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Abstract: The NACRA 17 is a small foiling catamaran that is lifted out of the water by two asymmetric
z-foils and two rudder elevators. This paper investigates how foil deflection affects not only foil
performance but overall boat behaviour using a numerical Fluid Structure Interaction (FSI) model.
The deformations are solved with a solid model based on the Finite Element Method (FEM) and
the flow is solved with a Reynolds Average Navier-Stokes (RANS) based Finite Volume Model
(FVM). The models are strongly coupled to allow dynamic FSI simulations. The numerical model is
validated by comparing it to an experimental campaign conducted at the RISE SSPA Maritime Center
in Sweden.Validation shows reasonable agreement, but the model can only be considered validated
for some rake angles. The large deformation of the foils is found to have a profound effect on the
performance of the foils and therefore of the overall catamaran. Turbulence transition and boat speed
are found to affect foil forces and, in turn, deformation. Dynamic response of the foils during boat
motion as exposed to waves is investigated and finally the full boat hydrodynamic is simulated by
including both foils and the rudders in various scenarios.

Keywords: fluid structure interaction; hydrofoil; computational fluid dynamics; finite element
method; NACRA 17

1. Introduction

Foiling boats has gained significant interest in recent years driven by development
in Americas cup, Olympic sailing, and even offshore racing. The number of boats that
are partly or fully foiling increase every year. The increased popularity of foiling boats
increases the need to understand and simulate how the foils work. Much effort has been
put into predicting hydrodynamic performance both numerical and experimental. Modern
hydrofoils are thin to reduce drag and the tin structure results in large deformations during
sailing and therefore Fluid Structure Interaction (FSI) are important. In recent years much
work has been published on FSI of foils, see for example [1–12].

1.1. The Boat

The NACRA 17 is a small (5.25 m hull length) 2-person foiling catamaran used for
Olympic competition that can sail at high speeds, with top speeds approaching
27 knots [13]. The boat is lifted out of the water by two asymmetric z-foils and two
rudder elevators, all four foils can be independently adjusted in rake angle, with the z-foils
ranging between −2.0◦ to +5.5◦ and the rudders having an overall total range of movement
of 4.5◦ over their span. The z-foils are thin and slender and despite the stiff carbon fibre
construction they experience large deformations when subject to sailing loads.

The deformation of the foils changes the direction of the lift force and this changes
how much of the lift is keeping the boat foiling and how much prevents the boat from
sailing side ways. Therefore, deformations affect the the whole balance of the boat.
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1.2. State of the Art

To solve this highly coupled FSI problem a detailed model of the fluid flow and solid
is required. It is common to use a Finite Element Model (FEM) to solve the solid problem.
The complexity of the models varies from simple beam elements [1,3,5,7,9–12] to the more
complex shell [6–9] and solid elements [2] and in some cases even considering anisotropic
material properties. The fluid flow problem can also be solved with varying degrees of
complexity from lifting line method [3,12] to unsteady Reynolds Average Navier-Stokes
(RANS) Finite Volume Methods (FVM) [6]. The advantage of a simple method like lifting
line is short computational time, but the simplicity of the model fails to represent the physics
of the problem in detail. More details on fluid flow models for foils can be found in [14].
Some studies [2,7,9] found bend-twist coupling of the foils to be important. Experience with
large flow induced deformation of thin structures can also be found on the aerodynamic of
sailing boats, where recent work [15–19] investigated FSI simulation of yacht sails.

Coupling between solid and fluid model must be two-way, because the deformations
due to fluid forces is large enough to impact the flow significantly. The significant unsteady
deformation of the foils when exposed to waves and motions further require a strong
coupling where information is exchanged multiple times within a time step.

Most of the previous work focus either on complex models to solve FSI for a simplified
problems, such as a small part of the foil in a water tunnel [4,6,7], or a simplified model
to solve the complex problem to reduce computational time [3,5,7]. One of the limitations
of the complex dynamic FSI models is that the time step of the models needs to be very
low and the number of iterations per time step needs to be large to maintain stability. The
very low time step combined with large computation timer per time step makes solution of
longer time series impractical. More detail on the topic can be found in [20].

1.3. Present Work

In the present work both solid and fluid flow models are created in the commercial
software package STAR-CCM+ ver. 2310 from SIEMENS. The solid model is based on solid
FEM and the fluid flow model is based on RANS FVM. The work is an extension of the work
presented in [8,14,20]. In [8] FSI of the NACRA 17 foil is investigated both experimental
and numerical. The experimental investigation are used also in the present paper for
validation. The numerical work uses RANS for fluid part and shell FEM in Abaqus for the
structural part. The computation focus on steady forces although an unsteady solver is
used. The present work focus on dynamics of the FSI. Unlike other studies [3,5,7] where
simple models are used to reduce complexity for longer transient runs the present work
seeks to keep the high fidelity models for all simulations. By keeping all simulations in the
same program, the stability of the solution is enhanced, and this enables use of higher time
steps and fewer inner iterations.

1.4. Validation

The numerical model is validated by comparing it to an experimental campaign
conducted at RISE SSPA Maritime Center in Sweden. In this experiment, described in detail
in [8], the NACRA 17 z-foil is mounted in a water tunnel exposed to high flow speeds,
representative of sailing loads, while forces and deflection are monitored. Furthermore,
the numerical model is verified by detailed mesh studies of both solid model and fluid
flow model.

1.5. Investigations

This paper, after validating the numerical simulations, investigates how foil deflection
affects not only foil performance but also the overall boat behaviour and how the wakes
coming off the front z-foils affect the rudders behaviour, analysing also the effects of wake
on rudder’s toe-in or toe-out angles. The investigation can help understand the physics of
the foil and why the boat behaves as it does. Through this understanding better boat setup
and handling can be obtained. The NACRA 17 is dynamic while sailing and small changes
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in environmental conditions can lead to large motions of the boat. Especially waves can
make sailing the boat in flying mode challenging. A typical Mistral day in the bay of
Marseille, the 2024 Olympic venue, has been chosen for waves simulations. When waves
are hitting the foils, as described in the latter part of the paper, the boat is experiencing large
motions and the loads on the foils can change rapidly with large corresponding variations
in deflection of the foils.

2. Methods

In this section the numerical FSI model is described along with a short description
of the experiments used for tuning and validation. The model is increasing in complexity
throughout the paper with the addition of the NACRA 17 rudders and the second foil,
however, the prominent part of the work considers the behaviour and the fluid structure
interaction of a single NACRA 17 z-foil. There are different models used for different cases
in the work and this is highlighted below in the individual sections.

2.1. Solid Model

To solve the deformation of the foil under loading a FEM is used. In this section the
model is described and in Section 3.1.1 the model is verified by a mesh convergence study
and tuned to match structural test results.

2.1.1. Solid Geometry and Boundary Conditions

The outer geometry of the foil, shown if Figure 1, is based on a 3D scanning and CAD
reconstruction further described in [14]. Most of the foil has a constant chord length of
200 mm and this is used as reference chord length c throughout the paper. For the solid
model an estimate of the internal structure is required as the NACRA 17 is a one-design
class and the structural properties are not released to the public. The foil is expected to
consist of an outer sheet of varying thickness and an internal stiffener. The thickness of
the sheet is measured at different chord-wise positions using an ultra sonic scanner. Three
different foils have been scanned (serial numbers ZS00237, THB21887, and THC21879),
and averaged values are used for the creation of the section geometry. The resulting
section geometry can be seen in Figure 2a. Thickness is measured at a single span-wise
location, and it is assumed that the thickness is uniform in the entire span. This is a crude
approximation since the layers are expected to taper of towards the tip. Figure 1 shows
the outer foil geometry for the solid model. The yellow part is the interface to the fluid
model and the red parts represent the constraints of the solid model. At the top the foil
is constrained in all directions, while the bottom constraint allows for rotation about the
red line to represent the freedom of motion in the foil system of the boat. In the validation
case in the cavitation tunnel the mount is slightly different as the foil is clamped also at the
bottom constraint preventing rotations.

2.1.2. Solid Mesh

The mesh is a structured mesh for most of the foil with 2nd order 20 node hexagonal
solid elements created by the directed mesh approach. For more details on element types
see [20]. There are 76 elements in the chord direction, one element in the thickness and
200 elements in the span. The cross section of the mesh is shown in Figure 2a. The tip of
the foil is modelled as a solid and split in two parts for meshing. The first part is meshed
as a directed mesh with an unstructured source mesh and the second part at the very tip
of the foil is meshed with an 3D unstructured mesh because of its complex shape. The tip
parts contain both hexagonal, wedge, and pyramid shaped 2nd order elements as shown in
Figure 2b. A total of 49,050 elements are used with 278,471 nodes.
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(a) (b)
Figure 1. NACRA 17 foil geometry for solid model. The interface to the fluid model is highlighted in
yellow, and the constraints of the solid model are highlighted in red: (a) overview; (b) zoom.

(a) (b)
Figure 2. Solid model mesh: (a) cross section; (b) mesh of tip section.

2.1.3. Solid Models and Solvers

For the main part of the work an implicit unsteady solver is used with generalized-α
2nd order accurate time integration. For the validation case a steady state solver is used.
Due to large deformations non-linear geometry representation is utilized and the stiffness
matrix is updated at every iteration. The linear system is solved by a hybrid MUltifrontal
Massively Parallel sparse direct Solver (MUMPS) [21]. The material of the foil is carbon
fibre reinforced epoxy that can have anisotropic properties, but in the present study it is
assumed isotropic. The material properties are found by tuning to the experiment described
in Section 2.4 and the material properties used are summarized in Table 1.

Table 1. Material properties used for the solid model. ρ denotes density, E is Youngs modulus and ν

is Poisson’s ratio.

ρ [kg/m3] E [GPa] ν [-]

1600 61.0 0.33
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2.2. Fluid Flow Model

In this section the fluid flow model is described. It is based on RANS with finite
volume discretisation. There are three different models with variation of domains and
boundary conditions. The first is the validation model where the flow is modelled inside
the cavitation tunnel. In this case no free surface is present and therefore the problem can
be solved as steady state. In all other cases the water surface is included, and this requires
an unsteady solution.

2.2.1. Geometry of Flow Domain and Boundary Conditions

The same basic CAD model as described in Section 2.1.1 is used for the flow model.
The surrounding domain is different for the different models as listed in Table 2. For the
validation model a CAD model of the water tunnel as shown in Figure 3 is included to
represent the flow conditions in the experiment as closely as possible. The inlet of the
cavitation tunnel is extended 5 m upstream to avoid separation zones near the inlet. To
simulate the foil sailing in open water a square domain including both water and air is
used. The square domain extends 8 m from the foil in in all directions in the horizontal
plane and 4 m in vertical direction as shown in Figure 4. The top of the square domain is
a pressure outlet and all other exterior surfaces are velocity inlets. This configuration is
chosen to effectively include waves in the model. In simulations including both foils and
rudder the domain is extended by another 2 m in all directions to ensure sufficient distance
to the boundary for both foils and rudders. The flow on the rudders are modelled in a
similar way as the foil, but deformation are not included. The rudder and elevators are
scanned with a structured light scanner and the CAD shown in Figure 5a is reconstructed
based on the scanning. Figure 5b shows the rudder elevator mesh from the scanning with
construction lines for reconstruction. The boat with both rudders and foils is shown in
Figure 6. The hulls and cross beams are only shown for illustration and are not included in
the computations.

Table 2. Simulation models, settings and cells.

Model Domain Parts
Included Time Flow

Models
FSI

Stabilisation
# FVM
Cells

# FEM
Cells

Validation Cavitation
tunnel 1 foil Steady Single

phase
Under-

relaxation 3,733,065 48,453

Foil open
water

Box
domain 1 foil Unsteady VOF Added mass 3,985,861 49,296

Full hydro Box
domain

2 foils, 2
rudders Unsteady VOF Added mass 19,775,282 96,592

Figure 3. Cavitation tunnel domain.
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Figure 4. Domain for foil performance simulations.

(a) (b)
Figure 5. Rudder and elevator: (a) CAD model; (b) zoom of elevator mesh from scanning and
reconstruction curves.

Figure 6. Boat geometry including rudders and foils.
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2.2.2. Fluid Mesh

The foil forces are strongly dependent on mesh resolution close to the foil and therefore
a semi-structured mesh approach is used on the foil. The surface is re-meshed with quad
dominant pattern with anisotropic refinements on leading and trailing edges. This results
in an almost structured mesh, good control of mesh resolution close to leading a trailing
edges and high quality of the cells. The surface mesh is extruded with the advancing layer
method to create prismatic layers of cells to accurately resolve the gradients in the boundary
layer. Figure 7 shows the surface mesh on a part of the foil and a section cut of the mesh
illustrating the prismatic layers of the mesh. The polyhedral meshing algorithm is used
further from the wall. In the validation model the polyhedral mesh is used in the entire
domain. In the other models where free surface is present, a trimmer meshing algorithm is
used in the far-field to include anisotropic surface refinement for the free surface resolution.
The polyhedral mesh is in those cases constrained to a small domain 30 mm from foil
surface. The two meshes are combined with an overset mesh approach. Figure 8a shows
the mesh in a vertical cross section around the foil and Figure 8b shows a zoom of the
section close to the foil. The most important mesh settings are listed in Table 3. In cases
with waves the free surface refinement is expanded to cover the wave elevation and the
waves are resolved with a minimum of 200 cells per wave length in horizontal direction and
20 cells per wave height in vertical direction. The rudders and elevators are meshed in the
same way as the foils and contained in their own overset mesh and additional refinement
are used on the background mesh to ensure equal cell sizes and proper resolution of water
surface deformation as seen in Figure 9 that shows a horizontal cut through the mesh at the
level of the water surface. The total number of FV cells used in the simulation models are
listed in Table 2.

Figure 7. FVM mesh on foil and a section showing the prismatic layers.

Table 3. Mesh sizes for the fluid mesh.

Relative Size to BS [%] Absolute Size [mm]

Base size (BS) - 200
Maximum size 100 200
Target surface size 100 200
Foil target surface size 3 6
LE minimum isotropic size 0.15 0.3
TE minimum isotropic size 0.15 0.3
Prism layer near wall thickness - 0.0022
Prism layer total wall thickness - 8
Free surface z-refinement 3.125 6.225
Free surface wake z-refinement 6.25 12.25
Free surface wake xy-refinement 12.5 25
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(a) (b)
Figure 8. FVM mesh for foil performance simulations: (a) cross section; (b) cross section zoom.

Figure 9. FVM mesh of case with both rudders and foil horizontal cut plane.

2.2.3. Flow Models and Solvers

A RANS model with k-ω SST [22] turbulence model is applied to model the flow. In
the models with free surface both air and water are modelled with the Volume Of Fluid
(VOF) method [23]. The modified High Resolution Interface Capturing (mHRIC) convec-
tion scheme [24,25] is used to keep the interface between air and water sharp. The modified
scheme is used because it gives less numerical dissipation for wave propagation. Second or-
der up-wind scheme is used for spacial discretisation. The flow is solved with a segregated
solver with an Semi-Implicit Method for Pressure Linked Equations-Consistent (SIMPLEC)
pressure velocity coupling algorithm with 2nd order backward difference implicit unsteady
time integration [26]. To investigate transition the two equation correlation based γ-Reθ

transition model [24,27] is applied with a correlation model from Abu-Ghannam and
Shaw [28]. Waves are modelled as 5th order waves and applied as pressure and velocities
at the boundaries of the domain. The setup for wave simulations is based on Refs. [29,30].
No wave forcing is used. In the cases where the boat is free to heave and/or pitch the
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boat motions are solved with the build in 6-DOF motion solver. The moment of inertia is
based on a complete CAD model of the boat, mast, and sails and the values are listed in
Table 4. The time step required for the unsteady foil simulation is found to be less than
50 ms according to [14] and for the dynamic simulations a time step corresponding to
250 steps per wave period or period of forced oscillation is needed. In the FSI case the time
step is dictated by the stability of the coupling.

Table 4. Mass moment of inertia of the boat.

Ixx Iyy Izz
[kg/m2] [kg/m2] [kg/m2]

1364.6 1913.0 1863.5

2.3. Fluid Structure Interaction

The solid and fluid flow models are solved separately, but the coupling is implicit
and information is exchanged between the solvers at every inner iteration of the time step.
Information is interchanged at the interface corresponding to the foil surface, the surface
highlighted in yellow in Figure 1. Pressure and shear stresses are transferred from the flow
model to the solid model and deformation is transferred the other way. Since the mesh of
the two models are non-conformal the values must be interpolated at the interface. The
interpolation is based on the 2nd order FEM shape functions. The fluid mesh is deformed
to match the deformation of the solid using B-spline interpolation [24].

Fsi Stabilization

Without stabilization the model can become unstable. Two methods of stabilization are
used in the present work. For steady state simulations an under-relaxation is applied to the
deformations. A constant displacement under-relaxation factor of 0.1 is used corresponding
to 10% of the predicted displacement is applied at a given iteration. This method gives no
loss of accuracy since the resulting solution is a steady state and the under-relaxation only
delays convergence. In the unsteady cases added mass is used to stabilize the structural
model. A custom added mass equivalent to 0.2 m3/m2 of water is used at the FSI interface.
This corresponds to that the foil is moving the surrounding water a chord length from the
foil surface. The initial added mass estimates are based on forced oscillation simulations
presented in [14]. Different values of the added mass from 0.1 m3/m2 to 10 m3/m2 is tested,
and are found to not affect results, but a minimum added mass of 0.2 m3/m2 is required
to maintain stability. The added mass is the around the same size as mass of the foil. For
more details on added mass on the foil see [14]. The stabilizing added mass is applied as a
precondition for the implicit algorithm to stabilize the solid solver and has no impact on the
accuracy of the solution. To test that the added mass stabilisation does not influence results,
simulations are run with varying added mass, and no changes in results is observed. The
actual added mass effect is inherently included in the strong solver coupling. The number
of iterations required to convergence within each time step depends on the changes in
the present time step and this is controlled by the level of the solid model residuals. A
maximum of 15 and a minimum of 5 inner iterations is used. 5 iterations are required for
the fluid flow solver to converge. The coupling is found to be stable for time steps up to
5 ms and all simulation models without periodic motions are using this time step. In the
cases with waves or motion the time step is set to ensure 250 time steps per wave period or
period of forced oscillation.

2.4. Experiments

The numerical FSI model is validated by comparing with experiments conducted in
the cavitation tunnel at RISE SSPA maritime center. In the experiments the foil is mounted
in the cavitation tunnel in a similar way as in the boat as shown in Figure 10 and exposed
to a water flow of up to 9 m/s. Forces and moment are measured with a six-component
force balance and deflections are measured with a stereo Digital Image Correlation (DIC)
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system. The foil is tested in a large range of conditions with varying flow speed, leeway
angle and rake angle. The experiments are described in further details in [8].

Figure 10. Cavitation tunnel test section with foil as presented in [8].

In addition to the FSI experiments performed in the cavitation tunnel a structural test
of the NACRA 17 foils has been performed at RISE SSPA Maritime. The foil is mounted
in a rigid frame exactly replicating the mounting on the boat and the foil is loaded with a
known weight. Deflection of the foil is measured by visual tracking using Qualisys system
with 4 Motion capture cameras series 7+ applying tracking markers at different locations
on the foil. The foil is loaded at locations close to the leading and training edges and the
resulting deflection is tracked with the markers at both loading locations. The structural
test, shown in Figure 11, was performed on 32 z-foils and it gives an indication of the
bending and torsional stiffness of the foil. The averaged values of bending and torsional
stiffness among the 32 tested is used for the reconstruction of the structural properties of
the foil. The maximum static load applied to the foil is 70 kg, and the foil is pre-loaded to
minimise uncertainty in the zero-load condition.

2.5. Validation and Uncertainty

To validate the numerical FSI model the uncertainties of both numerical model and
experiments must be estimated. The approach adopted is the one from [31], where more
details of the approach can be found. The main uncertainty of the numerical model is the
discretisation uncertainty. To estimate this, multiple simulations with varying mesh sizes
are run and a power law is fitted to the resulting forces and displacements using a least
squares approach.

ϕ(h) = chp + ϕ0, (1)

where ϕ is the fitted quantity, h is a characteristic cell size, ϕ0 is the estimated quantity at
zero cell size, and c and p are fitting coefficients. Ideally p should be 2 for 2nd order spatial
discretisation. The power law is used to estimate the discretisation uncertainty together
with the standard deviation of the fit and a safety factor. The discretisation uncertainty
is estimated at a single point and the estimate is re-used for all compared cases. Another
important uncertainty is the uncertainty of the material properties of the foil structure.
Since the model is fitted to an average value from the structural test the uncertainty is
estimated based on the standard deviation of the structural tests. This uncertainty is added
as an input uncertainty for the numerical model. The convergence uncertainty is found
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by letting the solver run another 1000 iteration and comparing to the solution where it is
normally stopped.

Figure 11. Rig used to test the structural twist and deformation of a NACRA 17 foil.

The highest uncertainty of the experiment is the alignment uncertainty in the leeway
direction. The service technicians in the test facilities have estimated the alignment un-
certainty to be ±0.5◦. The corresponding uncertainty on the displacement and forces are
estimated based on the experimental data at ±0.5◦ from the validation point. The repeata-
bility uncertainty is based on the double point in the experimental data and uncertainty
on the velocity in the cavitation tunnel is based on the uncertainty of the pressure sensors
used to calculate the velocity.

Forces are extracted from the simulation and presented in non-dimensional form

Ci =
Fi

1
2 ρAV2

, (2)

where i is the force direction, Fi is the force, A is area, ρ is water density, and V is flow veloc-
ity. The area used is the wetted area at zero rake and respective flying height. Displacement
is reported as the maximum displacement.

2.6. Performance Test Matrix

To investigate foil performance a test matrix, shown in Table 5 with variations in flying
height, rake and leeway angles is investigated.

Table 5. Test matrix used for performance evaluation.

Values Units

Flying height 0.4, 0.6, 0.8 [m]
Leeway −2, 0, 2 [◦]
Rake −2, 0, 2, 4 [◦]

The test matrix is evaluated for 18 knots of boat speed both with and without FSI for
comparison. In addition, a number of cases is run with flying height 0.6 m and leeway 2◦.
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2.7. Environmental Conditions

The fluid properties used for the simulations are based on the ITTC guidelines [32]
and listed in Table 6. For the validation study the temperature in the cavitation tunnel is
used and for the open water simulations conditions are based on the weather in Marseilles
at the beginning of August, when the Olympic games will take place. The waves used are
based on data collected from a wave buoy located in the bay of Marseilles on the 7th of
August 2023 [33]. The data is for a specific day with mistral conditions cf. Table 7. The
wave high from the observations was 1.06 m. This wave height gave physical instabilities
for the model without the presence of crew adjustments. Instead a reduced wave height
of 0.5 m is utilized for the simulations. Waves and wind are assumed to be from the same
direction. Based on observations from the boats during racing the foil and rudder settings
and the platform pitch of the boat in this condition is estimated and listed in Table 8.

Table 6. Fluid properties used in simulations.

T ρ µ
[◦C] [kg/m3] [Pa · s]

Sea water 22.0 1024.3 1.027 × 10−3

Air 22.0 1.196 1.822 × 10−5

Fresh water (cavitation tunnel) 19.0 998.4 1.027 × 10−3

Table 7. Weather data used in simulations. TWS is True Wind Speed, TWD is True Wind Direction, T
is wave period and H is wave height.

TWS TWD T H
[m/s] [◦] [s] [m]

Mistral condition 8.5 320 4.0 0.5

Table 8. Boat parameters for simulation of boat sailing upwind in Mistral condition.

Values Units

Leeward foil rake 5.0 ◦

Windward foil rake 3.0 ◦

Leeward rudder rake 3.0 ◦

Windward rudder rake −1.0 ◦

Boat speed 13.7 knots
TWA 45 ◦

Flying height 0.5 m
Leeway 2.5 ◦

3. Results
3.1. Validation and Verification

In this section efforts to verify and validate the numerical FSI model are described.
Discretisation uncertainties are evaluated separately for the solid and fluid flow models
and the combined FSI model is validated against experimental data.

3.1.1. Solid Model Verification

The structural model is verified by a detailed mesh convergence study and the material
properties are fitted to match the average deflections found from structural tests of the foils.
The structural foil test is replicated with the numerical model and the mesh size is varied in
span and chord-wise directions separately. The resulting relative displacement are plotted
in Figure 12 along with a power fit used to estimate the uncertainty. To secure a good
mapping between solid and fluid model a relative mesh size corresponding to 200 cells
in the span and 75 cell in the chord-wise direction is needed. The resulting discretisation
uncertainties with this mesh based on the power fit and a safety factor of 1.25 is listed in
Table 9. The cell size in the thickness of the shell is also investigated and it is found that a
single cell in the thickness was sufficient to represent the displacement (not shown). For



J. Mar. Sci. Eng. 2024, 12, 237 13 of 33

accurate representation of stresses more cells would normally be needed, but in this study
only displacements are of interest. An average deflection from the structural tests of the
32 foils is used to find the material properties of the foil in the simulation. The Young’s
modulus is adjusted until deflections are matched, while other properties are kept constant.
The twist measured is used in an attempt to match anisotropic material properties of the foil,
but the relative uncertainty of the twist is found to be too large to estimate the anisotropic
behaviour. The measured twist is only 0.37◦ and the twist obtained with isotropic material
properties is 0.31◦. Therefore, isotropic material properties are used as listed in Table 1.
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(b)
Figure 12. Mesh convergence. Displacement δ over chord c as a function of relative cell size including
power curve fitting for uncertainty estimation. (a) span-wise resolution; (b) chord-wise resolution.

Table 9. Discretisation uncertainties for solid model for span-wise resolution (Uncertaintys), chord-
wise resolution (Uncertaintyc), and total (Uncertaintyt).

Uncertaintys [%] Uncertaintyc [%] Uncertaintyt [%]

δ/c 0.30 0.02 0.32

3.1.2. Fluid Flow Model Verification

To verify the flow model a mesh convergence study is conducted for single velocity
(7 m/s), rake angle (2◦), and leeway angle (0◦). The mesh size is varied by changing the
base size with a factor of 21/3 between each point. In total 9 meshes are investigated, with
the finest mesh being 8 times finer than the coarsest. Table 10 lists the relative base size
(BS/c) and cell count of the meshes. All mesh controls depend linearly on the base size
except the control for the prismatic cells. The prismatic cells are instead kept constant to
ensure a wall y+ less that 1. Previous study has shown that a wall y+ of less than 1 is needed
to ensure accurate prediction of the foil forces [14]. The resulting displacement and force
coefficients are shown in Figure 13. To estimate the discretisation error a power law is fitted
to the finest meshes using least squares. The coarse meshes are omitted from the fit as these
are considered to be in the stochastic range, while the used meshes are considered to be in
the asymptotic range. The approach used is similar to the approach found in [31]. A BS
equal the chord length, BS/c = 1, is selected for the following work to keep computational
expense at a reasonable level. The computational time is 500 CPU seconds per iteration.
1000 iterations are needed to reach convergence in these steady state simulation resulting
in a total computational time of 144 CPU hours. In comparison the finest mesh in the study
gives a computational time of 1600 CPU seconds per iteration, and this is unfeasible for
transient simulation with several thousand iterations. Displacement is found to converge
with an estimated uncertainty of 3.8% for a base size of 0.2 m cf. Table 11. The drag force
does, on the other hand, not show a converging trend for the investigated range of mesh
sizes. The discretisation uncertainty of the drag is instead estimated from the finest mesh
and with an increased safety factor of 1.5 this gives an uncertainty of 16.5%.
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Table 10. Meshes used for the verification of the fluid model. BS denotes the mesh base size and c the
chord length.

Mesh Number BS/c [-] Cell Count [millions]

1 0.315 29.5
2 0.397 19.0
2 0.500 12.4
3 0.630 8.3
4 0.794 5.6
5 1.000 3.9
6 1.260 2.7
7 1.587 2.0
8 2.000 1.5
9 2.520 1.1
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(d)
Figure 13. Mesh convergence. Forces and displacement as a function of base size (BS) over chord
(c) including power curve fitting for uncertainty estimation. (a) displacement δ over chord c; (b) drag
force coefficient Cx; (c) side force coefficient Cy; (d) lift force coefficient Cz.

Table 11. Discretisation uncertainties. ∆ is the difference between the value at the applied mesh size
and the asymptotic value, σ is standard deviation of the fit and S is the safety factor.

Parameter ∆ [-] σ [-] S [-] Uncertainty [%]

δ/c 0.0297 0.0032 1.25 3.8
CX 0.0014 0.0001 1.50 16.5
CY 0.0060 0.0001 1.25 2.7
CZ 0.0085 0.0007 1.25 3.9

3.1.3. Fluid Structure Interaction Model Validation

The numerical FSI model is validated against the experiments performed in a cavita-
tion tunnel. There is a large number of experiments that could be used for comparison, but
for simplicity a single speed and leeway angle are chosen. Additional experimental values
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can be found in [8]. Thus, a speed of 7 m/s is used because it has the most complete test
matrix. The leeway angle used for comparison is 0◦. Figure 14 shows the comparison of
numerical and experimental results for displacement and force coefficients for the range of
rake angles investigated. Error bars indicate the uncertainties. The uncertainties and the
differences between the experiments and the numerical models are shown in Tables 12–15.
The model is considered validated for the specific rake angle with the validation uncertainty
listed if the difference between experimental and numerical model is less than the valida-
tion uncertainty. The full version of the validation tables including all uncertainties are
listed in Appendixes A.1–A.4. There is a high uncertainty and the numerical FSI model tend
to overestimate both forces and displacement. From the discretisation study (Section 3.1.2)
it is clear that a finer mesh would reduce the forces and bring the results closer to the
experiments and reduce uncertainty. The validation is performed with a mesh with a base
size of 0.2 m and a finer mesh would make simulations excessively expensive.

There are some significant uncertainties associated with the validation. The alignment
in the experiment is the most important, but uncertainties related to the geometry and
stiffness of the foil are also significant. Although not quantified in this validation there
is an uncertainty in the actual shape of the foil. The stiffness of the foils is found to vary
and the simplified internal geometry of the foil and material properties used in the present
study might give rise to higher uncertainties. Another aspect is transition. As investigated
in Section 3.2.2 transition as a profound effect on forces and modelling of transition might
change the outcome of validation. Transition is, however, significantly affected by the tur-
bulence intensity and this is unknown in the validation tunnel experiment. Measurements
of turbulence intensity and modelling of transition could improve validation.

Validation is performed in steady state and remaining simulations are unsteady due to
the presence of the water surface. To ensure the simulations are compatible the validation
model is run with the unsteady solver at a rake angle of 2 ◦ and compared. The displacement
and forces are found to within 0.1% of the steady state simulations.

Table 12. Validation summary for displacement δ. U is uncertainty, subscripts exp and num denote
experimental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

δexp/c [-] 0.235 0.275 0.395 0.545 0.710 0.890 1.085 1.200
δnum/c [-] 0.165 0.335 0.514 0.699 0.894 1.095 1.301 1.427

Uexp [-] 0.079 0.109 0.130 0.147 0.160 0.169 0.155 0.154
Unum [-] 0.046 0.047 0.054 0.064 0.076 0.090 0.106 0.115

Uval [-] 0.091 0.119 0.141 0.160 0.177 0.191 0.187 0.193∣∣(δnum − δexp
)
/c

∣∣ [-] 0.070 0.060 0.119 0.154 0.184 0.205 0.216 0.227

Validated? [-] Yes Yes Yes Yes No No No No
Uval [%] 38.7 43.2 35.6 29.4 24.9 21.5 17.3 16.1

Table 13. Validation summary for drag force CX . U is uncertainty, subscripts exp and num denote
experimental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

CXexp [-] 0.0080 0.0083 0.0092 0.0104 0.0118 0.0132 0.0157 0.0175
CXnum [-] 0.0120 0.0121 0.0126 0.0133 0.0144 0.0158 0.0174 0.0187

Uexp [-] 0.0010 0.0016 0.0020 0.0024 0.0029 0.0041 0.0043 0.0043
Unum [-] 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023

Uval [-] 0.0025 0.0028 0.0030 0.0033 0.0037 0.0046 0.0049 0.0049∣∣CXnum − CXexp
∣∣ [-] 0.0040 0.0038 0.0034 0.0029 0.0026 0.0025 0.0017 0.0012

Validated? [-] No No No Yes Yes Yes Yes Yes
Uval [%] 30.9 33.2 33.0 31.4 31.0 35.1 30.9 27.9
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Table 14. Validation summary for side force CY . U is uncertainty, subscripts exp and num denote
experimental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

CYexp [-] 0.061 0.101 0.140 0.177 0.214 0.252 0.276 0.294
CYnum [-] 0.080 0.123 0.166 0.207 0.246 0.284 0.318 0.336

Uexp [-] 0.034 0.031 0.031 0.031 0.033 0.028 0.024 0.025
Unum [-] 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008

Uval [-] 0.035 0.032 0.032 0.032 0.034 0.029 0.026 0.026∣∣CYnum − CYexp
∣∣ [-] 0.019 0.023 0.026 0.030 0.031 0.032 0.041 0.042

Validated? [-] Yes Yes Yes Yes Yes No No No
Uval [%] 57.5 31.5 22.9 18.2 16.0 11.4 9.2 8.7

Table 15. Validation summary for lift force CZ. U is uncertainty, subscripts exp and num denote
experimental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

CZexp [-] 0.038 0.077 0.118 0.158 0.201 0.246 0.288 0.313
CZnum [-] 0.041 0.084 0.131 0.181 0.237 0.297 0.361 0.401

Uexp [-] 0.030 0.029 0.030 0.032 0.034 0.031 0.030 0.030
Unum [-] 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011

Uval [-] 0.032 0.031 0.033 0.034 0.036 0.033 0.032 0.032∣∣CZnum − CZexp
∣∣ [-] 0.003 0.007 0.013 0.023 0.036 0.052 0.073 0.088

Validated? [-] Yes Yes Yes Yes Yes No No No
Uval [%] 85.3 40.3 27.6 21.7 18.0 13.4 11.2 10.3
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Figure 14. Numerical and experimental values as a function of rake angle with a constant leeway of
0◦. Error bars indicate uncertainties. (a) displacement δ over chord c; (b) drag force coefficient Cx;
(c) side force coefficient Cy; (d) lift force coefficient Cz.
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3.2. Foil Performance

To evaluate the foil performance over a wide range of conditions simulations are
conducted at all point of the simulation matrix shown in Table 5 both with and without
FSI. Figure 15 shows the results for a flying height of 0.6 m. Results for the other two
flying height are in Appendixes B.1 and B.2. The displacement shown in Figure 15a
increase linear with rake angle and leeway angle. The maximum displacement is 300 mm
corresponding to 1.5 times the chord length. The effect of displacement is assessed by
comparing the simulations with and without displacement. The side force coefficient in
Figure 15c is decreasing with increasing deflection. This is expected since the deflection will
reduce projected area in the side force direction and thereby the force. The coefficients are
normalized with a constant area for each flying height. The vertical lift force coefficient is
increased with deflection as seen in Figure 15d, but the increase is smaller than the decrease
in side force indicating an effect of twist of the foil. Twist during deformation can reduce
the angle of attack and thereby the total lift force. The drag force shown in Figure 15b
appears to be less sensitive to deflection and increase in some cases while decreasing in
others. The deflection and forces at the other two investigated flying height show the
same trends.
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Figure 15. Foil performance simulation results for 0.6 m flying height. (a) displacement δ; (b) drag
force coefficient Cx; (c) side force coefficient Cy; (d) lift force coefficient Cz.
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Surface piercing hydrofoils are known to be prone to ventilation [34,35]. To check for
ventilation on the foil surface the volume fraction of water is plotted on the foil surface for
a highly loaded case in Figure 16. The water sprays up, but there is no sign of air being
pulled down on the suction side. No ventilation is observed for any of the investigated foil
settings. This confirms what has been found in previous study [36], that ventilation only
happen for extreme loading.

In Figure 17 the convective Courant number is plotted on the free surface for the
maximum time step of 5 ms. The convective Courant number is higher than 1 and in
some areas higher than 10. The solution remains stable due to implicit nature of the time
integration and that the final flow solution is steady. Moreover, no smearing of the free
surface is observed and forces and deflections changes less than 0.1% if time step is reduce
an order of magnitude (now shown). In the cases where the solution is transient a lower
time step is utilized to secure capturing of correct transients.

Figure 16. Side view of the volume fraction of water on the surface of the foils for case with Flying
height 0.6 m, Leeway 2 ◦ and rake 2 ◦. The free surface is included as a transparent surface. Flow from
right to left.

Figure 17. The convective Courant number on the free surface for the case with flying height 0.6 m,
leeway 2 ◦, rake 2 ◦, and a time step of 5 ms.
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3.2.1. Effect of Speed

The foiling speed of the NACRA 17 ranges from 14 knots to more than 20 knots. This
change in speed will affect the forces and deformation of the foils. To better understand the
effect of the change in speed the change is made in three different ways. The first way is to
simply change the speed from the previous used 18 knots to 14 knots. The second way is
by only changing the Reynolds number to isolate this effect of change is viscous flow. The
final way is to change only the Froude number to investigate the effect of changes in the
free surface deformation. The Reynolds number is changed by changing the viscosity to
match the Reynolds number of 14 knots, while the Froude number is changed by changing
the gravitational constant. Flow parameters from these investigations are listed in Table 16.
Only the flow properties of water are considered here.

Table 16. Flow parameters of speed change study.

Flow Speed Re Fn µ g
[knots] [-] [-] [Pa · s] m/s2

Baseline 18.0 1.85 × 106 6.61 1.03 × 10−3 9.81
Reduce speed 14.0 1.44 × 106 5.14 1.03 × 10−3 9.81
Reduce Re 18.0 1.44 × 106 6.61 1.32 × 10−3 9.81
Reduce Fn 18.0 1.85 × 106 5.14 1.03 × 10−3 9.00

Simulations with the modified flow parameters are performed for a leeway angle of
2◦ and the full range of rake angles. The displacement shown in Figure 18a shows a large
change in displacement due to change in speed, while the change in Reynolds and Froude
number does not change the displacement significantly.
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Figure 18. Effect of speed change on foil performance for leeway 2◦: (a) displacement δ; (b) drag
force coefficient Cx; (c) side force coefficient Cy; (d) lift force coefficient Cz.
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The drag coefficient is increased as the flow speed is reduced as seen in Figure 18b.
The reduction in Reynolds number appear to resemble this effect closely indicating that the
change is mainly related to the change in viscous drag forces due to change in Reynolds
number. The reduction of Froude number also shows a change towards the reduced speed
case indicating an effect of the wave making resistance. The side force coefficient shown
in Figure 18c is also increased with the reduced flow speed, but in this case the change in
Froude and Reynolds number does not account for any significant part of this increase.
From the cases without FSI shown in Figure 15 it appears the deflection of the foil reduces
the side force significantly. This effect is smaller in the case of smaller speed and smaller
deflection. Thus, the increase in side force coefficient for the reduced speed is due to smaller
deflection of the foil. The picture is less clear for the lift coefficient shown in Figure 18d.
The lift coefficient is increased by reduction in speed, but in this case, it appears to be a
combined effect of both Reynolds number, Froude number, and deflection. Another aspect
is the twist of the foil during loading that can unload the foil due to reduction in angle
of attack.

3.2.2. Effect of Transition

At 18 knots the Reynolds number based on the chord is 1.4 million and a transition is
expected to happen somewhere along the chord. The position of this transition point can
influence both the lift and drag of the foil and therefore the performance. To investigate
the effect of transition, simulations of the foil with the γ-Reθ transition model is compared
with fully turbulent simulations. To better predict the point of transition and thereby the
forces the chord and span-wise mesh resolution on the foil is increased. The maximum
cell size on the foil surface for transition simulation is 1.5% of chord which is half the size
used in simulations in the other sections. To ensure an accurate comparison between the
simulations with and without transition the simulation is rerun with this refined mesh for
the comparison cases. Both cases are run without deformation to isolate the effect on the
forces. Figure 19 shows the forces from the simulation with and without transition. The
drag force in Figure 19a is reduced by 13% to 33% by including transition indicating a large
part with laminar flow in the foil.
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Figure 19. Effect of transition on foil forces for leeway 2◦: (a) displacement δ; (b) drag force coefficient
Cx; (c) side force coefficient Cy.
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This is confirmed by inspecting the wall shear stress in Figure 20.

Figure 20. The wall shear stress on the foil (seen from above) with transition modeling illustrates the
point of transition. Leeway 2◦ and rake 2◦. Flow from right to left.

The abrupt change from blue (low wall shear stress) to red (high wall shear stress) indi-
cates the transition position. The transition increases the side Figure 19b and
lift Figure 19c force coefficients, with a value between 0.005 and 0.007. For the small
rake angles this is a significant contribution of almost 9%, but for the larger rake angles
the effect is only around 2%. The profound effect of transition on forces indicate a strong
effect also in the validation case. To investigate this the validation case is repeated with
transition model and agreement with drag is significantly improved, while all other forces
and displacement are further from the experimental values (now shown). One of the issues
with transition modelling in this case is that the turbulence intensity in the cavitation tunnel
is unknown. The turbulence intensity in the flow is known to strongly affect transition [24].

3.2.3. Foil Performance in Motion

The boat often sails in waves or experiences large motions that leads to changing flow
conditions on the foil. To investigate the dynamic forces and effects of FSI on the dynamic
forces a study with sinusoidal motion in heave is performed with and without FSI. The
foil is moved vertically ±100 mm so that the flying height is changes between 500 mm
and 700 mm at a frequency ( f ) of 0.5 Hz, reduced speed (V/(c f )) of 92.6. The resulting
displacement and forces are shown in Figure 21. The maximum deflection of the foil is
found when the foil is moving downwards while the minimum deflection is when the
foil is moving upwards. This is reasonable since the changing motion creates a change
in the effective angle of attack on the foil. The deflection is however not sinusoidal and
this can be caused by two effects. There is an effect of the change in static forces due to
the change in flying height and there is an effect of delayed response of the structure to
the forces. In the case without FSI the side and lift forces are sinusoidal and closely follow
the motion with a constant phase shift. The drag has a slightly different shape due to the
non-linear drag to angle of attack behaviour. The inclusion of deformation reveals many
interesting observations. The average side force is reduced as in the simulations without
motion. The variation is almost sinusoidal but there is an additional phase shift of the force
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relative to the motion due to the deformation. The amplitude of the drag and side forces
are significantly reduced with FSI, but the amplitude of the lift force is actually increased.
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Figure 21. Foil performance in heave motion; (a) displacement δ; (b) drag force coefficient Cx; (c) side
force coefficient Cy; (d) lift force coefficient Cz.

3.3. Full Hydrodynamic Simulation

The foil performance evaluation is a good way to understand how the foils work and
may serve as an input to the performance predictions. However, to get the understanding
of the full hydrodynamic performance both foils and rudders must be included. In the
following section both foils are included as flexible, and the rudders are included as stiff
elements. In future studies the flexibility of the rudders could be included. Since the focus
is on investigating the foiling condition, the influence of the hulls is small and therefore not
included in the simulations. The hulls and crossbars are included in some of the pictures,
but this is only visually.

3.3.1. Rudder Toe-Out Angle

The two rudders are mutually connected and controlled together, but it is still possible
to adjust the relative angle between them. This angle is referred to as the toe-out angle.
Since both rudders and foils are included, it is possible to investigate the influence of
toe-out angle on the drag and side forces of the two rudders. It is necessary to include
the foils in this analysis because the rudders work in the wake of the foils and the inflow
angle and water surface elevation at the rudders is strongly influenced by the foils. This
is apparent from Figure 22 that shows the free surface elevation seen from the front of
the boat.

Five different toe-out angles have been investigated with a constant leeway angle of
2.5◦. The resulting drag and side force production is shown in Figure 23a,b. The side force
of the rudders change in opposite direction as the toe-out angle is increased as would be
expected since one rudder will experience a reduction in angle of attack while the other
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will experience an increase. The combined side force tends to reduce with increasing
toe-out angle. This effect can be attributed to the interaction with the wave system and the
flow generated by the foils. The drag of the rudders tends to increase with toe-out angle
indicating a change in induced drag due to the change in side force. The windward rudder
has a small increase in drag for small negative toe-out angles apposed to the leeward
that has a small decrease. This is not expected since the windward rudder should reduce
the effective angle of attack while the leeward increases. The resulting drag is almost
constant for toe-out angles between −1.0◦ and 0.5◦ but the side force are reduced with
the increasing angle. As a result, the lift to drag ratio, shown in Figure 23c is largest for a
negative toe-out angle.

Figure 22. Free surface deformation in the area between the foils and rudders.
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Figure 23. Rudder force with changing toe out angle of rudders: (a) drag force Fx; (b) side force Fy;
(c) lift/drag Fz.
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3.3.2. Foiling in Waves

When exposed to waves the forces on the foils vary and so does the deflection and
motion of the boat. A number of simulations have been conducted with varying degree of
complexity. Firstly, the boat is exposed to waves, while fixed and without fluid structure
interaction on the foils. Secondly, the flexibility of the foils is added. The resulting vertical
lift forces on the two foils are shown in Figure 24 for these two cases together with the
wave elevation. The leeward foil is carrying most of the load and deformation of the foils
significantly increase the lift of the foils, especially the peak loads.
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Figure 24. Foil lift forces in waves.

The displacement of the foils shown in Figure 25 follows the shape of the maximum
lift and has attains a maximum of 407 mm.
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Figure 25. Foil displacement in waves.

Next, the boat is set free to heave. A visualisation of the boat in waves with free heave
and flexible foils is shown in Figure 26.

In Figure 27 the heave motion of the two cases are shown as a function of time together
with the wave elevation in the center of gravity of the boat. In the case with free heave and
fixed pitch the motion follows the wave elevation with a small phase shift. The amplitude
of the motion is 9% smaller than the amplitude of the wave. The motion is affected by the
mass of the boat and the change in lift due to change in submergence.
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In the final case the boat is also released in pitch. The pitch motion is plotted in
Figure 28 together with the wave elevation. The pitch motion is out of phase with the wave
elevation and obtains high values after few seconds of simulation.

Figure 26. Foil and rudder in waves with free heave motion.

The large pitch variations also affect the heave motion as seen in Figure 27. The heave
motion is increased to the point where it becomes too large and instabilities occur after 5.5 s
simulation time. This result is well inline with reality since sailing in waves requires the
sailors to constantly correct the pitch balance by moving their body weight forward and
backwards in the boat. Without these adjustments the boat quickly gets out of control as
in the simulation. In future works the motion of the sailors can be incorporated to control
pitch motions in waves.
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Figure 27. Heave motion in waves with and without free pitch.
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Figure 28. Pitch motion in waves with free heave and pitch.

4. Conclusions

A numerical FSI model of the NACRA 17 z-foil has been developed. The model is
based on a RANS FVM flow solution coupled strongly with a FEM solid model. The model
is verified with mesh convergence studies of both flow and solid models and validated by
comparison to experimental data. Structural properties of the model is found by tuning to
structural test data and validation is performed by comparing to experiments of the foil
exposed to flow in a cavitation tunnel. The model is in general found to over-predict drag
force by 27%, lift forces by 17% and deflections by 17% compared to the experimental data.
The validation is successful for some of the tested rake angles, but the validation uncertainty
is high. Validation should be improved in future work by reducing some of the uncertainty.
The most important uncertainties are foil internal structure and stiffness, foil alignment in
cavitation tunnel, foil actual geometry, turbulence intensity and transition modelling.

Performance of the foil is computed for an extensive test matrix with variation in
flying height, leeway angle, and rake angles both with and without deformation of the foil.
The deformation of the foil affects the performance of the foil significantly. The side force
is reduced and the vertical lift force is increased. Influence of transition is investigated by
computing foil forces with an empirical transition model. Transition is found to reduce
drag by 13% to 33% while increasing lift and side forces by 2% to 9%. The effect of speed
on force coefficients are also investigated by changing Froude, Reynolds number, and flow
speed in tree steps. The largest effect of speed is found in side force due to the change
in deformation, while the drag force is changed due to the change in Reynolds number
indicating that the effect is on the viscous boundary layer.

The foil is found not to ventilate in any of the tested steady state cases and this
confirms findings from [36] that showed that the foil is only found to ventilate in extreme
load cases. The risk of ventilation in dynamic cases is however not investigated, but should
be investigated in future work.

The effect of foil deformation is even more important in case of motions. To test the
effects of deformation in motion, the foil is moved in a sinusoidal heaving motion both
with and without deformations. As in the steady case the average side force is reduced, and
the amplitude of the side force is also reduced when deformation is included. Amplitude
of drag is also reduced but the amplitude of lift is increased when deformation is included.
This is an important result as increased flexibility will giver larger variation in vertical lift
and thereby might affect stability during motion.

Both foils and rudders are included in a complete hydrodynamic model and the model
is used to investigate the impact of rudder toe-out angle on drag and side forces on the
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rudders. Drag is found to increase with toe-out angle, but is almost constant between −1.0◦

and 0.5◦. The side force reduces with toe-out angle, and this could indicate that small
negative toe-out angle could be beneficial.

The full hydrodynamic model is also utilized to investigate sailing in waves. Sim-
ulations of the boat foiling in waves shows a significant impact of foil deflection on the
resulting vertical lift forces. It increases when deformation is included. To see the effects
on the boat motion the boat is set free first in heave and then in heave and pitch. The
foil deflection is found to increase heave motion. This is inline with the finding for the
prescribed motion case where vertical lift force is found to increase when foil deflection is
included. In the case of free pitch the boat becomes unstable. This indicate that a stiffer foil
might be beneficial when sailing in waves, however more investigations should be done to
verify this at a wider range of conditions.

The developed FSI model is found to be stable and give valuable insights into foil
performance and boat motions. The model has been verified and validated, but there is still
high uncertainty. A more detailed investigation of foil internal structure and anisotropic
properties could improve overall model accuracy. More investigations of the boat sailing in
waves could help understand performances in dynamic conditions better. The movement
of sailors could be included to ensure pitch stability of the boat.
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FEM Finite Element Method
FSI Fluid Structure Interaction
FVM Finite Volume Method
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MUMPS MUltifrontal Massively Parallel sparse direct Solver
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TWD True Wind Direction
TWS True Wind Speed
VOF Volume Of Fluid

Appendix A. Validation Tables

Appendix A.1. Displacement

Table A1. Validation table for displacement δ. U is uncertainty, subscript exp and num is for
experimental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

δexp/c [-] 0.235 0.275 0.395 0.545 0.710 0.890 1.085 1.200
δexp+0.5/c [-] 0.310 0.365 0.500 0.665 0.840 1.025 1.200 -
δexp−0.5/c [-] 0.175 0.205 0.345 0.500 0.675 0.860 1.040 -
δnum/c [-] 0.165 0.335 0.514 0.699 0.894 1.095 1.301 1.427

Num. uncertainty
Udiscretisation [-] 0.041 0.041 0.041 0.041 0.041 0.041 0.041 0.041
Uconvergence [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Uinput [-] 0.021 0.025 0.036 0.049 0.064 0.080 0.098 0.108
Unum [-] 0.046 0.047 0.054 0.064 0.076 0.090 0.106 0.115

Exp. uncertainty
Urepeatability [-] 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Uleeway [-] 0.075 0.090 0.105 0.120 0.130 0.135 0.115 0.115
Urake [-] 0.020 0.060 0.075 0.082 0.090 0.098 0.097 0.096
Uvelocity [-] 0.007 0.008 0.012 0.016 0.021 0.027 0.033 0.036
U f orce [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Uexp [-] 0.079 0.109 0.130 0.147 0.160 0.169 0.155 0.154

Uval [-] 0.091 0.119 0.141 0.160 0.177 0.191 0.187 0.193∣∣(δnum − δexp
)
/c

∣∣ [-] 0.070 0.060 0.119 0.154 0.184 0.205 0.216 0.227

Validated? [-] Yes Yes Yes Yes No No No No
Uval [%] 38.7 43.2 35.6 29.4 24.9 21.5 17.3 16.1

Appendix A.2. Drag Force

Table A2. Validation table for drag force CX . U is uncertainty, subscript exp and num is for experi-
mental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

CXexp [-] 0.0080 0.0083 0.0092 0.0104 0.0118 0.0132 0.0157 0.0175
CXexp+0.5 [-] 0.0089 0.0098 0.0111 0.0126 0.0143 0.0171 0.0198 -
CXexp−0.5 [-] 0.0077 0.0074 0.0076 0.0083 0.0090 0.0103 0.0118 -
CXnum [-] 0.0120 0.0121 0.0126 0.0133 0.0144 0.0158 0.0174 0.0187

Num. uncertainty
Udiscretisation [-] 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023
Uconvergence [-] 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Uinput [-] 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Unum [-] 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023 0.0023

Exp. uncertainty
Urepeatability [-] 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004
Uleeway [-] 0.0009 0.0015 0.0019 0.0022 0.0028 0.0038 0.0040 0.0040
Urake [-] 0.0001 0.0004 0.0006 0.0007 0.0007 0.0013 0.0014 0.0014
Uvelocity [-] 0.0002 0.0002 0.0003 0.0003 0.0004 0.0004 0.0005 0.0005
U f orce [-] 0.0000 0.0000 0.0000 0.0001 0.0001 0.0001 0.0001 0.0001
Uexp [-] 0.0010 0.0016 0.0020 0.0024 0.0029 0.0041 0.0043 0.0043

Uval [-] 0.0025 0.0028 0.0030 0.0033 0.0037 0.0046 0.0049 0.0049∣∣CXnum − CXexp
∣∣ [-] 0.0040 0.0038 0.0034 0.0029 0.0026 0.0025 0.0017 0.0012

Validated? [-] No No No Yes Yes Yes Yes Yes
Uval [%] 30.9 33.2 33.0 31.4 31.0 35.1 30.9 27.9
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Appendix A.3. Side Force

Table A3. Validation summary table for side force CY . U is uncertainty, subscript exp and num is for
experimental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

CYexp [-] 0.061 0.101 0.140 0.177 0.214 0.252 0.276 0.294
CYexp+0.5 [-] 0.088 0.124 0.164 0.202 0.241 0.263 0.294 -
CYexp−0.5 [-] 0.036 0.078 0.119 0.156 0.195 0.234 0.270 -
CYnum [-] 0.080 0.123 0.166 0.207 0.246 0.284 0.318 0.336

Num. uncertainty
Udiscretisation [-] 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
Uconvergence [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Uinput [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Unum [-] 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008

Exp. uncertainty
Urepeatability [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Uleeway [-] 0.028 0.023 0.024 0.025 0.027 0.019 0.017 0.017
Urake [-] 0.020 0.020 0.019 0.019 0.019 0.019 0.015 0.015
Uvelocity [-] 0.002 0.003 0.004 0.005 0.006 0.008 0.008 0.009
U f orce [-] 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Uexp [-] 0.034 0.031 0.031 0.031 0.033 0.028 0.024 0.025

Uval [-] 0.035 0.032 0.032 0.032 0.034 0.029 0.026 0.026∣∣CYnum − CYexp
∣∣ [-] 0.019 0.023 0.026 0.030 0.031 0.032 0.041 0.042

Validated? [-] Yes Yes Yes Yes Yes No No No
Uval [%] 57.5 31.5 22.9 18.2 16.0 11.4 9.2 8.7

Appendix A.4. Lift Force

Table A4. Validation summary table for lift force CZ. U is uncertainty, subscript exp and num is for
experimental and numerical, respectively.

Rake [◦] −2.0 −1.0 0.0 1.0 2.0 3.0 4.0 4.6

CZexp [-] 0.038 0.077 0.118 0.158 0.201 0.246 0.288 0.313
CZexp+0.5 [-] 0.061 0.097 0.140 0.182 0.227 0.266 0.307 -
CZexp−0.5 [-] 0.017 0.057 0.098 0.139 0.183 0.227 0.272 -
CZnum [-] 0.041 0.084 0.131 0.181 0.237 0.297 0.361 0.401

Num. uncertainty
Udiscretisation [-] 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011
Uconvergence [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Uinput [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Unum [-] 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011

Exp. uncertainty
Urepeatability [-] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Uleeway [-] 0.023 0.020 0.022 0.024 0.026 0.020 0.019 0.019
Urake [-] 0.020 0.020 0.020 0.021 0.022 0.022 0.021 0.021
Uvelocity [-] 0.001 0.002 0.004 0.005 0.006 0.007 0.009 0.009
U f orce [-] 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002
Uexp [-] 0.030 0.029 0.030 0.032 0.034 0.031 0.030 0.030

Uval [-] 0.032 0.031 0.033 0.034 0.036 0.033 0.032 0.032∣∣CZnum − CZexp
∣∣ [-] 0.003 0.007 0.013 0.023 0.036 0.052 0.073 0.088

Validated? [-] Yes Yes Yes Yes Yes No No No
Uval [%] 85.3 40.3 27.6 21.7 18.0 13.4 11.2 10.3
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Appendix B. Foil Performance Plots

Appendix B.1. Flying Height 40 cm
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Figure A1. Foil performance simulation results for 0.4 m flying height. (a) displacement δ. (b) drag
force Cx. (c) side force Cy. (d) lift force Cz.
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Appendix B.2. Flying Height 80 cm
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Figure A2. Foil performance simulation results for 0.8 m flying height. (a) displacement δ. (b) drag
force Cx. (c) side force Cy. (d) lift force Cz.
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