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Abstract. The paper describes an optimization program torohite the design parameters of a sailing yachtgfeen
constraints and merit function. The simulation pamg is organized in 3 layers. The outer layer geaetic optimization of
the design parameters. An intermediate layer uskdl alimbing method to determine the optimal triparameters like
apparent wind angle, sail area and salil lift coedfit distribution that yield the optimal VMG. Tirnermost layer calculates
the equilibrium of forces (resistance, side forsmkage) and moments (heel, pitch) by numericak fowing in 5
dimensions.

NOMENCLATURE

BwL Beam of waterline Mk Mass of fin keel (ballast)

C Local chord length of foil Mkig Mass of rig and sails

Ckr Keel section root chord length P Mainsail max. hoist above boom

Ckt Keel section tip chord length R.aged Added resistance due to waves

Ce Prismatic coefficient Rind Induced resistance

Crric Shear drag coefficient canoe body Riscc  Viscous resistance, canoe body

CL Lift coefficient of foil section Risck  Viscous resistance, keel

Crot Total drag coefficient canoe body Ruavec Wave making resistance, canoe body
Cuisc Viscous drag coefficient canoe body Ruavex Wave making resistance, keel

D¢ Depth canoe body from keel root to roof S Distance sail head to water pl. along mast
E Mainsail max. foot length T Maximum draft including keel

Foarrig  Parasitic drag force, rig Tc Draft of canoe body

Foarnur  Parasitic drag force, hull tkr Keel section root thickness

| Fore triangle max. hoist above deck ter Keel section tip thickness

J Foot length of fore triangle 0 Volume displacement of hull and fin keel
LCB Dist. longitude. centre of buoyancy to fpp a Flare angle at midship section

Loa Length overall B Deadrise angle at midship section

Lw.  Length of waterline y local dimensionless circulation

me Mass of hull (canoe body) Pw Density of water

1. INTRODUCTION

The design of a sailing yacht is an iterative pssceommonly known as the design spiral. Even thi¢huse of
modern CAD-systems and Velocity Prediction Progr&uiaP) these iteration loops are often terminatefie
the desired optimum is reached. Especially forsingi yachts the additional time and funding for thesign
work are not available. In this circumstance amanation of the design process would be desirable.

For blue water cruising yachtsmen the performandsvo critical operating points distinguishes a gjat@sign.
When tacking in very light winds and when tackingdar gale conditions, in both cases it is essettiahake
good progress to windward. On all other courses ianchedium winds the yacht's performance is usually
sufficient. For a fast passage in a predictable iinms therefore necessary to optimize the yaghttfese critical
conditions. In consequence a merit function willdedined as a weighted average of the "Velocity &&dod"
(VMG) at two different wind speeds. If desired, tt@mputer program can also use other mixes fomthgt
function. For racing yacht design the elapsed tim& given course (e.g. triangle) should and causked.

2. GEOMETRIC REPRESENTATION OF THE YACHT

The definition of the hull form starts with the mhdp section that is composed of a spline curvevbehe
waterline and of an arc above the waterline. Thersections are affine transformations of the hifsection.
This keeps the form mathematically simple and redwomputing time when the intersection with thelédu
water plane needs to be computed. The spline camffs and the transformation are chosen in sushyathat
the design parametets,, Lwi, Bwi, Tc, De, Cp, LCB,ZJ a andp are matched. To demonstrate how this works
the design parameters of the YD-40 in [1] are Usedhe transformation to resemble the YD-40 asealp as
possible. The result is shown in figure 1. The agrent of the underwater part of the hull with tine$ drawing

in [1] is sufficient. Additional parameteils Cxr, Ckr, tkg andtyr describe the fin keel. The sailplan is defined by
the IOR rig dimensionk J, E andP.
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Figure 1. Mathematically simple hull form to match YD-40 design parameters

Not all mathematically possible combinations ofigegparameters yield a meaningful design. If angplvith an
unrealistic curvature of the midship section isdezbto match the given the design is discarded.

A weight calculation must check the balance of Weignd buoyancy. An estimate for the mass of tHedamn
be derived from the scantling rules given in [ZjeTballast mass must be iteratively determined from

m, =00p, —m —mg,, — payload 1)

If mg is unrealistic or negative the design is discardEde weight of rig and sails is calculated from
recommendations given in [1]. It depends on the imak heeling force, which is taken from a stability
calculation for the yacht at rest, subject to a gfigiven wind speed with unreefed sails.

It is the task of the proposed computer prograwptimize the design parameters in regard to thet fiugrction.
The result of the optimization will be a set of idgesparameters that allows the computation of théship
section, the affine transformation of the sectifor® and aft and the definition of the keel and $ad plan.
Together this will be the description of the optityacht geometry.

3. VELOCITY PREDICTION PROGRAM

The kernel of any performance optimizer is a VP& ttalculates ship speed, sinkage, heel, leewaytrand
angle by solving the three force equations forstasice, side force and vertical force and the tveonentum
equations for heel and pitch. It is common pract@ealculate the total forces as the sum of thividual

components that are contributed by hull, keel ails.sThe absolute accuracy is not of prime impuar¢asince
the purpose of the program is to calculate thestifice in performance between competing desigiis.nibre
important that the influences of the individual quonents are modeled in the right relation and #réopmance
trends caused by changes in the parameters arextedgipredicted.

3.1 Calculation of hydrodynamic side force

The side force of the keel is equivalent to thiedffan airplane wing. The calculation follows &heme that is
proposed in [3]. The side force of the canoe badgadnsidered to be mainly induced by the side foifcthe
keel. Only for hulls with sharp V-sections in tleed body a side force created by the canoe bodedlased on
R.T. Jones slender wing theory is added. The $oorethe rudder are calculated with the Michletvgafe [4]
and also interpolated from test results in [5].

3.2 Calculation of viscous and wave resistance of the hull

By far the most comprehensive database for prediggsistance components of sailing yachts is taixnof
tank test results of the Delft Systematic YachtlFBdries (DSYHS). An analysis of the data was @higld in
1998 [6] and again in 2008 [7]. Within both methakis calculation of the frictional resistance uesITTC-57
friction coefficient multiplied with the dynamic hd and wetted surface. Subtracting this from thal tgpright
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resistance yields a term called residuary resistaviich combines wave making resistance and foag df the
hull. The residuary resistance is then correlatedhe design parameters of the hull based on a&ssign
analysis of measurements of the DSYHS. In the 1@98ion this term can become negative for low Feoud
numbers (< 0.15), e.g. for the models no. 1, 4438 which indicates that the ITTC friction coeféint is too
high. This will lead to erroneous results for tleeces at full scale, since viscous drag and wasg dre scaled
differently. In the 2008 version the issue is disgd, since the published table shows no valueswb&h =
0.15. It is not surprising, that the ITTC-57 coatén line does not give good results for yache llodies, since
it was developed for merchant marine vessels witly Iparallel sides that do not exist in yachts. fidiewing
approach overcomes this difficulty. The DSYHS cméfhts are used to calculate the residuary resistat
model scale. The addition of the frictional ternsé@ on the ITTC coefficient yields the total remigte at model
scale. Now a method described in [8] is employadafdhree-dimensional boundary layer calculatiorthef
viscous resistance at model scale. The hull iscqmated by half a body of revolution of identicactional
areas and the differential equation for the boundayer is solved by a second order Runge-Kuttaseh If
this resistance value is subtracted from the t@tsistance, the wave making drag at model scalainsmThis
wave drag can now be scaled to full size basedhenidentical Froude number. A second boundary layer
calculation at full size will give the correct v@ags resistance. The total resistance of the hatds the sum of
the wave drag and the three-dimensional viscous alréull size. Figure 2 compares calculated dmegfficients
to test data from the towing tank. The differenedwen the viscous drag resulting from the boundargr
calculation and the frictional drag according te Delft-method is obvious. At the model scale h@@ Delft-
method leads already to false total drag valuesa@slly at low Froude numbers. The discrepancyeases at
full scale.
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Figure 2. Resistance-coefficients of a Dehler 33 at model scale 1/2

3.2 Calculation of other resistance components

The viscous and the induced resistance of the alages are calculated from wing theory as descritvgl]
and [3]. The wave making drag of the keel has lmeopen issue. The validity of the equations pregdas [6]

is justifiably questioned in [10]. The wave makingsistance of the appendages decreases as the afepth
submergence increases. For a foil of small thickreesl a Froude number > 0.4 based on chord, tiprttsdory

is applicable and the Michlet software [4] is sditte compute the wave resistance. The dependenteeof
resistance on the depth of submergence for antésbfail is depicted in figure 3. As can be seen ttbsistance
decreases very rapidly and is negligible when thmerergence is larger than 30% of the cord. Oneluenefore
assume that the wave resistance of the keel itiaelto the wave resistance of the canoe bodyss tkan the
relation of the keel volume to the volume of theaa body. For the average yacht this relation artsotm
approx. 3%, so the error in the determination ef wave resistance of the keel is negligible. Thehmarger
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values given in [6] are obviously viscous interfexe drag and corrections to the ITTC friction cédht,
which is not valid for hydrofoils. These correctioare subject to Reynolds- and not to Froude-ggalin
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Figure 3. Wave resistance coefficient of an isolated vertical hydrofoil

The Delft-method also introduces additional resistacomponents due to heel and trim. We deternegne the
parameters that are used in the equation for thes wdeag of the hull (e.g. wetted surfatgy, Bw., Cp, LCB,
LCF) from the hull geometry in the heeled and trimnpesition. An additional term for the resistance doe
heel and trim is therefore not necessary. This imilprove the resistance results for hull forms wehthre
submerged part changes drastically when heeled hytmstatic calculation in the correct attitudettod hull
that includes an estimate for the wave profile gltime hull gives the right dynamic value of the aweitric
height.

The added resistance due to waves is calculatextding to the polynomials in [6]. The wave heightlavave
period that are the input to the approximationestimated from expressions in [11]. Fetch is vabetiveen
200 nm at 4 kts wind speed and 50 nm at 44 kts wfreed.

3.3 Calculation of sail forces

The optimizer chooses the plan form, reefed if seary, and creates a circulatipdistributed along the span.
The sparS is taken as the distance from the water plandn¢ostil head along the mast and divided into 30
lifting line elements. The local lift coefficiers calculated from the dimensionless local circalaticcording to:

c. =2E—»C§Ey )

The local profile drag is a function of the lociil toefficient and is estimated from the polarvas in [12] that
are based on water tunnel measurements. The indlragdcan be calculated from the lift distributelong the
lifting line, the mirror image principle is used3}L Summing up the elements along the lifting linelds the
total lift and drag coefficients and the heightloé centre of effort. The lift and drag forces ¢tlaen directly be
calculated from the apparent wind speed at thereefteffort and the total force coefficients. Thigproach
avoids the introduction of a sheeting angle orcaihber. It is left to the sail maker to desigra@hthat achieves
the prescribed lift distribution for the given apgat wind angle and sail plan. The use of penalbgfions in the
code avoids the outcome of unrealistic lift coefits that can not be realized by the sail maker.

3.4 Calculation of parasitic drag

Experimental results for the parasitic drag of hgll and superstructure are published in [14]. @liference in
wind speed depending on the height above grourntditheaused by the atmospheric boundary layer mest
considered. For the range of interest the "lawhef wall" of boundary layer theory is applicable.eTlwind
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gradient depends on the surface roughness thabeaalculated from wave height and wave period.[I5p
wind speed very close to the surface varies innthee trough compared to the wave crest [16]. Measants
can be found in [17]. The Program evaluates thagite drag in the trough and on the crest and tieesnean
value.

An additional lift force on the hull that acts umdalong the mast is reported in [14] and inclugethe VPP. It

seems plausible that the increased wind speedtio@dmll creates a negative static pressure.

3.5 Solving for equilibria

After the definition of the individual force compamts we can now specify 5 equations for the 5 dayiail

longitudinal forces:  driving force — resistance

side forces: sail force — keel/hull force

vertical forces: sail downward force — buoyancy

heeling moment; heeling moment from side forcghting moment from keel and buoyancy
pitching moment: pitching moment from sail forcéoagitudinal righting moment from buoyancy

The remaining equation for the yaw momentum is usxd since balance is achieved by the rudder dontro
through the helmsman. The 5 equations allow therdehation of the 5 variables: boat speed, leewaylea
heel angle, pitch angle and sinkage. This nonlisgatem of equations is solved numerically [18].

4, OPTIMAL BOAT TRIM

After the solution of the equilibrium equations rthes still a set of undetermined parameters. Thishe
distribution of the sail lift coefficients (that sased on the circulation along the lifting lint)e sail area and the
true wind angle. According to Glauert [13], thecaiation can be approximated by a Fourier-polyndnhiathis
program only the first 4 terms are used. Thesénb prarameters are determined so as to maximizeypbed
made good to windward (VMG). A hill climbing algtrim is used for this type of optimization in multi-
dimensions [18].

Figure 4 illustrates the contribution of the diffat resistance components at optimal trim as atiumof wind
speed. The YD-40 design is used as a test casAt[ldw wind speeds the drag is mainly viscoushigh wind
speeds the induced drag of the keel increases secdithe increased leeway angle. The parasitig afrshe rig
becomes large due to the exposed part of the mast.
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The added resistance seems to play a lesser fuijlatwind speeds which is related to its dependencwave
height squared. At wind speeds above 30 knots theevaeight increases less than linearly with wipelesl and

since most resistance components increase propaktio the wind speed squared the relative magaitfdhe
added resistance is reduced.
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Figure 5 shows the optimal sail plan and the distion of the circulation along the mast at 12 kneind speed
for the same yacht. The optimizer has createdlstiexurve without areas of negative lift.
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Figure5. Circulation for YD-
40 at 12 kts. wind speed
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5. OPTIMAL GEOMETRY

5.1 Genetic optimization

The calculation routine described in the previobapters determines the VMG of the yacht if it igimlly
sailed and trimmed. This is preliminary work to théginal task of finding the optimal geometry aflh keel
and sailplan. The use of genetic algorithms folirgaiyacht optimization was introduced in [19] asdiescribed
in detail in [20]. Genetic optimization has the adiage that the result of the search is a numbgoad designs
that are all close to the optimum but might diffabstantially in the parameter sets. The desigoamer can
then use personal preference to select the finsigdeIn contrast an optimization method that usesill
climbing strategy will only give one parameter g@tthe optimum. In addition the optimum of the gesdric
parameters is rather flat and the curve is not $madill climbing would terminate at one of the &denaxima.

5.3 Constraint

Optimizing the design parameters listed in secHomill lead to an infinite size of the yacht if monstraint is
imposed on size. Several constraints were testeddglthe development of the program. If no clads mwith
maximal rating exists, which is the case for norgralsing yachts, a reasonable constraint is ddst. cost of
the yacht is estimated from the structural weightdatermined in chapter 2 and for rig, engine atigkro
installations from a regression analysis of exgsitpmponents on the market. Again not the absealctearacy of
the estimate is of interest, instead the cost nusnf@r competing designs must be in the right propo.
Alternatively it was tested to prescribe the flepace in the cabin as a constraint, but this redift very heavy
designs.

5.3 Parameter set and coding

The geometric parameters and constraints are divite fixed parameters that are kept constanuinout the
entire run and into genetic variables that arenoigtd.

The fixed parameters and constraints are:

total cost of the yacht o D¢
wind gust for sizing of mast and rig o T
surface roughness of hull o J/lI

stem- and stern-angle
I-P (= gap between mainsail and deck)

O O O 0o o
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The genetic variables are:

0] LWL/ BWL (0] | 0] Cp (0] tKR /CKR
0] BWL/ TC (0] E 0] LCB (0] tKT /CKT
[0} a [0} CKR /LWL [0} s

o B o Cyr /Cke

At the start of this research project additionaiapaeters were used to describe the sailplan liRedgatios of
fore and main and roach. It turned out that a tianeof these parameters has only a small effedfdi&. This
is consistent with the findings in [20]. Therefdtee roach is kept constant and reefing supposeads dhot
change the aspect ratio of a sail.

A negligible effect had also the variation of theaesflare in the fore body. Reduced flare redubeswave drag
but it also reduces the sail carrying capacity. iiéeeffect is close to zero.

The values of the variables are represented bynpistrings and the 13 strings are concatenated to a
chromosome of 53 bits length. The choice of theogtosome length is a trade off between resolutioth an
computing speed. For more details on coding geaddigrithms see [21].

5.4 Merit function

As described in the 1. chapter the merit functieriie weighted average of the VMG at two differaimd
speeds. Figure 6 shows the VMG as a function ofivgipeed. It seems that the VMGs at 4 kts. and &t14
wind speed are two discernible operating points describe the yachts performance in light windd ander
gale conditions. Also for an increase of the masgth by 2 meters the two operating points stifiatibe the
performance well.

The average speed in knots is calculated from

VMG, = 150+361VMG@44)

aver — (3)
36+150/VMG(4)

which resembles the average speed of a yachtréhatis 150 nm in 4 kts. winds and 36 hours in 44 kinds.
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5.5 Computing process

A start population of 400 independent designs veaslomly created. Each following generation is fatrasing
crossover and mutation. The optimization history50 generations is shown in figure 7. The commutime on
a 3 GHz pentium4 machine was 80 hours. If the n##pdng must be discarded because no solutioritber
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force equilibrium can be found, it is replacég a randomly generated individual. This is thasmn for the
difference that still occurs between the maximal #re mean value. It keeps the population divets auoids

premature convergence.

3.6
3.4 -/_/_/_, p

ﬁ 3.2 PR

g 30 et

> 28 ," —Best value
26" - - Mean valu
2.4

0 10 20 30 40 50
Generation
6. RESULTS

6.1 Overall solution space

Figure 7. Optimization history

A two-dimensional plot of the single VMGs at theotwind speeds for all yachts, calculated during the
computation of the 50 generations, is shown inrég8. Each solution is located by its VMG(4) ansl it
VMG(44). It is possible to draw an envelope curveuad all points that locates the fastest solutiédispoints

on the dashed curve are "pareto optimal" in a nmastieal sense. An improvement of the VMG at onedwin
speed can only be achieved at the expense of regitlee VMG at the other one. The optimal averageQ/tat

is marked with an arrow must also be lying on thisve. The cross marks the VMGs of the YD-40 design
comparison. The optimizer has successfully founidrge number of designs that are up to 23% faster i

VMG, than the YD-40.
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Figure 8. Optimization results

o""‘s--.___
2.776&,9,%“ DA 0 = YD-40

VMG(44) in kts.

optimal VMG,

© Ulrich Remmlinger, 2012, page 8



6.2 Optimal parameter sets

The main design parameters of the optimum and tieralesigns, which stood out, are listed togetbigr the
YD-40 data in the following table:

Optimal | Optimum | Light

average | atlight | displace-| YD-40

VMG winds ment
Lwe (M) 12.02 10.73 10.59 10.02
By (M) 2.62 2.81 3.60 3.17
Tc (m) 1.06 1.01 0.43 0.57
[7 -py, (kg) 11730 9215 5890 8120
L/ 713 5.33 5.16 5.91 5.03
Ballast ratio 59% 48% 17% 40%
Cabin (m?) 15.3 17.8 34.3 25.0
Beating to windward
VMG(44) 5.45 3.64 3.68 3.72
VMG(4) 2.32 2.73 2.28 2.28
VMG,yer 3.44 3.09 2.77 2.79
Reaching at 12 kts. wind speed, heading 120°
V  (kts) 7.86 8.19 8.45 7.76

An obvious result of the optimization is the adweay® of high ballast ratios. The length/displacenratio

shows, that the designs are not heavy; insteadgtimizer has tried to create a large but narroshyavith a
long waterline and kept the weight of the canoeytsdall, as this is the main cost driver. The srai of the
cabin area, which is here defined as the waterepdaea 1.5 m below the highest point of the caraly,bmight
be a drawback that needs to be considered whersicigpa design. The fact that the design was opgichinr
beating to windward does not imply that the desggslow on other courses. To prove this, the tahlaws the
predicted speed when reaching at an angle of 12@7den course and wind direction. The resultsarerfble.

The lines drawing that can be created from thesfoamed hull based on the optimal parameter sdt wil
eventually decide about the feasibility of the dasi

7. CONCLUSION AND NEXT STEPS

This paper described an efficient tool to createiamber of high performance designs in an automatsd The

advantage of this computer program consists ngtiorthe saving of time and manpower but also en¢hance
that the program can create unusual parametetteetsaval architect would normally not considerkifg the

average of the three simulated operating pointsp@timized design can be 14% faster than a conwesiti
cruising design as reflected in [1]. Even for aiging sailor it makes a difference whether a pasdages 17 or
15 days.

In a next step the computing time needs to be emiu€he independent computing of the VMGs at the tw
different wind speeds lends itself very naturatiyp@rallel computing. This will require rewritindg the source
code with the potential of cutting computing timeany in half. By then one will have a standardl that can
routinely be used in the design process to delbiyptimized designs in an automated way. A completeey of
the design space that takes an experienced desgmeral weeks with today's iterative methods tem tbe
performed unattended by the computer within twasday
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