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a b s t r a c t

Thin fabric-based yacht sails have a cambered shape to generate lift force; however, their shape can be
easily deformed by wind pressure and also affected by the deformation of the mast. These deformations
can change the airflow characteristics over the sail. Therefore, Fluid-Structure Interaction (FSI) analysis is
needed to evaluate the sail force precisely. In this study, airflow over the deformed sail and rig was
studied using FSI. Elastic deformation of the sail and rig was obtained by an aerodynamic calculation
under dynamic pressure loading on the sail surface. The effects of rig deformation on the aerodynamic
performance of the sail were examined according to the rig type and mast flexibilities. As a result, the
changes of lift force for a fractional type rig with a thin mast section were more significant than with a
masthead rig.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A yacht sail made of thin fabric-based composite forms a 3-
dimensional camber shape by wind pressure. The sail's camber
shape changes with the direction and strength of the wind as well
as with the mast deformation; this will result in varied lift and drag
performance by the sail. The deformation of the mast varies
depending on the materials, properties, shapes, and thickness of
sections. A yacht, like a sloop, is propelled by the main and jib sails
installed with a standing rig. As the luff side of the main sail is fixed
to the mast, wind pressure on the sail transfers the external force to
themast; similarly, a mast deformation transfers tensile force to the
sail. Such an exchange of forces complexly transforms the sail
camber and results in a change of aerodynamic forces. In general,
the mast has a hollow pipe shape which is exposed to a deforma-
tion dependent on its material, cross-sectional shape and thickness.
The standing rig, comprised of shrouds, stays, and spreaders which
support the mast in respective directions, makes the deformation
of a mast complex. The sail, supported by such a rig suffering
complex deformation, will also make complex aerodynamic forces.
Thus, to obtain accurate lift and drag forces from the sail, or to keep
the balance between such aerodynamic forces on the sail and hy-
drodynamic forces on the hull, an analysis of Fluid-Structure

Interactions (FSI) wherein the aerodynamics of the sail and struc-
tural deformation of the rig are considered is needed.

Yoo et al. (2005) designed a yacht ‘KORDY30’ and sail model for
model testing and numerical computation and have been con-
ducting various studies on it. Lee et al. (2011) implemented an FSI
analysis using a grid deformation technique to determine the
deformation of a two-dimensional cross-section of a 30-foot yacht
sail. Bak et al. (2013a) investigated the nonlinear behavior of a sail
by applying FSI analysis to the deformation of a simple-shaped sail
made of thin fabric. As for the actual sail of a yacht, Bak et al.
(2013b) have conducted the fluid-structure interaction analysis by
employing a partial two-way method to calculate the 3-
dimensional deformation of the main sail shape without the
mast. The resulting 3-dimensional flow phenomena, comprising
changes in the effective angle of attack, 3-dimensional flow sepa-
ration, and stall, may result in the ability to change the thrust
performance of a yacht according to changes in the lift and drag
forces. Bak and Yoo (2018) examined by FSI analysis the changes in
lift and drag forces before and after deformation of the sail and rig
for a sloop yacht with a masthead type rig. However, the shrouds
and stays were not modeled and applied the fixed boundary con-
ditions on each connecting points, so that the deformation of the
rig was not sufficiently simulated. Similar to these studies,
Trimarchi et al. (2009) applied the Boundary Element Method
(BEM) to calculate the surrounding flow and the Finite Element
Method (FEM) to calculate the sail deformation without consid-
ering the mast and rig.

In the present study, the FSI analysis of a 30-foot sloop yacht, the

* Corresponding author.
E-mail address: yoojaehoon@mokpo.ac.kr (J. Yoo).
Peer review under responsibility of Society of Naval Architects of Korea.

Contents lists available at ScienceDirect

International Journal of Naval Architecture and Ocean Engineering

journal homepage: http: / /www.journals .e lsevier .com/
internat ional- journal -of-naval -archi tecture-and-ocean-engineering/

https://doi.org/10.1016/j.ijnaoe.2019.02.003
2092-6782/© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

International Journal of Naval Architecture and Ocean Engineering 11 (2019) 648e661

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:yoojaehoon@mokpo.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijnaoe.2019.02.003&domain=pdf
www.sciencedirect.com/science/journal/20926782
http://www.journals.elsevier.com/international-journal-of-naval-architecture-and-ocean-engineering/
http://www.journals.elsevier.com/international-journal-of-naval-architecture-and-ocean-engineering/
https://doi.org/10.1016/j.ijnaoe.2019.02.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijnaoe.2019.02.003
https://doi.org/10.1016/j.ijnaoe.2019.02.003


‘KORDY30’ was carried out to examine the interference between
the sail and rig upon the sail performance. The viscous flows over
the initial sail were analyzed using Computational Fluid Dynamics
(CFD) and the calculated dynamic pressure on the sail surface was
used as a loading condition of the FEM analysis used to calculate the
deformation of the sail. The mast and boom, including the shrouds,
stays, and spreaders, were modeled as structural elements; the
support methods on the hull deck were applied as boundary con-
ditions. The masthead rig and fractional rig, which are comprised of
shrouds wires attached to different positions, were analyzed to
examine the deformation of two types of rigging. Varied thick-
nesses, of 2mm, 3mm, and 4mm, of the mast cross-section were
modeled for the two types of rig to examine how deformations in
the rigs and changes in the shape of the sail corresponded to varied
flexibilities of themast. Finally, a fluid flowanalysis of the deformed
sail was carried out again to examine changes in the aerodynamic
performance.

2. Numerical analysis technique

2.1. FSI method

The methods to conduct FSI analysis can be classified as direct
coupled, one-way, and two-way. The direct coupled FSI method
calculates the analyses of flow and structural deformation simul-
taneously, whereas in a one-way FSI method the result of a flow
analysis is applied as the loading condition of the structural anal-
ysis, the interaction at the boundary is performed only once, and
interactive loading calculations are not carried out. A two-way FSI
method is used the deformation of the shape largely depends on
the fluid force and the structural deformation affects the flow again,
which requires an iteration of the calculations of rig structural
deformation and aerodynamic sail forces until convergence.

In the present study, a partial two-way FSI method was
employed instead of two-way FSI by referring to the results of
previous studies (Bak and Yoo, 2018; Bak et al., 2013b; Lee et al.,
2011) that suggested the changes in aerodynamic forces resulting
from deformed sail camber by dynamic pressure on the surface
would be insignificant. The FSI analyses conducted were thus
focused on the identification of changes in sail camber shape and in
the resulting aerodynamic forces. That is, as shown by the pro-
cedure illustrated in Fig. 1, the aerodynamic force corresponding to
the initial shape of the sail was calculated, and the calculation was
used as a condition to calculate the structural deformation. The
resulting aerodynamic force corresponding to the deformed sail
was then calculated to compare with the previous calculation of
aerodynamic force.

The fluid force is calculated by CFX, a commercial CFD code, and
the grid system for CFD calculation is generated using ICEM-CFD
code (ANSYS Inc., 2018). In FSI analysis, the structural deforma-
tion is calculated by applying the fluid forces as the distributed

loads for structural analysis. CFX calculates the fluid forces at each
nodal point, and FEM-based LS-DYNA requires the loading force at
center of each elements. Generally, the integral method is used to
convert the values on nodes to an element; however, this approach
is not efficient for a model with a large number of elements.
Therefore, the Workbench program of ANSYS, which can be used to
perform FSI analysis by integrating CFX and LS-DYNA, is used in this
study.

The static structure module in Workbench can be used for finite
element modeling as well as structural analysis. This module is
used to calculate the structural deformation by applying the pres-
sure value, which is calculated using CFX at a node, as the distrib-
uted load for the static structure module. However, the static
structural module can only be applied to linear analysis for a small
deformation. For nonlinear analysis of the large deformation of a
thin fabric based on finite element theory, a non-linear FEM code
such as LS-DYNA is required. In this study, the pressure loads for
structural analysis are generated using Workbench, wherein both
finite element modeling and fluid force conversion are carried out.
The FSI analysis of sail deformation is performed using LS-DYNA.

2.2. Governing equations for fluid flow analysis

In this study, turbulent flows around the sail are simulated using
CFX (ANSYS) by solving the continuity Eq. (1) and the three-
dimensional Navier-Stokes Eq. (2).
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where Ui is the fluctuating velocity of a turbulent flow; r, the fluid
density; m, the fluid viscosity; and P, the static pressure. Eq. (3)
expresses the temporal change in the velocity of turbulence Ui in
terms of the sum of the time-averaged velocity Ui and fluctuation
component of the velocity ui.

Ui ¼ Ui þ ui (3)

To simplify these complicated expressions, the Navier-Stokes
equation is integrated with time to obtain the time-averaged Rey-
nolds-averaged Navier-Stokes (RANS) equation:
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CFX is based on the Finite Volume Method (FVM), which has
been adopted for the numerical simulation. The governing equa-
tions for viscous flow include the continuity equation, three mo-
mentum equations, volume fraction, and turbulence equations.
This study applied the k-u Shear-Stress-Transport (SST) turbulence
model.

2.3. Nonlinear structural analysis for the sail

Sailcloth can be classified as a shell or a membrane with a
laminated composite structure that shows some distinctive char-
acteristics such as anisotropy of multiple laminations. The sail
deformation can become geometrically large owing to the thin
thickness, elasticity, and external forces. Analysis of the large
deformation of an anisotropic membrane requires a nonlinear FEM.
Furthermore, a sail shows a distinctive structural behavior, wrin-
kling, that affects the distribution of tension force on the sailFig. 1. Procedure of the partial two-way FSI analysis.
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surface; this may lead to a change in the deformation characteris-
tics of the sail (Heppel, 2002). To more realistically describe the sail
deformation behavior, Hughes and Carnoy (1983), which explains
the finite deformation and thinning behavior, is applied. The
formulation for a degenerate shell element is as follows:

xðx;h; zÞ ¼ Naðx; h; zÞxa (5)

Naðx; h; zÞ ¼ ð1þ xaxÞð1þ hahÞð1þ zazÞ
8

(6)

xðx;h; zÞ ¼ xðx; hÞ þ Xðx;h; zÞ (7)

where x is an arbitrary point in the element, (x, h, z) are the para-
metric coordinates, xa are the global nodal coordinates of node a,
and Na are the element shape functions evaluated at node a. The
mapping of the bi-unit cube into the shell element is separated into
two parts, where x denotes a position vector to a point on the
reference surface of the shell and X is a position vector based at a
point x on the reference surface that defines the fiber direction
through that point. In the context of kinematics, the same para-
metric representations used to describe the geometry of the shell
element, reference surface, and fiber vector interpolation are used
to interpolate the shell element displacement as an iso-parametric
representation. Again, the displacements are separated into the
reference surface displacements and rotations associated with the
fiber direction.

uðx; h; zÞ ¼ uðx; hÞ þ Uðx;h; zÞ (8)

uðx; hÞ ¼ Naðx; hÞua (9)

Uðx; h; zÞ ¼ Naðx; hÞUaðzÞ (10)

UaðzÞ ¼ zaðzÞbUa (11)

where u is the displacement of a generic point; �u, the displacement
of a point on the reference surface; and U, the fiber displacement
rotations. The motion of the fibers can be interpreted as either
displacements or rotations. For a shell element with four nodes, the
known quantities will be the displacements of the reference surface
�u obtained from the translational equations of motion and some
rotational quantities at each node obtained from the rotational
equations of motion. To complete the kinematics, a relation be-
tween the nodal rotations and fiber displacements U is needed. At
each node, a unique local Cartesian coordinate system is con-
structed for use as a reference frame for the rotation increments
(Hallquist et al., 1985; Hughes and Liu, 1981a, 1981b).

3. Fluid flow analysis for initial shape of sail

3.1. Definition of initial shape of sail

Fig. 2 shows the sail system of a 30 feet sloop yacht for the
present study, which has been developed by “KORDY30” (Yoo et al.,
2005). This geometry was carried out experiments and numerical
analysis (Ciortan and Soares, 2007; Lee et al., 2006; Kim et al., 2011;
Yoo et al., 2005). The sloop yacht is equipped with a mast, a main
sail mounted behind themast, and a jib sail in front of themast. The
jib and main sails and a gap distance between them is defined as
the distance between the trailing edge of the jib and main sails at
foot, which can be expressed alternatively by the mast angle of jib
sail foot relative to themast angle of main sail foot. The shape of sail
surface is expressed by a zero-thickness wing section with a NACA

a¼ 0.8 mean-line, Milgram's (1971) experimental analysis included
a series of water tunnel tests on thin cambered plates shaped to
airfoil profiles developed by the National Advisory Committee for
Aeronautics, commonly called NACA profiles. It is chosen mainly
because of its similarity to modern cloth sails.

For the each section of sails, typical parameters such as chord
length, camber and mast angles are selected as given in Table 1 and
Table 2, the remaining surface of the sails between the sections are
interpolated from the information on each sections. The mast angle
of each section is varied to express the span-wise distribution of the
sail twist. The sails were defined by taking the sail twist that re-
duces the angle of attack on the top of the sail open to the flowing
wind into account; the resulting shape definitions are illustrated in
Fig. 2. The mast was defined to have an elliptical section of
250mm� 125 mm; the height of mast on the deck was set at
15.15m.

3.2. Assumptions and computational conditions

The assumptions and computational conditions set for the nu-
merical calculations for sail flow are presented as follows:

(1) The sail was to have an apparent wind of 20 knots at an
incident angle of 20�. For the fluid, air, the values of den-
sity¼ 1.185 kg/m3 and coefficient of viscos-
ity¼ 1.831� 10�5 Pa․s were used. The numerical analysis for
Re¼ 2.663� 106 was carried out using the length of the foot
of main sail as the characteristic length.

(2) The RANS (Reynolds Averaged Navier-Stokes) equation was
employed as the governing equation to calculate the viscous
flow; the solutions were obtained using the FVM. The k-u
based Shear-Stress-Transport (SST) turbulence model was
used to analyze turbulent flows.

(3) The grid system for the CFD calculation is generated by using
the ICEM-CFD code, and the C-type grid topology is used,
which is that apparent wind flow with angle of attack at sail
fixed. Fig.3 and Fig. 4 show the grid system used for this
calculation; it consists of 7,897,075 unstructured grids and
95,276 and 86,646 and grids on both the windward and the
leeward sides of the jib and main sail surface, 122,180 grids
on the mast surface.

(4) The size of the grid around the sail is kept small to realize
accurate calculations, as shown in Fig. 4. All forces and flow
simulations are computed at a Reynolds number of
2.663� 106; this corresponds to a wind speed of 20 knots
and a main sail with a reference length of 4.0 m at 25 �C;
furthermore, the distance of the first adjacent grid from the
sail surface is adjusted to yþ ¼ 100. The distance of the first
grid on sail surface was set to yþ ¼ 100 by referring to Yoo
and Kim (2006) who reported that values of yþ in the
range 50e230 would produce a quantitatively favorable
correspondence to the results of the model test in the wind
tunnel.

(5) The drag and lift forces calculated becomes dimensionless as
1=2rSV2 (r: air density, S: surface area, V: wind velocity).

3.3. Results of numerical analyses

Features of the flow which were influential on structural
deformation were reviewed by examining pressure distribution
and the limiting streamline on sail surface. Jib sail and main sail lift
forces were calculated as presented in Table 3. Regarding the dis-
tribution of dynamic pressure on the sail surface, as illustrated in
Fig. 5, the area of Cp¼ 0.6, the high-pressure region, for the main
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sail on thewindward side is biased to sail leech. For main sail on the
leeward side, the area of Cp¼�0.9, the low-pressure region, is also
biased to sail leech. These pressure distributions are expected to
affect the deformation of the sail's camber shape.

4. Analysis of the sail and rig’s structural deformation

4.1. Rig system of a sloop yacht

Fig. 6 shows schematic diagrams of the masthead rig and the
fractional rig used in this study. For the jib sail, the luff on the air
inflow side and the clew at the end of the jib sail foot are fixed. The
luff of the main sail is fixed on the mast while the clew of the sail
foot is fixed with an outhaul at the end of the boom. The bottom
end of the mast is fixed on the deck and the big stiff wires of the
forestay and backstay with the shrouds and spreaders are

Fig. 2. Schematic view of the main and jib sail geometry.

Fig. 3. Topology and grid system for fluid flow analysis.

Table 1
Geometric parameters of the jib sail.

Location from foot Foot 25% 50% 75% Top

Height (mm) 0 2,750 5,500 8,250 11,000
Chord length (mm) 4,680 3,450 2,200 1,050 10
Baseline angle (deg) 10.0 12.5 15.0 17.5 20.0
Camber ratio (%) 8 10 12 14 16
Draft max (mm) 374.4 345.0 264.0 147.0 1.6
Forestay height IG (m) 12.87
Foretriangle base J (m) 4.0
Area of jib sail (m2) 26.45

Table 2
Geometric parameters of the main sail.

Location from foot Foot 25% 50% 75% Top

Height (mm) 0 3,000 6,000 9,000 11,900
Chord length (mm) 4,000 3,000 2,000 1,000 10
Baseline angle (deg) 0.0 5.0 10.0 15.0 20.0
Camber ratio (%) 8.0 10.0 12.0 14.0 16.0
Draft max (mm) 320.0 300.0 240.0 140.0 1.6
Main sail hoist P (m) 11.9
Main sail foot E (m) 4.0
Area of main sail (m2) 25.02

Fig. 4. Surface girds on the sail and mast.

Table 3
Lift and drag coefficients of the non-deformed sails.

Jib Main Total

CL 0.6789 0.4153 1.0942
CD 0.0656 0.1180 0.1836
CL/CD 10.3304 3.5202 5.9596
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employed to support the mast. The stays and shrouds are fixed on
the hull deck; the shrouds comprise the baby stays and inner stays.
The rig comprising these elements will be deformed by the force
transferred from the sail; the sail was also assumed to deform the
rig consisting of the mast and boom etc. or to be deformed by the
tensile force applied directly to the sail.

For a masthead rig, the shrouds and forestay are attached to the
top of the mast while for a fractional rig the position of the shrouds
and forestay are distant from the mast top; a fractional rig is
characterized by its mast top being easily deformed due to its weak
support for the mast top. In this study, relative differences between
the fractional rig andmasthead rig were examined. In the fractional
rig used in this study, the shrouds were at 7/8 of the mast height,
whereas the position of the forestay was identical for the two types

of rig to make the effect of the jib sail equivalent.

4.2. Assumptions and computational conditions

The assumptions and computational conditions set for the
structural deformation analysis for the sail and rig are as follows:

(1) Material properties of main sail and rig are presented in
Table 4. DuPont's Kevlar49® was used for the sailcloth, and
aluminumwas used for the mast, boom, and spreaders. Steel
was used for the wires, and the wires were assumed not to
deform in length.

(2) The finite element used was the shell element; the triangular
and quadrangular elements were mixed and combined
appropriately to model accurate shapes for the sail and rig.
The total number of finite elements used was 10,252 (4,352
elements on the main sail, 4,652 elements on the mast, 392
elements on the boom, and 856 elements on the spreaders).

(3) The sails and the rig were assumed to be connected each
other, the wire to support the mast was modeled using a
beam element, and the translational motion was fixed at the
connection to the mast and deck, as shown in Fig. 7.

(4) The mast has a uniform cross-section, which is an elliptical
shape of 125mm on the minor axis and 250mm on the
major axis; the wall thicknesses of 2mm, 3mm, and 4mm
were used for the analyses conducted to determine de-
formations corresponding to each thickness. The structural
properties of each mast are presented in Table 5.

Fig. 5. Pressure distribution and limiting streamlines on the non-deformed sails.

Fig. 6. Rig system of a sloop yacht with a masthead rig and a fractional rig.

Table 4
Properties of the materials.

Material Sail Mast, Boom, and Spreaders Wire

Kevlar49® Aluminum Steel

Density 1439.4 kg/m3 2,720 kg/m3 78,500 kg/m3

Elastic modulus 124 GPa 68 GPa 200 GPa
Poisson ratio 0.36 0.30 0.30
Thickness 0.34mm 2mm, 3mm, 4mm 100mm
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4.3. Results of structural deformation analysis

LS-DYNA is a general-purpose nonlinear explicit finite element
code for analyzing the large deformation static and dynamic
response of structures. The main solution methodology is based on
explicit time integration, namely, constant loading along the
deformed sail surface. Fig. 8 shows the contours of deformed
displacement in magnitude relative to the non-deformed initial
main sail by fluid flow analysis under dynamic pressure surface
loading. We can distinguish the growth of deformations in sails’
center and top according to mast flexibility.

As summarized in Table 6, the maximum displacement of the
sail toward the depth of a camber was distributed further in the
range 4mme16mm by the rig's deformation. The magnitude of
deformation varied depending on the cross-sectional thickness and
method of mast support. The difference between results at cross-
sectional thicknesses of 3mm and 4mm appeared insignificant;
however, the 2mm thickness accompanied a significant increase in
deformation. Sail deformation corresponding to different mast
cross-sectional thicknesses were examined, and the peak sail
displacement appeared in accordance with decreasing mast cross-
sectional thickness. The 3mm thickness corresponded to an
increment of 3mm of sail displacement, whereas the maximum
increment of 12mmof sail displacement corresponded to the 2mm
thickness. The sail deformation corresponding to respective mast
support methods were also examined, and the sail deformation
with a fractional rig appeared approximately 0.08e0.36mm more
than that attributable to the masthead rig; in particular, significant
large deformation on the sail top was found.

Rig deformations developed in respective directions are sum-
marized in Table 7; the differences between the magnitudes of
deformation are magnified 100 times and illustrated in Fig. 9. The
mast made of thin structural sections of hollow pipe materials is
subjected to bending and torsion by the loading applied. The

modulus of the mast section decreases with decreasing thickness;
this results in an increased torsion that could even twist the
spreader. From the side view, we can see the middle of the mast is
bent abaft, which is frequently associated with the pre-bending
toward the stem made by sailors before the mast getting into the
wind.

Fig. 10 shows the front view of the mast during deformation; the
part, not supported by the spreader is bent leeward; the bend
magnitude increases as it goes upward where load-bearing ca-
pacity is weakened, and the deformation increased as the mast
thickness became thinner. Regarding the deformation corre-
sponding to different methods of support, the interval between
masthead and spreader in the masthead rig bent leeward, whereas
the entire masthead, which is unsupported by the spreader, in the
fractional rig bent leeward. In terms of the maximum rig
displacement, the fractional rig rendered approximately
0.6e4.4mm more displacement than the masthead rig.

Fig. 11 depicts the camber shape at different heights of the main
sail corresponding to before and after the deformation of the
masthead and fractional rigs. At the bottom of the sail, the camber
deepened in the vicinity of luff, whereas at the top of the sail, the
phenomenon of sail twist on the leeward retreat of sail leech, which
corresponds to the trailing edge, appeared. Contrary to the sail
camber, which deepened at the bottom of the sail by rig defor-
mation, we can see the sail twist at the top of the sail increased
significantly. This tendency increased as the mast cross-sectional
thickness decreased.

Camber shapes before and after main sail deformation with
regard to the masthead rig and fractional rig were compared to
each other, and the overall tiny differences in changes of the sail
camber shapes were found between different methods of support
for the mast. The 2mm thickness case that rendered the biggest
magnitude of deformation is presented in Fig. 12 to show the ten-
dency in sail camber changes. While changes were hardly found at

Fig. 7. Boundary condition for structural analysis.

Table 5
Structural properties of the masts.

Axis length (mm) Thickness (mm) Section modulus (mm3) Geometrical moment of inertia (mm4)

IX IY

250ⅹ125 4 111,843 14,478,059 4,942,665
3 85,107 11,017,086 3,784,767
2 57,565 7,451,764 2,575,977
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the bottom of the sail, the sail leech at 75% of the sail height
retreated further than the masthead rig.

5. Analysis of the flow on deformed sails

Fluid flow analysis under conditions identical to those of the
previous flow analysis was also carried out to examine changes in
aerodynamic performance of the deformed sail. The cases of the
initial sail free from spontaneous deformation, of the sail deformed
and the rig free from deformation, and of the rig deformed ac-
cording to different mast support methods and different mast
cross-sectional thicknesses, were taken into account for the com-
parison of the pressure distribution changes on the sail surface, in
lift and drag forces, and in center of effort positions.

5.1. Flow changes corresponding to changed shapes of sail

The distribution of dynamic pressure and the limiting stream-
lines on the sail surface before and after deformation were

examined, and the results are as presented in Fig. 13. Above all, in
the case of sail deformation with the rig remaining unchanged, the
area of positive pressure at the bottom and in the middle of the sail
where the camber deepened had expanded, whereas the top of the
main sail showed that the area of positive pressure over Cp¼ 0.6
narrowed. In the cases where the rig deformed, the changes in
pressure at the bottom of sail were hardly observed while the area
of positive pressure over Cp¼ 0.5 at the top reduced slightly.
Additionally, the area of positive pressure over Cp¼ 0.5 at the top of
the sail gradually reduced in accordance with decreasing mast
cross-sectional thickness. Pressure changes on the sail corre-
sponding to respective mast support methods were also examined,
and the area of positive pressure over Cp¼ 0.5 at the top of the
fractional rig sail was reduced significantly more than that of the
masthead rig.

For the leeward side, the negative pressure at the bottom of the
sail, where the sail camber deepened, was reduced. The area of
negative pressure of Cp¼�1.1 at the top of the main sail reduced
while the area beneath the bottom of the main sail expanded.

Fig. 8. Deformed displacement contours relative to the non-deformed initial main sail.

Table 6
Maximum displacement of the main sail deformation.

Mast thickness: t¼ 4mm t¼ 3mm t¼ 2mm

Rig type: Non-deformed Masthead Fractional Masthead Fractional Masthead Fractional

Displacement (mm) 67.80 72.11 72.20 75.56 75.64 83.88 84.24

Table 7
Maximum displacement of the mast deformation.

Mast thickness: t¼ 4mm t¼ 3mm t¼ 2mm

Rig type: Masthead Fractional Masthead Fractional Masthead Fractional

Displacement (mm) Magnitude 6.21 6.81 9.91 10.42 17.87 22.23
x-direction 0.92 0.99 1.37 1.37 2.23 2.52
y-direction 6.21 6.81 9.91 10.42 17.87 22.23
z-direction 0.03 0.05 0.06 0.08 0.16 0.18
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Fig. 9. Deformed shapes of the masts with the rig.
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Changes in pressure, varied according to the rig deformation, were
examined, and overall changes in the windward direction were
hardly observed while the area of negative pressure of Cp¼�0.9 at
the bottom reduced slightly. Changes in pressure, corresponding to
different mast cross-sectional thickness and support methods were
also insignificant.

5.2. Pressure changes on the sail surface

Fig. 14 shows the pressure changes on the sail surface before
and after deformation at 5%, 25%, 50%, and 75% of the sail height.
The lift force can be expressed as the difference between positive
and negative pressures. The pressure changes before and after sail
deformation revealed the lift force in the x/c¼ 0.2e0.8 range at 5%
sail height increased, and the lift force in the x/c¼ 0.2e1.0 range at
both 25% and 50% sail height increased. These phenomena give
good agreement with changes in camber shape presented in
Fig. 10 where the deepened camber area is illustrated. At 75% of
the sail height, where the biggest difference between negative and
positive pressures appeared, the lift force was decreased as a
whole; this can be attributed to the reduction in the sail's effective
angle of attack.

Changes in the pressure on the sail corresponding to rig defor-
mation were also examined. In the range of 5%e50% of the sail
height, the lift force in the x/c¼ 0.3e0.5 range increased slightly,
whereas, in the x/c¼ 0.5e0.1 range, the lift force decreased signifi-
cantly and resulted in an overall decrease of the lift force. These
results were ascribed to the rapid deepening of sail camber in the
vicinity of sail luff which corresponds to part of the leading edge.

At 75% of the sail height, the sail leech retreated more with the
effective angle of attack reduced, which then decreased the lift
force. These tendency, that is the increase in lift force in the x/
c¼ 0.3e0.5 range at 5%e50% of the sail height and the decrease in
lift force at 75% of the sail height, were more pronounced as the
cross-sectional mast thickness decreased.

Fig. 15 shows changes in pressure on the sail surface corre-
sponding to different mast support methods, and the lift force in

the x/c¼ 0.3e0.5 range for the fractional rig at 5%e50% of the sail
height was bigger than that of the masthead rig. However, at 75%
and 80% of the sail height, the lift force of the fractional rig was
smaller than that of the masthead rig. By comparing with the
changes in camber shape presented in Fig. 11, the lift force at the
bottom of sail increased as the camber of the fractional rig deep-
ened, whereas, at the top of the sail, the lift force reduced with the
sail retreat for the fractional rig.

5.3. Changes in the lift and drag forces

Coefficients of lift and drag forces, the components of the pro-
pulsive sail force, before and after sail deformation were examined
and are presented in Table 8 to compare resulted in aerodynamic
sail performance. As was previously found from the analysis of
pressure distribution on the sail surface, the top and bottom halves
of the sail were considered for examination of the respective flow
characteristics.

The changes in the lift and drag forces before and after sail
deformation with a non-deformed rig were examined, and the lift
and drag forces increased at the bottom of sail as the sail camber
increased, whereas, at the top of the sail, both the lift and drag
forces decreased. This can be ascribed to the sail retreat resulting in
a reduction of the effective angle of attack. Overall lift force was
increased by a sail deformation in which the increase of lift force at
the bottom of the sail was more pronounced. Regarding the
changes in the sail's lift and drag forces according to the rig
deformation, the lift forces at the top and bottom of sail commonly
decreased, as was seen in the analysis of pressure distribution
changes. In terms of the changes in the sail's lift and drag forces
corresponding to different mast cross-sectional thicknesses, the lift
force at the bottom of the sail increased while decreasing at the top
of the sail as the cross-sectional mast thickness decreased; the
changes in the fractional rig's lift and drag forces appeared larger
than those of the masthead rig. In the 3mm and 4mm mast cross-
sectional thickness cases, the decrease in lift force at the top of sail
exceeded the increase of lift force at the bottom sail and resulted in
an overall decrease in the sail's lift force. In the 2mm cross-
sectional mast thickness case, which suffered large deformation,
the increase in lift force at the bottom of the sail was pronounced
while the lift force at the top of the sail was decreased by the retreat
of the sail. The masthead rig manifested an overall sail lift force
increase with a small decrease in lift force at the top of the sail,
whereas, for the fractional rig, the decrease in lift force at the top of
the sail was pronounced and resulted in an overall decrease in the
sail's lift force.

5.4. Changes in position of center of effort

The sail's camber shape would change with wind changes or by
rig deformation. This change would result in the Center of Effort
(CE) shifting. By such changes, a moment would be created by
breaking the balance with the center of lateral resistance acting on
the hull below the water surface. Such phenomena appear as un-
intentional maneuvering forces, in forms like weather helm or lee
helm, which frequently result in increased resistance to steering
rudder use that renders rectilinear propulsion performance un-
stable. Thus, determining the correct location of CE is important for
the designers of yachts. The changes in CE position according to the
rig deformation and changes in the sail shape were examined in
this study and are presented in Table 9 and Fig. 16. The CE positions,
obtained from respective calculations, were compared with those
obtained from a convenient existing method (Larsson and Eliasson,
2000) that takes the centroid of the lateral projection plane of the
sail as CE.

Fig. 10. Comparison of the deformed shapes of the masts with the rig.
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Fig. 11. Comparison of camber shapes of the main sail.
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Fig. 12. Comparison of main sail camber shapes between the masthead and fractional rigs (t¼ 2mm).

Fig. 13. Pressure distribution and limiting streamlines on the deformed main sails.
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Fig. 14. Comparison of pressure distributions on each section of the deformed main sail.

Fig. 15. Comparison of pressure distributions between the masthead and the fractional rig (t¼ 2mm).
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Regarding changes in CE position before and after sail defor-
mation, the CE position moved toward the stern and downward.
The shift of CE toward the stern resulted from the sail camber
deepening near the leech, and as we can see from the changes in
pressure on the sail surface in Fig. 14, the bigger lift force at the
bottom of the sail and the smaller lift force at the top of the sail had
forced the shift of CE downward. Regarding changes in main sail CE
positions according to the rig deformation, the sail CE locations
shifted toward the stern and downward. The CE moves toward the
stern and further downward with thinner masts and for the frac-
tional rig.

6. Conclusions

In this study, an FSI analysis was carried out to determine the

sail and rig structural deformation by using the aerodynamic force
obtained from a fluid flow analysis for the sail of a 30-foot sloop
yacht. The flow analysis over the deformed sail was conducted
repeatedly to compare the aerodynamic performances before and
after sail shape deformation. The changes in shapes of camber, sail
twist, effective angle of attack, and CE location of the sail were
examined through conducting the FSI analysis.

The change in sail camber shape related to the rig deformation;
the forces showed slight differences between the deformed and un-
deformed sails. Additionally, the rig deformation appeared differ-
ently according to varied mast cross-sectional thickness and rig
support method, which results in a change in the sail's camber
shape. An FSI analysis associated with deformations of the sail and
rig was also found necessary to obtain accurate propulsive forces
and, furthermore, to obtain precise information for hull design.
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Fig. 16. Comparison of the CE locations of the main sail.
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