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A B S T R A C T

A numerical investigation is conducted in order to identify optimum trimming attitudes for resistance reduction
in the application of high performance sailing yacht hulls. A lumped parameters model based on general un-
steady equations of motion is developed and implemented in combination with a numerical scheme to conduct
parametric studies and predict the overall performances of a specific sailing hull. Existing semi-empirical for-
mulas for hydrodynamic coefficients are modified and applied in order to extend the speed range of application
and obtain good agreement with available experimental data. Brief discussion of the numerical results is pre-
sented with emphasis on the possible applications in the field of modern sailing yachts.

1. Introduction

Modern high performance hulls are intended for different purposes,
such as sport, trading, pleasure, military and community services. The
three terms displacement, high-speed displacement and planing hulls are
now generically used to classify the majority of boats being built today
and their different behavior in speed regime and sea-keeping (Savitsky,
2014; Savitsky and Gore, 1979). When the volumetric Froude number
of a craft reaches values greater than 2, planing regime may occur
(Ghassemi and Kohansal, 2010; Almeter, 1993). From zero up to these
values the bulk of the weight is mostly supported by buoyancy. As soon
as the Froude number exceeds the value of approximately 4, the craft is
almost entirely supported by dynamic forces. Throughout the whole
speed range, the hydrodynamics associated with the hull could vary
considerably.

In order to predict the overall performances in terms of total en-
countered resistance and thrust, now available codes, methods and
models find application over a wide range of complexity and accuracy,
which extends from complete unsteady three-dimensional numerical
codes (Bakhtiari et al., 2016; Wackers et al., 2017; Çakici et al., 2015)
to quick-simple lumped parameters models (Savitsky, 1964; Fossati and
Muggiasca, 2012; Matveev, 2012). In the numerical field, Bakhtiari
et al. (2016) showed an investigation on a stepped planing hull by using
CFD approach based on finite volume method. In this study, the solu-
tion domain is discretized with an unstructured grid mesh of tetrahedral
cells. The RANS equations and the k-epsilon turbulent model are used in
a coupled manner with VOF free surface model in order to calculate the
turbulent free surface flow around the hull. Fu et al. (Fu, 2012) used the

Numerical Flow Analysis (NFA) to model breaking waves around a ship,
including both plunging and spilling breaking waves, the formation of
spray, and the entrainment of air. NFA solves the Navier-Stokes equa-
tions utilizing a cut-cell, Cartesian-grid formulation with interface-
capturing to model the unsteady flow of air and water around moving
bodies. A panelized surface representation of the ship hull is required as
input in terms of body geometry, and domain decomposition is used to
distribute portions of the grid over a large number of processors (HPC).
Ghassemi et al. (Ghassemi and Kohansal, 2010; Ghassemi and Ghiasi,
2008) used the boundary element method to predict the hydrodynamic
characteristics of three-dimensional hulls. In this method, boundary
integral equation is derived using Green's theorem on the wetted body/
free-water surfaces and combined with a non-linear free surface
boundary condition. The results include pressure, lift, drag and wave
pattern at various Froude numbers. Doctors (1975) and Savander et al.
(2002) applied finite pressure element method and boundary value
method to planing hulls respectively. Reliable relationships between
perturbation potential and vortex distribution were obtained in these
studies. Although recent numerical codes (Ghassemi and Kohansal,
2010; Ghassemi and Ghiasi, 2008) and computational methods (CFD,
FVM and NFA) (Bakhtiari et al., 2016; Duman et al., 2017; Fu, 2012)
are able to describe complex three-dimensional hydrodynamic fields
and unsteady motions, they still require large computational resources
and time consuming in terms of geometry preparation, mesh-grid
generation and/or computational domain distribution processes.

From the second half of the twentieth century onwards, various hull
shapes and sizes have been studied with both experiments and simple
analytical models. Kapryan and Boyd (1955) reported pressure
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distribution measurements for different prismatic surfaces. Clement and
Blount (1963) performed extensive experiments on a systematic series
and presented a simplified prediction method for the estimation of
planing hull drag. Savitsky (1964) presented a performance prediction
model using the empirical equations for lift, drag, wetted areas and the
center of pressure, which is still used as a first estimate for planing hull
drag. Katayama et al. (2002) experimentally investigated geometric
similar prismatic planing surfaces to predict the hydrodynamic per-
formances at different speed regimes. Over the past four decades, ex-
tensive research was conducted on the Delft Systematic Yacht Hull
Series (DSYHS) by the Ship Hydromechanics Laboratory of the Delft
University of Technology to determine the hydrodynamic forces and
moments acting on sailing yacht hulls. From that research, regression
formulas for the forces and moments were derived (Kleijweg, 2016a).
These formulations are still used as reliable and versatile published
regressions concerning yacht hulls (Huetz and Alessandrini, 2011).
Fossati et al. (Fossati and Muggiasca, 2012) used a simple lumped
parameters model with the aim to reproduce unsteady sail aero-
dynamics taking into account three-dimensional effects and unsteady
mainsail-jib interaction. In this study, the hull is modeled as a single
point mass constrained to move on a surface governed by the equations
of wave motion. In Matveev (2012), a method of hydrodynamic discrete
sources is applied for two-dimensional modeling of stepped planing
surfaces. The water surface deformations, wetted hull lengths, and
pressure distribution are also included in the formulation. Axiomatic
assumptions, limitations or problems are intrinsic and inherent in the
use of this type of simple models: analytical one-dimensional lumped
parameters formulation could never be able to capture the highly
complex three-dimensional phenomena (such as free water-surface
deformation and waves propagation-interaction) involved in a hull
motion by itself. Different extensions (Fossati and Muggiasca, 2012;
Matveev, 2012) are necessary to take into account unsteadiness and
geometry spatial-temporal distribution, leading thus to a more rigorous
and complex formulation. However, these simple models are largely
used due to their simplicity and quickness, although their inaccuracy
and limited range of application (Savitsky, 1964).

The system of forces acting on a hull during its motion could be
summarized into four main components: the lift, which is composed by
the hydrodynamic force (resulting from the relative motion) and the

hydrostatic (buoyancy) force, the weight of the craft, the thrust pro-
duced by the propulsor or sail, and the total encountered resistance.
The latter could be further decomposed into several different compo-
nents being related to friction, cross-sectional area of the hull, trans-
verse three-dimensional effects, wake profile and sea-water conditions.
Very low values of drag-to-lift ratio are highly desired in modern boat
design, whether the hull form is focused on geometry optimization for
racing purposes or on fuel saving for trade and transport. It has been
shown by other authors (Savitsky, 1964; Clement and Blount, 1963)
that the drag-to-lift ratio parameter is strictly dependent on the position
of the center of gravity (CoG), this one being responsible for the trim-
ming attitude reached by the hull in steady conditions. Different CoG
placements correspond to different behaviors of the hull depending on
the cruising-speed regime (Kleijweg, 2016a). In view of this, the main
outcome of the present work is to investigate on the existence of an
optimum CoG function L Fn( )cg able to minimize the drag-to-lift ratio
over a relatively wide range of Froude number. For the sake of this, a
lumped parameters model is developed in conjunction with a practical
numerical scheme and particularized to a specific high performance
sailing yacht hull. An unsteady three-dimensional extension of the Sa-
vitsky's model (Savitsky, 1964) is applied to calculate the hydro-
dynamic forces and moments acting on the hull during its motion. The
total resistance is determined by using semi-empirical models based on
regression formulas which could be found in (Kleijweg, 2016a). In the
next section, the physical and mathematical model of the problem will
be described. Subsequently, a brief description of the aforementioned
numerical scheme used to conduct the parametric studies will be given.

A DSYHS bare hull model of Series 80 is herein used as test-hull and
the available experimental data (Kleijweg, 2016b) are interpolated and
implemented in the present formulation. It is shown that the present
numerical scheme is able to capture optimum trimming conditions and
the results of the model are in good agreement with experimental
measurements over the specific range of Froude number.

2. Physical model and assumptions

In the present work a lumped parameters model based on three-
dimensional unsteady equations of motion is developed and used in
order to capture the main mechanical and hydrodynamic effects of a

List of symbols

Awl Water-plane area
Ax Maximum submerged sectional area
Bb Maximum hull breadth
Bcg Transverse CoG position
Bwl Beam of water-line; C Y-component of total hydrodynamic

force
Cb Block coefficient (= L B HΩ/ wl wl wl)
Cp Prismatic coefficient (= C L B HΩ/ x wl wl wl)
Cs Water-plane area coefficient (= A L B/wl wl wl)
Cx Max sectional area coefficient (= A H B/x wl wl)
Fn Froude Number (= V g L/ wl )
g Gravity acceleration
Hb Maximum hull height
Hcg Vertical center of gravity CoG position
HcT Vertical center of effort CoE position
Hwl Draft of the canoe body
Lb Maximum hull length
θ Angular positions of Y axis
ψ Angular positions of Z axis
μ Dynamic viscosity of water
ρ Mass density of water
Ω Water displaced volume (= C L B Hb wl wl wl)

LcB Longitudinal CoB position
Lcf Longitudinal position of the center of flotation
Lcg Longitudinal CoG position
LcT Longitudinal CoE position
Lwl Length of water-line
m Mass of the hull
N Computation steps for the 1st solution cycle
n Computation steps for the 2nd solution cycle
p Angular rates of X axis
q Angular rates of Y axis
r Angular rates of Z axis
y Cartesian co-ordinate
V Hull velocity
α Angle of attack respect to water-trajectory

tΔ Total time of dynamic evolution
ϕ Angular positions of X axis

Suffices

A Transom-fixed reference frame
B CoG-fixed reference frame
E Earth-fixed reference frame
W Water-trajectory reference frame
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