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Abstract
Races using kitefoil and windfoil surfboards have been in the Olympic Games for the first time in Paris 2024, signalling their relevance in 
sailing sports. However, the dynamics of these devices is yet not well understood, in particular the influence on the hydrodynamic forces and 
moments of the distance of the foil to the free surface. Considering this, the present paper documents an experimental investigation in which 
forces and torque produced, under uniform flow, by a full-scale state-of-the-art hydrofoil (suitable both for kitesurf and windsurf) were 
measured. A range of velocities, angles of attack, and submergences were tested, leading to Froude numbers based on submergence with 
maximum values around five, a typical range in actual sailing conditions. From these tests, formulae for the hydrodynamic coefficients have 
been proposed. They can be used for developing Velocity Prediction Programs (VPP) for this kind of craft, a necessary tool to plan racing 
configurations and to analyze their racing performance. With the aim of making the experimental data useful for benchmarking numerical 
models and for future research on related topics such as foil ventilation and transition to turbulence, the specimen’s 3D file is provided as 
supplementary material to this paper.
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1  Introduction

Currently, the use of hydrofoils in recreational crafts is an 
established trend in a growing market with many different 
products available. Within the range of recreational hydro‐
foil boards, this paper focuses on those for use in hydro‐
foil-based kitesurf (kitefoil) and windsurf (windfoil) boards. 

However, the results presented can also be useful for other 
types of boards, such as wingfoil and surffoil boards.

All these kinds of boards are based on a submerged sur‐
face that generates lift to overcome the weights of the rider 
and the board itself (see Figure 1). Hence, this force can 
push and maintain the board over the water surface, greatly 
minimizing both friction and wave resistance. Consequently, 
large navigation speeds can be achieved easily, even in 
light wind conditions (up to 6 knots for large surface area 
hydrofoils), thus expanding the range of locations in which 
these activities can be practiced.

Today, there is such a growing economic interest in these 
activities that it is expanding the types of foils available. 
Nevertheless, research oriented towards better designs is 
scarce and limited to riders’ experience and very simple 
hydrodynamic theories. In fact, the experimental literature 
on the hydrodynamics of such equipment is missing, as far 
as the authors are aware, a fact that motivates this research.

The foil technology permeated into the sailing boat indus‐
try in 1950 when G. Baker was able to sail in a dinghy with 
hydrofoils at a speed of 20 knots. Later in 1956 he reached 
30.4 knots in his dinghy Monitor (currently on display in 
the Small Craft Collection at the Mariners’ Museum, 100 
Museum Drive, Newport News, Virginia, USA).

As discussed in the reviews of Tisserand (2005) and Vel‐
linga (2009), following Baker’s opened path, in the 1960s 
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and the 1970s more developments appeared on small hydro‐
foil supported sailing boats. Indeed, through the work of 
some pioneers like D. J. Nigg and D. Keiper in the USA, 
P. Hansford and J. Grogono in the UK, and C. Tisserand 
and E. Tabarly in France, a substantial increase in the 
speed of such boats was achieved during these years.

In the early 2000s the hydrofoil adventure became 
mature with the emergence of the ORMA 60 foil-assisted 
trimarans and personal dinghies like the moth foiler. The 
International Moth class experienced a resurgence of inter‐
est and publicity associated with the adoption of hydro‐
foils, and nowadays is one of the most profitable hydrofoil 
sailing classes. In this context, several experimental inves‐
tigations have been carried out to improve the perfor‐
mance of various types of hydrofoil crafts (Binns et al., 
2008; Beaver and Zseleczky, 2009; Barden and Binns, 
2012; Campbell et al., 2014; Souppez et al., 2019; Day 
et al., 2019; Giallanza et al., 2020; Vanilla et al., 2021; 
Marimon Giovannetti et al., 2022).

Hydrofoil technology has lately gained popularity thanks 
to its inclusion in some of the most prominent racing regat‐
tas. Hydrofoils were first included in the AC72 catamarans 
for the 2013 America’s Cup, and they have been later 
expanded to other competitions such as SailGP (which are 
adapted from the AC50 boats of the 2017 America’s Cup) 

or the Ocean Race and Vendée Globe, based on IMOCA-
60 yachts equipped with hydrofoils. All these examples 
demonstrate that match racing regattas are possible for 
foiling yachts, increasing attention on this technology and 
stimulating the development of many other hydrofoil-
based crafts. An indication of these trends is the incorpora‐
tion of the Formula Kite and the Starboard iQFOiL (see 
Figure 1) as Olympic classes in the 2024 Games.

The aim of this work is to experimentally assess the influ‐
ence of the angle of attack and submergence below the 
water surface on the performance of a board-based hydro‐
foil. Similar experimental studies have been performed in 
the past on rectangular planform hydrofoils of high aspect 
ratio (Wadlin et al., 1950; Carter and Butler, 1953; Wadlin 
et al., 1955; Daskovsky, 2000; Ni et al., 2021; Jentzsch 
et al., 2022; Wang et al., 2023).The focus is however here 
on the Froude number based on submergence, which is 
useful to extend the results to higher speed, as well as on 
complex configurations (low aspect ratios, non-prismatic 
wings and multiple wings), common of present state-of-
the-art hydrofoils for kite and windsurf boards. More spe‐
cifically, the following questions will be studied: first, 
characterize the dependence of the hydrodynamic coeffi‐
cients on the foil’s angle of attack, speed, and Froude num‐
ber based on submergence; second, when possible, these 
results will be compared with available literature; third, 
simplified models for these hydrodynamic coefficients will 
be proposed, that can be used in Velocity Prediction Pro‐
gram (VPP) codes.

The structure of the paper is organized as follows: First, 
the specimen studied is presented. Second, the experimental 
setup is discussed. Following this, test matrix is proposed, 
and experimental results are presented, discussed, and sim‐
plified models are provided. Finally, conclusions are out‐
lined and suggestions for future research are established.

2  Case study

The model used in this work is depicted in Figure 2. It 
is the same design that was analyzed numerically in Ocaña 
Blanco et al. (2017). Its CAD file is provided as supple‐
mentary material in this link: https://mega.nz/folder/
uBxzhLKa#Y45F_r73wH5yQ6JWRg_VeA, in order for other 
researchers to validate their numerical results. Some sam‐
ple videos of the experiments can also be accessed from 
the same link. The design was developed by Wolfgang 
Habe from Polymer Technology SL, Spain, who used the 
results of the present campaign and previous numerical 
modeling (Ocaña Blanco et al., 2017) for improving a recent 
commercial one-crew sail foil boat, Mothquito (https://www.
mothquito.com/). The specimen is constructed with carbon 
fiber reinforced and epoxy resins. As is usual on these 
boards, it consists of four elements (as shown in Figure 2:

Figure 1　Actual hydrofoils in operation
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• A main wing, responsible for the generation of most of 
the lifting force,
• a rear wing that acts as a stabilizer and controls lifting 

surface,
• a mast that serves as the lifting surface to minimize 

leeway,
• a fuselage that acts as a mechanical connection between 

the previous elements.

The configuration of the submerged elements resembles 
that of a conventional aircraft. The main wing provides 
most of the vertical lift in the same fashion as the wing of 
an airplane. The rear wing acts as a control surface to guar‐
antee longitudinal stability. The mast contributes by gener‐
ating the lateral force needed to reduce the leeway angle 
when sailing upwind. In some sailing configurations, 
which are not covered in this paper, the hydrofoil operates 
with an attitude ( )α, β, γ  that couples the lift produced by 

its different surfaces. This happens, for instance, when sail‐
ing upwind with some leeway angle and windward heeling 
angle (as appreciated in both panels of Figure 1).

Both the main and rear wings are built from a non-sym‐
metric section, since they need to generate lift mainly in 
one direction to push the board out of the water even at 
low angles of attack (Figures 3 and 4). The main wing sec‐
tion is derived from the NACA 63-210 profile, and the 
rear wing section is based on the NACA 63-209 profile. 
Given that the function of the mast is to counteract the lee‐
way that may be induced, a symmetric NACA 0009 sec‐
tion (Figure 5) is used so that it can generate lift equally in 
both directions.

The dimensions and main parameters for all four ele‐
ments are presented in Table 1, same as in the work by 
Ocaña Blanco et al. (2017). Hence, reference geometric 
values used to present forces and moments in non-dimen‐
sional form are taken from this table. The mast dimensions 
are shown in a sketch in Figure A2 in Appendix A.

Although the results obtained in this paper are for a spe‐
cific design, it can be assumed that the general conclusions 
derived from this work may also be applicable in a general 
context, provided that the design tested here is representa‐
tive of others available on the market (see Ocaña Blanco 
et al. (2017), where a number of representative designs are 
displayed).

Figure 2　Full scale case study specimen. Polymer-Technology SL®

Figure 3　Main foil section. NACA 63-210 (non-symmetric)

Figure 4　Rear foil section. NACA 63-209 (non-symmetric)

Figure 5　Mast section. NACA 0009 (symmetric)

Table 1　Main dimensions of the case study specimen. Same values 
as in Ocaña Blanco et al. (2017) are used

Main foil

Planform surface (S)

Wingspan (b)

Mean chord (c)

Effective span, ( )beff ≔ S/c

Aspect ratio, ( )AR ≔ beff /c

Thickness (t)

Geometric angle of attack (AOA) (α0)

Rear foil

Planform surface (Sr)

Wingspan (br)

Mean chord (cr)

Thickness (tr)

Geometric AOA (α0)

Mast

Planform surface (Sk)

Wingspan (bk)

Mean chord (ck)

Thickness (tk)

Fuselage

Lateral surface (Sf)

Length (Lf)

Width (bf)

Height (tf)

0.021 0 m2

0.342 0 m

0.043 5 m

9% of cr

0°

0.128 3 m2

0.889 0 m

0.112 5 m

9% of ck

0.013 7 m2

0.592 0 m

0.035 1 m

0.030 1 m

0.059 0 m2

0.634 0 m

0.073 5 m

0.802 7 m

10.92

10% of c

2°

Sr /S = 0.36

br /b = 0.54

cr /c = 0.59

Sk /S = 2.17

bk /b = 1.40

ck /c = 1.53

Sf /S = 0.23

Lf /b = 0.93

bf /b = 0.06

tf /b = 0.05
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3  Experimental setup

3.1  System of reference

Understanding the full hydrofoil’s hydrodynamics would 
require analyzing the flow in all possible directions, includ‐
ing the influence of all the different angles between the flow 
and the board, namely: angle of attack (α), leeway angle 
( β ) and heel angle ( γ ). However, in this paper, only the 
experiments changing the α values have been considered.

Two reference frames are defined at this point to help 
the explanations that follow and the analysis of the results 
in the foregoing sections: a frame fixed to the body, known 
as the body frame, and a frame linked to the hydrody‐
namic velocity known as the water frame. The orientation 
between these two reference systems defines the three 
angles previously mentioned. These reference frames are 
shown in Figure 6 and described next.

• Body frame. The xb axis is positive out the nose of the 
hydrofoil in the plane of symmetry of the device, the zb axis 
is perpendicular to the xb axis, at plane of symmetry, posi‐
tive upwards, and the yb axis is perpendicular to the previ‐
ous ones, positive determined by the right-hand rule. The 
origin of the body frame Ob is assumed at the intersection 
of the mast axis and the fuselage. The mast axis is assumed 
to run in the center plane of the mast and passes through 
the center of the chord of the mast tip (see sketches in 
Figures A2‒A5 in Appendix A, where the points where the 
torques were measured are also clearly identified).
• Water frame. Its origin Ow coincides with the origin of 

the body frame Ob. The xw axis is positive in the direction 
of the incoming velocity at each moment, the zw axis is 
perpendicular to the xw axis, positive upwards and the yw 
axis is perpendicular to the previous ones, its positive direc‐
tion determined by the right-hand rule. A detailed explana‐

tion of the reference frames and the orientation between 
them can be found in Gómez et al. (2012).

3.2  Facility and equipment

The experiments were conducted in CEHINAV ETSIN-
UPM towing tank, which has the following dimensions: 
Depth = 2.2 m, Width = 3.8 m, and Length = 100 m. A view 
of the facility is shown in Figure 7.

The hydrofoil model was fixed to the carriage, which 
has a maximum speed of 4.0 m/s. The velocity of each run 
is programmed beforehand, and the carriage has an auto‐
matic speed control that keeps it constant.

Figure 8 shows how the specimen was fixed to the car‐
riage. The connection includes a mechanism composed of 
two vertical bars joined to a platform which allows mov‐
ing elements connected to it vertically, with a precision of 
±0.5 mm, through the use of a worm gear (left panel of 
Figure 9).

An aluminum plate was bolted to the previously described 
mechanism and a 6-DOF force and torque sensor was 
ingrained into the lower surface of this plate. This trans‐
ducer was bolted by its bottom to a wedge (Figure 10), built 
of high-density polyurethane or aluminum, responsible for 
providing the attitude. Finally, another aluminum plate 

Figure 6　Body frame ( )xb, yb, zb  defined in a hydrofoil device, with 

respect to a water frame ( )xw, yw, zw . Only α rotations with respect to 

the yw axis have been considered in this studied

Figure 7　Carriage in towing tank; hydrofoil visible

Figure 8　Fixation of specimen to the towing carriage
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bolted to the wedge was used to screw the specimen. This 
setup can be seen in Figure 9 and the wedges in Figure 10.

The same wedges were also used for negative cases.
The results regarding the forces will be given in the 

water frame of reference, and the moments will be given at 
the base of the specimen, where it is clamped to the board. 
The coordinates of this point for the various angles of attack 
are given in the water frame of reference, in Figures A2‒
A5 in Appendix A).

4  Results

Flow conditions depend on a set of non-dimensional 
numbers: Reynolds number, Froude number based on the 
chord, Froude number based on submergence, and submer‐
gence ratio. They are defined, respectively:

Re =
ρ u∞  c
μ

, Frc =
u∞

g c
, Frh =

u∞

g h
, hc =

h
c

(1)

In the previous expressions, u∞ is the flow velocity, ρ 
and μ the fluid density and dynamic viscosity, respectively, 
g the gravity acceleration, h the submergence referred to 
the water frame of reference origin Ow. The three latter 
equations in Eq. (1) are not independent as:

Frh =
Frc

hc

(2)

The goal of the experimental campaign is to measure 
the hydrodynamic loads (forces and moments) exerted on 
the test specimen for different angles of attack (α), while 
varying the flow conditions: Froude numbers Frh and Frc, 
and submergence ratio (hc). Table 2 shows the α cases tested 
that are of interest for this paper and whose variations are 
intended to describe the polar curves until the onset of stall 

conditions. For this range of angles of attack, flow condi‐
tions include speeds 1  m/s  ≤ u∞ ≤ 4  m/s  and submergences 
0.5 ≤ hc ≤ 9.5, equivalent to 0.4 ≤ Frh ≤ 6.7 and 1.2 ≤
Frc ≤ 4.7.

One main objective of this paper is to create a model 
of the non-dimensional coefficients for lift, drag, and 
moment so that they can be incorporated in a VPP taking 
into account the flow conditions. The force coefficient Ci 
in the i = 1, 2, 3, corresponding to x, y, z directions, respec‐
tively, is defined as

Ci =
Fi

1
2
ρu2

∞S
(3)

with Fi being the measured force in the i direction, ρ the 
water density, u∞ the speed, and S the planform surface 
(see Table 1).

Coefficient of moment around the y axis, Cm, is also 
studied, defined in the equation

Cm =
M2

1
2
ρu2

∞Sc
(4)

with M2 being the y moment, and c the mean chord of the 
main wing (see Table 1).

In order to check for dependencies, using dimensional 
analysis, the coefficients can be shown to be a function of 
the non-dimensional quantities involved:

C[⋅] = C[⋅]( )α, β, γ, hc, Re, Frh (5)

Focusing on a particular specimen, since the kinematic 
viscosity of salt and fresh water are rather similar, Re is 
proportional to Frh /hc, it can be dropped from Eq. (5). In 
addition, since only varying the α angle has been consid‐
ered in this study, both β and γ can be dropped as well, 
leading to:

C[⋅] = C[⋅]( )α, hc, Frh (6)

The strategy to determine these functional relation‐
ships for the C[⋅] functions is to conduct two batches of 
experiments:
• A first batch of experiments aim to find the relationship 

of the exerted hydrodynamic forces and moments with 
respect to the angle of attack (α) and flow velocity (u∞), 
while maintaining submergence (hc) at its maximum depth. 
The experimental conditions are: −5° ≤ α ≤ +10°, 1 m/s ≤
u∞ ≤ 4 m/s, and hc = 9.5. Reynolds number of the tests are 
in the range of 7.3 × 104 ≤ Re ≤ 2.9 × 105, which corre‐
spond to 0.4 ≤ Frh ≤ 1.5.

Figure 9　Load cell fixation

Figure 10　Wedges, from left to right: first, corresponds to α = 5° ,
β = 30°, γ = 0°; then, variations are for angle α only: 1.25°, 2.5°, 
20°, 5° and 10°

Table 2　Angles of attack considered in the experimental campaign

a (°)

−5.0 −2.5 −1.25 0.0 1.25 2.5 5.0 10

5
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• A second batch of experiments aims to find the rela‐
tionship of the exerted hydrodynamic forces and moments 
with respect to the angle of attack (α) and flow submer‐
gence (hc), while maintaining the velocity (u∞) at its maxi‐
mum value, the closest to the actual typical sailing condi‐
tions that can be reached in the facility. The experimental 
conditions are − 5° ≤ α ≤ +10°, 0.5 ≤ hc ≤ 9.5, and u∞ =
4 m/s, which correspond to 1.5 ≤ Frh ≤ 6.7.

In the following subsections, mathematical expressions for 
the coefficients with the dependencies indicated in Eq. (6) 
will be developed. Steady-state conditions are the focus of 
the present paper, though in actual operation transient lift 
forces can be of interest, for instance for maneuvering of 
sailing yachts in waves (Angelou and Spyrou, 2019).

4.1 Dependence on the velocity

Operational speeds are of the order of 10 m/s while the 
maximum carriage speed of the tank is 4 m/s. The ques‐
tion arises whether the speed is high enough so that there 
is little dependence on the Reynolds number on the coeffi‐
cients (Re = 2.9 × 105 at 4 m/s and Re = 7.3 × 105 at 10 m/s). 
To investigate this question, data from the first batch of 
experiments has been non-dimensionalized, and drag, lift, 
and moment coefficients have been obtained for a range of 
angles of attack α, and a velocity u∞ for large submergence 
ratios hc ≥ 5. For this range of submergences, free surface 
effects are expected to be negligible for these speeds, which 
would affect their assessment. The results are presented in 
Figure 11.

It can be seen that the lift and drag coefficients tend to 
reach rather constant values for velocities u∞ ≥ 3.5  m/s . For 
this reason, only the velocities in the range 3.5  m/s  ≤ u∞ ≤
4  m/s , (2.5 × 105 ≤ Re ≤ 2.9 × 105) will be used in the analy‐
ses in the paper.

Even with this evidence on practical Reynolds indepen‐
dence of the results in a certain range, taken as the one of 
interest, the issue of transition to turbulence deserves some 
comment. Indeed, specific tests using turbulence stimula‐
tors to trigger transition were carried out. However, for the 
present paper, to contain its length and to make the case 
study definition simpler, only the canonical configuration 
for the foil, without any modification, has been consid‐
ered. In the future, it would be interesting to conduct numer‐
ical analysis focusing on determining critical Reynolds 
number for the NACA 63-210. It is a difficult problem, 
expected to be even harder to model due to hydroelastic 
effects and minor vibrations induced by the carriage.

To close this section, it can be interesting to give an 
example in dimensional terms. For instance, for α = 5°, 
hc = 4 and u∞ = 3.5  m/s , the lift force is equal to 283 N, 
the drag force is equal to 36 N and the pitch moment is 
equal to 50 N ⋅m. Doubling the speed, the lift force will 
approximately reach 120 kg, more than enough to sustain 
the rider and the craft.

4.2  Dependence on the angle of attack

Drag, lift, and moment coefficients, as a function of the 
angle of attack α, for the first batch of experiments (hc =
9.5), are discussed in this section. Their values are presented 
in Figure 12 and are compared with the experimental results 
by Wadlin et al. (1950) and Wadlin et al. (1955). The latter 
are obtained with a single rectangular NACA 64-A412 
hydrofoil. They are also compared with the unbounded 
flow potential and the RANS numerical simulations by 
Ocaña Blanco et al. (2017) for the present geometry. Finally, 
also for the present geometry, results with the classical thin 
airfoil theory (Münk, 1924) with a correction for free sur‐
face effects of the biplane configuration (Glauert, 1948) 
(Daskovsky, 2000) are included.

Error bars in Figure 12 and in the rest of the paper have 

Figure 11　Coefficients for varying α and u∞, hc ≥ 5
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been computed as discussed in Appendix B. The length of 
these bars is taken as the values of the total uncertainties 
for each case, shown in Tables B1 ‒B3 in the appendix. 
Other than for some particular magnitudes and cases such 
as cd for α = 10° in Figure 12, or later on in Figure 15, they 
are too small to be appreciated in the graphs.

A brief discussion regarding the dependence of the coef‐
ficients on the angle of attack follows:

1) Lift coefficients:
- The experimental lift curve behaves linearly between 

− 5° and 5° and the slope is slightly reduced from 5° to 10°, 
which is a reasonable tendency for these curves, as it is 
also reported by e.g. Ducoin and Young (2013).

- Cl values from (Wadlin et al., 1955) and RANS code 
are rather similar, a surprising result considering how differ‐
ent the geometries (wing planform, airfoil section, etc.) are.

- The present experimental coefficients are larger than 

those from (Wadlin et al., 1955), and those from the RANS 
and potential codes. Due to the large submergence (hc =
9.5), the presence of the free surface is discarded as an 
effect to induce any significant difference. Moreover, one 
expects that they would lead to a reduction in the lift coef‐
ficients, not an increase. Hydroelastic effects are not 
accounted for in the simulations and may have an influ‐
ence. In Ducoin and Young (2013) a comparison is made 
between a rigid and a flexible hydrofoil, showing that 
hydroelastic effects might produce an increase in lift and 
drag coefficient, which is especially notorious at higher 
speeds. In addition, experiments are carried out at a range 
of Reynolds numbers within the laminar-turbulent transi‐
tion regime. As also documented by Harwood et al. (2016), 
the lift coefficient is speed-dependent at low speeds, when 
the Reynolds numbers are Re ≤ 5  × 105 (as in our case). 
For this range, they report a higher lift coefficient than in 
the fully turbulent range, which is the one considered by 
Ocaña Blanco et al. (2017). Finally, the walls of the tow‐
ing tank can induce some blockage effect, which may 
cause some increase in the coefficients, as also reported by 
Ducoin and Young (2013). One qualitative evidence that 
was noted is the formation of wing shaped tessellations 
with the dust at the bottom of the tank, which is indicative 
that the pressure pulses are strong enough so as to lead to 
some transport in the areas close to the tank bottom and 
eventually lateral walls. All these comments suggest lines 
for future work.

- The thin airfoil theory plus the biplane correction yields 
values quite similar to those obtained in the experiments.

- Overall, the steepness of the lift coefficient curves in 
Figure 12 are all of the same order of magnitude, some‐
thing that can be attributed to the fact that NACA 64-A412 
and the present NACA 63-210 are similar profiles.

2) Drag coefficients:
- The drag curve exhibits a non-linear (approximately 

quadratic) behavior.
- Cd values are larger than those of (Wadlin et al., 1955), 

most probably due to 3D effects coming from the different 
geometry that is tested and also from the interference of 
the fuselage.

- The RANS code produces a closer Cd to present exper‐
iments than (Wadlin et al., 1955) results. The additional 
submergence of the mast compared to the one used in the 
numerical experiments (bk /c = 2.7) induces some additional 
friction resistance in the mast. There might be some addi‐
tional effects due to turbulence modeling and laminar-tur‐
bulent transition that are not captured by the codes.

- Thin airfoil theory only captures the induced drag por‐
tion of Cd. As expected, these Cd values are lowest ones.

3) Moment coefficient. Unfortunately there are not 
many available results in literature with configurations 
similar to those of the experiments. The moment curve is 
rather linear except for the larger values of angle of attack. 

Figure 12　Coefficients for varying α

7
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The moment curve slope from thin airfoil theory is around 
one third of that from the experiments. In any case, the 
shape and slope of the moment curve is similar to that of a 
full configuration civilian aircraft (Cui et al., 2021).

In order to use these curves in VPPs, polynomials have 
been least squares fitted to such curves, with a fair degree 
of correlation R2 > 0.99. They are presented in Eq. (7):

Cl (α ) =  −0.000 143α3 − 0.000 350α2 +

0.966 669α + 0.359 405
Cd (α ) =  −0.000 009α4 − 0.000 031α3 +

0.000 469α2 + 0.006 901α + 0.059 048
Cm (α ) =  0.001 129α3 − 0.009 817α2 −

0.190 741 2α − 0.870 580

(7)

It can be hypothesized that these fitting formulae and 
the next ones in the paper can be used as a first estimate 
for modeling these coefficients in state-of-the-art foils for 
kitefoil and windfoil boards.

Even though the shape of the Cd curve is approximately 
quadratic with α (and the lift one is approximately linear), 
since one objective of the paper is to provide accurate val‐
ues for a VPP, it seems a reasonable idea to provide a fit‐
ting which aims to cover the available data. This is the rea‐
son for considering higher degree polynomials. The formu‐
lae are in any case fast to compute, and can be used in also 
fast computations such as those required by a VPP.

4.3  Dependence on the submergence

Data from the second batch of experiments have been 
non-dimensionalized, and the results are presented in 
Figure 13. In order to better understand them, a fitting of 
the following type is proposed:

C[⋅]( )α, hc = C[⋅]( )α, hc = ∞ (1 − 0.5 ⋅ exp ( )− hk2

c ) (8)

As it stands, the model has the following convenient 
properties:

1) For hc → ∞, C[⋅]( )α, hc → C[⋅]( )α, hc = ∞ .

2) For hc → 0, C[⋅]( )α, hc → 0.5 ⋅ C[⋅]( )α, hc = ∞ , which 

is consistent with the theoretical 2D results from Hough 
and Moran (1969).

3) The model is smooth in all its dependencies.
4) The free surface effects are concentrated in a small 

range of hc of the order of one, as observed in the experiments.
Calculated fits, which render reasonable results, are pre‐

sented in Eq. (9):

Cl( )α, hc = Cl( )α, hc = ∞ ( )1 − 0.50 ⋅ exp ( )−h0.75
c

Cd( )α, hc = Cd( )α, hc = ∞ ( )1 − 0.50 ⋅ exp ( )−h0.40
c

Cm( )α, hc = Cm( )α, hc = ∞ ( )1 − 0.50 ⋅ exp ( )−h0.90
c

(9)

It is relevant to assess whether in a more general fitting 
of the type

C[⋅]( )α, hc = C[⋅]( )α, hc = ∞ (1 − k1 ⋅ exp ( )− hk2

c ) (10)

the constant k1 is close to 0.5. Results for this latter fitting 
are presented in Eq. (11). This are the ones used in Figure 13.

Cl( )α, hc = Cl( )α, hc = ∞ ( )1 − 0.45 ⋅ exp ( )− h0.70
c

Cd( )α, hc = Cd( )α, hc = ∞ ( )1 − 0.50 ⋅ exp ( )− h0.40
c

Cm( )α, hc = Cm( )α, hc = ∞ ( )1 − 0.45 ⋅ exp ( )− h0.90
c

(11)

As can be appreciated, the values of the parameter k1 for 
the three coefficients are close to 0.5, as anticipated. More‐
over, the shape of the curve Cl /hc qualitatively agrees with 
that of Bonnard et al. (2022), who experimentally studied 
the curve Cl /α for three different submergences (hc < 3.3).

Figure 13　Coefficients for varying α and hc
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Focusing on Figure 13, the lift coefficient Cl is usually 
plotted in the form Cl /Cl∞ when discussing its dependence 
on the submergence ratio hc. It can be noticed that the fit‐
ting of Eq. (11) is more accurate for angles of attack − 2.5°
≤ α ≤ +5°. This is not a problem because the actual flying 
angles are typically within this range.

It is also worth mentioning that the shape of the Cl /Cl∞ 
curves qualitatively agrees with those of Miguel Montero 
and Minerva (2020), who experimentally studied the range 
(hc < 2.5) with a nearly constant transverse section hydrofoil.

The shape of the Cl /Cl∞ fit can also be compared with 
the theoretical 2D results. The comparison is presented in 
Figure 14, where labels Cambered and FlatPlate corre‐
spond to the results of Hough and Moran (1969), and label 
Turnock corresponds to the results of Molland and Turn‐
ock (2007). It can be noticed that the shape of the curves is 
similar to that of theirs, but with a lower Cl /Cl∞ coefficient 
for hc < 4, probably due to the 3D effects in the present 
geometry. The proposed fitting model achieves a better 
result than that of Hough and Moran (1969) and Molland 
and Turnock (2007) compared to the experimental results 
presented here.

4.4 Dependence on the Froude number based 
on submergence

It is relevant to investigate whether Froude number based 
on submergence, Frh, may also play a role when, with the 
same hc, the speed of the specimen is increased from its 
maximum value in the tank (~ 4 m/s, Frc = 4) to actual sail‐
ing speeds (~10 m/s, Frc = 10).

For example, let us assume hc = 4 (a typical sailing con‐
dition) and α = 0° . For this submergence, Frh changes 
from 2 to 5 if the speed increases from 4 m/s (laboratory 
conditions) to 10 m/s (actual sailing speed). If the coeffi‐
cients are plotted with Frh as the independent variable 
(Figure 15), it can be seen that by moving from Frh = 2 to 
Frh = 5, around 17% of the lift coefficient is reduced 

(from 0.36 to 0.30); a similar reduction can also be observed 
in the drag coefficient (Figure 15).

The relevance of this estimate is substantial, as it enables 
the use of data obtained with the limited velocity in the 
present tests (4 m/s) to actual sailing conditions (10 m/s).

In order to obtain a model for the joint α, hc and Frh 
dependency, a fitting of the following type is proposed 
(Eq. (12)):

C[⋅]( )α, hc, Frh = C[⋅]( )α, hc, Frh = 0.4 − (1 − 1
1 − kC[⋅] ⋅ Frh )

(12)

Similarly to the submergence dependence analysis, Frh =
0.4 is used as a reference in Eq. (12) as it corresponds to 

Figure 14　Cl /Cl∞ coefficients for varying α and hc

Figure 15　Coefficients for varying Frh
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the value of the deepest submergence tested.
The factor kC[⋅] in Eq. (12) has been fitted using a second-

order polynomial, with a fair degree of correlation, R2 >
0.99 for Cl and R2 > 0.93 for Cd. These fittings are shown 
next (Eq. (13)):

kCl
=  − 0.000 27α2 + 0.006 02α + 0.017 05

kCd
= 0.000 10α2 + 0.000 05α + 0.008 71

kCm
= 0.140 00 (13)

5  Conclusions and future work

In this paper, an experimental investigation on the hydro‐
dynamics of a full-scale state-of-the-art hydrofoil (suitable 
both for kitesurf and windsurf) has been documented. The 
experiments were carried out in the towing tank of ETSIN, 
“Universidad Politécnica de Madrid (UPM)”, Spain. Dur‐
ing the experiments, forces and torques produced, under 
uniform flow, were measured, and related non-dimen‐
sional coefficients were estimated. Various parameters were 
varied: first, a range of velocities up to 4 m/s (Reynolds 
based on the mean chord is 2.9 × 105) was tested, relative 
angular positions with respect to the advance speed, with 
attack angles ranging from − 5 to 10 degrees, were also 
tested, and finally, the submergence was changed in the 
tests from deep-water conditions to cases near the free sur‐
face, implying that tests were carried out for a range of 
Froude numbers based on submergence with maximum 
values around five. This is a typical range in actual sailing 
conditions, allowing estimations of the coefficients for 
higher actual speeds than the ones allowed by the towing 
tank carriage. To the authors’ knowledge no such results 
are available for a low aspect 3D foil such as the one stud‐
ied in the paper. When compared with high-aspect ratio 
foils from the literature, significant differences have been 
found, such as the present foil showing slightly higher lift 
and substantially higher drag. From these tests, formulae 
for the hydrodynamic coefficients, including their depen‐
dence on the Froude number based on submergence, have 
been proposed. The correlations in the formulae are 0.99 
for Cl and 0.93 for Cd. With this accuracy, the authors 
think that such formulae can be used for developing VPP 
for this kind of crafts, a necessary tool to plan racing con‐
figurations and to analyze the racing performance of the 
craft. This is part of our future work, which will also include 
tests at sea using this same specimen, with a monitoring 
device providing information on speed, attitude, distance 
to water, and motions. Future work will also include 
studying ventilation and transition to turbulence. Finally, 
with the aim of making the experimental data useful for 
benchmarking numerical models, the specimen 3D file is 
provided as supplementary material to this paper.

Appendix A  Torque measurement point
First, in Figure A1 the length and surface of the mast are 

shown.

Coordinates of the points where torques were measured 
are shown in Figures A2‒A5.

Appendix B Notes on experimental uncertainty
In this campaign, the force coefficient Ci in the i = 1, 

2, 3, corresponding to x, y, z directions, respectively, is 
defined as presented in Eq. (3), with the variables involved 
defined in Table 1. Verification of the calibration of 
moments was out of the scope of the present campaign, 
and therefore the uncertainty assessment for the data of 
My, the only moment considered in the present study, is 
left for future work.

The analysis will be carried out according to the ITTC 
recommendations as presented in the general principles of 

Figure A1　Mast length and surface

Figure A2　Coordinates of the points where torques are measured 

for α = ±1.25°
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(ITTC, 2014b) and the example corresponding to the total 
resistance coefficient documented in (ITTC, 2017a).

Following such general principles (ITTC, 2014b), the 
uncertainty in Ci is obtained by propagating those of the 
variables involved in the corresponding formula, with the 
proportionality coefficients being the partial derivatives 
with respect to each variable, i.e:

u2( )Ci = ( 2
ρu2

∞S ) 2

u2( )Fi + ( − 4Fi

ρu3
∞S ) 2

u2 (u∞ ) +

( − 2Fi

ρu2
∞S2 ) 2

u ( )S
2

(B1)

The contribution of density is not included in the for‐
mula as its own uncertainty, multiplied by its correspond‐
ing factor, is negligible.

In order to better understand the procedure to estimate 
these terms, let us take as an example the case of the drag 
coefficient, C1, for hc = 4 and α = β = γ = 0°, V = 4 m/s. 
This is an interesting choice, as it corresponds to tailwind 
navigation conditions, a common one. In addition, the 
speed is the highest allowed in the tank and, therefore, is 
the closest to the operational one. Finally, the submer‐
gence is a typical one, according to feedback provided by 
experienced riders.

In this case, the number of repetitions is N = 11, which is 
a reasonable choice following (ITTC, 2017b), and includes 
tests conducted on two different days. The standard devia‐
tions of forces and velocities obtained from this case will 
be used to estimate those for other cases where no repeti‐
tions were performed.

Regarding the uncertainties in the forces, they will be 
divided into A (repetition related) and B (calibration) types:

u2( )Fi = u2
A( )Fi + u2

B( )Fi (B2)

The A-type uncertainty is obtained from analyzing the 
repeatability of the experiments, estimated from repeated 
measurements using the expression (ITTC, 2014a):

uA( )Fi =
σ

N
(B3)

with σ being the standard deviation of the force values ob‐
tained in the repeated tests, and N the number of repeated 
tests. Following (ITTC, 2014a), the standard deviation is 
obtained using the classic unbiased discrete estimate:

σ =
1

N − 1 ∑
j = 1

N ( )F̂ j
i − Fi

2

(B4)

with F̂ j
i  obtained with the mean value (in time) of the force 

in the direction i in test j, and Fi is the mean value of those 

F̂ j
i .
In the particular case of the proposed example, F1 =

24.07 N, σ = 0.541 N and therefore uA( )F1 = 0.163 N.

Figure A3　Coordinates of the points where torques are measured 

for α = ±2.5°

Figure A4　Coordinates of the points where torques are measured 

for α = ±5°

Figure A5　Coordinates of the points where torques are measured 

for α = 10°
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As an example, the time histories of the forces mea‐
sured during two repetitions are presented in Figure B1.

Regarding the B-type uncertainty for the forces, the force/
torque sensor used was a 6DOF ATI Industrial Automation 
model Mini58 IP65/IP68. Its ranges are 2 800 N for F1 and 
F2, 6 800 N for F3 and 120 N⋅m for the three torques. Con‐
sidering that the x-force leads to a substantial My moment, 
the torque range is the limiting factor when it comes to 
increasing the speed or the angle of attack. In order to be 
able to measure such a moment, it was hence necessary to 
use a sensor with larger force ranges than the ones found 
in the actual physics of the present phenomenon.

For this reason, the force/torque sensor was calibrated, 
using static measurements, for the specific range of the 
forces and moment of these tests. The standard deviations 
of the residuals of such recalibration are taken as the uB( )Fi  

uncertainty, with i = 1, 2, 3 for the x, y, z directions:

uB( )F1 = 0.079 6  N, uB( )F2 = 0.067 6  N, 

uB( )F3 = 0.919 7  N
(B5)

Therefore, applying Eq. (B2), one gets for the proposed 
example u ( )F1 = 0.181  N, with a larger contribution from 

the A-type uncertainty.

Concerning the uncertainty due to speed, the carriage’s 
control system provides average velocity values within 
±1 mm/s absolute precision, which, assuming a constant 
probability distribution, results in:

uB( )u∞ =
0.001

3
= 5.8 × 10−4 m/s (B6)

with uA( )u∞ = 6.7 × 10−5 m/s, obtained analogously to uA( )F1 , 

leading to u ( )u∞ = 5.8 × 10−4 m/s.

As for the geometry, the associated uncertainty is deter‐
mined assuming length errors not larger than 1 mm, pro‐
jected on the span of the unit, leading to:

u ( )S = 6.5 × 10−4 m2 (B7)

With this uncertainty, our aim is to account for the impact 
of the deviation (which is unknown beyond that precision) 
between the CAD file and the actual specimen.

Summarizing, for this example, in which C1 = 0.051 1, 
applying Eq. (B1), one gets u ( )C1 = 8.3 × 10−4, and the 

relative one u'( )C1 = u ( )C1 /C1 = 0.016.

With a coverage factor k = 2 (ITTC, 2014b), one finds 
that the total uncertainty U is:

U ( )C1 = k ⋅ u ( )C1 (B8)

which for this case renders U ( )C1 = 1.67 × 10−3.

This can be written as: C1 = 0.051 09 ± 0.001 67, or 
C1 = 0.051 09 ± 3.3%.

The largest contribution to the total uncertainty in Eq. 
(B1) for this case is the one due to geometry.

The uncertainty U ( )Ci  is calculated for each case and 

for each direction and is used to determine the magnitude 
of the error bars in the curves displaying these variables. 
As aforementioned, the standard deviations of forces and 
velocities obtained for the sample case considered in this 
section have been used to compute uA of forces and veloci‐
ties for other cases for which no repetitions were made, 
obviously not reduced by the square root of the number of 
repetitions in Eq. (B3). In Tables B1‒B3 the values of Cl, 
Cd, the standard deviations of their time history averages, 
and their uncertainties, for the cases considered for the pro‐
posed Cl and Cd fitting formulae (3.5 ≤ u∞ ≤ 4.0, u∞ in m/s), 
have been included. The number of repeated tests, N, done 
for each case (α, hc, u∞ ) has also been included in the 
tables (N = 1 implies that no repetition was done).

Figure B1　Time histories of forces and moments for two repeated 
tests for uncertainty analysis

Table B1　Uncertainties of the cases considered for the proposed Cl 
and Cd fitting formulae, −5° ≤ α ≤  −1.25°

α

−5

−5

−5

−5

hc

2

2

2.5

2.5

u∞

3.5

4

3.5

4

N

2

2

2

2

Cl

−0.103 4

−0.103 5

−0.104 3

−0.104 2

U ( )Cl

0.005 6

0.004 5

0.005 6

0.004 5

Cd

0.036 8

0.035 0

0.037 2

0.035 5

U ( )Cd

0.001 9

0.001 5

0.001 9

0.001 5
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Table B1　Uncertainties of the cases considered for the proposed Cl 

and Cd fitting formulae, −5° ≤ α ≤  −1.25° (Continued)

α

−5

−5

−5

−5

−2.5

−2.5

−2.5

−2.5

−2.5

−2.5

−2.5

−2.5

−1.25

−1.25

−1.25

−1.25

−1.25

−1.25

−1.25

−1.25

hc

4

4

9.5

9.5

2

2

2.5

2.5

4

4

9.5

9.5

2

2

2.5

2.5

4

4

9.5

9.5

u∞

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

N

1

1

2

2

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Cl

−0.111 0

−0.110 3

−0.114 5

−0.112 6

0.108 6

0.109 5

0.110 7

0.111 8

0.116 2

0.116 7

0.120 6

0.122 1

0.220 2

0.222 8

0.225 7

0.229 2

0.234 0

0.238 7

0.241 5

0.240 7

U ( )Cl

0.005 7

0.004 6

0.005 7

0.004 6

0.005 6

0.004 6

0.005 7

0.004 6

0.005 7

0.004 7

0.005 8

0.004 7

0.007 0

0.006 3

0.007 1

0.006 4

0.007 3

0.006 6

0.007 4

0.006 6

Cd

0.038 7

0.036 5

0.046 5

0.044 6

0.038 3

0.036 2

0.038 8

0.037 0

0.040 6

0.038 8

0.048 1

0.046 2

0.042 2

0.040 6

0.042 7

0.041 1

0.044 1

0.042 6

0.051 8

0.050 0

U ( )Cd

0.001 9

0.001 5

0.002 0

0.001 6

0.001 9

0.001 5

0.001 9

0.001 5

0.001 9

0.001 5

0.002 0

0.001 6

0.001 9

0.001 6

0.001 9

0.001 6

0.001 9

0.001 6

0.002 0

0.001 7

Table B2　Uncertainties of the cases considered for the proposed Cl 
and Cd fitting formulae, 0° ≤ α ≤ 2.5°

α

0

0

0

0

0

0

0

1.25

1.25

1.25

1.25

1.25

1.25

1.25

1.25

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

hc

2

2

2.5

2.7

4

9.5

9.5

2

2

2.5

2.5

4

4

9.5

9.5

1

1

2

2

2.5

2.5

4

4

9.5

9.5

u∞

4

3.5

4

3.5

4

4

3.5

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

N

5

2

5

3
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5

3

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Cl

0.339 3

0.334 6

0.348 9

0.345 4

0.349 1

0.370 8

0.364 3

0.435 4

0.440 3

0.444 1

0.449 1

0.461 5

0.465 7

0.479 3

0.479 1

0.496 4

0.501 8

0.535 9

0.539 8

0.547 6

0.551 3

0.568 7

0.572 5

0.592 7

0.595 4

U ( )Cl

0.008 5

0.009 0

0.008 7

0.009 2

0.008 7

0.009 1

0.009 6

0.010 9

0.010 5

0.011 0

0.010 6

0.011 4

0.011 0

0.011 7

0.011 3

0.012 1

0.011 7

0.012 9

0.012 5

0.013 1

0.012 8

0.013 5

0.013 2

0.014 0

0.013 7

Cd

0.055 8

0.058 3

0.056 6

0.059 8

0.051 1

0.066 0

0.064 9

0.059 2

0.057 6

0.060 1

0.058 1

0.061 7

0.059 9

0.070 2

0.067 7

0.067 8

0.065 8

0.070 6

0.068 5

0.071 9

0.069 7

0.073 7

0.071 6

0.081 8

0.079 2

U ( )Cd

0.001 8

0.002 1

0.001 8

0.002 1

0.001 7

0.002 0

0.002 3

0.002 1

0.001 8

0.002 1

0.001 8

0.002 1

0.001 8

0.002 3

0.002 0

0.002 2

0.001 9

0.002 3

0.002 0

0.002 3

0.002 0

0.002 3

0.002 0

0.002 5

0.002 2

Table B3　Uncertainties of the cases considered for the proposed Cl 
and Cd fitting formulae, 5° ≤ α ≤ 10°

α

5

5

5

5

5

5

5

5

5

5

5

5

10

10

10

10

10

10

10

10

10

10

10

10

hc

1

1

1.5

1.5

2

2

2.5

2.5

4

4

9.5

9.5

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

6

9.5

u∞

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

4

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

N

1

1

1

1

2

2

3

3

1

1

2

2

4

3

4

4

6

3

2

15

2

2

4

1

Cl

0.673 6

0.680 8

0.705 3

0.713 0

0.750 9

0.761 1

0.763 8

0.772 0

0.786 4

0.788 7

0.830 8

0.842 6

0.909 1

1.002 2

1.050 1

1.078 4

1.105 2

1.119 8

1.130 3

1.130 5

1.148 2

1.151 3

1.147 8

1.150 5

U ( )Cl

0.015 7

0.015 5

0.016 4

0.016 2

0.017 6

0.017 6

0.018 1

0.018 2

0.018 1

0.017 8

0.019 3

0.019 4

0.020 6

0.022 7

0.023 7

0.024 4

0.024 8

0.025 2

0.025 5

0.025 7

0.025 8

0.025 9

0.026 0

0.025 9

Cd

0.092 6

0.090 0

0.095 6

0.092 9

0.101 1

0.097 0

0.100 5

0.097 1

0.101 1

0.096 8

0.111 6

0.108 1

0.166 1

0.183 7

0.191 6

0.199 7

0.208 9

0.201 1

0.206 4

0.204 2

0.208 5

0.211 0

0.211 9

0.227 2

U ( )Cd

0.002 6

0.002 4

0.002 7

0.002 4

0.002 8

0.002 5

0.002 9

0.002 6

0.002 8

0.002 5

0.003 0

0.002 8

0.004 1

0.004 4

0.004 6

0.004 7

0.004 8

0.004 8

0.004 8

0.004 9

0.004 9

0.004 9

0.005 0

0.005 3
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