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Towards sail-shape optimization of a modern
clipper ship

By T. Doyley, M. Gerritsen z AND G. laccarino

1. Objective and motivation

Sail-shape optimization is challenging becauseof the complex coupling between the
aeradynamic forcesproduced by a sailboat's rig and the hydrodynamic forcesproduced
by its hull and underwater appendages:seeMarchaj (2000). Yacht designersgenerally
assumea steady-statesailing condition, setting rig forcesin equilibrium with hull forcesto
estimate performance:this assumptionforms the basisof widely-usedVelocity Prediction
Programs or VPPs. Accurate numerical modeling of the complete boat (sails, hulls and
appendages)s extremely expensive from a computational point of view, and not practical
if many di®erert con gurations and °ow conditions have to be investigated. In our sail-
optimization researti, we therefore rely on simpli ed models to handle the hull forces
and the interaction betweenhull and sail forces.We use CFD to accurately compute the
°ow past the sails and the aerodynamic forceson the rig.

The typical goal of sail-shape optimization is to producea con guration that optimizes
the velocity made good, VMG (VMG refersto how fast a boat is traveling towards a
certain target) for a given apparert wind speedand direction (the apparert wind is the
vector sum of the boat velocity and the wind velocity). In many respects, a sail resenbles
an airplane wing and similarly it generatesa lifting force, L, perpendicular to the free
stream °ow, and a drag force, D, in the direction of the free stream °ow. At di®eren
apparert wind angles the optimal force con guration will be di®erer. The essetial
requiremert of a sail is to generatea large driving force Cy along the certerline of the
boat. Except when sailing dead down wind, this is not possible without producing a
heelingforce Cy perpendicular to the certerline at the sametime. The heelingforce must
be balanced by the the hull and a side force produced by the underwater appendages.
The stability of the hull and the exciency of the underwater appendagestherefore limit
the driving power that can be extracted from the wind. The relation between lift and
drag, and driving and heelingforceis determined by the sail sheetinganglerelativeto the
centerline of the boat. In upwind conditions a sail is set at small sheetinganglesmeaning
that most of the lift produced is directed perpendicular to the certerline, producing
a large heeling force and a small driving force. The optimization criterion is therefore
generally to maximize the ratio of driving force to heeling force. When a boat turns
away from the wind the sheetsare eased,which results in the lift cortributing more to
the driving force and lessto the heeling force. Becausethe hull now needsto balancea
smaller heelingforce, more lift can be tolerated. When sailing on a beamreac (apparernt
wind angle of 90 degrees)most of the force produced by the rig acts along the certerline
and thus a high lift coe+cient is needed.On downwind courses.the only criterion for sail
exciency is maximum drag of the rig.

At presert most sail-shape optimization is performed using parametric studies where
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designvariables such as camber, draft and twist are adjusted in a trial-and-error fashion
to maximize a certain performancemeasure.The performanceof a given sail con gura-
tion canbe evaluated using full-scale testing, wind tunnel testing or numerical simulation.
Full-scale testing is accurate, but expensive and time-consuming. Wind-tunnel measure
merts are alsoexpensive and, in addition, it is dixcult to scalereal-world performanceto
model size. Computational Fluid Dynamics (CFD) hasthe potential to evaluate the per-
formance of a given sail shape accurately. CFD calculations also provide a more detailed
description of the °ow “eld than either wind-tunnel testing and full-scale testing, and can
therefore contribute to a better understanding of the optimization problem. CFD tech-
niques have been successfullyapplied to shape-optimization problemsin the aerospace
industry for anumber of years:seeReuther et al. (1996), Mohammadi & Pironneau (2001)

and Kim et al. (2002). A major advantage of using CFD to evaluate the forcesproduced
by a sail is that CFD solvers can be easily integrated with optimization proceduresto

automatically seard for optimized sail shapes.

The goal of our current work is to explore the possibility of using automated opti-
mization algorithms coupled to CFD for sail shape optimization: seeShanlaran et al.
(2002)andDoyle et al. (2002). There are two major categoriesof shape-optimization tech-
nigues; adjoint and iterativ e methods. Adjoint methods calculate the optimal shape via
the solution of an adjoint problem obtained from the governing equations describing the
°uid °ow. This is e®ective becausethe cost of an adjoint solution is typically equivalert
to that of the original problem and, most importantly, independent of the number of
designvariables (Kim et al. (2002)). The adjoint method has becomea popular choice
for design problems involving inviscid °uid °ow, and has been successfullyusedfor the
aeradynamic design of aircraft con gurations (Reuther et al. (1996)). The major dit-
culty in using this approad is the de nition of the appropriate adjoint equations for
viscous°ows.

In this work we explore the useof iterativ e methods. We have chosentwo approaces:a
classical-gradiemh basedcost-function minimization algorithm and an ewlutionary strat-
egy (ES). Both have been successfullyapplied to shape-optimization problems at the
Center for Turbulence Researt at Stanford. In the “rst approad, a cost function char-
acteristic of the performanceof the sail is minimized with respect to one or more cortrol
parameters. The iterativ e procedurerequiresthe calculation of the derivativesof the cost
function with respectto ead of the control parametersat every iteration step. The second
optimization approad usesewolutionary algorithms (EAs). EAs are biologically inspired
optimization algorithms, imitating the processof natural ewlution. EAs do not require
gradient evaluations, but usea set of solutions (population) to "nd the optimal designs.
The population-based seard allows parallelization, and may avoid premature corver-
genceto local minima. However, the population normally must be large, thus requiring
many °ow calculations.

Coupling optimization algorithms to CFD calculations requiresthe integration of var-
ious subsystems,suc asthe grid generationtool, the °ow solver, and the optimization
algorithm. Initially , we considera simpli ed two-dimensionalmodel to facilitate the de-
velopmen of the optimization procedure. We design the procedure so that it can be
directly extendedto the three-dimensional case.In addition, it is possiblethat the two-
dimensional model will be able to guide the three-dimensional optimization. Once both
models have beenimplemented we will comparethe 2D optimization results to the 3D
results to evaluate the needfor the more expensive 3D calculations.
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Figure 1. Initial geometry.

2. Optimization Approach
2.1. The problem

Becauseof the complexities involved in dewveloping a general optimization method for
sail shapeswe start with a relatively simple application: we optimize the yard, camber
and sheeting anglesof the rig of a modern clipper ship, the Maltese Falcon (‘gure 1),
for upwind performancein moderate winds. The boat has three masts constructed of
yards with circular-arc cross-section.The Maltese Falcon will be 87 meters in overall
length, with a mast height of 53 meters o®the water and a maximum yard length of 22
meters. The rig is basedon an original designby W. Proells, which was further devel-
oped at Hamburg University in the early 1960's(Wagner (1976)) and is currently being
deweloped by designersfrom Gerard Dijkstra & Partners and Doyle Sailmakers (Dijkstra
(2002)). Wind-tunnel data are available, and evertually real-world measuremets will be
produced. This will allow a direct assessmenof the numerical code.

From a modeling point of view this rig is attractiv e becausethe °ying shape of the
sails will be very closeto the shape of the yards. This is due to the construction of
the rig, which consists of yards with sails stretched between them. Although the sails
will slightly de°ect in reality, it is believed that the deformation will not signi cantly
in°uence the forceson the rig. In addition, the sparwise (vertical) variation of the sail
crosssection is very limited, and wind-tunnel tests conducted with a model of the rig
showed streamlines (visualized using smoke) that were mainly two-dimensional except
near the top and bottom of the rig.

2.2. Evolutionary strategies and gradient-basel shape optimization

The generalobjective is the minimization of a properly-constructed cost function, J. The
function is characteristic of the performance,and dependson a set of cortrol variables, ;.
Two optimization algorithms are being developed: a classicalgradient-basedoptimization
algorithm and an Evolutionary Strategy.

2.2.1. Gradient-basel optimization

The gradient-based optimization procedure requires the evaluation of the derivatives
of the cost function with respect to the cortrol parametersin ead iteration step. A
“nite-di®erence formula is usedto calculate the derivativesas:
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Thesederivativesdetermine the direction of improvemert. For the following iteration,
a step is taken in this direction and the procedureis repeated until convergence(Mo-

hammadi & Pironneau (2001)):
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The weighting parameter ° is usedto weight the gradient information and changes
with cost function and cortrol variables.

It isimportant to note that during ead iteration the number of °ow calculations needed
isequalto 1+ N whereN is the number of cortrol variables. Presernt simulations include
6 control variables and an entire iteration only take a few minutes; three-dimensional
simulations, or an increasein the number of cortrol parameters, will make the current
procedure computationally expensiwe.

In our studies, we determined an appropriate ° by trial and error. A comprehensie
sensitivity study will be performedin the future.

2.2.2. Optimization using evolutionary strategies

An ewlutionary algorithm tries to mimic natural selectionto determine the optimal
shape. At ead step random mutations (changes)to the cortrol variables are attempted
and only those solutions that are better than their predecessorsre selectedin a method
that resenblesthe survival-of-the-"ttest natural process.Again a costfunction represert-
ing performanceis de ned to compareonesolution to another. Our initial implemertation
is basedon a very simple ewlutionary strategy called a One + One ES (Sbalzarini et al.
(2000)). In this sthemean initial solution is calculated Jyar ent ; then ead cortrol variable
is perturb ed (using a random Gaussiandistribution with standard deviation %), and a
new solution J¢; g is evaluated. The new solution is comparedwith the old solution, and
if Jenil d < Jparent the child becomesthe new parert for the next iteration. The standard
deviation is adjusted using Recherberg's 1/5 rule: every N a L iterations (where N is
again the number of cortrol variables and L is a constart) the standard deviation is
increased(decreased)if the successate is higher (lower) than 1/5. As the iterations pro-
ceedand the optimal solution is approaded, the standard deviation continuesto drop. In
this work, we useL = 10. Again, further analysisis necessaryto determine the optimal
choice.

2.2.3. Sail-shage optimization

When applied to sail-shape optimization the cortrol variables are the parametersthat
de ne the sail geometry and con guration with respect to the boat. In our casethe
relevant cortrol parametersare the camber of the yards and the sheetingangle. Initially
we will apply the optimization method to a 2D model of a horizontal cross-sectionof the
rig (taken at mid-mast).

In this study we are interested in optimizing the upwind performance of the Maltese
Falcon in moderate winds. As mertioned earlier, de ning the cost function is a dixcult
task in upwind conditions. Ideally the cost function would be the VMG predicted with
the use of a VPP, to take into accourt the hull/sail interaction. At presernt we do not
have accessto hull-p erformancedata, soin order to develop our procedure we consider
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Figure 2. Simplied two-dimensional model and de nition of the main geometric and °ow
parameters.

simplied cost functions. Possible simpli'ed cost functions are driving force, ratio of
driving force to heeling force, lift produced or ratio of lift to drag.

Our simpli ed model has nine control parameters: the three sheetingangles(y, i =
1,2,3), the three cambers (Ci;, i = 1,2,3), and the three chord lengths (CH;, i = 1,2,3)
as shown in Figure 2. The total force on the rig can be decompsedinto lift (C;) and
drag (Cq) or alternativ ely heelingforce (Cy) and driving force (Cy). The other variables
in our two-dimensional model are the apparert wind direction and velocity. Initially we
considerthe chords to be de ned by the chord lengths approximately half way up the
mast taken from the pro le of the original design,but evertually the chord lengths may
also be optimized. Becausethe chord lengths vary in the span-wisedirection the spacing
betweensectionsat di®erent heights also changes.To date the e®ectof the spacing (the
distance between the 2D sections) has not been investigated but is believed to be an
important parameter, and will be the subject of further study.

2.2.4. Flow solution and grid genegtion

The °ow past the sails is calculated using FLUENT 6.0. We use FLUENT's incom-
pressible Reynolds Averaged Navier-Stokes (RANS) solver on non-conformal unstruc-
tured grids. In general, unstructured grids (as opposedto structured grids) are more
°exible in terms of being able to handle complex and dynamic geometry. Becauseof the
high Reynolds number of the sail °ows (of the order of one million), turbulence modeling
is required. The turbulence model usedin the presen calculationsis the Spalart-Allmaras
turbulence model, which is suzciently accuratefor upwind and close-reabing conditions,
and also computationally excient (Collie et al. (2001)). More-sophisticated turbulence
models must be usedfor larger anglesof incidence, becauseof °ow separation.

In order to couple FLUENT with our optimization procedureit is necessaryto auto-
mate the solution process.The automation is accomplishedusing FLUENT's scripting
capability. A certral program senes as the interface betweenthe °ow solution and the
optimization algorithms. The °ow-solution interface takes as input the sheetingangles,
cambers and chord lengths of eat of the sections,together with a description of where
ead sectionis placedrelative to the certer of eadr mast. A grid is automatically created
from the input geometryand then the °ow solution is calculated. The ertire processtakes
around 1 minute to produce a solution on a computer with an Athlon 1.2 GHz processor
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Figure 3. Solution procedure.

Figure 4. Stepsin semi-automatic grid-generation process.

using a relatively coarsegrid of around 7500elemerts. Figure 3 shows a systemdiagram
of the automated solution procedure.

The most challenging aspect of automating the °ow solution procedureis the robust
and excient generation of grids to discretize the domain of interest. Here, ‘robust' refers
to the ability to successfullygenerate meshesfor any possiblevalue of the control pa-
rameters. The mesh generationis excient if it clusters grid points in areaswhere large
gradients of °ow variablesare expected(such asin the boundary layers) sothat a minimal
number of grid elemers is required to obtain accurate predictions.

The grid-generation processstarts with de ning the three sectional shapes. Once the
sections have been de ned, the region immediately surrounding the sail is clustered
denselywith grid points in order to properly resolve the boundary layer. Becausethe
gradients are smaller in the streamwise direction than the direction normal to the sail
surface (\w all-normal direction"), we usequadrilateral elemers with large aspect ratio.
The Spalart-Allmaras turbulence model requiresthe distance betweenthe “rst grid point
away from the wall to be placedat a non-dimensionaldistance,known asy™* , on the order
of 1. After meshingthe region immediately adjacert to the sail, the remaining domain is
discretized using triangular elemens. The useof non-conformal grids allows a mismatch
betweenthe grid points on the boundary of the inner and outer regions. FLUENT uses
interpolation to communicate the °ow variables from the inner to outer regions.

Triangular elemens are usedbecausethe algorithm usedby FLUENT's grid generator
Gambit to produce triangular elemerts is robust, and can handle the varying geometry
created by adjusting the camber and sheeting angle of the sections. Quadrilateral ele-
ments require fewer elemerts to discretize the samevolume but the current algorithm
available in Gambit is not reliable in handling this geometry We extended the far-"eld
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Figure 5. Sheeting angle optimization. Top: pressure contours corresponding to J; (max Cy).
Middle: pressure contours corresponding to Jo (max Cyx=Cy). Bottom: surface pressure distri-
butions; J1 ———- J2. (a) 30 degrees,(b) 60 degreesand (c) 90 degrees.

region to roughly 20 chord lengths in all directions, and discretizedit with quadrilateral
elemerts. The entire processis shavn in “gure 4.

3. Results

Initial tests were performed on isolated circular arc crosssectionsto verify our numer-
ical solution method and to gain a better understanding of the aeradynamic properties
of such foils. The results were comparedto classicaltheoretical studies. In this section
we will focuson two optimization studies.

3.1. Sheeting-angle optimization

The rst stepin developing an automated sail-shape optimization procedureis to ensure
that, for a given apparent wind angle, the sails are setin the optimal con guration. This
is straightforward for a single section. Oncellift and drag are determined as functions of
the angle of attack, the sheetingangle can be setto produce an incidencethat optimizes
the performancefor the given apparert wind direction. With three interacting sections,
howewer, the °ow “eld is dependert on all three sheetinganglesand it is not possibleto
set the optimal sheetinganglesa priori .

Initially , we considertwo simple cost functions J; (max Cy) and J, (max Cx=C,): J;
and J, are reasonablechoicesin upwind and downwind conditions respectively. Opti-
mization runs are performed for both cost functions for apparert wind anglesranging
from 30 to 90 degrees.Both optimization strategieswere used and lead to identical re-
sults with comparableruntime. We presen results for apparert wind anglesof 30, 60 and
80 degreesin table 1 and "gure 5. Table 1 displays the driving force and heeling force
coezxcients for eat apparert wind angle for both cost functions. The optimal sheeting
anglesare also given. Figure 5 shaws plots of static pressurearound the sail as well as
the pressuredistribution on ead section.

For all apparert wind anglestested, the cost function J, results in more open (larger
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Cost Force Coezxcient Sheeting Angle
Function Driving (Cx) Healing (Cy) Aft () Mid (K) Fore (W)

J1(30) 0.9304 1.9038 -6.5 -19.3 -31.6
J2(30) 0.7988 1.4754 -16.0 -26.6 -36.1
J1(60) 1.4943 1.0116 -42.6 -49.9 -55.8
J2(60) 1.1327 0.6888 -52.0 -57.3 -60.9
J1(90) 1.6193 0.3893 -68.4 -70.9 -73.1
J2(90) 1.2571 0.2499 -77.2 -78.3 -79.6

Table 1. Table 1: Force coetcients and sheeting anglesfor the optimal sail con guration (the
number in parenthesescorresponds to the apparent wind angle).

Figure 6. Telltales, imagined to be on the leading edge of the aft sai,l are shown to lift for
the optimal condition predicted using the cost function Ji, indicating an over-trimmed sail.
They stream back for the con guration corresponding to the J, optimum, indicating a prop-
erly-trimmed sail.

angle) sheetingarrangemers with a more even pressurecoezcient distribution along the
length of the sail crosssections.lt is interesting to note that if telltales (wool tufts) are
imaginedto be placedon the leading edgeof the sailsasshawn in Figure 6, cost function
J; resultsin an over-trimmed sail with the leeward telltale lifting, while cost function J,
results in a well trimmed sail with both telltales streaming back.

3.2. Sheeting angle and camler optimization

Initial camber-optimization runs have been performed to investigate the in°uence of
section camber on rig performance. All runs started with sections of 12% camber and
the optimal sheetinganglespreseried in the previous section. In theseruns six cortrol
parameters are considered:the sheeting anglesand the section canber. A summary of
the results is presened in table 2. Results are preseried only for maximizing the driving
force, as problems with convergenceof the CFD code preverted conclusive results for
optimizing the ratio of driving force to heeling force from being obtained. ratio.
Streamlines are showvn in gure 7 for the optimal con gurations calculated for max-
imum driving force. The cambers selectedto optimize the driving force are seento be



Sail optimization 223

Figure 7. Streamlines for maximum driving force for three apparent wind angles: (a) 30
degrees,(b) 60 degreesand (c) 90 degrees.

Cost Force Coezcient Sheeting Angle Chamber
Function Driving (Cx) Healing (Cy) Aft () Mid () Fore (pg) Aft (C1) Mid (C2) Fore (Cs)

J1(30) 1.14 2.35 -0.5 -15.3 -33.5 14.2 16.8 22.8
J1(60) 1.96 1.29 -42.0 -48.6 -58.8 19.4 18.7 26.8
J1(90) 2.39 0.57 -68.2 -71.9 -75.5 30.9 24.4 21.0

Table 2. Table 2: Force coetcients, sheeting anglesand cambers for the optimal sail
con guration (the number in parenthesis corresponds to the apparent wind angle).

greaterthan the original 12% sectionsin all casesFor apparent wind anglesof 60 degrees
and 80 degreesmnaximizing the driving force can be considereda reasonablecost function

but for an apparert wind angle of 30 degreesthe heeling force needsto be accourted for.

The results for maximizing driving force at 30 degreesare presened as a referencewith

which to comparethe results found in the previous subsectionfor optimizing the driving

force at 30 degreeswith only the sheetinganglesas cortrol parameters.|t is interesting

that the optimal sheeting anglesare essetially the sameas the onespresened before
evenif the cambersare consisterily higher than 12%.Finally, it is interesting to mention

that the increasein the performance (as measuredby the cost function J;) rangesfrom

18%to 32%.

4. Discussionand future work

A CFD-based optimization procedure for sail con guration has been developed and
applied to two-dimensional sectionsof a three-mast clipper ship, the Maltese Falcon.

Optimization runs were conducted using both the gradient-based optimization tech-
nique and a schemebasedon ewlutionary strategies.Both methods convergeto the same
solution in about the sameamourt of time, but further studies are required to optimize
their performance. The major burden in the gradient-based methods is the calculation
of the derivative of the cost functions with respect to the parameters. It is possiblethat
an approximate evaluation of the gradients would be suzcient to drive the optimization
process(Mohammadi & Pironneau (2001)).
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The value of the parameter ° greatly in°uencesthe corvergencerate of the gradien-
basedalgorithm. The value we usedin this work was found by trial and error. A more
thorough sensitivity analysisis required. Within the One + One ES the selectionof the
initial standard deviation and the constart L should also be investigated. In addition,
the One + One ES is the simplest possible ES and there are other strategiesthat use
larger setsof populations to arrive at the optimal con guration.

In this paper we preseried the designof our optimization method, and the developmert
of the basic optimization tools. We are currently working on:

2 Further validation of the various componerts of the two-dimensional optimization
strategy;

2 Developmert of more realistic cost functions that accourt for hull forces (and the
global force balance) using experimental correlations;

2 Re nement of the CFD model to re°ect more accurately the aeradynamic charac-
teristics of the rig (three-dimensional e®ects).
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