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Abstract: In order to create capability for analyzing course instabilities of sailing yachts in waves, 
the authors have set up a mathematical model comprised of two major components. The first is an 
aerodynamic model focused on the calculation of the forces on the sails, taking into account the 
variation of their shape under wind flow. As the sails are very thin, their shape is adapted according 
to the locally developing pressures. Thus, the flying shape of a sail in real sailing conditions differs 
from its design shape and it should be considered as initially unknown. The authors have tackled 
the fluid-structure interaction problem of the sails using a 3D approach, where the aerodynamic 
component of the model involves the application of the steady form of the lifting surface theory, in 
order to obtain the force and moment coefficients. The deformed shape of each sail is obtained 
using a shell finite element formulation. The other component of the presented mathematical model 
refers to the hydrodynamic part and it is focused on handling the motions of the hull, with her 
appendages, in water. The hydrodynamic part is comprised of sub-models for hull reaction, 
hydrostatic and wave forces. A potential flow boundary element method is applied for the 
calculation of the side forces and added masses of the hull and the appendages. The calculated 
side forces are then incorporated into an approximate scheme for identifying the hull reaction 
terms. The wave excitation involves the calculation of Froude - Krylov forces while radiation terms 
are found using a strip theory formulation. 

Keywords: yacht maneuvering, course instabilities, integrated aero-hydro model. 

NOMENCLATURE 
𝑎 Angle of attack rad  
𝑎% Effective rudder angle of attack rad  
𝑎&' True wind angle rad  
𝑎(' Apparent wind angle rad  
𝐴 Cross sectional area m+  
𝐴,- Matrix of influence coefficients 
𝐴% Aspect ratio 
𝐵'/ Beam of waterline m  
𝐶1 Drag coefficient 
𝐶/ Lift Coefficient 
𝐶2 Force Coefficient 
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𝐷 Drag force N  
𝐸6(78 Maximum horizontal dimension of a mainsail of triangular shape m  
𝐹, Force or moment due to the 𝑖-th excitation N	or	N	m  
𝐹8 Froude number 
𝑔 Gravity acceleration m/s+  
ℎ Wave steepness ratio 
𝐼B7C Maximum vertical dimension of a jib sail of triangular shape m  
𝐼D Moment of inertia around X axis kg	m+  
𝐼G Moment of inertia around Y axis kg	m+  
𝐼H Moment of inertia around Z axis kg	m+  
𝐽B7C Maximum horizontal dimension of a jib sail of triangular shape m  
𝐾, Roll moment of the 𝑖-th component (rudder, keel, hull or sail) N	m 	 
𝑘 Wave number rad	/	m  
𝐿, Lift force of the 𝑖-th component N  
𝐿'/ Length of waterline m  

𝑀, Pitch moment of the 𝑖-th component (rudder, keel, hull or sail) N	m  

𝑚 Yacht mass kg  
𝑚D Surge added mass kg  
𝑚GG Sway added mass kg  
𝑁, Yaw moment of the 𝑖-th component (rudder, keel, hull or sail) N	m   
𝑛 Normal unit vector 
𝑛Q Panel normal unit vector (body fixed system) 
𝑝 Roll acceleration rad/s+  
𝑝 Roll velocity rad/s  

	𝑃6(78 Maximum vertical dimension of a mainsail of triangular shape m  
𝑞 Pitch acceleration rad/s+  
𝑞 Pitch velocity rad/s  
𝑞U Vortex induced velocity m/s  
𝑟 Yaw acceleration rad/s+  
𝑟 Yaw velocity rad/s  
𝑟W Distance to a point "C" m  
𝑟Q Panel moment vector arm (body fixed system) m  
𝑆, Surface of 𝑖-th component m+  
𝑇 Draft (total) m  
𝑇WC Draft of canoe body m  
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𝑢 Surge acceleration m/s+  
𝑢 Surge velocity m/s  
𝑣 Sway acceleration m/s+  
𝑣 Sway velocity m/s  
𝑉(' Apparent wind speed m/s  
𝑉C Yacht speed m/s  
𝑉& Transverse velocity m/s  
𝑉] Tangential velocity m/s  
𝑉&' True wind speed m/s  
𝑤 Heave acceleration m/s+  
𝑤 Heave velocity m/s  
𝑋, Surge force of the 𝑖-th component (rudder, keel, hull or sail) N  
𝑥Wa Longitudinal center of gravity m  

𝑥Wb22_, Longitudinal center of effort of the 𝑖-th comp. (rudder, keel, hull or sail) m  
𝑌, Sway force of the 𝑖-th component (rudder, keel, hull or sail) N  

𝑦Wb22_, Transverse center of effort of the 𝑖-th comp. (rudder, keel, hull or sail) m  
𝑍, Heave force of the 𝑖-th component (rudder, keel, hull or sail) N  
𝑧Wa Vertical center of gravity m  

𝑧Wb22_, Vertical center of effort of the 𝑖-th component (rudder, keel, hull or sail) m  
𝑧Q Vertical distance of panel center to mean water level m  
  
𝛽 Drift angle rad  
𝛤 Vortex strength m+/s  
Δ Displacement kg  
𝛿 Rudder deflection delta angle rad  
𝜁 Local water surface elevation m  
𝜃 Pitch angle rad  
𝜆 Wave length m  
𝜇 Ship-wave incident angle (rad) 
𝜇pp Sway sectional added mass kg  
𝜌 Density of water kg/mr  
𝜎 Source strength m+/s  
𝜏 Panel tangent unit vector 
∇Φ Potential velocity m/s  
𝜑 Roll angle rad  
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INTRODUCTION 
Predicting performance through mathematical modeling is the modern approach for 
improving engineering design. The mathematical modeling of the motions of sailing yachts 
is however a challenging subject. As yet, no method is considered as mature enough for 
unreserved application in ship design. In the scientific literature one comes across a 
number of significant contributions on the detailed calculation of fluid dynamic and 
structural behavior of yacht components (e.g. Jones, 2001, Kagemoto, 2000). Whilst the 
performance of sailing yachts is usually assessed in terms of speed, maneuverability etc., 
instability phenomena that might hamper performance, and sometimes safety, has not 
attracted much attention. In the history of ships with sails however, several records are 
found referring to instability incidents (for records referring to the broaching to instability, 
since 1699, see Spyrou 2010).  
Among the few studies in the field, Harris 𝑒𝑡	𝑎𝑙. (2000) performed a downwind simulation 
for the investigation of the surf-riding phenomenon, by employing a single surge model 
and utilizing the linear Froude-Krylov force for excitation. Thomas 𝑒𝑡	𝑎𝑙. (2006), extended 
that model and incorporated wave diffraction effects and multichromatic seas in order to 
create a velocity prediction program (VPP) for yachts in waves. For upwind sailing 
conditions, De Ridder 𝑒𝑡	𝑎𝑙. (2004) created a model capable of simulating tacking 
maneuvers by employing forces and moments as derived by the Delft Systematic Yacht 
Hull Series database. The sail forces were derived from IMS data and steady cases only 
were considered. Masuyama and Fukasawa (2011) set up a model suitable for tacking 
maneuvers. Dynamic effects on the sails were included in the coefficients as the wind 
angle of attack was varied. 
Practical maneuvering models are often based on mathematical expressions deriving from 
interpolations on data retrieved from experiments. This induces a large uncertainty for the 
calculated responses since the impact of the geometric details of the hulls seems to have 
a small influence on the calculated loads and responses. Use of more advanced methods, 
such as viscous CFD for sailing yacht analysis, allows, in principle, a more accurate 

𝜑| Incident wave potential m+/s  
𝜑Q Perturbation potential m+/s  
𝜓 Yaw angle rad  
𝜔 Ship-wave frequency of encounter 1/s  
  

BEM Boundary Element Method 
CSYS Chesapeake Sailing Yacht Symposium 
DoF Degrees of Freedom 
FEM Finite Element Method 
LST Lifting Surface Theory 
VLM Vortex Lattice Method 
VPP Velocity Prediction Program 
IMS International Measurement System 

RANS Reynolds-Averaged Navier-Stokes 
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calculation of the forces developing on the hull and the sails, in addition to offering unique 
insights into the respective flow regimes. Recent relevant publications include Mylonas 
𝑒𝑡	𝑎𝑙. (2010), Viola 𝑒𝑡	𝑎𝑙. (2014) and Nava 𝑒𝑡	𝑎𝑙. (2017). However, apart from employing 
RANS methods for the creation of VPPs (e.g. Doyle, 2015), it appears still premature to 
apply such methods for achieving more global understanding of sailing yacht behavior in 
waves. Assembling a pure CFD aero/hydrodynamic model and running a full campaign of 
maneuvering simulations in waves are still too expensive computationally.  
The model presented herein is a modular one and it is intended to overcome these 
problems by following an approach lying in-between these two ends. The aim has been to 
develop a fast aero-hydrodynamic model that maintains, however, sufficient rigor in the 
modeling, for capturing dynamic instability phenomena exhibited by sailing yachts 
operating in wind and waves. The model could then be employed for the systematic study 
of the link between hull-sail design and vessel's propensity for instability. Our model 
presents some distinctive differences from several current models which use 
approximations based on similar yachts, or they rely on measured data for a very specific 
vessel. We calculate the sustained forces and moments that arise under the combined 
wind-waves excitation, considering the detailed geometry of hull and sails. 
Deformation/adaptation of sail shape due to the wind flow is taken into account. As the 
literature on the conditions generating instability for sailing vessels is sparse, no restriction 
has been placed for handling exclusively upwind or downwind scenarios; i.e. the model is 
developed for dealing with either environment. 
Model’s components are mostly built with the potential flow assumption, implemented 
using flat panels or 2-D sections. The panel-based methods offer a precise calculation of 
the hydrostatic and incident wave loads. The section-based methods have allowed us to 
obtain the maneuvering coefficients and the wave radiation terms by involving integration 
of kernels equipped with sectional added mass terms. The latter are calculated using a 
method that employs wave induced oscillations in the frequency domain, while in the limit 
of low frequency they may be alternatively calculated by a low-order BEM technique 
formulated by the authors and presented herein. In fact, these methods can account also 
for the actual geometry of hull appendages and their impact has been evaluated regarding 
the yacht radiation coefficients. Moreover, the appendages have had their lifting force 
contributions computed using equivalent zero thickness shapes of the same dimensions 
(spanwise and chordwise) and employing the lifting surface theory. For the calculation of 
the sail forces we have applied simplified fluid-structure interaction solvers for the 
excitations of the sails (upwind cases) or used published values of driving coefficients 
(downwind cases). 
In terms of the paper’s structure, the next section contains a brief overview of the 
mathematical model along with the implemented equations of motions. It is followed by the 
presentation of the integrated aerodynamic and hydrodynamic models for the sails and the 
hull respectively, where the former is broken down into sections that consider the upwind 
and downwind sailing cases, while the latter includes sections for the hydrostatics, 
maneuvering hull reaction and wave loads. Finally the paper is completed with the 
evaluation of the model using two simulation scenarios, along with the conclusions. 
 

MATHEMATICAL MODELLING 
The model can handle vessel motions in 6 degrees of freedom. Three different coordinate 
systems have been used: an earth-fixed, non-rotating, coordinate system (𝑥|, 𝑦|, 𝑧|); a 
wave fixed system that travels with the wave celerity 𝑥', 𝑦', 𝑧' ; and a body fixed system 
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(𝑥, 𝑦, 𝑧) with its origin located at the midship point where the centerplane and the 
waterplane intersect (figure 1). 
 

 
Figure 1. Coordinate Systems. 

 
The systems are in accordance with the right-hand rule where the 𝑥-axis points positive 
forward, having on its left the positive 𝑦-axis. Positive 𝑧-axis points upwards.  
 
Equations of Motions 
Assuming the hull as a rigid body, the general form of the equations of motions for the 6 
DoF, as they accrue from application of Newton’s law, is as follows (SNAME 1950).  
 

𝑚 𝑢 + 𝑞	𝑤 − 𝑟	𝑣 − 𝑥Wa 𝑞+ + 𝑟+  
+𝑧Wa 𝑝	𝑟 + 𝑞 = 𝑋 +𝑚	𝑔	sin𝜃	, 

(1) 

  
𝑚 𝑣 + 𝑟	𝑢 − 𝑝	𝑤 + 𝑧Wa 𝑞	𝑟 − 𝑝  

+𝑥Wa 𝑞	𝑝 + 𝑟 = 𝑌 −𝑚	𝑔	sin𝜑	cos𝜃	, 
(2) 

  
𝑚 𝑤 + 𝑝	𝑣 − 𝑞	𝑢 − 𝑧Wa 𝑝+ + 𝑞+  

+𝑥Wa 𝑝	𝑟 − 𝑞 = 𝑍 −𝑚	𝑔	cos𝜑	cos𝜃	, 
(3) 

  
𝐼D	𝑝 − 𝑚	𝑧Wa 𝑣 + 𝑟	𝑢 − 𝑝	𝑤  

−𝑚	𝑥Wa	𝑧Wa 𝑞	𝑝 + 𝑟 = 𝐾 −𝑚	𝑔	 sin𝜑	cos 𝜃 	𝑧Wa	, 
(4) 
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𝐼G	𝑞 + 𝐼D − 𝐼H 𝑟	𝑝 + 𝑚	𝑧Wa 𝑢 + 𝑞	𝑤 − 𝑟	𝑣  
−𝑚	𝑥Wa 𝑤 + 𝑝	𝑣 − 𝑞	𝑢 + 𝑚	𝑥Wa	𝑧Wa 𝑝+ − 𝑟+  

= 𝑀 +𝑚	𝑔	𝑥Wa	cos𝜑	cos𝜃	, 
(5) 

𝐼H	𝑟 + 𝐼G − 𝐼D 	𝑝	𝑞 + 𝑚	𝑥Wa 𝑣 + 𝑟	𝑢 − 𝑝	𝑤  
+𝑚	𝑥Wa	𝑧Wa 𝑟	𝑞 − 𝑝 = 𝑁	, 

(6) 

The right-hand-side of the above equations, containing forces and moments, can be 
expanded in modular form for each equation as 
 

𝐹, = 𝐹�� + 𝐹6�% + 𝐹% + 𝐹' + 𝐹�	, (7) 
 
where the subscripts indicate force contribution from hydrostatics (𝐻𝑆), maneuvering hull 
reaction (𝑀𝐻𝑅), rudder (𝑅), wave 𝑊  and sails (𝑆) respectively, in accordance with the 
excitation being of hydrodynamic or aerodynamic origin.  

SAILS LOADS 
Sail excitation is calculated allowing for the deformation of sail surface due to pressure’s 
variation, using as input parameter the relative-to-the-sail(s) wind direction. Modeling effort 
is hence split towards creating an aerodynamic and a structural module. The integration of 
the aerodynamic and structural models with a hydrodynamic model of vessel’s movement 
in waves is the focus of the current paper. Hence, only simple steady methods of sail 
modeling will be used further.  
Upwind Case 
Here a simplification was introduced by omitting the modeling of flow separation. The small 
thickness of the sails makes them suitable for being modeled with a potential flow method, 
such as the one using the Lifting Surface Theory (LST) which is usually applied through a 
numerical scheme based on the Vortex Lattice Method (VLM). While the lifting surface 
bears minimal computational cost, it requires that the flow always remains attached to the 
surface, thus restraining LST’s applicability to a relatively small range of fluid inflow angles. 
The structural part is treated using simple flat shell elements. The sail system is 
considered to consist of a main and a jib sail.  
Upon the calculation of the apparent wind angle and velocity, the forces and moments for 
each sail expressed in the body fixed system are (figure 2): 
 

𝑋� = 𝐿� sin 𝑎(' − 𝐷� cos 𝑎(' 	, (8) 
  
𝑌� = 𝐿� cos 𝑎(' + 𝐷� sin 𝑎(' 	, (9) 
  

𝐾� = −𝑌�	𝑧Wb22_�	, (10) 
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𝑀� = 𝑋�	𝑧Wb22_�	, (11) 
  
𝑁� = 𝑌�	𝑥Wb22_� + 𝑋�	𝑦Wb22_�	, (12) 

where 

𝐿� =
1
2𝜌𝐶/ 𝛽 𝑉�('+ 𝑆�	, (13) 

  

𝐷� =
1
2𝜌𝐶1 𝛽 𝑉�('+ 𝑆�	, (14) 

 
are the lift and drag forces on the sails respectively. 
The LST is actually a linearized Boundary Element Method (BEM) offering a formulation 
that allows the effects of camber and thickness to be decoupled, and the no-entrance 
boundary condition to be transferred to the mean camber line of a surface. The Vortex 
Lattice Method is a numerical scheme that discretizes a surface into a series of 
rectangular panels, allowing so the real flow to be approximated by placing a series of 
discrete lines of vorticity instead of a continuous distribution along the field. In terms of the 
Lifting Surface Theory, a system of constant strength horseshoe vortices is placed on 
every panel. The vortex induced velocity is evaluated using the Biot-Savart Type Integral 
for the induced velocity of a vortex segment of length and constant strength 𝑑𝑙 and 𝛤	to 
any point C at a distance	 𝑟W  (equation 15). 
 

 
Figure 2. Velocity and force vectors on a yacht 

sailing upwind. 

 

𝑞� =
𝛤
4𝜋

𝑑𝑙×𝑟W
𝑟W r  (15) 
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The vortex consists of a parallel to the leading panel edge filament and two trailing 
filaments that run towards the trailing edge where the Kutta condition is satisfied and 
further to the wake. As the wake is a free shear layer, it can only carry vorticity. The flow 
being steady, it allows a first approximation for the free vortex sheet, with the vortex lines 
aligned with the initially undisturbed flow (frozen wake propagating aft on the direction of 
the free stream). Τhe induced velocity of every horseshoe vortex 𝑗 to every point 𝑖 is 
represented by a matrix of influence coefficients and the no-entrance boundary condition 
∇Φ ∙ 𝑛 = 0 reduces to a system of linear equations	𝐴,-𝛤- = 𝑉�,𝑛. Once the coefficient matrix 
has been calculated, the linear system is solved for the strength of the horseshoe vortices 
and subsequently the total velocities are calculated. The wake vortex lines are then rotated 
in order to be aligned with the local total velocity vectors and to apply the force free 
condition, providing so the roll-up of the wake. Finally, the lift forces on the sail are 
calculated using the Kutta - Jukowski theorem (equation 16) 
 

𝐿 = 𝜌	𝑛 ∙ 𝑉]× 𝛤𝜏 	, (16) 

 

where 𝑉] is the tangential velocity. The forces are then directed as input to the structural 
part, to calculate the nodal displacements. The deformed surface is returned to the lifting 
surface module and the procedure commences iteratively until the aerodynamic forces 
have converged. The number of necessary iterations for convergence is increasing in 
respect of the relative wind inflow angle, and reaches 25-30 iterations for large angles. An 
example of converged shapes appears in figure 3. 
 

 
Figure 3. Two sails system - flying shapes and 

wakes of two upwind sails. 

 
The variation of the sail shape is tracked using flat triangular shell elements that consist of 
a membrane (constant strain triangles) and a bending part (discrete kirchhoff triangles). 
The elements are thus developed by superimposing the stiffness of the membrane and the 
bending components. 
The membrane contribution to the shell element is provided by the constant strain triangle 
under plane stress conditions. As in Zienkiewicz (2000a and 2000b), the element is 
considered to be a flat triangle with three nodes and two degrees of freedom per node, i.e., 
in the two planar directions. For the plate bending part, the adopted formulation is the one 
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of Batoz (1980) in which the discrete kirchhoff triangle is considered, an element with three 
nodes and three degrees of freedom per node; the latter being the normal to the triangle 
displacement and the rotations around the 𝑥-axis and 𝑦-axis respectively.  
The structural formulation implemented so far is rather simplistic. The solution is linear, as 
membrane and bending contributions are solved independently. Additionally, the current 
method is appropriate only for small displacements. However as most non-linear models 
known to the authors tackle the large displacement behavior implicitly (considering a single 
time step, the exciting load is applied incrementally in sub-steps), the simulations are 
carried out in the same context.  
Lift and drag coefficients for a system of two sails, a main and a jib, are calculated for a 
small range of incoming flow angles 0� − 25�  (figures 4a and 4b). The sails are assumed 
to be made of Kevlar and exhibit isotropic behavior, while their principal dimensions are: 
 

𝐼B7C = 13.0	𝑚, 𝐽��� = 5.0	𝑚	, 𝑗𝑖𝑏 
  

𝑃6(78 = 15.0	𝑚, 𝐸6(78 = 6.0	𝑚	, 𝑚𝑎𝑖𝑛 
 

 

 
(a) Lift coefficients 

 

 
(b) Drag coefficients 

Figure 4. Two sails system coefficients. 

 
Viola 𝑒𝑡	𝑎𝑙. (2011) performed a series of pressure measurements on a system of upwind 
sails (jib and main) and 4 different trim cases at 19 degrees of wind angle of attack. Their 
work enriched the related literature since they provided the geometries of the evaluated 
sails together with the obtained pressure distributions. Such data is very useful for the 
validation of upwind models. We have used this pressure distribution and the G3M2 trim 
set of sail geometries for validating the lifting surface implementation of this study (with no 
aeroelasticity effects). Moreover, we evaluated the pressure difference on the same 
horizontal sections as in Viola 𝑒𝑡	𝑎𝑙. (2011) and for the same angle of attack. There are 
some differences on the leading edge of the mainsail, where the mainsail panels are 
pierced by the jib sail wake and our implementation seems to overpredict the pressure 
difference. Apart from this region of the mainsail, good agreement is noticed (figure 5). The 
figures containing the complete validation results are given in Appendix 1. 
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(a) Validation Sails Geometries and leeward 

pressure distributions 

 
(b) Jib 2nd section 

 
(c) Main 2nd section 

Figure 5. Comparison with experimental . 

 
However, there is indeed considerable uncertainty on the effect the FEM solver has had 
on the calculation of the upwind coefficients, as it was validated using typical patch tests 
only and the derived shape has probably offered a more "favorable" camber surface for 
the vortex lattice solver. Even though the calculated values of the lift and drag coefficients 
were within the expected range, it is undoubted that the model needs to be extended to its 
nonlinear version.  
 
Downwind 
To examine numerically the behavior of a sail in a wider operational range where drag 
effects become dominant, the use of viscous flows methods such as RANS or LES solvers 
is unavoidable. 
In one of our recent papers, the sails model was expanded from the outskirts of upwind 
sailing, to beam and fully downwind cases (Angelou and Spyrou, 2015). The method was 
a pseudo-3D approach, based on the evaluation of the flow field characteristics around 
certain cross sections of the sails. 
The 2D fluid domain of each section was obtained by solving the system of non-
conservative vorticity transport and stream function equations using the finite volume 
method, while the deformed shape of each section was obtained using a finite element 
formulation for flexure elements.  
Apart from ignoring any 3-dimensional cross flow effects, the method also suffered from 
considerable numerical diffusion making its’ applicability questionable. Moreover, the 
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induced computational cost prohibited the simultaneous solution of the method along with 
the hydrodynamic model; thus it was abandoned. However as the long term objective of 
this study is directional stability analysis using 6 degrees of freedom while taking into 
account the instant position and shape of the sail(s), this method proved useful as an 
intermediate step towards a Lagrangian “free” vorticity formulation, where remeshing of the 
domain and the large computational cost would be avoided.  
In the Lagrangian approach a BEM. solves for the surface vorticity distribution around the 
sail. The vorticity is then shed to the domain by assigning its strength to newly created 
numerical quantities (vortex blobs) that are allowed to convect and diffuse according to the 
vorticity transport equation. The numerical solution of the latter is dictated by the viscous 
split technique where the convection and diffusion terms are treated separately. 
Convection was treated in a time-marching scheme with the addition of mollifier terms to 
regularize the vortex kernels and desingularize the velocity near the vortex core, while 
diffusion was modeled implicitly; vorticity values were not actually changed and the 
diffusion effects were introduced by small perturbations of the translational displacements 
of the blobs by application of the random walk method. At the time this paper is written, the 
aforementioned method is still under development and, so far, only moderate inflow angles 
have been treated successfully (figure 6). 
 

 
Figure 6. Numerical Vortex blobs evolution behind a sail chord line. 

 
Since there are no results yet available to the authors for purely downwind cases, the 
driving coefficients were adopted from available literature. Lasher 𝑒𝑡	𝑎𝑙. (2003), measured 
lift and drag coefficients for a series of investigated spinnakers (figure 7). 
 

 
Figure 7. Lift and drag coefficients for a spinnaker. Curves are 

recreated based on data from Lasher (2003). 
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The sail forces and moments for the downwind case, where the yacht is sailing equipped 
with a spinnaker sail are: 
 

𝑋� = 𝐿� sin 𝑎(' + 𝐷� cos 𝑎(' 	, (17) 
  
𝑌� = 𝐿� cos 𝑎(' + 𝐷� sin 𝑎(' 	, (18) 
  

𝐾� = −𝑌�	𝑧Wb22_�	, (19) 
  

𝑀� = 𝑋�	𝑧Wb22_�	, (20) 
  
𝑁� = 𝑌�	𝑥Wb22_� + 𝑋�	𝑦Wb22_�	, (21) 

HYDROSTATICS 
In order to calculate the hydrostatic pressure terms, the hull is discretized into rectangular 
panels (figure 8) each of which has its submergence evaluated during every time step. 
Numerical integration of equations (22) and (23) for the static pressure sustained by the 
submerged panels, either on still water or on wavy conditions, provides the instant values 
of hydrostatic forces and moments.  

𝐹�� = −𝜌	𝑔	 𝑧Q + 𝜁 	𝑛Q
�

d𝑆, (22) 

 

𝑀�� = −𝜌	𝑔	 𝑧Q + 𝜁 	 𝑟Q×𝑛Q
�

d𝑆, (23) 

 

 
Figure 8. Hull panels. 
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MANEUVERING HULL REACTION 
Following the approach of Oltmann and Sharma (1985), the terms involved with the 
hydrodynamic reaction of the hull and the appendages are distinguished to Ideal Fluid 
(𝐼𝐹), Cross-Flow	(𝐶𝐹) and Lifting (𝐿) effects 
 

𝐹�% = 𝐹72 + 𝐹W2 + 𝐹/	, (24) 
 
The first two contributions are treated by a strip theory method, in contrast to the third 
which is obtained from a 3-dimensional method. 
 
Ideal Fluid Effects 
The potential flow effects on the hull are obtained as in Yuanxie (1986), where the 
acceleration and velocity hydrodynamic derivatives are based on the calculation of 
sectional added mass, and treated for the influence of the instantaneous submerged 
section under wave conditions in a similar manner to Tigkas and Spyrou (2012). In this 
paper the sway added mass of each section is calculated by a simple BEM. under the 
assumption of a pure drift motion of zero frequency.  
Considering a body moving inside a large volume of inviscid, incompressible and 
irrotational fluid where the fluid velocity can be described by the gradient of a scalar 
harmonic potential Φ, then the added mass tensor for the body in the aforementioned 
domain, is given by Newman (1977): 
 

𝑚,- = 𝜌 𝜑,
𝜗𝜑-
𝜗𝑛

�£

d𝑆	,	 (25) 

or  

𝑚,- = 𝜌 𝜇,-d𝑥	,
D£

	 			𝜇,- = 𝜑,
𝜗𝜑-
𝜗𝑛

G£

d𝑆		 (26) 

 
Then the problem reduces into finding the added mass 𝜇,- for 2-dimensional sections of 
the body by employing a representation for the associated potential. As in the numerical 
application of the LST, this can be achieved by distributing a series of singularities, in this 
case source and sinks 𝜎, on each section and reducing to a system of linear equations by 
enforcing the Neumann boundary condition. The induced potential and the corresponding 
perturbation velocities induced from these panel singularities on a random field point P are 
given by Katz and Plotkin (2001) 
 

φQ = −
1
4𝜋

𝜎 𝒓 d𝑠	,
/§¨©

	 			∇𝜑Q,- = −
1
4𝜋 ∇ 𝜎 𝒓 d𝑠	,

/§¨©

	 (27) 
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where, solving for the source strengths and substituting the latter in equation (27a), 
provides the potential distribution on the sectional body and the accompanying added 
mass. The method is verified (Table 1) for the calculation of the added mass of an ellipsoid 
body, of semi-axis 𝑎ª««	and	𝛽ª««, using the exact solutions provided by Newman (1977). 

 
Table 1. Sectional Added Mass Verification. 

𝑚,- = 𝜋𝜌𝛽ª««+  
𝑎ª«« = 1.0 
𝛽ª«« = 0.5 

Exact 
value 

Current method -  
number of panels 

100 200 500 
Calculated 805.3 834.77 819.93 805.89 

Error  3.69% 1.85% 0.01% 
 
In terms of the yacht, the added mass is calculated for certain positions by defining vertical 
plane sections (i.e. perpendicular to the 𝑥-axis), 31 in number, along the hull length (figure 
9). The density of sectioning was greater in the area of the keel and the rudder, where 
geometry changes are abrupt. Each section has had its double body evaluated for 4 drafts 
(i.e. the case of design draft 𝑇, an emergence 𝑇 − 0.2	m  and two submergence cases 
𝑇 + 0.2	m	, 𝑇 + 0.4	m  and respective look-up tables have been filled. 

 
(a) Profile View  

(b) Perspective View 

Figure 9. Hull sections (port side). 

 
At any instant in time during the yacht’s movement, the wetted part of each section is 
identified (figure 10) and the sections' mean draft defined as 𝑧6b(8 = 0.5 𝑧Q¬%& + 𝑧�&C1 . 
The latter is then used as input to enter the aforementioned tables and retrieve the 
sectional sway added mass coefficient using linear interpolation.  
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Figure 10. Mean sectional draft identification. 

 
Following Yuanxie (1986) the acceleration of the linear hydrodynamic derivatives on sway 
and yaw modes can be calculated by integrating the sectional sway added mass 
dependent kernels  
 

𝑌 = 𝑚pp = − 𝜇pp

/
+

®/ +

d𝑥	, (28) 

𝑁¯ = − 𝑥+	𝜇pp

/
+

®/ +

d𝑥	, (29) 

𝑁 = 𝑌 = − 𝑥	𝜇pp
/
+

®/ +

d𝑥	,	 (30) 

 
Moreover, assuming that surge and sway velocities, are independent of the longitudinal 
position of the hull section, the velocity related terms are calculated from 
 

𝑌 =
𝜕𝜇pp(𝑥)
𝜕𝑥

/
+

®/ +

d𝑥	, (31) 

𝑁 = x
𝜕𝜇pp(𝑥)
𝜕𝑥

/
+

®/ +

d𝑥	, (32) 

𝑌 = − x
𝜕𝜇pp(𝑥)
𝜕𝑥 + 𝜇pp 𝑥

/
+

®/ +

d𝑥 − 𝑚²𝑣|	,	 (33) 
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𝑁¯ = − 𝑥 x
𝜕𝜇pp(𝑥)
𝜕𝑥 + 𝜇pp 𝑥

/
+

®/ +

d𝑥	 (34) 

 
A selection of acceleration derivatives and the variation due to purely following sea waves 
of harmonic type, characterized by a length of 𝜆 = 2.0𝐿³´	and steepness	ℎ = 1

75, is 
depicted in figure 11(a-b) for different relative hull-wave positions. The vertical axis 
corresponds to the respective force or moment coefficient, while the horizontal axis 
represents the relative position of the hull on the wave length. 
 

 
(a) 𝐘𝐯 

 
(b) 𝐘𝐫, 𝐍𝐯 

Figure 11. Maneuvering coefficients. 

 
Cross-Flow Effects 
The cross-flow terms are the outcome of local transverse velocity on the hull, as the latter 
commences a turn or while sustaining a considerable drift angle. If 𝑣& = 𝑣 + 𝑟𝑥	is the 
transverse velocity at the position of a section, then a hull of length 𝐿	sustains, due to 
cross flow effects, a sway force and a yaw moment equal to: 
 

𝑌º» = −
𝜌
2 𝐴 𝑥, 𝑇 	𝐶1 𝑥, 𝑇, 𝑣& 	𝑣&	 𝑣& 	cos𝜑

/
+

®/ +

d𝑥	,	 (35) 

𝑁º» = −
𝜌
2 𝐴 𝑥, 𝑇 	𝐶1 𝑥, 𝑇, 𝑣& 	𝑣&	 𝑣& 	𝑥	 cos𝜑

/
+

®/ +

d𝑥	,	 (36) 

 
where	𝐴 𝑥, 𝑇 	is the cross sectional area of a section at longitudinal position	𝑥 and instant 
draft	𝑇; 𝐶1 is the cross-flow drag coefficient for that section as a function also of the 
transverse velocity, and covering the range of both laminar and turbulent flows.  
This coefficient can be approximated from published in the literature results that concern 
equivalent ellipsoidal or triangular two-dimensional shapes, mainly from Hoerner (1965). 
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However, extracting values, for quantitative use, from an old, low resolution, printed 
source, entails the possibility of large inaccuracy in the prediction of	𝐶1. This comes in 
contrast to the 2nd optional method of using state-of-the-art viscous flow CFD solvers that 
can provide 𝐶1 values, in principle with good accuracy.  
 

 
Figure 12. Cross-flow drag coefficient vs. velocity and 
fitting functions for a section with keel, with parameter 

section’s draft. Markers and numbers in legend 
represent the evaluation of 4 different drafts. 

 
It should be noted that this coefficient involves information about the viscous-pressure 
drag of the section. However, the potential influence of the cross-flow drag has already 
been implemented inside the velocity derivatives of the ideal-fluid effects sub-model. This 
introduces a problem of finding a representation regarding the purely viscous portion of	𝐶¼, 
as adopting values for it from either proposed methods will lead to loss of the wave-
variation character of the velocity derivatives.  
That being, the choice was made to use commercial RANS software to calculate the total 
drag coefficient of a series of double bodies of sections of representative shape and for a 
range of drafts and then subtract the pressure component. The obtained purely viscous 
based terms for each section and instant position were fitted for a range of velocities using 
functions of 𝐶1_W%¬��	2/¬' 𝑣 = 𝑎 ∙ 𝑣½ form (figure 12).  
The calculations were performed in ANSYS Fluent, incorporating the Spallart – Almaras 
turbulence model, and in an effort to create meshes that would allow wall y+ values to 
retain a magnitude of less than unity during the solution. It should be mentioned that there 
were cases where this was very difficult to achieve and the drag might have been 
underestimated. 
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This raises a question regarding accuracy. However, the sections resemble bluff bodies, 
where the pressure drag is expected to dominate in magnitude, over its viscous 
counterpart. Indeed, the overall influence of the developed viscous forces was of very 
small order and loses in accuracy may be considered acceptable. Moreover calculating the 
viscous force for a very large set of combinations of draft and heel angles for every 
section, would involve a huge computational load of pre-runs in order to equip the model. 
 
Lifting Effects 
The keel and the rudder of the hull, due to their slenderness can have their lift and lift-
induced drag calculated using the horseshoe vortex lifting surface method, as was the 
case of sails (figure 13), and under the double-body approximation in order to treat the wall 
effects of the hull.  
In the case of the canoe body of the hull though, the method falls short in applicability, as 
thickness effects cannot be disregarded. Its’ shape being far from slender, makes the 
treatment even with the thickness corrected version of the lifting surface method 
unsuitable. Application of other 3-dimensional methods for the direct or indirect 
representation of the potential of thick lifting bodies, such as variations of Hess (1972) or 
Morino and Kuo (1974) methods, are questionable in this case, as there is no specific 
trailing edge for the Kutta condition to be applied and blunt aft shapes are prone to 
occurrences of flow separation. Moreover, the points of separation are basically unknown. 
 

 
(a) Lift coefficient 

 
(b) Drag coefficient 

Figure 13. Coefficients for appendages. 

 
The canoe body of the hull can be approximated as a very low aspect ratio	𝐴% airfoil with a 
round planform. This configuration is characterized by a strong dependence to non-linear 
lift and according to Hoerner (1985) it may be approximated by  
 

	𝐶´ = 0.5	𝜋	 sin 𝑎 cos 𝑎 𝐴¾ + 𝑎  (37) 
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In the same context, the lift induced drag is approximated by Hoerner (1965): 
 

𝐶¼´ = 𝐶´_¿ÀÁÂÃÄ tan 0.5𝑎 + ∆𝐶´_¿ÀÁÂÃÄ0.5	 tan 𝑎 

= 0.5	𝜋	 sin 𝑎 𝐴¾ tan 0.5𝑎 + 𝑘 sin+ 𝑎 tan 𝑎	, 
(38) 

 
where	𝑘 ≈ 1.25	and 𝐴¾ ≈ 0.045 for the wetted part of the canoe body (figure 19b).  
The combined lift force of the keel and the canoe body is compared in figure 14 for a 
reference velocity of 5 m/s with the outcome of the method of Keuning & Verwert (2009), 
who presented a formulation that employs the lift contribution of the canoe body by utilizing 
its lift carry-over on the keel. According to Keuning & Verwert the combined lift of the keel 
is 

	𝐿º_Èbb/ = 𝐿Èbb/	𝑐�Ê// (39) 
where 

𝑐ËÌ´´ = 1.8
𝑇ºÎÏÐÑ
𝑏ÒÑÑ´

+ 1 

	𝐿ÒÑÑ´ = 0.5𝜌𝐴ÒÑÑ´𝑉+
𝑑𝐶´
𝑑𝑎 𝑎 

	
𝑑𝐶´
𝑑𝑎 =

5.7𝐴𝑅Ñ

1.8 + cos 𝛬 𝐴𝑅Ñ+
(cos 𝛬)Ô + 4

 

	𝐴𝑅Ñ = 2𝑏ÒÑÑ´/𝑐Ò_ÕÂÃÁ 
 

𝑏ÒÑÑ´ 2.6 
𝑐Ò_ÕÂÃÁ 0.8 
𝐴𝑅Ñ 6.5 
𝛬 5Ö 
𝑑𝐶´
𝑑𝑎  3.0179 

𝑇ºÎÏÐÑ 0.525 
𝑐ËÌ´´ 1.3635 
𝐴ÒÑÑ´ 2.08 
𝑑𝐶´
𝑑𝑎  4.3 

 

 
(a) Roll mode 

 
(b) Roll mode 

Figure 14. Coefficients for appendages. 

 
There is fair agreement between the "Lift carry-over" and the "Combined Lift" curves 
(figure 14.a); the method of Keuning & Verwert is based on data that were derived out of 
tests on constructed models while the current methodology targets the mean camber 
surface and disregards the thickness of the bodies. Including the contribution of the 
thickness effects is expected to cause a small lift growth in this range of inflow angles, by a 
factor of about 1.10 ~ 1.15. Additionally, in the current formulation the effect of the hull on 
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the keel is limited to the end-plate simulation via the double body approximation. 
Numerically, any vorticity distribution on the canoe body that would be responsible for the 
creation of lift, would have an impact on the vorticity distribution of the keel and vice versa. 
However, the canoe body lift in this case was estimated using an empirical equation and 
the aforementioned effects are not captured. Indeed, on figure 14b the lift coefficient of the 
keel as calculated by the vortex lattice method, is compared to the lift coefficient of the 
same keel using Keuning & Verwert's method without the lift carry-over terms and the 
agreement improves.  
The lift and drag forces of the keel are functions of drift angle	𝛽 and their contribution on 
the equations of motions is obtained as: 
 

𝐿Èbb/ =
1
2𝜌𝐶/_Èbb/ 𝛽 𝑉C+𝑆È	, (40) 

  

𝐷Èbb/ =
1
2𝜌𝐶1_Èbb/ 𝛽 𝑉C+𝑆È	, (41) 

  
𝑋Èbb/ = 𝐿Èbb/ sin 𝛽 − 𝐷Èbb/ cos 𝛽 	,  (42) 
  
𝑌Èbb/ = −𝐿Èbb/ cos 𝛽 sign 𝛽 − 𝐷Èbb/ sin 𝛽	, (43) 
  

𝐾Èbb/ = −𝑌Èbb/	𝑧Wb22_Èbb/	, (44) 
  

𝑀Èbb/ = 𝑋Èbb/	𝑧Wb22_Èbb/	, (45) 
  

𝑁Èbb/ = 𝑌Èbb/	𝑥Wb22_Èbb/	, (46) 
 
and similar are the equations for the contribution of the hull. 
Regarding the rudder, since the calculations were performed considering a steady state 
mode and each appendage was treated separately, the influence of the trailing vortex 
sheet of the keel onto the rudder is not included. There is a need so, to introduce a 
correction factor and treat these effects implicitly. Thus the angle of attack	𝑎¾ on the 
rudder is provided by 

	𝑎¾ = 𝛿 − 	𝛾¾	𝛽	, (47) 
 
where	𝛿 is the rudder deflection angle, while	𝛾¾	is the decreasing ratio of inflow angle 
(Masuyama and Fukasawa, 2011). The rudder contributions on the equations of motions 
are: 

𝐿¾Ì¼ =
1
2𝜌𝐶´_¾Ì¼ 𝛽 𝑉�+𝑆¾	, (48) 
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𝐷¾Ì¼ =
1
2𝜌𝐶¼_¾Ì¼ 𝛽 𝑉�+𝑆¾	, (49) 

  
𝑋¾Ì¼ = −𝐿¾Ì¼ sin 𝑎¾ − 𝐷¾Ì¼ cos 𝑎¾ 	, (50) 

  
𝑌¾Ì¼ = −𝐿¾Ì¼ cos 𝑎¾ sign 𝑎¾ − 𝐷ÒÑÑ´ sin 𝑎¾ 	, (51) 
  

𝐾¾Ì¼ = −𝑌¾Ì¼	𝑧ºÑ»»_¾Ì¼	, (52) 
  

𝑀¾Ì¼ = 𝑋¾Ì¼	𝑧ºÑ»»_¾Ì¼	, (53) 
  

𝑁¾Ì¼ = 𝑌¾Ì¼	𝑥ºÑ»»_¾Ì¼ (54) 
 
Resistance 
Regarding the surge equation of motion only (equation 1), the resistance of the yacht can 
be decomposed to viscous, induced and wave-making parts. Viscous and induced terms 
are calculated as in Oossanen (1993) with some modifications regarding the contribution 
of the bulbous part of the keel, where a form factor has been implemented for the keel-
bulb, as in Nesteruk & Cartwright (2011). Wherever included in the above formulation, the 
wetted surface is calculated from the summation of the areas of the hull panels (figure 8) 
that are immersed at that instant, taking into consideration waves, heave, heel, pitch and 
yaw. Lastly, the wave-making resistance is calculated as in Pascual (2007) where 
Khaskind's integral has been evaluated using the sectional areas of the yacht. 

 
Figure 15. Viscous resistance coefficient. 
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WAVE EXCITATION FORCES AND MOMENTS 
Incident Waves 
Considering an undisturbed pressure field around the yacht, the wave excitation is 
expressed by the Froude-Krylov forces and moments. These are calculated by integrating 
the unit potential 𝜑| (e.g. Belenky & Sevastianov, 2003) on every immersed panel of the 
hull up to the elevated running waterline, after the panel coordinates have been 
transformed suitably for the relative position of the hull on the encountered wave. 
 

𝜑| =
𝑔
𝜔 	𝑖	 exp 𝑘 ∙ 𝜁 − 𝑖 𝑥 ∙ cos 𝜇 + 𝑦 ∙ sin 𝜇 , (55) 

 

𝐹2È = Re −𝑖	𝜔	𝑒,Û]	𝜁	 𝜑|	𝑛Q
�

d𝑆  (56a) 

𝑀2È = Re −𝑖	𝜔	𝑒,Û]	𝜁	 𝜑|	 𝑟Q×𝑛Q
�

d𝑆  (56b) 

Radiation Waves 
The radiation forces and moments acting on a hull moving inside an ideal fluid are related 
to the added mass and damping terms (i.e. Newman, 1977) and can be obtained using 
representations of the flow potential in time or frequency domain formulations. Previous 
attempts by the authors to analyze a sailing yacht hull using 3-D paneled commercial 
software have provided poor results regarding the radiation terms, as the geometry creator 
failed to capture the provided actual offsets of the hull, especially around the appendages. 
This led to the decision to use a strip theory method where each section would be handled 
separately.  
A popular approach to calculate 2-D radiation coefficients is by mapping the investigated 
section to Ursell’s circular cylinder (1949) using conformal transformation techniques, such 
as the methods of Lewis (1929) or Keil (1974). However, these methods suffer from limits 
regarding the geometry of the investigated sections. In the case of a sailing yacht, where 
its form is characterized by wedge shapes towards the bow and shallow areas with large 
flare at the stern, reducing these sections to similar forms that are appropriate for the 
aforementioned methods, would not allow to retrieve radiation coefficients with acceptable 
accuracy. Moreover the aft and midship sections, both hosting appendages with large 
span, prohibit the applicability of conformal mapping methods, as the latter fail to handle 
geometries of that type.  
So in order to derive the required coefficients the close-fit method of Frank (1967) was 
implemented. This is a frequency domain B.E.M. that can handle hull sections of arbitrary 
shapes. The detailed formulation of the method is available in Frank (1967) and Bedel 
(1971) and a brief description along with the verification of the correct implementation of 
the method is contained in the Appendix. 
The radiation terms are calculated for the same sections that were examined for the ideal 
fluid maneuvering effects and again each section has been evaluated for 4 drafts (i.e. the 
case of design draft 𝑇 , an emergence of 𝑇 − 0.2	m  and two cases of submergence 
𝑇 + 0.2	m, 𝑇 + 0.4	m  and for a wide range of oscillation frequencies and respective look-
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up tables have been filled. At any instant in time during the yacht’s movement, the wetted 
part of each section and the section's mean draft are identified in the same way as for the 
maneuvering terms. In this case the mean draft is then used along with the hull-wave 
frequency of encounter as input to enter the aforementioned tables and retrieve the 
sectional radiation coefficients 𝑎,-, 𝑏,-	; 	𝑖𝑗 = 22, 33, 44,42  using linear interpolation.  

The added mass and damping curves versus frequency, for a section with a keel and for 
the evaluated drafts are presented in Figures 16-17. There is a worth mentioning trend on 
the roll and sway-into-roll modes, as the draft curves appear to intersect each other, while 
on sway and heave there was a clear offset between them. This is attributed to the fact 
that the computation of roll and sway-into-roll modes has been performed by taking into 
account the vertical position of the center of gravity of the hull. As the draft increases the 
relative position of the center of gravity becomes submerged and the point of rotation is 
changed. 
Once the radiation coefficients are obtained then they are used to equip the kernels of the 
integral functions of the following form (equation 57) as in Salvesen 𝑒𝑡	𝑎𝑙. (1970), where in 
this case terms related to a transom stern hulls have been excluded (detailed formulation 
is available in Appendix 2). A selection of added mass and damping coefficients for 
various modes of motion, evaluated on the design draft and for a wide range of 
frequencies are contained in Figure 18. 
 

𝐴,-
𝐵,-

= 𝑓 𝑎,-, 𝑏,-, 𝑙, 𝜔, 𝑢

/
+

®/ +

d𝑙	; 	𝑖, 𝑗 = 2: 6 	, (57) 

 
The viscous roll damping coefficient 𝐵44ß is calculated similarly to Schmitke (1978), 
equation (58), by accounting for the skin friction 𝐵2%7W&7¬8 contributions of the sections. 
 

 𝐵44ß = 𝐵2%7W&7¬8	, (58) 
where  

𝐵2%7W&7¬8 =
4
3𝜌	𝜔	𝑝	𝐶12 𝑟	 𝑦	𝑛p + 𝑧	𝑛à

½
+

®½ +

d𝑠

/
+

®/ +

d𝑥	, (59) 

 
where in 𝐶12 the viscous coefficient that has been obtained in the calculation of Cross-
Flow was implemented. 
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(a) Section shape 

 
(b) Sway mode 

 
(c) Heave mode 

 
(d) Roll mode 

 
(e) Sway into roll mode 

Figure 16. Added mass for a section with keel. 
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(a) Section shape 

 
(b) Sway mode 

 
(c) Heave mode 

 
(d) Roll mode 

 
(e) Sway into roll mode 

Figure 17. Damping for a section with a keel. 
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(a) Sway 

 
(b) Heave 

 
(c) Roll 

 
(d) Pitch 

 
(e) Yaw 

 
(f) Roll into Sway 

Figure 18. Yacht added mass and damping coefficients. 

 
Notice that the sway added mass curve on the zero frequency limit holds the value of 
6290	kg almost equal to the value of	6430	kg as obtained by the simple method that was 
proposed in the maneuvering ideal fluid effects subsection. Thus, the sway sectional 
added mass coefficients may obtained from this implementation. It was the authors' choice 
to retain the previous method in the presented study as a proposed alternative for an 
easily implemented method for maneuvering coefficients, in contrast to the close-fit 
method which is of considerable complexity. 
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CASE STUDIES 
In this section we present the outcome of two simulations; an upwind case where the yacht 
performs a tacking maneuver in head sea waves and a downwind case where the 
transitional behavior from asymmetrical surging to surf-riding is examined. The yacht used 
in the simulations is a modern cruiser with the following principal dimensions: 
 

 
(a) Waterlines Plan 

 
(b) Body plan 

 

Figure 19. Yacht principal dimensions and lines plan. 

 
Table 2. Yacht principal dimensions. 

𝐿ÐÎ 13.90	𝑚 
𝐿³´ 12.86	𝑚 
𝐵³´ 2.79	𝑚 
𝑇º� 0.525	𝑚 

𝑇âÐâÎ´ 3.45	𝑚 
∆ 7.83	tons 

 
The equations of motion are solved using the 4th order Runge-Kutta method. All 
calculations involving numerical loops on hull panels and strip theories are perfomed using 
the OpenMP implementation of the Intel Fortran compiler on Linux Opensuse.  
The simulations involve rather unusual values of heading angles and are considered by 
the authors as “learning to walk” simulations. The choice however is not completely 
arbitrary. For the 180� downwind in waves case, for example, it is expected to find course 
instability phenomena such as those that the mathematical model is intended to 
investigate (e.g. surf riding, and broaching-to). 
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Upwind Simulation 
In the first scenario, the yacht commences a tacking maneuver with and without the 
presence of head sea waves of 𝜆 = 2.0	𝐿³´ and steepness of ℎ = 1/75 . The yacht is 
sailing under the influence of a purely head true wind (𝑎&' = 0�) of constant speed of 8 
knots. Using a simple PD controller for coursekeeping, the yacht performs tacking 
maneuvers around earth fixed 𝑋-axis and is ordered to keep a heading angle of −25�. At 
time instant 𝑡ã = 40	s the controller orders the yacht to keep a heading of 25� until time 
instant 𝑡+ = 90	s when the controller orders again the original heading. 
 

 
(a) Trajectory 

 
(b) Surge velocity 

 
(c) Roll Angle 

 
(a) Pitch Angle 

Figure 20. Upwind simulation - Positional and velocity comparison. 

 
Figure 20 contains a comparison of kinematic responses while figure 21 contains a set of 
developed aerodynamic and total hydrodynamic loads, for calm sea and waves 
respectively.  
The 𝐾Q, 𝐾1	coefficients were set on the value of 2.0 and 1.0 respectively. The implemented 
controller PD needs improvement with the addition of a delay term for the rudder turning 
velocity, as the rudder obtains the ordered values instantly and causes this spiked 
behavior presented on the results (figure 21). The model behaved well for calm seas with 
lower coefficients but it couldn't handle the wavy seas case study sufficiently, as the yacht 
failed to keep the desired heading.  
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(a) Sway force - Calm Sea 

 
(b) Roll moment - Calm sea 

 
(c) Sway force - Waves 

 
(d) Roll moment - Waves 

Figure 21. Aerodynamic and total hydrodynamic loads - Calm sea. 

Downwind Simulation 
In the second scenario the yacht is sailing under the influence of a purely following true 
wind (𝑎&' = 180�) of constant speed of 10 knots. The yacht is considered to carry a 
cruising symmetric spinnaker of area 𝑆�Q78 = 70	m+. 
Simultaneously it is excited by following harmonic waves of 𝜆 = 2.0	𝐿'/ and steepness of 
ℎ = 1/50. As shown in Figure 22, the yacht experiences surging, which becomes 
asymmetric if the wave steepness is increased	(ℎ = 1/35). If the incident waves steepness 
reaches the threshold of ℎ = 1/30 the yacht adopts surf-riding behavior and performs 
decaying oscillation around the wave celerity. This is a well-known pattern for motor-ships. 
 

 

Figure 22. Coefficients for appendages. 
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CONCLUSIONS 
This study covered the development of a mathematical model for the investigation of 
dynamic instabilities of sailing yachts in waves. The character of this tool is modular, 
providing all parts with a potential for growth in terms of modeling complexity. The model is 
still under development but it can already be considered providing a useful tool that can 
exploit a detailed description of the hull geometry, if available.  
Particular care has been on accounting for the detailed form of the hull. One such example 
is the influence on the hydrodynamic forces incurred from areas with abrupt changes in 
geometry (e.g. the influence of the sections that host the appendages on the cross flow 
coefficient and on the wave radiation terms).  
First trials on instability phenomena, covered in the literature only for motorboats, show 
qualitatively reasonable predictions.  
Wave diffraction contributions will be implemented in the future. Additionally, the authors 
work towards the addition of transient and more detailed formulations regarding the 
excitations on the sails and the hull hydrodynamic lift. It is the authors’ intention to 
gradually increase the complexity of the implemented sub-models, as also to broaden the 
model’s overall applicability, while retaining the focus on the evaluation of the propensity of 
sailing yachts for instability phenomena compounding their performance and safety. 
 

ACKNOWLEDGEMENTS 
The work of Mr Angelou was partly supported through with a scholarship for doctoral 
studies by NTUA's Research Committee. The authors have benefitted also, in this work, by 
discussions with Prof. G. Politis of NTUA's School of Naval Architecture and Marine 
Engineering. 

REFERENCES 
Angelou M., Spyrou, K.J. (2013). "Simulations of Sails of a Yacht using a Fluid-Structure 
Interaction Model", 10th HSTAM International Congress on Mechanics, Chania, Greece. 
Angelou M., Spyrou, K.J. (2015). "Modeling Sailing Yachts’ Course Instabilities 
Considering Sail Shape Deformations", Proceedings of the 12th International Conference 
on the Stability of Ships and Ocean Vehicles, Glasgow, UK. 
Armesto, J.A., Guanche, R., Del Jesus, F., Iturrioz, A., Losada, I.,J. (2015). "Comparative 
analysis of the methods to compute the radiation term in cummins’ equation". Journal of 
Ocean Engineering and Marine Energy, 1(4):377–393. 
Batoz J.L., Bathe K.J. and Ho L.W. (1980). "A Study of Three-Node Triangular Plate 
Bending Elements". International Journal for Numerical Methods in Engineering, Vol. 15. 
1771-1812. 
Bedel, J.W., Lee, C.M. (1971) "Numerical calculation of the added mass and damping 
coefficients of cylinders oscillating in or below a free surface". Technical report, DTIC 
Document. 
Frank, W. (1967). "Oscillation of cylinders in or below the free surface of deep fluids". 
Technical report, DTIC Document. 



 
 32 

Harris, D., Thomas, G., Renilson, M. (2000). "Towards Predicting the Behavior of Yachts in 
Following Seas". Proceedings of the 7th International Conference on the Stability of Ships 
and Ocean Vehicles, Australia. 
Hess J.L. (1972). "Calculation of Potential Flow about Arbitrary Three Dimensional Lifting 
Bodies". 
Hoerner, S.F.(1965). "Fluid-Dynamic Drag", Hoerner Fluid Dynamics, 2nd edition, USA. 
Hoerner, S.F.(1985). "Fluid-Dynamic Lift", Hoerner Fluid Dynamics, 2nd edition, USA. 
Jones, P., Korpus,R. (2001). "International America’s Cup Yacht Design Using Viscous 
Flow CFD", Proceedings of the 15th Chesapeake Sailing Yacht Symposium, Annapolis, 
MD. 
Kagemoto, H., Fujino, M., Kato, Takayoshi, K. and Wu, Ch.T. (2000). "A Numerical and 
Experimental Study to Determine the Loads on a Yacht Keel in Regular Wave", 
Proceedings of the 7th International Conference on the Stability of Ships and Ocean 
Vehicles, Australia. 
De Kat J.O. (1999). "Causes of Yacht Capsizing in Heavy Seas", Workshop on Safety of 
Ocean Racing Yachts, Sydney. 
Doyle, T., Knight, B. (2015). "RANS Based VPP Method for Mega-Yachts". The 5th High 
Performance Yacht Design, Auckland, New Zealand. 
Katz J., Plotkin A. (2001). "Low Speed Aerodynamics", Cambridge University Press, 
Second Edition, Cambridge. 
Keil, H. (1974) "Die hydrodynamischen Kräfte bei der periodischen Bewegung 
zweidimensionaler Körper an der Oberfläche flacher Gewässer ". 
Keuning, J.A., Verwerft, B. (2009). "A new Method for the Prediction of the Side Force on 
Keel and Rudder of a Sailing Yacht based on the Results of the Delft Systematic Yacht 
Hull Series". Proceedings of the 19th Chesapeake Sailing Yacht Symposium, Annapolis, 
MD. 
Lasher, W.C., Sonnenmeier, J.R., Forsman, D.R., Zhang, C. and White, K. (2003). 
"Experimental Force Coefficients for a Parametric Series of Spinnakers", Proceedings of 
the 16th Chesapeake Sailing Yacht Symposium, Annapolis, MD. 
Lewis, F.M. (1929). "The inertia of the water surrounding a vibrating ship". Trans. SNAME, 
37:1–20. 
Masuyama, Y., Fukasawa T. (2011). "Tacking Simulation of Sailing Yachts with New 
Model of Aerodynamic Force Variation During Tacking Maneuver", SNAME Journal of 
Sailboat Technology. 
Masuyama, Y., Fukasawa T., Sasagawa, H. (1995). "Tacking Simulation of Sailing Yachts 
- Numerical Integration of Equations of Motion and Application of Neural Network 
Technique". Proceedings of the 12th Chesapeake Sailing Yacht Symposium, Annapolis, 
MD. 
Melliere, R.A., "A Finite Element Method for Geometrically Non-linear Large Displacement 
Problems in Thin, Elastic Plates and Shells", Doctoral Dissertation, Missouri University of 
Science and Technology, Paper 2102, 1969. 
Mylonas, D., Sayer, P.G., Day, A.H. (2010). "Prediction of Forces and Flow around a 
Yacht Keel Based on LES and DES". The Second international Conference of Innovation 
in High Performance Sailing Yachts, Lorient, France. 



 
 33 

Morino, L., Kuo, CC. (1974). "Subsonic Potential Aerodynamics for Complex 
Configurations: A General Theory". AIAA Journal, Vol.12, no. 2. 
Nava, S., Cater, J., Norris, S. (2016). "Modelling Leading Edge Separation on a Flat Plate 
and Yachts Sails using LES." International Journal of Heat and Fluid Flow. 
Nesteruk, I., Cartwright, J.H.E. (2011). "Turbulent Skin-Friction Drag on a Slender Body of 
Revolution and Gray’s Paradox", 13th European Turbulence Conference (ETC13), Journal 
of Physics: Conference Series 318. 
Newman, J.N. (1977). "Marine Hydrodynamics", The MIT Press, 9th edition, 1977. 
Oltmann, P., Sharma S.D. (1985). "Simulation of Combined Engine and Rudder 
Maneuvers Using an Improved Model of Hull-Propeller-Rudder Interactions", The 15th 
Symposium of Naval Hydrodynamics, National Academy Press. 
Van Oossanen, P. (1993). "Predicting the Speed of Sailing Yachts", SNAME Transactions, 
Vol. 101. 
Offshore Racing Congress. (2016). ORC VPP Documentation. 
Pascual, E. (2007). "Revised Approached to Khaskind’sMethod to Calculate the 
WaveMaking Resistance Depending on the Sectional Area Curve of the Ship", Journal of 
Ship Research, Vol. 51, September 2007, pp. 259-266. 
De Ridder, E.J., Keuning J.A., Vermeulen, K.J. (2004). "A Mathematical Model for the 
Tacking Maneuver of a Sailing Yacht". Proceedings of the International HISWA 
Symposium on Yacht Design and Yacht Construction. 
Salvesen, N., Tuck, E.O. and Faltisen, O. (1970). "Ship Motions and Sea Loads", SNAME 
Transactions, Vol.78, 250-287. 
Schmitke, R.T. (1978). "Ship Sway, Roll, and Yaw Motions in Oblique Seas", SNAME 
Transactions, Vol.86, 26-46. 
SNAME (1950) "Nomenclature for Treating the Motion of a Submerged Body Through a 
Fluid" SNAME Transactions. 
Spyrou, K.J. (2010). "Historical Trails of Ship Broaching-To", The Transactions of the 
Royal Institution of Naval Architects: Part A - International Journal of Maritime Engineering, 
152, Part A4, pp. 163-173. 
Thomas, G., Harris, D., d'Armancourt, Y., Larkins, I., (2006). "The Performance and 
Controllability of Yachts Sailing Downwind in Waves". Proceedings of the 2nd High 
Performance Yacht Design Conference, Auckland, New Zealand. 
Tigkas, I., Spyrou, K.J. (2012) "Continuation Analysis of Surf-riding and Periodic 
Responses of a Ship in Steep Quartering Seas", Proceedings of the 11th International 
Conference on the Stability of Ships and Ocean Vehicles, Athens, Greece. 
Ursell, F. (1949). "On the heaving motion of a circular cylinder on the surface of a fluid. 
The Quarterly Journal of Mechanics and Applied Mathematics". 2(2):218–231. 
Viola, I.M., Pilate, J., Flay, R.G. (2011). "Upwind Sail Aerodynamics: A Pressure 
Distribution Database for the Valdiation of Numerical Codes", Trans Rina, Vol 153, Part 
B1, Intl J Small Craft Tech. 
Viola, I.M., Bartesaghi, S., Van-Renterghem, T., Ponzini, R. (2014). "Detached Eddy 
Simulation of a Sailing Yacht". Ocean Engineering, Vol. 90, pp. 93-103. 



 
 34 

Yuanxie, Zhao. (1986). "Calculation of Ship Manoeuvring Motions in Shallow Water", 
Schiffstechnic Bd. 33. 
Zienkiewicz O.C., Taylor R.L. (2000). "The Finite Element Method, Volume 1 : The Basis", 
Butterworth – Heinemann, Fifth Edition, Oxford, UK. 
Zienkiewicz O.C., Taylor R.L. (2000). "The Finite Element Method, Volume 2 : Solid 
Mechanics", Butterworth - Heinemann, Fifth Edition, Oxford, UK.  
 
 
Appendix 1 - Validation of lifting surface numerical code 
In the set of graphs included in figure A1.1 and A1.2 are shown comparisons of calculated 
pressure difference at various horizontal sections of the jib and the mainsail respectively, 
against experimental results of Viola 𝑒𝑡	𝑎𝑙. (2011). 
 

 
(a) Section 1 Jib 

 
(b) Section 2 Jib 

 
(c) Section 3 Jib 

 
(d) Section 4 Jib 

Figure A1.1. Comparison of ΔCp on Jibsail sections. 
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(b) Section 1 Main 

 
(b) Section 2 Main 

 
(c) Section 3 Main 

 
(d) Section 4 Main 

Figure A1.2. Comparison of ΔCp on Mainsail sections. 

 
 
Appendix 2 - Calculation of sectional radiation terms by Frank's Close-Fit method  
Frank’s formulation is a frequency domain BEM. based on the complex potential induced 
by sources that are distributed on the perimeter of a hull section of any arbitrary shape. 
The method assumes a submerged body that is subjected to a harmonic translational 
(sway or heave) or rotational (roll) motion of frequency ω and amplitude 𝑍Îåæ. It’s essence 
lays in finding a potential representation in terms of a harmonic function that satisfies 
radiation, free surface, kinematic and flow-at-infinity boundary conditions and proposes as 
an appropriate solution the treatment of a suitable complex potential function	𝜑ç∗ . 
Employing the latter and considering a series of sources of strength QB that are distributed 
on straight segments of a wetted sectional perimeter 𝑙, then a representation for the 
induced velocity potential at a point zQ is given by 
 

𝛷ç
ì zQ, 𝑡 = Re 𝑄� ∙ 𝜙ç zQ, 𝜁� ∙ 𝑒®,Û]

«

d𝑠 	, (A2-1) 

 
where m = 2, 3 or 4 for sway, heave and roll modes of oscillation respectively. The 
unknown strength of the sources is obtained by enforcing the Neumann boundary 
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condition on the panel centers and solving the linear system that occurs (equations A2-2, 
A2-3). 
 

Re 𝒏 ∙ ∇ ∙ 𝑄� ∙ 𝜙ç zQ, 𝜁�
«

d𝑠 = 0	, (A2-2) 

  

Im 𝒏 ∙ 𝛻 ∙ 𝑄� ∙ 𝜙ç zQ, 𝜁�
«

d𝑠 = 𝑍Îåæ
ì ∙ 𝜔 ∙ 𝒏 ì 	, (A2-3) 

 
The potential can then be calculated using equation (equation A2-1) and consists of 
displacement and velocity related terms. This allows for the calculation of the respective 
pressure and force components using the linearized Bernulli equation (equation A2-4). 
 

𝑝 𝑥, 𝑦, 𝜔, 𝑡 = −ρ ∙
𝜗Φ
𝜗𝑡 𝑥, 𝑦, 𝜔, 𝑡 = 𝑝� 𝑥, 𝑦, 𝜔, 𝑡 ∙ cos𝜔𝑡 + 𝑝 𝑥, 𝑦, 𝜔, 𝑡 ∙ sin𝜔𝑡	, (A2-4) 

 
Finally, added mass and damping terms for each section are obtained by 
 

𝑎 ì = −
1

𝜔+ ∙ 𝑍Îåæ
𝑝� 𝑥,, 𝑦,, 𝜔 ∙ 𝒏 ì ∙ 𝛿𝑙,

8

,óã

	, (A2-5) 

  

𝑏 ì = −
1

𝜔 ∙ 𝑍Îåæ
𝑝 𝑥,, 𝑦,, 𝜔 ∙ 𝒏 ì ∙ 𝛿𝑙,

8

,óã

	, (A2-6) 

 
and the detailed formulation of the method is available in Frank (1967) and Bedel (1971). 
The application herein was slightly modified, in the sense that sections were modeled as a 
whole, i.e. without using a vertical symmetry plane. The reason being so, was that the 
instructions provided in Frank (1967) and Bedel (1971) regarding the terms attributed to 
the port-starboard symmetry are prone to incorrect interpretation.  
In order to verify the correct implementation of Frank's close-fit method, the added mass 
and damping terms of basic sections were tested (figure A2.1). Sway and heave terms 
were directly evaluated using a section of a semi-immersed (𝑇 = radius) circular horizontal 
cylinder as in Frank, and with the exception of a small range on the high frequencies of 
heave mode, that are attributed to the occurrence of an irregular frequency, very good 
agreement was found.  
The roll and sway-into-roll modes however, were cumbersome to compare. Frank used the 
midship section of Series-60 hull with 𝐶C = 0.70 as a case study. However, the exact 
location of the bilge panels points is unclear, as is the location of the center of rotation that 
was used in the calculations. That being so, the rotational related modes (roll and sway-to-
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roll) were verified using the square section (C
1
= 2.0) case study of Vugts (as in Salvensen, 

1970) and the trend is very similar. 
In general, the method performed satisfactory, with the exception of occurrences of 
"irregular" frequencies in the case of submergence (deeper sections) and in fact, round 
shaped sections seemed to suffer more from these irregularities (figure A2.2). These 
irregular frequencies appeared in two trends, i.e. a wide frequency range with a noise-like 
behavior (green dashed ellipse) and a smaller frequency range with a pulse-like 
occurrence (red dashed ellipse). Techniques such as increasing the panel density to 
narrow the problematic frequency range or of extending the section inwards by adding 
panels on the theoretical waterline, did not improve the results. Instead, the "irregular" 
points were removed manually and splines curves were used to fit the gaps in between. 

 

 
(a) Sway: Cylinder 

 

 
(b) Heave: Cylinder 

 
(c) Sway-to-roll: Square 

 
(d) Roll: Square 

Figure A2.1. Added mass and damping of basic shapes. 
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Figure A2.2. Irregular frequencies and smoothed 

curve. 

 
Following the calculation of sectional radiation coefficients, the total added mass and 
damping for the yacht were calculated using the following equations (Salvensen, 1970) 

𝐴++ = 𝑎++

/
+

®/ +

d𝑙	, (A2-7) 

𝐵++ = 𝑏++
/
+

®/ +

d𝑙	,	 (A2-8) 

𝐴+Ô = 𝐴Ô+ = 𝑎+Ô

/
+

®/ +

d𝑙	, (A2-9) 

𝐵+Ô = 𝐵Ô+ = 𝑏+Ô
/
+

®/ +

d𝑙	,	 (A2-10) 

𝐴+ô = 𝑙 ∙ 𝑎++
/
+

®/ +

d𝑙	 +	
𝑢
𝜔+ 𝐵++	,	 (A2-11) 

𝐵+ô = 𝑙 ∙ 𝑏++
/
+

®/ +

d𝑙	 − 	𝑢𝐴++	,	 (A2-12) 

𝐴ÔÔ = 𝑎ÔÔ
/
+

®/ +

d𝑙	,	 (A2-13) 

𝐵ÔÔ = 𝑏ÔÔ
/
+

®/ +

d𝑙 + 𝐵ÔÔß	,	 (A2-14) 

𝐴Ôô = 𝑙 ∙ 𝑎+Ô
/
+

®/ +

d𝑙	 +	
𝑢
𝜔+ 𝐵+Ô	,	 (A2-15) 
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𝐵Ôô = 𝑙 ∙ 𝑏+Ô
/
+

®/ +

d𝑙	 − 	𝑢𝐴++	,	 (A2-16) 

𝐴ô+ = 𝑙 ∙ 𝑎++
/
+

®/ +

d𝑙	 −	
𝑢
𝜔+ 𝐵++	,	 (A2-17) 

𝐵ô+ = 𝑙 ∙ 𝑏++
/
+

®/ +

d𝑙	 + 	𝑢𝐴++	,	 (A2-18) 

𝐴ôÔ = 𝑙 ∙ 𝑎+Ô
/
+

®/ +

d𝑙	 −	
𝑢
𝜔+ 𝐵+Ô	,	 (A2-19) 

𝐵ôÔ = 𝑙 ∙ 𝑏+Ô
/
+

®/ +

d𝑙	 + 	𝑢𝐴++	,	 (A2-20) 

𝐴ôô = 𝑙+ ∙ 𝑎++
/
+

®/ +

d𝑙	 +	
𝑢+

𝜔+ 𝐴++	,	 (A2-21) 

𝐵ôô = 𝑙+ ∙ 𝑏++
/
+

®/ +

d𝑙	 −	
𝑢+

𝜔+ 𝐵++	,	 (A2-22) 

𝐴rr = 𝑎rr
/
+

®/ +

d𝑙	,	 (A2-23) 

𝐵rr = 𝑏rr
/
+

®/ +

d𝑙	,	 (A2-24) 

𝐴rõ = − 𝑙 ∙ 𝑎rr
/
+

®/ +

d𝑙	 −	
𝑢
𝜔+ 𝐵rr	,	 (A2-25) 

𝐵rõ = − 𝑙 ∙ 𝑏rr
/
+

®/ +

d𝑙	 + 	𝑢𝐴rr	,	 (A2-26) 

𝐴õr = − 𝑙 ∙ 𝑎rr
/
+

®/ +

d𝑙	 +	
𝑢
𝜔+ 𝐵rr	,	 (A2-27) 

𝐵õr = − 𝑙 ∙ 𝑏rr
/
+

®/ +

d𝑙	 − 	𝑢𝐴rr	,	 (A2-28) 

𝐴õõ = 𝑙+ ∙ 𝑎rr
/
+

®/ +

d𝑙	 +	
𝑢+

𝜔+ 𝐴rr	,	 (A2-29) 

𝐵õõ = 𝑙+ ∙ 𝑏rr
/
+

®/ +

d𝑙	 −	
𝑢+

𝜔+ 𝐵rr	,	 (A2-30) 
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Appendix 3 - Validation of model using measured values 
We perform an additional verification, on a tacking maneuver, and compare to the 
simulated results obtained by the model of De Ridder 𝑒𝑡	𝑎𝑙. (1995). De Ridder 𝑒𝑡	𝑎𝑙. 
constructed a model for the maneuvering of sailing yachts in calm seas, based on 
mathematical formulations that were retrieved from analysis of the Delft Systematic Yacht 
Hull Series (DSHYS) data and benchmarked it using the measurements from a tacking 
maneuver performed by a 41 feet yacht, the "Checkmate 3".  
The hull lines of this yacht could not be retrieved from the open literature. However, and 
exploiting the scenario's assumption of calm seas, we chose to use "Checkmate's 3" 
principal dimensions (Table A2), which are very similar to the yacht already model in our 
study:  
a) to equip certain sub-components of our model that require principal dimensions as input 
data, and 
b) to use these particulars to estimate the dimensions of hydrodynamic active surfaces for 
all other related subcomponents. 
We have retained the hydrostatic expressions of the yacht hull that we have already 
implemented in our model so far. Moreover, we retained the sail driving coefficients 
implemented in our model.  
 

Table A2. Yacht principal dimensions. 

 "Checkmate 3" Yacht 
𝐿³´ 11.5	m 
𝐵³´ 3.14	m 
∆ 7.77	tons 
𝑆𝐴 89.0	m+ 

𝑆𝐴/∆+ r 22.68 
 
The yacht is sailing under a true wind of speed equal of 4.8 m/s and direction of 35 
degrees and performs a tack of approximately 80 degrees, while the simulation lasts for 40 
seconds.  
We chose to use the time history of the rudder (figure A3.1) used in De Ridder 𝑒𝑡	𝑎𝑙. 
(1995) and compare between the obtained responses (trajectory, heading, surge velocity 
and heel angle) as calculated from our model with the respective responses as presented 
in the paper of De Ridder 𝑒𝑡	𝑎𝑙. (1995). In general good agreement is found (figures A3.2, 
A3.3a).  
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Figure A3.1. Ordered rudder angle used on the tacking maneuver. 

 
The only significant difference appears in the roll response of our model (figure A3.3.b) 
where the obtained heel angle seems significantly smaller than the angle as measured in 
De Ridder 𝑒𝑡	𝑎𝑙. (1995). We attribute that to the lack of information regarding the sails 
dimensions used during the measurements. The exact sail geometry and consequently the 
sails' centers of effort could only be assumed and it seems the values we chose are low. 
Moreover the exact GM value at De Ridder 𝑒𝑡	𝑎𝑙. was not known to us and this definitely 
had an impact on the results. 

 
(a) Tacking trajectory 

 
(b) Tacking course angle 

Figure A3.2. Heading and covered trajectory during tacking maneuver. 
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(a) Comparison of surge velocity 

 
(b) Comparison of heel angle 

Figure A3.3. Comparison with responses from De Ridder 𝒆𝒕	𝒂𝒍. (2004) 

 
 
 


