hydrofoil, introduce trailing-edge insta-
bilities (RT-TE) at moderate Fnh, while streamlined designs like the NACA 0010-34 predom-
inantly follow RT-driven mechanisms. For higher aspect ratios (AR = 1.5), the impact of
geometry becomes more pronounced, leading to divergence in inception AoA and mechanisms
compared to lower aspect ratios.

Overall, the inception of ventilation is not governed by a single mechanism but results from a
dynamic interaction of flow conditions, hydrofoil design, and operating parameters. For sharp-
nose hydrofoils, αi is driven by LE mechanisms at low Fnh, while RT instabilities dominate at
high Fnh. Geometry accentuates these effects, with trailing-edge shapes introducing additional
complexities.

This study has successfully established a new inception boundary inspired by the work of
Harwood et al. [2] depicted in Figure 2.11, this is illustrated in Figure 4.28 and Figure 4.29. By
integrating Harwood’s findings with the results from the present experimental campaign, the
refined flow regime map offers a more precise and comprehensive representation of ventilation
inception dynamics.
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5.2. Future Recommendations
This section provides recommendations for further related research, arranged by the different
topics addressed in the present work.

• Develop computational tools to track the free surface and identify instabilities:
This thesis has generated extensive visual data of the free surface using stereo-mode
above and underwater cameras. Future research could focus on developing advanced
computational tools or software capable of detecting and reconstructing key structures
in the captured images, such as closure boundaries and free-surface deformation. These
tools should leverage image processing and machine learning techniques to automate the
identification of flow features and instabilities. Such advancements would enable a more
precise analysis of ventilation mechanisms and offer deeper insights into the complex
interactions of flow dynamics near the free surface.

• Perform PIV on the suction side to observe flow separation before ventilation:
This thesis, drawing from the observations of Wadlin [10] and Harwood [15], has hypoth-
esized that a region of flow separation exists on the suction side before ventilation, which
subsequently expands as ventilation progresses. While this phenomenon was indicated
using oil painting techniques, these methods have significant limitations in capturing the
transient flow behaviour. Future studies should focus on visualizing the flow dynamics
immediately preceding ventilation inception. Time-resolved PIV measurements on the
suction side are recommended to capture the unsteady flow separation dynamics leading
to ventilation. This approach would provide more detailed insights into the mechanisms
driving ventilation initiation and development.

• Investigate the influence of waves on ventilation inception: This thesis has
focused on the dynamics of ventilation in calm water conditions. However, this is an un-
realistic approximation as sea states are far from flat and typically involve waves. Further
experiments should aim to elucidate the mechanisms of ventilation inception in waves
by challenging the current understanding, which is limited to qualitative observations by
McGregor et al. [31]. The proposed study would systematically decouple and quantify
the contributions of ah and aw to the earlier onset or delay of ventilation under various
sea state conditions. This would include testing in regular and irregular waves, both in
head and following seas.

• Develop a CFD model to compare with experimental results: Given the signifi-
cant amount of visual data provided by this thesis, future work could focus on developing
a CFD code to simulate the observed ventilation mechanisms and compare these results
with experimental data. The CFD model should aim to replicate the results observed
in the experiment. This effort would allow for predictive modelling of ventilation in
conditions that are challenging to replicate experimentally.

• Investigate the inception of ventilation in streamlined, thick hydrofoils: The
present work has focused on sharp-nose leading-edge hydrofoils, which are thin airfoils
where flow separates at the leading edge. Future studies should investigate streamlined,
thicker hydrofoil designs optimized for reduced separation. This would provide a clearer
understanding of how trailing-edge separation affects ventilation mechanisms, particu-
larly at low Fnh. Testing such designs would extend the applicability of the findings to
a broader range of hydrofoil geometries.

• Perform towing tank testing at Fnh ≥ 2.5: This thesis has focused on Fnh ≤ 2.5
due to limitations in the towing tank. However, predictions have been made for higher



5.2. Future Recommendations 92

Fnh based on observations and trends identified in this work. Future research should
conduct towing tank testing using the same geometries and quasi-static conditions at
Fnh ≥ 2.5. This would validate the scaling relations and trends established here and
improve the reliability of predictions for real-world applications, particularly in high-
performance hydrofoils.
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A
Foil Theory

This appendix covers foil theory, emphasizing the physical aspects and theoretical background.
Foil theory includes the study of lift, drag, and the behaviour of foils in different fluid conditions.

A.1. Kutta-Joukowki Theorem
The Kutta-Joukowki theorem is a simplified version of the classic Prandtl lifting-line theory to
model flow around a foil [43]. This theorem can be derived from a rectilinear vortex advancing
in a fluid in a direction normal to the vortex axis [43]. According to Bernoulli’s theorem, the
sum of the static, dynamic and hydrostatic pressure is a constant along a streamline. Note
that the hydrostatic component is assumed to be zero for a hydrofoil. Therefore, it can be
concluded that the pressure must decrease when the velocity of the fluid decreases.

p+
1

2
ρV 2 + ρgz = constant (A.1a)

p+
1

2
ρV 2 = constant (A.1b)

Assuming a uniform flow around the foil, an upward vortex forms at the trailing edge due to
viscous effects. Initially, this vortex flows down to the trailing edge and forward along the
boundary layer, looping back when it meets the stagnation point. As the stagnation point
moves backwards, part of the rear vortex is squeezed below the trailing edge, establishing
a circulation flow around the entire airfoil. According to the Kutta condition, the flow must
leave the trailing edge smoothly, needing a specific circulation leading to a clockwise circulation
around the foil. This circulating flow reduces the incoming flow on the lower side and accelerates
the flow on the upper side of the foil [52]. Leading to a decrease of the static pressure on the
suction side and an increase on the pressure side. The overall flow around the foil combines
the uniform incoming and circulating flow; see Figure A.1.

The resultant lift force is perpendicular to the incoming flow and has the magnitude:

L = ρV Γ (A.2)

The relation between circulation and the lift coefficient of a foil section can be expressed as:
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Γ = CL2D
c
V

2
(A.3)

Figure A.1: Superposition of flow around a foil

A.1.1. Thin foil theory
The thin foil theory simplifies the Kutta-Joukowki Theorem for a thin airfoil of known geometry.
This theory is based on the following assumptions: [4]

• Thickness is much smaller than the chord length (t << c)
• Angle of attack is small
• Analysis is based on the camber line
• Pressure distribution is linearized
• Flow is inviscid, incompressible and is attached

With these assumptions, the flow around a thin foil can be modelled by considering the com-
ponents of the lifting force. This includes the lift due to the effect of the camber and the angle
of attack. The lift generated by the angle of attack can be computed by solving the boundary
conditions on the airfoil surface. By using potential flow theory, the circulation is found to be:

Γα = πcV α (A.4)

By combining Equation A.4 and Equation A.3, the non-dimensional lift component is computed.
Note that the theory is limited as it assumes a linear relation (sin(α) ≈ α) between lift and
angle of attack. Therefore, as mentioned before, the flow separation is not accounted for.

CL2D
= 2πα (A.5)

For a cambered foil, the lift curve is shifted by an angle α0. This particular angle is called the
zero-lift angle of attack, at which it produces no lift. The circulation due to the camber can
be related to α0:

Γf = −πcV α0 (A.6)

The total lift coefficient is the sum of the effect of the angle of attack and the camber. This
gives the following expression: [43]

CL2D
= CLα + CLcamber

(A.7)
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CL2D
= 2π(α− α0) (A.8)

A.2. Lifting-line theory
Prandtl’s lifting-line theory is an analytical method to predict the aerodynamic properties of
a finite wing [53]. The theorem is based on the concept of representing the wing by a series of
horseshoe vortices superimposed along the span as illustrated in Figure A.2.

Figure A.2: Superposition of an infinite number of horseshoe vortices along the lifting line. Reprinted from
Anderson [53].

The theory states that for an elliptic lift distribution along the foil span, the result is a constant
value of downwash or induced angle along the span as shown in Figure A.3. [43]

Figure A.3: Elliptic loading and constant downwash. Reprinted from Anderson [53].

For this specific case, the derived value of the induced angle and induced drag are the following:

αi =
CL2D

πAR
(A.9a)

CD3D
= CLαi =

C2
L3D

πAR
(A.9b)

Where AR = s/c is the aspect ratio, and s is the total span of the airfoil. For a surface piercing
hydrofoil s = h, the submergence depth is h.

The expression of the two-dimensional lift coefficient can be modified by considering the induced
angle. Thus,
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CL3D
= 2π

(
α− CL2D

πAR

)
(A.10a)

CL3D
=

CL2D

1 + 2
AR

(A.10b)

A.3. Foil Characteristics

A.3.1. Characteristic Graphs of a foil
A typical variation of the lift coefficient with the angle of attack is shown in Figure A.4. At
low to moderate angles of attack, the lift coefficient varies linearly with α [53]. The slope of
this line is called the lift slope. The flow is considered attached in this region as it moves
smoothly over the foil surface. As the angle of attack increases, the flow separates from the
top surface of the foil, caused by viscous effects [54]. The lift coefficient will increase until a
sudden drop in lift and an increase in drag are observed [5]. Under such conditions, the airfoil
is said to be stalled [53]. The stall angle (αs) is the angle of attack at which the airfoil stalls.
The maximum value of CL achieved just before the stall is determined as the maximum lift
coefficient CLmax [53].

Figure A.4: Schematic of lift-coefficient variation with angle of attack for an airfoil. Figure reproduced from
Anderson[53].

The variation of the drag coefficient is denoted as linear for small angles of attack. As the angle
increases, the drag rises because of increased frontal area and boundary layer thickness [53].
At post-stall angles, the flow separation causes a large wake behind the airfoil, significantly
increasing the pressure drag. This leads to a sharp increase in drag [55].

The moment coefficient tends to have a negative slope and is in the negative region for the
typical range of angle of attack. This characteristic is designed to be as close as zero to
ensure equilibrium on the airfoil. The moment coefficient is zero for a symmetrical foil at the
aerodynamic centre [4].

Figure A.5 illustrates the typical variation of lift-to-drag ratio versus angle of attack. This
parameter is a measurement of the aerodynamic efficiency of an airfoil. A higher ratio indicates
a more efficient foil that produces more lift for a given drag amount. The AOA at which the
ratio has a maximum is depicted as the operational angle of attack. As the AOA increases
above the stall point, the ratio decreases due to the increase in drag.
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Figure A.5: Schematic of the variation of lift-to-drag ratio with angle of attack. Reprinted with modifications
from Anderson et al. [53]

Shape Characteristics

An introduction to the most relevant shape-related parameters of a foil is given. These param-
eters are the nose radius ratio R/c, thickness ratio t/c, camber, camber location and trailing
edge angle.

The nose radius (R) is the curvature radius of the LE. This parameter influences the flow
behaviour around the foil. A larger nose radius tends to smooth out the flow for high Reynolds
Numbers, reducing sharp velocity gradients and delaying flow separation [56]. On the other
hand, Kermeen [57] experiments showed that a more prominent nose radius was associated
with an increase in drag force and a decrease in lift-drag ratio for low Reynolds Numbers. This
was observed in non-cavitating and cavitating flows. According to Kermeen [57], larger nose
radii also decrease the cavitation number. Hoerner [52] defined, for the maximum lift, the
optimum nose radius as a percentage of the chord length (R/c) to be between 1.5% and 2.0%.
This applies to foils with a thickness between 6 and 18%. Hoerner [52] also found that for
sharper leading edges, there is a decrease in the lift and an earlier boundary layer transition.
In addition, Rothblum et al. [11] stated that in undisturbed flow, the ventilation resistance
would increase with increasing sharpness of the nose. At low speeds, the sharpest model
created unexpected ventilation when acted upon by a transient disturbance. This reflects that
sharper lean edges induce flow separation at low velocities and angles. Other works indicate
that separation on foils with sharp leading edges is of the laminar type (thin-airfoil type) and
is primarily a function of the angle attack [58, 59, 60, 61].

The thickness ratio (t/c) is the maximum thickness of the foil divided by its chord length.
Hoerner’s experiments determined a reduction in lift for conventional foils at a thickness ratio
above 10% or 12%. Hoerner considered conditions with a high Reynolds number (Re > 105)
[52]. These findings are supported by Kumar, who observed a decrease in lift with an increase
in thickness above the critical (t/c) [62]. The primary effect of the thickness ratio is on drag;
increasing this parameter raises skin friction due to a larger surface area, and pressure drag
due to a more significant pressure difference. Kumar also noted that higher thickness ratios
delay flow separation at high Reynolds numbers. Additionally, Perry stated that an increased
thickness ratio increases the chances of ventilation inception. [18].

The camber of a foil is defined as the maximum separation between the mean line and the
chord line [43]. This parameter increases the lift compared to a symmetrical foil shift at the
zero-lift angle, meaning that a smaller angle of attack is needed to produce lift in a cambered
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foil [52, 4]. Additionally, cambered foils avoid the pressure peak at and above the leading
edge in symmetrical sections. However, these peaks can prevent laminar separation by making
the boundary layer turbulent under high loads. Hoerner states that a camber of 1% to 2%
can improve the performance of a foil [52]. Experiments conducted by Hoerner indicate that
placing the maximum camber between 30% and 50% of the chord length maximizes lift, with
no significant distinction in the lift coefficient within this range [52].

The shape and design of an airfoil’s trailing edge significantly affect its aerodynamic char-
acteristics. The trailing edge configuration can be sharp or blunt. The trailing edge angle
(TE angle) is crucial in sharp configurations. The edge can be further classified within blunt
configurations as blunt or round.

The typical shape of streamlined bodies for such subsonic speeds is such that the after-body
is more slender than the fore-body. This avoids or postpones separation [52]. A round trailing
edge leads to a separated turbulent wake, which results in increased pressure drag [53]. In
contrast, a sharp TE is essential for optimizing aerodynamic efficiency [52]. The lift-curve
slope tends to reduce as the trailing edge increases. At angles between 16° and 22°, the lift-
curve slope can switch from positive to negative [52]. This behaviour is observed at high
Reynolds number (Re > 106).

Blunt trailing edges have an effect opposite to that of large TE angles. The angle included
by the upper and lower surfaces naturally reduces when the trailing edge is thickened. This
design can improve lift characteristics, especially at small angles of attack, which is crucial for
control surfaces like ailerons. A blunt trailing edge can increase the lift-curve slope compared
to a sharp trailing edge. For instance, Hoerner [52] experiments showed that a section with a
blunt edge experienced a 10% increase in lift-curve slope in two-dimensional conditions and a
5% increase in lift for the tested wing section.

Harwood [2] noted that blunt trailing edges eliminate adverse pressure gradients and wetted
flow separation, confining air ingress to the area near the leading edge. Additionally, base
ventilation was observed, providing an alternate path for air at moderate angles of attack and
high speeds. This process influenced the location of vortex aeration in tip-vortex-induced for-
mations. Similarly, Thomareis [63] investigated the effect of a blunt trailing edge on separated
flow characteristics. This study noted that periodic vortex shedding occurs at the trailing
edge. This shedding, resulting from global instability, has an upstream effect that forces the
separating shear layer.

Surface Characteristic

The influence of surface roughness on foils has been extensively studied, showing increased drag.
According to experiments performed by Beierle [64], for a NACA 0015 airfoil with standard
leading edge roughness, the minimum drag coefficient increased by 63% compared to a smooth
airfoil. This increase in drag is attributed to the roughness causing a premature transition
from laminar to turbulent flow, which increases the boundary layer thickness and thus the skin
friction drag [22, 53].

Rothblum et al. [65, 22] noted that applying roughness to a surface-piercing strut reduced the
AoA at which ventilation prompts for a given speed. This effect was strengthened with increas-
ing roughness and speed. Wetzel [9] observed the same trends with increasing roughness.
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B.1. Semi-Ogive Hydrofoil

103



Revision:

14/02/2024

E

2

D

C

B

A

F

B

F

D

A

E

C

3 4 75 6 81

621 53 4 7

Carlos Navas Rodríguez

Carlos Navas Rodríguez

Hydrofoil Body

Component

Document Type:

Drawing Scale: Company Confidential
Checked/Approved Date:
14/02/2024

Legal Owner:

Not specified

Not specified

1

Approx Weight:
1:5

Part Number:

8

1

Drawing Number:

Surface Finish: 
15'0, Angular Tol.: 

All Dimensions: 

0.2

        FRIST ANGLE
Projection Method:

0.8µm

Sheet:

Drawn Date:Unless Otherwise Stated:
.

Kg

Drawn by:

A3

Linear Tol.: 

Delft University of Technology

Sheet Size:

written permission of 

 ISO 2768

Description:

Finish:

Checked/Approved by:

Material:

1 of 1 

mm

This drawing and any information or 
descriptive material set out on it
are the confidential and copyright property
of Delft University of Technology . © and MUST NOT 
BE DISCLOSED, COPIED, LOANED in whole or part 
or used for any purpose without the 

Drawing Produced In 
Accordance With: 1

 139.70 

 2
7.

94
 

 R
848.40 

 R2.97 

 33.12 

 16.25 

D (1 : 1)

 120.40 

 2
0.

40
 

 4 
x R

6.2
0 

 630 

 2
79

.4
0 

 680 

 1
56

.5
0 

A-A

C
D

B (1 : 1)
 8

.3
0 

 4 
x R

1 

AA



Finish:

Checked/Approved by:

Material:

1 of 1 

Approx Weight: Legal Owner:

Drawing Number: Revision:Sheet:

Part Number:

E

2

D

C

B

A

F

B

F

D

A

E

C

3 4 75 6 81

All Dimensions: 

82 71 3 4 65

1:5

2

2.09

Not specified

Acero aleado

14/02/2024Carlos Navas Rodríguez

Description:

15'

 ISO 2768

written permission of 

0

1

Surface Finish: 
mm
0.8µm

Projection Method:
        FRIST ANGLE

Sheet Size:

Delft University of Technology

A3

Linear Tol.: 

Drawn by:

Kg

.

0.2

Checked/Approved Date:

14/02/2024Carlos Navas Rodríguez

Hydrofoil Spar

Component

Document Type:

Drawing Scale:

Drawn Date:Unless Otherwise Stated:

Company Confidential

, Angular Tol.: 

This drawing and any information or 
descriptive material set out on it
are the confidential and copyright property
of Delft University of Technology . © and MUST NOT 
BE DISCLOSED, COPIED, LOANED in whole or part 
or used for any purpose without the 

Drawing Produced In 
Accordance With: 2

A

Detail B
 Scale 2 : 5

 8
5  4

5 

 2 x 8.40 THRU ALL 
B

 7
45

 

Detail C
Scale 2 : 5

 3
5 

 
8.40 THRU ALL 

Detail A
Scale 1 : 2

 40 

 2
0 

 4 x R6 

C



Checked/Approved by:

Carlos Navas Rodríguez

1 of 1 

Approx Weight: Legal Owner:

Drawing Number: Revision:Sheet:

Part Number:

E

2

D

C

B

A

F

B

F

D

A

E

C

3 4 75 6 81

621 53 4 7

14/02/2024

14/02/2024

8

Finish:

Description:

 ISO 2768

written permission of .

Kg

Drawn by:

A3
Sheet Size:Projection Method:

0.8µm
15'

Surface Finish: 

Delft University of Technology Drawn Date:

Checked/Approved Date:

Material:

Company Confidential

Linear Tol.: 

mm
Drawing Scale:

Not specified

Carlos Navas Rodríguez

Not specified

4 1

1:5

Unless Otherwise Stated:

        FRIST ANGLE

0.2

Hydrofoil Assembly
, Angular Tol.: 

All Dimensions: 

0 Document Type:

This drawing and any information or 
descriptive material set out on it
are the confidential and copyright property
of Delft University of Technology . © and MUST NOT 
BE DISCLOSED, COPIED, LOANED in whole or part 
or used for any purpose without the 

Drawing Produced In 
Accordance With: 4

ITEM Nº PART NUMBER DESCRIPTION QTY.
1 Foil Hydrofoil Body 1

2 steelbar 3

1

2

 1
15

 

 96.50 

 6
80

 
 5

0 

Detail A
Scale 1 : 2

 2
0.

40
 

 120.40 

A



Drawing Number: Revision:Sheet:

Part Number:

E

2

D

C

B

A

F

B

F

D

A

E

C

3 4 75 6 81

621 53 4 7

Carlos Navas Rodríguez

8

3

14/02/2024

1

Not specified

Not specified

14/02/2024

Legal Owner:Approx Weight:

1 of 1 

1:5
Checked/Approved by:

Projection Method:

All Dimensions: 

0 Document Type:

Drawing Scale:

        FRIST ANGLE

0.2Linear Tol.: 

A3

mm

Material:

Finish:

Description:

 ISO 2768

written permission of 

, Angular Tol.: 15'

Drawn by:

0.8µmSurface Finish: 

.Delft University of Technology

Sheet Size:

Carlos Navas Rodríguez

Kg

Hydrofoil set up
Company Confidential

Checked/Approved Date:

Drawn Date:Unless Otherwise Stated:

This drawing and any information or 
descriptive material set out on it
are the confidential and copyright property
of Delft University of Technology . © and MUST NOT 
BE DISCLOSED, COPIED, LOANED in whole or part 
or used for any purpose without the 

Drawing Produced In 
Accordance With: 3

ITEM Nº PART NUMBER DESCRIPTION QTY.
1 Foil Hydrofoil Body 1

2 steelbar 3

3 angle bracket Item 0.0411.23 6

4 hydrofoil flange 1

1

3

2

4



 2
60

.9
0 

Approx Weight: Legal Owner:

Drawing Number: Revision:Sheet:

Part Number:

E

2

D

C

B

A

F

B

F

D

A

E

C

3 4 75 6 81

621 5

Description:
Not specified

Not specified

1

874

4

3

1 of 1 

Material:

Checked/Approved by:

Finish:

1:10

A3

Delft University of Technology

Projection Method:

All Dimensions: 

0Linear Tol.: 
0.8µm

0.2, Angular Tol.: 

Kg

Unless Otherwise Stated:

14/02/2024

 ISO 2768

written permission of 

mm
Surface Finish: 

Drawn Date:
14/02/2024

        FRIST ANGLE

Carlos Navas Rodríguez

. Drawn by:
15' Carlos Navas Rodríguez

Experimental setup

Sheet Size:

Document Type:

Drawing Scale: Company Confidential
Checked/Approved Date:

This drawing and any information or 
descriptive material set out on it
are the confidential and copyright property
of Delft University of Technology . © and MUST NOT 
BE DISCLOSED, COPIED, LOANED in whole or part 
or used for any purpose without the 

Drawing Produced In 
Accordance With: 4

2

1

 5
00

.6
0 

 1
29

 

 2
79

.4
0 

 279.40 

 4
00

.6
0 

ITEM Nº PART NUMBER DESCRIPTION QTY.
1 Hydrofoil setup  1

2 Force Balance 1

Minimum of 0.5c of foil above water
Minimum clearance 0.75c
Water level: 2.2m

AR = 1

AR = 1.5

 4
19

.1
0 

 3
60

.9
0 



 4
19

.1
0 

 19.96 

 1
9.

96
 

4
Part Number:

Sheet: Revision:Drawing Number:

Legal Owner:Approx Weight:

1 of 1 

Material:

Checked/Approved by:

Finish:

Description:

Drawing Produced In 
Accordance With: ISO 2768

Projection Method:
        FRIST ANGLE

Sheet Size:

A4

Drawn by:

Kg

This drawing and any information or 
descriptive material set out on it
are the confidential and copyright property
of Delft University of Technology. © and MUST NOT 
BE DISCLOSED, COPIED, LOANED in whole or part 
or used for any purpose without the 
written permission of Delft University of Technology.

Unless Otherwise Stated:
Linear Tol.: 0.2, Angular Tol.: 0 15'
Surface Finish: 0.8µm
All Dimensions: mm

Drawn Date:

Checked/Approved Date:
Company ConfidentialDrawing Scale:

Document Type:

Component

Hydrofoil Grid
Carlos Navas Rodríguez 11/03/2024

Carlos Navas Rodríguez 11/03/2024

Not specified

Not specified

4 1

1:5

A A

B B

C C

D D

E E

F F

4

4

3

3

2

2

1

1



B.2. NACA0010-34 Hydrofoil 110

B.2. NACA0010-34 Hydrofoil



AA
B

C

 700 
 650 

 1
20

 

 3
00

 

SECTION A-A
SCALE 1 : 5

 121  2
1  4 x R6,50 

DETAIL B
SCALE 1 : 2

 0
,6

0  90
° 

DETAIL C
SCALE 1 : 1

This  drawing and any information or descriptive material set out on it are the confidential and copyright 
property of Delft University of Technology and MUST NOT BE DISCLOSED, COPIED, LOANED in whole 
or part or used for any purpose without the written permission of Delft University of Technology.

Component

Manuel Ferreira

Tolerance

hydrofoil-body

1 dinsdag 13 februari 2024English 1  / 1

1:5

Material <not 
specified>

ISO 2768

Development design

Manuel Ferreira

Manuel FerreiraProcess & Energy
Material

Weight

Scale

Document type Document status

Sheet

Title

Aproved by

Created by

Technical referenceResponsible dept.

Rev Date of issue Lang

A A

B B

C C

D D

E E

F F

8

8

7

7

6

6

5

5

4

4

3

3

2

2

1

1

Firstangle
Projection method:



 8
55

 
A B

C

 1
35

 

 1
75

 

2 x  8,40 THRU ALL

DETAIL A
SCALE 2 : 5

 1
25

 

 8,40 THRU ALL

DETAIL B
SCALE 2 : 5

 2
0 

 40 
 3 

 4 x R6 

DETAIL C
SCALE 1 : 2

This  drawing and any information or descriptive material set out on it are the confidential and copyright 
property of Delft University of Technology and MUST NOT BE DISCLOSED, COPIED, LOANED in whole 
or part or used for any purpose without the written permission of Delft University of Technology.

Component

Manuel Ferreira

Tolerance

hydrofoil-spar

1 dinsdag 13 februari 2024English 1  / 1

1:5

Alloy Steel

1972.79ISO 2768

Development design

Manuel Ferreira

Manuel FerreiraProcess & Energy
Material

Weight

Scale

Document type Document status

Sheet

Title

Aproved by

Created by

Technical referenceResponsible dept.

Rev Date of issue Lang

A A

B B

C C

D D

E E

F F

8

8

7

7

6

6

5

5

4

4

3

3

2

2

1

1

Firstangle
Projection method:



 7
00

 

 60 

 2
05

 

1

2

 300 

A

 30 

 0
,5

0 

 2
0  120 

DETAIL A
SCALE 1 : 2

ITEM NO. PART NUMBER DESCRIPTION QTY.
1 hydrofoil-body 1
2 hydrofoil-spar 3

This  drawing and any information or descriptive material set out on it are the confidential and copyright 
property of Delft University of Technology and MUST NOT BE DISCLOSED, COPIED, LOANED in whole 
or part or used for any purpose without the written permission of Delft University of Technology.

Sub-assembly level 1

Manuel Ferreira

Tolerance

hydrofoil-A

1 dinsdag 13 februari 2024English 1  / 1

1:5

Material <not 
specified>

ISO 2768

Development design

Manuel Ferreira

Manuel FerreiraProcess & Energy
Material

Weight

Scale

Document type Document status

Sheet

Title

Aproved by

Created by

Technical referenceResponsible dept.

Rev Date of issue Lang

A A

B B

C C

D D

E E

F F

8

8

7

7

6

6

5

5

4

4

3

3

2

2

1

1

Firstangle
Projection method:



 300 

 1
28

 

 3
00

 
 2

50
 

 5
00

 

 1
50

 

Waterline for AR = 1

1

2

Run-up clearance

Wave amplitude

Free surface 
clearance

Depth = 2.2 m

ITEM NO. PART NUMBER DESCRIPTION QTY.
1 hydrofoil-A 1

2 force_balance-
force_balance 1

This  drawing and any information or descriptive material set out on it are the confidential and copyright 
property of Delft University of Technology and MUST NOT BE DISCLOSED, COPIED, LOANED in whole 
or part or used for any purpose without the written permission of Delft University of Technology.

Sub-assembly level 1

Manuel Ferreira

Tolerance

experimental_setup-A

1 dinsdag 13 februari 2024English 1  / 1

1:10

Material <not 
specified>

ISO 2768

Development design

Manuel Ferreira

Manuel FerreiraProcess & Energy
Material

Weight

Scale

Document type Document status

Sheet

Title

Aproved by

Created by

Technical referenceResponsible dept.

Rev Date of issue Lang

A A

B B

C C

D D

E E

F F

8

8

7

7

6

6

5

5

4

4

3

3

2

2

1

1

Firstangle
Projection method:



C
Experimental Run Log

115



116

Table C.1: Run list - Fixed Angle of Attack

Date Time Run Zero Model AR α0 αt Fn Speed Turnover Rate of change P Water temp Comments Flow regime Inception
- - - - - - deg deg - m/s deg/s hPa C - - deg

26-03-2024 13:20 1002 1001 Ogive 1.00 0 0 1.50 2.48 30 0.30 1013 16.4 FW
26-03-2024 13:56 1004 1003 Ogive 1.00 4 4 1.50 2.48 30 0.30 1013 16.4 FW
26-03-2024 14:50 1006 1005 Ogive 1.00 8 8 1.50 2.48 30 0.30 1013 16.4 FW
27-03-2024 8:29 1008 1007 Ogive 1.00 12 12 1.50 2.48 30 0.30 1013 16.4 FW
27-03-2024 9:00 1010 1009 Ogive 1.00 14 14 1.50 2.48 30 0.30 1013 16.4 FW
27-03-2024 9:55 1012 1011 Ogive 1.00 16 16 1.50 2.48 30 0.30 1013 16.4 FV
27-03-2024 10:29 1014 1013 Ogive 1.00 18 18 1.50 2.48 30 0.30 1013 16.4 FV
27-03-2024 11:34 1016 1015 Ogive 1.00 15 15 1.50 2.48 30 0.30 1013 16.4 FV

04-04-2024 11:44 1102 1101 Ogive 1.50 0 0 1.50 3.04 30 0.36 999 16.6 FW
04-04-2024 12:16 1104 1103 Ogive 1.50 4 4 1.50 3.04 30 0.36 999 16.6 FW
04-04-2024 12:45 1106 1105 Ogive 1.50 8 8 1.50 3.04 30 0.36 999 16.6 FW
04-04-2024 13:51 1108 1107 Ogive 1.50 12 12 1.50 3.04 30 0.36 999 16.6 LaVision camera one (ID 22324380) lagging. FV
04-04-2024 14:31 1110 1109 Ogive 1.50 14 14 1.50 3.04 30 0.36 999 16.6 LaVision camera one (ID 22324380) lagging. FV
04-04-2024 15:16 1112 1111 Ogive 1.50 16 16 1.50 3.04 30 0.36 999 16.6 LaVision camera one (ID 22324380) lagging. FV
04-04-2024 16:00 1114 1113 Ogive 1.50 18 18 1.50 3.04 30 0.36 999 16.6 LaVision camera one (ID 22324380) lagging. FV
04-04-2024 16:40 1116 1115 Ogive 1.50 11 11 1.50 3.04 30 0.36 999 16.6 FW

10-04-2024 12:08 2004 2003 NACA 1.00 0.0 0.0 1.50 2.57 30 0.29 1029 17.1 FW
10-04-2024 12:30 2006 2005 NACA 1.00 4.0 4.0 1.50 2.57 30 0.29 1029 17.1 LaVision live mode on triggered Basler before recording started. FW
10-04-2024 13:06 2008 2007 NACA 1.00 8.0 8.0 1.50 2.57 30 0.29 1029 17.10 FW
10-04-2024 13:39 2010 2009 NACA 1.00 12.0 12.0 1.50 2.57 30 0.29 1029 17.10 FW
10-04-2024 14:13 2012 2011 NACA 1.00 14.0 14.0 1.50 2.57 30 0.29 1029 17.10 FW
10-04-2024 14:44 2014 2013 NACA 1.00 16.0 16.0 1.50 2.57 30 0.29 1029 17.10 FW
10-04-2024 15:17 2016 2015 NACA 1.00 18.0 18.0 1.50 2.57 30 0.29 1029 17.10 LaVision camera one (ID 22324380) lagging. Pulse stretcher not working (faulty cable). FV
10-04-2024 15:49 2018 2017 NACA 1.00 20.0 20.0 1.50 2.57 30 0.29 1029 17.10 LaVision camera one (ID 22324380) lagging. Wave probe ventilating throughout. FV

16-04-2024 15:53 2082 2081 NACA 1.50 0.0 0.0 1.50 3.15 30 0.35 999 16.7 FW
16-04-2024 16:22 2084 2083 NACA 1.50 4.0 4.0 1.50 3.15 30 0.35 999 16.7 FW
16-04-2024 16:56 2086 2085 NACA 1.50 8.0 8.0 1.50 3.15 30 0.35 999 16.7 FW
17-04-2024 8:26 2088 2087 NACA 1.50 12.0 12.0 1.50 3.15 30 0.35 1013 17.0 Ignore first set of pictures. LaVision camera one (ID 22324380) lagging. FW
17-04-2024 8:52 2090 2089 NACA 1.50 14.0 14.0 1.50 3.15 30 0.35 1013 17.0 FW
17-04-2024 9:56 2092 2091 NACA 1.50 16.0 16.0 1.50 3.15 30 0.35 1013 17.0 FW
17-04-2024 10:27 2094 2093 NACA 1.50 18.0 18.0 1.50 3.15 30 0.35 1013 17.0 LaVision camera one (ID 22324380) lagging. FV
17-04-2024 11:09 2096 2095 NACA 1.50 20.0 20.0 1.50 3.15 30 0.35 1013 17.0 LaVision camera one (ID 22324380) lagging. FV
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Table C.2: Run List - Angle of Attack Quasi-Static Variation

Date Time Run Zero Model AR α0 αt Fn Speed Turnover Rate of change P Water temp Comments Flow regime Inception
- - - - - - deg deg - m/s deg/s hPa C - - deg

27-03-2024 12:16 1018 1017 Ogive 1.00 12 20 0.50 0.83 30 0.10 1013 16.4 Pump setting: 40 rpm, (x, y) = (1000, 0), pump 2mm, dropplet 2 mm. PV
27-03-2024 13:35 1020 1019 Ogive 1.00 8 16 0.50 0.83 30 0.10 1013 16.4 Pump setting: 40 rpm, (x, y) = (1000, 0), pump 2mm, dropplet 2 mm. PV 13.49
27-03-2024 14:22 1022 1021 Ogive 1.00 8 16 0.50 0.83 30 0.10 1013 16.4 Pump setting: 40 rpm, (x, y) = (1000, 0), pump 2mm, dropplet 2 mm. PV 13.30
27-03-2024 15:10 1024 1023 Ogive 1.00 8 16 0.50 0.83 30 0.10 1013 16.4 Pump setting: 40 rpm, (x, y) = (1000, 0), pump 2mm, dropplet 2 mm. PV 13.60
27-03-2024 15:40 1026 1025 Ogive 1.00 8 16 0.50 0.83 30 0.10 1013 16.4 Pump setting: 40 rpm, (x, y) = (1000, 0), pump 2mm, dropplet 2 mm. PV 13.30
02-04-2024 15:05 1060 1059 Ogive 1.00 12 20 0.75 1.24 30 0.15 1002 16.4 Basler cameras not available (trigger issue). PV 16.34
02-04-2024 15:31 1062 1061 Ogive 1.00 12 20 0.75 1.24 30 0.15 1002 16.4 PV 17.14
02-04-2024 15:52 1064 1063 Ogive 1.00 12 18 0.75 1.24 30 0.15 1002 16.4 PV 16.41
02-04-2024 16:22 1066 1065 Ogive 1.00 12 18 0.75 1.24 30 0.15 1002 16.4 Basler cameras not available. PV 15.73
02-04-2024 16:54 1068 1067 Ogive 1.00 12 18 0.75 1.24 30 0.15 1002 16.4 Full video at 50 Hz. PV 17.44
03-04-2024 14:44 1028 1027 Ogive 1.00 12 24 1.00 1.66 30 0.20 1013 16.4 Full video at 50 Hz. PV 21.95
27-03-2024 17:10 1030 1029 Ogive 1.00 14 24 1.00 1.66 30 0.20 1013 16.4 Pump setting: 10 rpm, (x, y) = (300, 0), pump 2mm, dropplet 1 mm. PV 22.45
28-03-2024 11:45 1032 1031 Ogive 1.00 12 24 1.00 1.66 30 0.20 984 16.1 Pump setting: 10 rpm, (x, y) = (300, 0), pump 2mm, dropplet 1 mm. PV 23.11
28-03-2024 12:44 1034 1033 Ogive 1.00 12 24 1.00 1.66 30 0.20 984 16.1 Pump setting: 10 rpm, (x, y) = (300, 0), pump 2mm, dropplet 1 mm. PV 22.78
28-03-2024 13:15 1036 1035 Ogive 1.00 12 24 1.00 1.66 30 0.20 984 16.1 Pump setting: 10 rpm, (x, y) = (300, 0), pump 2mm, dropplet 1 mm. PV 23.05
02-04-2024 12:23 1054 1053 Ogive 1.00 12 27 1.25 2.07 25 0.30 1002 16.4 FV 25.96
02-04-2024 13:25 1056 1055 Ogive 1.00 13 28 1.25 2.07 25 0.30 1002 16.4 FV 25.87
02-04-2024 14:00 1058 1057 Ogive 1.00 13 28 1.25 2.07 25 0.30 1002 16.4 FV 27.38
03-04-2024 11:55 1080 1079 Ogive 1.00 13 28 1.25 2.07 25 0.30 1002 16.2 Full video at 50 Hz. FV 26.41
03-04-2024 12:30 1082 1081 Ogive 1.00 13 28 1.25 2.07 25 0.30 1002 16.2 Cameras not available (trigger issue). FV 26.59
03-04-2024 15:14 1038 1037 Ogive 1.00 12 28 1.50 2.48 20 0.44 1002 16.2 Full video at 50 Hz. FV 27.11
28-03-2024 16:12 1040 1039 Ogive 1.00 12 28 1.50 2.48 20 0.44 984 16.1 Pump setting: 15 rpm, (x, y) = (375, -25), pump 2mm, dropplet 1 mm. FV 27.09
28-03-2024 16:45 1042 1041 Ogive 1.00 12 28 1.50 2.48 20 0.44 984 16.1 Pump setting: 15 rpm, (x, y) = (375, -25), pump 2mm, dropplet 1 mm. FV 26.58
02-04-2024 8:47 1044 1043 Ogive 1.00 12 28 1.50 2.48 20 0.44 1002 16.4 Pump setting: 15 rpm, (x, y) = (375, -25), pump 2mm, dropplet 1 mm. FV 26.66
02-04-2024 9:15 1046 1045 Ogive 1.00 12 28 1.50 2.48 20 0.44 1002 16.4 FV 27.34
03-04-2024 8:23 1070 1069 Ogive 1.00 12 28 1.75 2.90 20 0.52 1002 16.2 FV 26.24
03-04-2024 8:58 1072 1071 Ogive 1.00 12 28 1.75 2.90 20 0.52 1002 16.2 FV 25.67
03-04-2024 9:37 1074 1073 Ogive 1.00 12 28 1.75 2.90 20 0.52 1002 16.2 FV 26.75
03-04-2024 10:32 1076 1075 Ogive 1.00 12 28 1.75 2.90 20 0.52 1002 16.2 Basler camera not available. Frame rate 50 Hz. FV 26.33
03-04-2024 11:14 1078 1077 Ogive 1.00 12 28 1.75 2.90 20 0.52 1002 16.2 Full video at 50 Hz. FV 26.06
02-04-2024 9:57 1048 1047 Ogive 1.00 12 29.5 2.00 3.31 20 0.59 1002 16.4 FV 26.03
02-04-2024 10:44 1050 1049 Ogive 1.00 12 28 2.00 3.31 20 0.59 1002 16.4 FV 26.38
02-04-2024 11:37 1052 1051 Ogive 1.00 12 28 2.00 3.31 20 0.59 1002 16.4 FV 26.36
03-04-2024 13:01 1084 1083 Ogive 1.00 12 28 2.00 3.31 20 0.59 1002 16.2 Cameras not available (lights off). FV 26.24
03-04-2024 13:32 1086 1085 Ogive 1.00 12 28 2.00 3.31 20 0.59 1002 16.2 Full video at 100 Hz. FV 26.00
03-04-2024 14:04 1088 1087 Ogive 1.00 13 28 2.25 3.73 20 0.67 1002 16.2 Full video at 100 Hz. FV 24.74
03-04-2024 16:13 1090 1089 Ogive 1.00 12 26 2.50 4.14 20 0.74 1002 16.2 Full video at 100 Hz. Decelerated before completing the measurement. FV 23.63
03-04-2024 16:55 1092 1091 Ogive 1.00 12 26 2.50 4.14 20 0.74 1002 16.2 Full video at 100 Hz. FV 23.28
04-04-2024 8:30 1094 1093 Ogive 1.00 12 18 0.75 1.24 30 0.15 999 16.6 Full video at 50 Hz. LaVision camera 1 missing (it was not configured). PV 16.57
04-04-2024 9:25 1096 1095 Ogive 1.00 8 16 0.50 0.83 30 0.10 999 16.6 Full video at 25 Hz. PV 13.36
04-04-2024 9:53 1098 1097 Ogive 1.00 13 28 1.25 2.07 25 0.30 999 16.6 Cameras not available (trigger issue). Insufficient data at a steady AoA. FV 26.68
04-04-2024 10:24 1100 1099 Ogive 1.00 12 28 2.00 3.31 20 0.59 999 16.6 Full video at 100 Hz. LaVision camera one (ID 22324380) trigger issue. Insufficient data at a steady AoA. FV 25.80
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Date Time Run Zero Model AR α0 αt Fn Speed Turnover Rate of change P Water temp Comments Flow regime Inception
- - - - - - deg deg - m/s deg/s hPa C - - deg

11-04-2024 11:37 2028 2027 NACA 1.00 10.0 18.0 0.50 0.86 30 0.10 1029 16.80 Full video at 50 Hz. PV 16.72
11-04-2024 14:08 2036 2035 NACA 1.00 12.0 20.0 0.50 0.86 30 0.10 1029 16.80 PV 16.92
11-04-2024 14:40 2038 2037 NACA 1.00 12.0 20.0 0.50 0.86 30 0.10 1029 16.80 PV 16.26
15-04-2024 9:01 2048 2047 NACA 1.00 15.0 26.0 0.75 1.29 30 0.14 1028 17.10 Full video at 50 Hz. PV 17.78
15-04-2024 9:51 2050 2049 NACA 1.00 12.0 22.0 0.75 1.29 30 0.14 1028 17.10 PV 17.78
15-04-2024 10:10 2052 2051 NACA 1.00 12.0 22.0 0.75 1.29 30 0.14 1028 17.10 Cameras not available (trigger issue). PV 17.51
11-04-2024 12:10 2030 2029 NACA 1.00 16.0 28.0 1.00 1.72 30 0.19 1029 16.8 Full video at 50 Hz. PV 25.00
11-04-2024 12:49 2032 2031 NACA 1.00 15.0 26.0 1.00 1.72 30 0.19 1029 16.80 PV 24.50
11-04-2024 12:49 2034 2032 NACA 1.00 15.0 26.0 1.00 1.72 30 0.19 1029 16.80 PV 24.36
15-04-2024 11:14 2054 2053 NACA 1.00 16.0 29.0 1.25 2.14 25 0.29 1029 16.80 Full video at 50 Hz. FV 28.60
15-04-2024 11:48 2056 2055 NACA 1.00 16.0 29.5 1.25 2.14 25 0.29 1029 16.80 FV 28.11
15-04-2024 12:30 2058 2057 NACA 1.00 16.0 29.5 1.25 2.14 25 0.29 1029 16.80 FV 29.17
10-04-2024 17:10 2020 2019 NACA 1.00 14.0 28.0 1.50 2.57 25 0.34 1029 17.10 Full video at 50 Hz. FV 26.78
11-04-2024 9:52 2022 2021 NACA 1.00 16.0 29.0 1.50 2.57 25 0.34 1029 16.80 FV 27.19
11-04-2024 16:15 2044 2043 NACA 1.00 16.0 28.0 1.50 2.57 25 0.34 1029 16.80 FV 25.72
11-04-2024 16:47 2046 2045 NACA 1.00 16.0 28.0 1.50 2.57 25 0.34 1029 16.80 FV 27.75
11-04-2024 10:49 2026 2025 NACA 1.00 14.0 29.0 1.50 2.57 20 0.43 1029 16.80 FV 26.66
15-04-2024 13:09 2060 2059 NACA 1.00 16.0 28.0 1.50 2.57 25 0.34 1028 17.10 FV 26.55
15-04-2024 13:45 2062 2061 NACA 1.00 16.0 28.0 1.50 2.57 25 0.34 1028 17.10 FV 27.27
15-04-2024 14:22 2064 2063 NACA 1.00 16.0 28.0 1.75 3.00 25 0.40 1028 17.10 Full video at 50 Hz. LaVision camera one (ID 22324380) lagging. FV 26.83
15-04-2024 15:01 2066 2065 NACA 1.00 16.0 28.0 1.75 3.00 25 0.40 1028 17.10 FV 26.22
16-04-2024 8:23 2072 2071 NACA 1.00 16.0 28.0 1.75 3.00 25 0.40 999 16.7 FV 25.70
11-04-2024 10:24 2024 2023 NACA 1.00 15.0 29.0 2.00 3.43 20 0.57 1029 16.80 Full video at 100 Hz. FV 24.77
11-04-2024 15:15 2040 2039 NACA 1.00 15.0 26.0 2.00 3.43 25 0.46 1029 16.80 Full video at 100 Hz. FV 24.45
11-04-2024 15:46 2042 2041 NACA 1.00 15.0 26.0 2.00 3.43 25 0.46 1029 16.80 Full video at 100 Hz. FV 24.03
15-04-2024 15:39 2068 2067 NACA 1.00 15.0 26.0 2.25 3.86 20 0.64 1028 17.10 Full video at 100 Hz. FV 23.49
16-04-2024 8:50 2074 2073 NACA 1.00 15.0 26.0 2.25 3.86 20 0.64 999 16.70 Cameras not available (trigger issue). FV 22.82
16-04-2024 9:34 2076 2075 NACA 1.00 15.0 26.0 2.25 3.86 20 0.64 999 16.70 Full video at 100 Hz. FV 22.00
16-04-2024 10:14 2078 2077 NACA 1.00 15.0 26.0 2.25 3.86 20 0.64 999 16.70 Full video at 100 Hz. FV 22.63
15-04-2024 16:20 2070 2069 NACA 1.00 15.0 24.0 2.50 4.29 20 0.71 1028 17.10 Full video at 100 Hz. LaVision camera one (ID 22324380) lagging. FV 22.23
16-04-2024 11:31 2080 2079 NACA 1.00 15.0 24.0 2.50 4.29 20 0.71 999 16.70 Full video at 100 Hz. LaVision camera one (ID 22324380) lagging. FV 21.93
18-04-2024 2130 2129 NACA 1.00 14.0 24.0 2.50 4.29 20 0.71 1019 16.90 Full video at 100 Hz. FV 23.12
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Date Time Run Zero Model AR α0 αt Fn Speed Turnover Rate of change P Water temp Comments Flow regime Inception
- - - - - - deg deg - m/s deg/s hPa C - - deg

05-04-2024 8:26 1118 1117 Ogive 1.50 10 20 0.75 1.52 30 0.18 1006 16.6 PV 18.05
05-04-2024 13:52 1132 1131 Ogive 1.50 11 20 0.75 1.52 30 0.18 1006 16.6 Full Video 50 Hz PV 18.44
05-04-2024 14:40 1134 1133 Ogive 1.50 11 20 0.75 1.52 30 0.18 1006 16.6 Cameras not available PV 18.01
05-04-2024 16:31 1136 1135 Ogive 1.50 11 20 0.75 1.52 30 0.18 1006 16.6 PV 18.28
05-04-2024 17:00 1138 1137 Ogive 1.50 11 20 0.75 1.52 30 0.18 1006 16.6 Cameras not available PV 18.38
05-04-2024 9:22 1120 1119 Ogive 1.50 11 28.0 1.00 2.03 20 0.36 1006 16.6 PV 24.82
08-04-2024 9:07 1140 1139 Ogive 1.50 11 28 1.00 2.03 20 0.36 1006 17.1 Full video at 50 Hz. PV 26.84
08-04-2024 9:38 1142 1141 Ogive 1.50 11 28 1.00 2.03 20 0.36 1006 17.1 PV 25.69
08-04-2024 10:12 1144 1143 Ogive 1.50 11 28 1.00 2.03 20 0.36 1006 17.1 PV 26.91
08-04-2024 10:42 1146 1145 Ogive 1.50 11 28 1.00 2.03 20 0.36 1006 17.1 LaVision camera one (ID 22324380) lagging. PV 24.22
05-04-2024 9:58 1122 1121 Ogive 1.50 11 29 1.25 2.53 20 0.45 1006 16.6 PV-FV 25.74
08-04-2024 11:53 1148 1147 Ogive 1.50 11 28 1.25 2.53 20 0.45 1006 17.1 Full video at 50 Hz. PV-FV 25.02
08-04-2024 12:28 1150 1149 Ogive 1.50 11 28 1.25 2.53 20 0.45 1006 17.1 PV-FV 25.13
08-04-2024 13:05 1152 1151 Ogive 1.50 11 28 1.25 2.53 20 0.45 1006 17.1 PV-FV 25.77
08-04-2024 13:41 1154 1153 Ogive 1.50 11 28 1.25 2.53 20 0.45 1006 17.1 LaVision camera one (ID 22324380) lagging. PV-FV 25.68
05-04-2024 10:36 1124 1123 Ogive 1.50 11 29 1.50 3.04 20 0.54 1006 16.6 Pulse stretcher for sampling the trigger not working properly. FV 24.82
05-04-2024 12:00 1128 1127 Ogive 1.50 11 28 1.50 3.04 20 0.54 1006 16.6 Full video at 50Hz. FV 24.91
05-04-2024 12:33 1130 1129 Ogive 1.50 11 26 1.50 3.04 20 0.54 1006 16.6 Full video at 100 Hz. FV 24.32
08-04-2024 15:29 1156 1155 Ogive 1.50 11 26 1.50 3.04 20 0.54 1006 17.1 Full video at 100 Hz. FV 24.25
08-04-2024 1158 1157 Ogive 1.50 11 26 1.50 3.04 20 0.54 1006 17.1 FV 24.49
05-04-2024 11:31 1126 1125 Ogive 1.50 8 18 0.50 1.01 30 0.12 1006 16.6 PV 12.59

17-04-2024 11:51 2098 2097 NACA 1.50 14.0 24.0 0.75 1.58 30 0.18 1013 17.0 Full video at 50 Hz. PV 20.89
18-04-2024 8:17 2114 2113 NACA 1.50 14.0 24.0 0.75 1.58 30 0.18 1019 16.9 PV 20.60
18-04-2024 8:51 2116 2115 NACA 1.50 14.0 24.0 0.75 1.58 30 0.18 1019 16.9 PV 20.27
17-04-2024 13:05 2100 2099 NACA 1.50 14.0 29.0 1.00 2.10 20 0.35 1013 17.0 Full video at 50 Hz. PV 26.86
18-04-2024 9:30 2118 2117 NACA 1.50 14.0 28.0 1.00 2.10 20 0.35 1019 16.9 PV 26.67
18-04-2024 9:59 2120 2119 NACA 1.50 14.0 28.0 1.00 2.10 20 0.35 1019 16.9 LaVision camera one (ID 22324380) lagging. PV 26.99
17-04-2024 13:48 2102 2101 NACA 1.50 14.0 29.0 1.25 2.63 20 0.44 1013 17.0 Full video at 50 Hz. PV 22.52
17-04-2024 14:27 2104 2103 NACA 1.50 14.0 28.0 1.25 2.63 25 0.35 1013 17.0 Full video at 50 Hz. PV 22.32
17-04-2024 15:09 2106 2105 NACA 1.50 14.0 28.0 1.25 2.63 25 0.35 1013 17.0 PV 22.98
17-04-2024 15:49 2108 2107 NACA 1.50 14.0 24.0 1.50 3.15 25 0.42 1013 17.0 Full video at 100 Hz. FV 22.50
17-04-2024 16:32 2110 2109 NACA 1.50 14.0 24.0 1.50 3.15 25 0.42 1013 17.0 Full video at 100 Hz. FV 23.67
17-04-2024 17:00 2112 2111 NACA 1.50 14.0 24.0 1.50 3.15 25 0.42 1013 17.0 Full video at 100 Hz. FV 21.85
18-04-2024 10:34 2122 2121 NACA 1.50 12.0 20.0 0.50 1.05 30 0.12 1019 16.9 PV 14.30
18-04-2024 12:12 2124 2123 NACA 1.50 14.0 28.0 1.25 2.63 25 0.35 1019 16.9 PV 22.96
18-04-2024 12:56 2126 2125 NACA 1.50 14.0 28.0 1.25 2.63 25 0.35 1019 16.9 PV 22.55
18-04-2024 13:32 2128 2127 NACA 1.50 14.0 24.0 1.50 3.15 25 0.42 1019 16.9 Full video at 100 Hz. FV 21.98
18-04-2024 16:16 2134 2133 NACA 1.50 14.0 24.0 1.50 3.15 25 0.42 1019 16.9 FV 21.88
18-04-2024 15:39 2132 2131 NACA 1.00 14.0 24.0 2.50 4.29 20 0.71 1019 16.9 Full video at 100 Hz. PV 22.15
18-04-2024 2136 2135 NACA 1.50 14.0 25.0 1.75 3.68 20 0.61 1019 16.9 FV 22.91
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