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SUMMARY

A displacement vessel of a given loaded weighaltasoretical optimum length, usually somew
longer than the conventional, which minimisesataltcalm-water drag. Some simple examples are
given to illustrate this property. Genetic algontitechniques are then used to find optin
dimensions for monohull and multihull vessels aveiide range of speeds and displacements, with
a fixed assumption about the waterline, cross-eactnd buttock shapes. Michell's integral is used
for the wave resistance, the 1957 ITTC line forgkia friction, and a simple empirical formula 1
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1. INTRODUCTION

Consider first a class of monohull ships movingdily ahead on a flat calm infinitely-deep sea. Fix
the displacement, draft, speed, and hull shapelérggh is then essentially the only variable
allowed. At any given length, adjust the beam biyanm scaling of all offsets, so as to achieve the
prescribed displacement; longer ships are thirew vary the length until the total (viscous plus
wave) drag BR +R, is minimised.

The above simplified ship optimisation problem,hwingth as the only variable, usually posses
non-trivial solution, i.e. a finite optimum lengttor the following reason. Viscous drag R

predominantly skin friction, which is proportiortal surface area, and as a body of a given volume
gets longer and thinner, its surface area incre&t®sce viscous drag increases with length at fixed
displacement.

On the other hand, for conventional ships at cotiweal speeds, wave resistangg generally

decreases as the ship length increases. Sinceewmlaing the speed U fixed, as we increase the
length L, we are decreasing the length-based Froudwer F=U/sqrt(gL). At fixed displacement,
and at most relatively low Froude numbers, wavestasce is a (rapidly) increasing function of
Froude number, and therefore decreases with inogebsngth. There are wobbles in the graph of
wave resistance versus Froude number, so thig smabsolute conclusion, but it does hold in most
cases, and of course this advantage of long shipsry much part of the naval architectural art.

Since there are opposite trends with length inwgeconstituents of the total drag, there must be a
minimum for their sum, at some non-trivial intermad length. That length is generally somewhat
larger than for conventional ships.

In fact, sometimes there is more than one localmum in the graph of total drag versus length,
this phenomenon is discussed in more detail iridl@wving section. There is often a delicate
interplay between local and global optima, whictkesafor an optimisation process that is quite
difficult to analyse. In order to deal with thisoptem, we use here a powerful general purpose
technique, described later, called "genetic algorg".

In the present paper, we perform an exhaustivéntiesat of this optimisation problem for a family
monohull and multihull vessels, covering a verg&arange of speeds and displacements. We hold
the hull shape, displacement and speed fixed, bow the draft (and for multihulls, various other
parameters) as well as the length to vary untini@mum total drag is achieved. We treat viscous
drag as the sum of skin friction (estimated by1B867 ITTC line) and a generally small but
sometimes crucial form drag contribution whichssimated by an empirical formula. We use
Michell's integral for the wave resistance, whislonly accurate for thin ships. However, this is a
more than usually good assumption for the clagxtvemely fine hulls that arise from this
optimisation process.

When we treat multihull vessels, each separateifitdken from the same shape family as the
monohulls. For catamarans consisting of two idah8ae-by-side hulls, there is thus just one
further parameter that participates in the optitiosa namely the lateral hull separation distance.
There are some speed ranges where there is arabfiiite choice for this separation, and others
where the best separation is infinite - that is,dptimum "catamaran” is actually two unconnected
hulls. We find that, from the point of view of tbti&rag (with no length restriction), a catamaran ca
never compete with a length-optimised monohulhef $ame total displacement. This is essentially
because of the increased wetted surface areadf@atplitting the hull in two, which increases
further the already dominant viscous drag compaonent

As the number of hulls increases, many more paemmate involved in the optimisation
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multihull vessels, even within the constraint tatihulls have the same shape. For example
laterally-symmetric trimarans there are a totad@fen parameters; namely two drafts, two lengths,
one ratio between side-hull and total displacemam, longitudinal and one lateral separation
distance. The side-hull displacement ratio paramgtgomewhat special, in that the trimaran
reduces to a monohull when this ratio is near aato a catamaran when it is near unity. If that
parameter is included in the optimisation procassonohull results automatically whenever a
length-optimised monohull is superior to a trimafahich is always!), and similarly a catamaran
would result if a catamaran was superior to a ramaHence in order to confine attention to true
trimarans, we use only a 6-parameter optimisatimen) repeating this optimisation for a range of
values of the displacement ratio. The results stiat(strictly from the total-resistance point of
view of the present paper) trimarans are also upetitive with length-optimised monohulls or
catamarans.

When there are length (or other) restrictions, lagnice (for shorter-than-optimal ships) a greater
contribution of wave resistance to the total dragltihulls can have less total drag than monohulls
of the same length, because of the potential faydeable hull-hull cancellation of wave resistance.
For example, in work to be reported elsewhere, axelexamined a 3500 tonne vessel of length
160m designed to operate at 40 knots speed. Iicésat the best catamaran has 10% less total drag
than the best monohull of the same length, ance:they indications that further improvements are
possible with optimised trimarans.

The main purpose of the present study is to proaidenchmark, from which extended studies can
follow. One class of such extensions obviously lngs allowing the shape of the hull to vary. For
the present study, we have used a very fine typeibfappropriate for high-speed and sportiyge
vessels, and there is a need to repeat the stubdyware commercial shapes of hull.

However, perhaps of greater importance is inclusidiurther constraints. When the only quantities
held fixed are speed and displacement, it is nqirsing that the resulting ship proportions are
somewhat (but not outrageously) unconventionaltHemrconstraints, such as constraints on
maximum length or minimum beam, arise inevitabbnircommercial, structural, safety,
seakeeping, or sporting requirements. When thes&treonts are imposed, the ship proportions will
return to the more conventional range, but at @egn terms of increased total drag. It is of value
know just how much of a price is being paid.

1.1 Anillustrative example

In the present section, we first give an examjlistitating the character of the results obtainetthé
present study. Further results are presented ie gemerality and in nondimensional form later. For
this example, we confine attention to a "ship” nédonne displacement, representative of a (large)
rowing shell, and use dimensional units.
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IFig. 1.1: Comparison of total resistance for two one tonne monchulls. |

Figure 1.1 shows two typical examples of graph®tafl drag versus length (in metres) at a fixed
speed, for such a vessel. For the present purpas@&ot essential how the drag is determined or
scaled, but we should note that it does includall@avance for form drag, discussed later. The blue
curve is at a fixed speed of 5.56 knots and theuede at only a very slightly higher speed of 5.59
knots. In both cases, there are two prominent nanire. two distinct (and remarkably different)
lengths are locally favourable, and define "bestl &second-best" ships. At the lower speed, the
longer ship (13.2 metres length) is better tharstigter ship (9.8m), whereas at the higher speed,
the shorter ship (9.6m) is superior to the londpgp §12.3m). Thus, as we vary the speed and other
parameters, there may occur an interchange betimeelocal optima, so that the optimum length
may appear to change discontinuously. These charagesccur over a remarkably narrow range of
speeds.
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IFig. 1.2: Optimum length for a one tonne monchull |

This type of discontinuity in the optimum lengthstsown in Figure 1.2, again taken from the family
of onetonne monohulls. This figure gives the optimum kg metres as a function of the spee
knots. The discontinuities indicated above occuy anrelatively low speeds, notably at about 5.6
knots (where the change between the two curveggafé1.1 occurs) and 4.3 knots, with smaller
discontinuities at even lower speeds.

At speeds between the discontinuities, the Frouteber based on shiplength remains essentially
constant, and examination of the variation of waagstance with Froude number indicates that this
constant value corresponds to a local minimum ofenasistance. What is happening as we inc
the speed is that, in attempting to design for mumn total drag, we simultaneously increase the
shiplength, in order to stay at that local minimdrhis continues as long as possible while we
increase the speed, and when it is no longer dessite optimum ship suddenly decreases its
length, so that the Froude number suddenly jumpisetamext higher local minimum, avoiding the
local maximum in between. This process is intultivike changing gears!

The length variation in the example of Figure %.2antinuous for all speeds above 5.6 knots.
However, as is discussed later, if form drag idewtgd, there can also be an apparent high-speed
discontinuity. It is important to note that, asicated by Figure 1.1, there is no discontinuityha
actual total drag at these speeds, merely an hdage in the roles of "best” and "secdrebt” ships
At the speeds where the optimum length changesmlisetiously, the residual total drag tends to
reach a local maximum, where its rate of changk mspect to speed changes discontinuously.

Although these discontinuities are of interesthiait own right, they are not necessarily the most
important feature of Figure 1.2. They depend orfdlcethat the wave resistance possesses minima,
and these minima are to a certain extent magnifjethe theoretical procedure (here Michell's
integral) used to compute wave resistance. If reanpirical means are used to estimate wave
resistance, with the effect of smoothing out themnps and hollows in the wave resistance variation,
there will be a consequent reduction in the sizéhefdiscontinuities. However, so long as there are
at least two minima in the wave resistance cundiseontinuity is inevitable, no matter wt
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method is used to estimate wave resista

Above 5.6 knots, the optimum length of a one-tonesel varies smoothly, and it is unlikely that
the optimum length is sensitive to the procedurevave resistance computation. In fact, the range
of speeds above that where discontinuous lengthgesaoccur is the one of greatest interest in
practice; for example, it is the competitive spesmtge for rowing shells.

Back to Title Page
Next Sectio
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2. BASIC CONSIDERATIONS

2.1 Hull geometry

In this study, we present results for one hullfamnty - a canoe body defined by parabolic
waterlines, elliptical cross-sections, and a pdralkeel line. Although this form is an obvious
idealisation, there has recently been an appes¢l(and Molland 1991) for further work on similar
hull shapes.

For this hullform, the block coefficient is G- 0.417 and the prismatic coefficient ig €4 G/pi =

0.533. Clearly this is a much finer type of hukththat of a typical merchant ship, but is relevant
sporting canoes and hulls of special high-speesgelgslt is particularly appropriate for slender
vessels with the high length/beam ratios that vl sind optimal.

2.2 Wave Resistance

We use Michell's integral (Michell 1898; see alsR 1989) to estimate the wave resistangeoR

the ship. This requires evaluation of a triple gnés, one integral in each of the length-wise and
draft-wise co-ordinate directions, and one integrigth respect to the angle theta of propagation of
the ship-generated waves. The numerical methodhesedfor evaluating these integrals both for
monohulls and catamarans is described fully in Ta&87). For monohulls, we use up to 81
stations, 81 waterlines, and 640 intervals foritibegration with respect to theta. This is an
unusually high degree of precision, and is suffitte eliminate any numerical artefacts in the
integration, which is a common source of errorse of Michell's integral. For multihulls we
sometimes need an even larger number of interydlseta, because the interference between the
wave patterns produced by the individual hulls setadproduce a more oscillatory variation in the
wave spectrum with propagation direction than foanwhulls.

Michell's integral depends for its validity on thleip being thin, and is sometimes considered
(perhaps unfairly) to be insufficiently accurate éise with ships of conventional proportions.
However, the hulls produced by the optimisationcpss in this study are significantly thinner than
conventional ships, and there is good evidenceftinatuch slender vessels Michell's integral is
satisfactory. For example, Hanhirova et al 1998 @eso Tuck 1989 and Chapman 1972) report that
for length-based Froude numbers above 0.35, adesreglative to measured residuary resistance of
better than 10% are achieved by Michell's intefpahulls with length/beam ratios of the order of
10.0. The optimised hulls in the present studyezen more slender.

In any case, the hulls resulting from the optim@aprocess also have the property that their wave
resistance is generally only about 10% of the te@lthat the absolute accuracy of the wave
resistance measure is not critical. This proportibwave resistance to total drag is lower thantwha
is usually encountered with conventional ships;esithhe present optimum is in part achieved by
increasing the length beyond the conventional ssm aeduce the influence of wave resistance.
though the wave resistance is then only a smalpoo@nt of the final total drag, it remains a
critically important component nevertheless in colting the optimisation process; after all, if the
was no wave resistance at all, short ships of mimnsurface area would be preferred.

There is really no actual Michell integral for mihiltlls. What we use here is the assumption that
each separate hull can be represented by the sagudasity distribution (namely sources
distributed over its own centreplane) as if thdt Wwere alone. This neglects one type of interactio
between the hulls, namely the influence of one bmlanother in creating a cross-flow which
modifies this singularity distribution, in parti@linducing vortices as well as sources. On theroth
hand, it does not prevent interference betweemthe systems generated by the centreplane
sources. Little is known of the relative importarndé¢hese two types of interactions, but the pre
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assumption seems to yield quite good results ®mtave resistance (Tuck 1987, Salvesen

1985). It is notable that the assumption that tlaeeeno induced vortices due to other hulls can be
exactly satisfied by allowing the hull centrelinegpossess a suitable small camber (Lin 1974). This
camber has no effect on the wave resistance, agdedesirable in eliminating induced drag. It is
also important (Tuck 1987, Newman and Tuck 19x&j} the size of this induced-crossflow effect
relative to that due to the hull's own thicknesgrigportional to the draft/length ratio, and hence
negligible for conventional (aralforteriori the present optimal) slender ships of small deafgn if
formally of the same order as séiickness effects for the thin ships of finite difat which Michell
derived his integral.

2.3 Viscous Resistance

The viscous resistancq, Ran be written as
_ 2
RV—1/2*rho*U *S*CV

where rho is the water density and S the wettefdsgiiarea of the hull. When skin friction
dominates, the drag coefficienf @pproximately equals;Cwhere Cis a skin friction coefficient

which can be estimated using the ITTC 1957 shipetation line (Proc. 8th ITTC).

C; = 0.075/(log R-2)?

where R = UL/nu is the Reynolds number; nu appouaés 1.054 x 18m2s1 is the kinematic
Viscosity.

We have used the full length of the waterline fanlthe definition of the Reynolds number;
however there are other possibilities. Gerritsmal.gt1981) use 0.7L in their study of the resistan
of a systematic yacht hull series, reasoning thatdefines a kind of average length.

2.4 Form Effects

As a correlation line, the ITTC 1957 line alreadytains some allowance for three-dimensional
effects, and two recent ITTC Committees have recentdad that additional corrections not be n
in routine resistance predictions of high speett ¢hasel and Molland 1991, p. 16). However,
including a form factor specific to the hullformdar consideration can often give better estimatt
the viscous drag. This factor is difficult to estite and may vary with speed because of (among
other things) changes in trim and sinkage.

In their examination of eight-oared rowing shel$ich have a hullform not unlike the canoe body

examined here, Scragg and Nelson (1991) found plsiempirical formula for the form factor of
these hulls. The viscous resistance coefficientrigen as

CV = (1+k)Cr
where

k = 0.0097(thetg,, + thetg,;)

Here, thetg\ntlry and thetg ,; are the half-angles (in degrees) of the bow agich stespectively, at the
waterplane
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Care must be taken in applying this form factoratnoptimisation problem where shape is
constrained, there could be many undesirable dfdets. For example, since there is a tendency of
the optimisation to reduce the above half-anglesiscould tend to be overly cuspy. In addition,
since more of the displacement can be placed degétfferut penalty, there could be a tendency
away from wall-sided hulls and towards some tumisted below the waterline. This is not an issue
here, since our parabolic waterlines and elliptictions do not allow so much freedom. We shall
also find that use of this form factor leads taraproved optimisation process in the high-speed
range.

2.5 Some Effects Neglected

Wave-breaking and spray resistance is neglectedeWeeaking resistance for our fine, sharp-
bowed hulls, would be negligible at relatively Iepeeds. Spray resistance seems to be one of the
reasons form factors are difficult to calculatdigh speeds.

We assume that there is no effect of dynamic \ertarces, which at low speeds account for
sinkage and trim. These are small effects, buthtpfar multihulls can be substantially different
than for monohulls. At high speeds, dynamic foresupward and yield a lift rather than a sinkage;
hence planing, and we neglect that. The preseulisesre for displacement rather than planing
conditions, although for completeness we exhil@hteven in speed ranges where planing wou
expected.

Asymmetric flow around each demihull of a catamdras been observed. This manifests itself in
differences in draft and wetted surface area batve¢h sides of the demihulls. Asymmetrical flow
can cause lift and inevitably, induced drag; seelland Molland (1991).

Viscous interference between the demihulls of catams also seems to be an as yet incompletely
understood effect, which can complicate the estonaind application of simple form factors. Insel
and Molland (1991) state that "catamarans showtantially higher resistance than twice that of
monohulls, even at ... low speeds where wave idtiers are negligible, therefore indicating visc
interactions. Additionally, flow visualisation exfi@ents ... on a catamaran model indicated a
change of flow lines and pressure field, hence simme of viscous interaction.”

Shallow water effects can be important in someiagpbns, e.g. see Millward (1992) for
catamarans, and Scragg and Nelson (1993) for roghetis. However, we retain the infinite-depth
assumption here. We also neglect any lateral flomaln restrictions; see Doctors and Day (1995)
and Day and Doctors (1996) for the case of a slupimg in a channel.

Back to Title Page
Previous Section
Next Sectio
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3. PREDICTION OF OPTIMAL PARAMETERS

Once we have a theory that gives reasonable pi@usodf the total resistance, it seems natural to
search for "sensible" parameter configurations mising that resistance. Many engineering design
problems can be cast into the form of optimisaposblems. For example the problem addressed in
this paper can be formulated as

Minimise the real-valued function f{X,,...,x,), with each real parametersubject to (domain)

constraints Ia;=xi<=bI for some real constant§amd t?

Many techniques exist for solving optimisation gevbs such as the one described above, however,
they vary greatly in efficiency and the qualitytbé final solution for a given number of function
evaluations. No single technique is best for adligie problems. Gradient-based methods work well
with smooth, unimodal functions, but may yield Iboptima for multimodal functions. Heuristic
algorithms can increase search efficiency, buh@eixpense of guaranteed optimality - they do not
always find the global optimum.

3.1 Genetic Algorithms (GAS)

GAs are adaptive search methods that use heuriissigged by natural population dynamics and
evolution of life. They differ from other searchdaoptimisation schemes in four main respects
(Dhingra and Lee 1994):

e Search proceeds from a population of points, rayhfa single point.

e They use a coding of the parameters, not the paeasthemselves.

o Objective function values guide the search procEssy do not use gradients or other
problem-specific information.

o State transition rules are probabilistic, not detarstic.

In the present study, we use a non-traditional (gflar to Eshelman's (1990HC, augmented
with, among other features, hill-climbing routineataclysmic restarts and incest prevention. The
resulting computer program, called "GODZILLA" fGenetic Optimisation and Design of
Zoomorphsis described in Lazauskas (1996 in prep.).

3.2GODZILLA

GODZILLA's general operation can be described gsuiecintly: create and evaluate new
(candidate) designs until some termination critereomet. Termination can occur when a certain
number of designs have been evaluated, or aftezseipbed amount of time has elapsed, or when
the algorithm seems to be making no further pragres

GODZILLA begins the optimisation process by cregtam initial population of (real-valued) design
vectors and calculating the total resistance fahekesign. Initial designs are randomly generated,
although the population can also be "seeded" wikipusly found good designs.

Genetic operators and hdlimbing operators are used to create candidaigriesGenetic operato
create new (offspring) vectors from two parent gexin the population, using heuristics inspirec
the recombination of DNA. There are too many vageto here discuss individual strengths,
deficiencies and peculiarities. GODZILLA's primaggnetic operator is one gleaned from fuzzy set
theory described in Voigt et al (1995). After eatlng the total resistance of the offspring,
GODZILLA replaces the worst individual in the pogtibn with the offspring if the offspring's total
resistance is lower. This replacement strategyaguaes that the best individual in the populatgon i
never replaced by an inferior individu
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The method used to select parent vectors fromapelption can have a substantial influence or
performance of GAs. GODZILLA usésnary tournament selectiomn this method, two individuals
are selected without replacement from the populafitie individual with the lower total resistance
becomes the first parent. A second binary tournametermines the other parent.

One form of hill-climbing operator used by GODZIL|_&tochastic Bit-climbingcreates a candid:
vector by adding or subtracting small incrememsifieach of the parameters of the best design
vector found so far. This allows the program tolesgomore closely promising regions of the se:
space found by the genetic operators. GODZILLA atsorporates another hill-climbing technique
called theSimplex Search Methodlhis method, which is not to be confused with$maplex

Methoc of linear programming, is described in Reklaitigle(1983).

The field of evolutionary computation is expandiggy quickly, and almost all communication
occurs via the electronic Internet. The USENET gr@omp.ai.genetids a very useful and
important resource.

Back to Title Page
Previous Section
Next Sectio
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4. RESULTS

4.1 Method of presentation

Since there is no length restriction, but the @gispment D is fixed, the appropriate length paramete
for scaling is the cube roof £ED/3 of the displacement. Results are presented imadioensional
manner as a function of the (volumetric) Froude benFnV:U/sqrt(gL*) based on that artificial

length. In fact, were it not for scale (Reynoldsner) effects, all results would be universal
functions of this Froude number, and displacementla/be irrelevant. For example, the final
minimum total drag BR +R, is expressed in terms of the coefficient

C=R/(1/2*rho*U?L"2)

which would be a function ofrj\:, alone were it not for the fact that the skin foatcoefficient
depends on Reynolds number.

In order to exhibit this scale effect of displacemeve carry out the optimisation at three fixed

(dimensional) displacements of one, one hundredif@mthousand tonnes. This large range of
displacements means that in some cases the speeulst aealistic, but results are nevertheless
provided for completeness in such cases. In fadtave also computed results for even larger

vessels, up to one million tonnes.

For definiteness, we give most results for thedigesplacement of one tonne. Some such results

have already been given in Figures 1.1 and 1ig.nibtable that for this displacementAl metre,
so that the non-dimensional length can also bepreeed as the actual length in metres. The
volumetric Froude number is also uniquely proparico the actual speed in metres/second or
knots, and =1 occurs at 6.1 knots for a one-tonne vessel.

It is important to bear in mind that none of thgufes 2-4 to follow, where the total drag coefintie
C, is plotted against the volumetric Froude numbgr Ean be interpreted in the usual naval

architectural manner as a graph of drag versusidpe@givenship. As E varies, the ship itself
changes its shape, and in particular its lengtlassto keep the drag as small as possible.

4.2 Monohull without form drag
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Fig. 2(a): Theeffect of form factor on the optimum total resistance of a one
tonne monohull.

The dashed curve of Fig. 2(a) showsa€ a function of volumetric Froude numbey,Hor a one-

tonne "ship". This is the residual value of thatalrag, after the ship's dimensions have been
optimised to minimise Owithout any allowance being made for form drage hinll parameters that

produce these optimal/'€ are shown as the dashed curves in Figures g)-2
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Fig. 2(b): The effect of form factor on the optimal proportion of wave
resistance of a one tonne monohull.

Fig. 2(b) shows wave resistance as a fractionefdtal drag. There is considerable scatter at low
F, This could be due to long shallow regions in‘titeess” landscape, where for example, one

length is as good as another. Althoughré@nains the same, @C, may vary. GODZILLA searches

for the lowest total resistance and if it encountaro or more combinations of parameters with
almost the same (t cannot prefer one to the other. In these regid could be important to

perform the integrations more accurately. In argecavave resistance is less than 12% of the total
for all Fv<3:25.

The most obvious feature of the dashed curve inrgig(b), however, is the sudden increase in the
proportion of wave resistance for F3.25, a rather high speed (of the order of 20kfmta 1-

tonne vessel) near the upper end of the range lbeimgjdered in this study. Figure 2(c) shows that
the optimum (non-dimensional) length also dropsEigdo a very low level at this speed. This
discontinuity is essentially an interchange inrbles of two local minima, as in Figure 1.1. For
F,,<3.25, the longer ship is best; fot $3.25 the shorter ship is best, and in the preszs, the

shorter ship is so short as to be quite unrealistaeed, this "ship" almost eliminates its wave
resistance by going to a very high rather thanrg v conventional Froude number. Minimum
viscous drag dictates minimum surface area, artdribgitably pushes the optimum toward a
hemispherical geometry. In the present case, othestraints prevent this hemisphere being
achieved exactly, but this class of "optimum" sthges tend to have length comparable to the beam
and draft. Clearly this is not a realistic conatusiand in particular would lead us to question the
validity of neglecting form drag.
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Fig. 2(c): Theeffect of form factor on the optimal length of a onetonne
monohull.

Returning to the "realistic” ships produced for é3gpeeds, with £<3.25, as the "design speed"

increases from zero in that range, the optimumtrehg_* (same as length in metres for a doene
ship) shown in Figure 2(c) increases to a maximéabout 22 at a £ value of about 1.8 before

decreasing slowly as the speed increases furthes vblumetric Froude number of 1.8 corresponds
to a conventional (actual length-based) Froude rurab0.38, or a speed of 11 knots for a one-
tonne vessel. At speeds below this value, the uargldramatic large rise in wave resistance oc

as the length-based Froude number increases. Nwtssagly, longer ships are then preferred as the
speed rises.

This trend cannot continue for ever. Eventuallg, dptimal shiplength reaches a maximum, and
further increases in speed can no longer be metdogasing length to keep operating well below
wave resistance main peak. Instead, the lengthdidaseide number passes (quite rapidly) through
the value where wave resistance is maximal, buptbportion of wave resistance is nevertheless
kept sufficiently low to achieve an optimal deslggtause of the large shiplength. Eventually as the
speed increases further, the optimal shiplengtiissta decrease again, since we are now operd

a length-based Froude number above the main waistaece peak. Then the wave resistance
decreases with Froude number, and hence shorfes Ishve less rather than more wave resistar
any given speed, and are preferred in the optiforsat
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Fig. 2(d): The effect of form factor on the optimal beam-to-draft ratio of a
one tonne monohull.

When the length is so great, the surface areagijfr@ontrols the optimisation, and to minimise the
increase in frictional resistance, semi-circulatisms tend to be preferred. This is clear in Feg2ir
(d), where it can be seen that the beam-to-drtaét BAT stays at a value of roughly 2 fog

between 1.0 and 2.5.
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Fig. 2(e): Theeffect of form factor on the optimal length-to-beam ratio of
one tonne monohull.

The optimum ships are very slender. Figure 2(ejvshibe length/beam ratio, which is very high
indeed (reaching a maximum of about 42 at=#.8) by conventional ship standards, though not

entirely unreasonable for rowing shells.

4.3 Monohull with form drag

Figures 2(a) 2(e) also show (solid curves) the same monohtldLéations as in the previous sect
for a one-tonne ship, but here the total resistaoeeincludes Scragg and Nelson's (1993) form
factor.

Figure 2(a) indicates that there is only a quitalsmcrease in the residual total dragfa all

speeds, consistent with the fact that the form éragnall, especially for the present very finelswul
The greatest impact of form effects on the optitmsaprocess occurs at very low and very high F

The solid-line Gcurves of Figure 2(a) are smoother at lqy fhan the dashed curves, and the
ultimate decrease in @t high E is no longer as rapid.

Figure 2(b) shows that with form drag included, pineportion of wave resistance now remains
below 10% for all speeds and all displacements.sbiadter at low £ is not so pronounced as in

optimisations without form effects. Most importanfitall, however, is that there is no longer a
sudden discontinuous increase in the proportionasfe resistance for £>3.25. We have already

anticipated this, since the very short ships therevsuggested at high speeds by the optimisation
without form drag are now heavily penalised by ttherige entrance and exit angles, and fail in total
drag competition with a local minimum correspondio@ longer ship.

Figure 2(c) confirms this point, indicating thaetbptimum ship stays "long" for all speeds, with no
discontinuity at any high-end speed. Indeed, wWithihclusion of form effects, there is a tendency
towards slightly longer optimum ships. The beanthtaft ratios shown in Figure 2(d) are generally
about 10% smaller with form drag included. For camoe body, small entrance and exit angles can
only be achieved by reducing the beam, so thexesight tendency toward non-circular cross-
sections, with B/T<2.

At the intermediate speeds which are of the greptastical interest, there is only a small effeict
the form factor on all outputs, and the qualitat&cussion in the previous section about transitio
through the speeds where the wave resistance aee tige optimum length is maximal applies
equally with or without form factor. Neverthelebgcause as we have seen, inclusion of a form
factor makes for a smoother and more realisticnupation process at all speeds, such a factor is
included in all of the remaining computations preed here.

4.4 Variation in Displacement
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Fig. 3(a): The effect of displacement on the optimal total
resistance of a monohull.
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Fig. 3(b): The effect of displacement on the optimal
proportion of wave resistance of a monohull.
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Fig. 3(c): Theeffect of displacement on the optimal length of a
monohull.

Beam-to-Draft Ratio
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Fig. 3(d): The effect of displacement on the optimal
beam-to-dr aft ratio of a monohull.
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Fig. 3(e): Theeffect of displacement on the optimal
length-to-beam ratio of a monohull.

In Figures 3(a)-(e) and 4(a)-(c), the blue, gremshr@d curves correspond to displacements of 1,
100, and 10,000 tonnes respectively.

Figures 3(a)-(e) indicate variation with displacemef the same quantities that were discussed
earlier for the one-tonne ship. Note that the propoality constant relating actual speed to

volumetric Froude number varies as the one-sixthepmf displacement. Specifically, the actual
speed at £ =1 is 6.1 knots for a 1-tonne vessel, 13.1 knatafdO0tonne vessel, and 28.3 knots

a 10,000-tonne vessel.

Smaller ships have larger Because they are shorter, their Reynolds numbersnaaller, and
consequently the skin friction coefficient is largef course the actual total dragi&much larger

for larger ships, once we multiply, 6y 1/2*rho*U*D?/3,

In the most important middle range of speeds, #peddence of the results on displacement is quite
smooth and predictable by interpolation within tiieves presented here.

4.5 Catamarans

We now give results for catamarans where the twoiltigls are identical and their centreplanes are
spaced W apart. GODZILLA attempts to choose W (et & L and T) optimally, noting that W ¢
only affect the wave resistance part of the totajdThe effect on the optimisation process of
including form drag is similar for catamarans anohiwhulls. Hence results are presented here for
catamarans only with form drag included.

From a survey of modern high speed catamaran diore)dnsel and Molland (1991) concluded
that the general range of parameters was: L/B@fd./L =6 to 9, B/T=1.0 to 3.0 and,£0.33 to
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0.45. Our optimum hulls are very much longer; hoere§,, and B/T are within the above ran

20

Frw

Fig. 4(a): The effect of displacement on the optimal total
resistance of a catamaran.

The G curves in Figure 4(a) are similar in general cbinato those for the monohull in Figure 3(a).

It is obvious that there is no speed or displacearaewhich a catamaran has lower total resistance
than an optimum monohull of the same displaceniérg.proportion of wave resistance for

optimum catamarans is generally similar to thatojotimum monohulls as given in Figure 3(b), and
is always less than 10%.
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Fig. 4(b): The effect of displacement on the optimal length of &
catamaran.

A comparison of the optimum length results in Fegu(b) and 3(c) shows that at low speeds,
catamarans have an optimal length roughly the semiee equivalent monohulls. At higher speeds
around £ =1.6 (namely 10 knots for a one-tonne vessel), e/tteg optimal length of a catamaran

reaches its maximum a little earlier than a moniploptimal catamarans tend to be roughly 25%
shorter than the optimal monohull of the same disgnent. Length-tbeam ratios for the demihu
of optimal catamarans are similar to that for manish(Figure 2(e)) at all speeds. For example,
demihull beam is also about 25% less than thatefull equivalent monohull at abouf 1.6

when L/B takes its maximum value of about 41. Tisaéach demihull of an optimum catamaran is
approximately as slender as the optimum monohuodi,isa much more slender than conventional
catamaran hulls. Beam-to-draft ratios are alsolamo those of monohulls, and nearly saincular
sections are preferred.
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Fig. 4(c): Theeffect of displacement on the optimal
width-to-length ratio of a catamaran.

Figure 4(c) shows the optimum hull separation W¥kcan be seen that for Fbetween 0.2 and 1.1
the optimum separation is roughly 20%-30% of timgte of the catamaran. Fof, foetween 1.1 ar

2.2 there is no optimum finite spacing. To all mteeand purposes, if one only wishes to minimise
total drag, there is no reason why the two hulksdn® be close to each other, because they cannot
favourably interfere with each other to reduce wasststance in that speed range. Indeed, they must
interfere with each other unfavourably, and ourabasion is that the further they are apart thedoett
from the drag point of view. This speed range is ohconsiderable practical interest, and it is one

in which the decision on choice of hull separatitsstance must be made on grounds other than drag
minimisation. The existence of a speed range wthemre is no best separation distance is in rough
accord with the results of Turner and Taplin (19&8)erein it was pointed out that this conclusion
tends toward catamarans that are impractically Wodall but sailing boats. At still higher speeds,
there again seems to be a band gf(Bay between 2.3 and 3.4) where there is an optifmite hull

separation, again of about 20% of the length. ForE.4, again there is no best separation distance.

Insel and Molland (1991) comment on some aspedisi®phenomenon, stating that "The wave
interference can effectively be neglected abovartqular speed which is both separation and L/B
dependent. This is an interesting and importantlregce it suggests that, for higher speed dasign
the choice of hull spacing may be based on otlrirements such as seakeeping performance
without incurring significant penalties in calm watesistance."” However, they do not seem to have
observed the second range of speeds where destrutderference again becomes useful.

4.6 Trimarans

The trimarans of interest here consist of a malhtbgether with two side hulls placed parallel to
each other, with their centres at a distance afdfte centre of the main hull and at distances b
abeam of it. The side hulls can have differentldisgments, lengths and drafts from the main |
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but otherwise have the same shape as the mainMelltarry out a s-parameter optimisation, f
each separate value of the ratio sigma betweefstime of two) side-hull displacement and the total
(main plus two side hulls) displacement.

In order to reduce the amount of output data thatth be presented for trimarans, we select a
relatively small set of speeds (displacement-b&edde numbers of 1.3,1.7 and 2.1), and plot
results at each fixed speed versus the alblefe@ed displacement ratio sigma. The speeds chag

in the "interesting" range, namely speeds abovsethichere discontinuities occur, but below those
where planing and other presently-neglected floengimena might be important. This range (say 8-
10-13 knots for a 1-tonne vessel) is also the comgerange for some sporting applications.

Plotting trimaran results versus the displacemati sigma has the feature that the monohull re
are reproduced when sigma=0 and the catamarans@gegn sigma=1, which is a useful check.
trimaran thus interpolates between monohulls atehtarans, for O<sigma<l1.

0.0 0.2 0.4 o 0.6 0.8 1.0

|Fig. 6(a): Optimum total resistance of one tonne generalised trimarans. |

Figure 6(a) gives the residual total drag as atfon®f sigma and shows that trimarans are never
competitive with the best monohull. As sigma insesafrom the monohull value of 0, the drag rises
to a maximum at about sigma=0.8 before falling mgaward the catamaran limit at sigma=1, wt
(as already discussed) is inferior to the monolamd also to any trimaran with sigma less than t
0.2.
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Fig. 6(b): Optimum lengths of one tonne gener alised trimarans. |

Figure 6(b) gives the optimum lengths of the maid wing hulls. The former decreases steadily
the latter increases steadily with increasing sighie three hulls are all of the same length atabo

sigma=0.6.

|Fig. 6(c): Optimum lateral separation of one tonne generalised trimarans.
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Fig. 6(d): Optimum longitudinal separation of one tonne generalised
trimarans.

Figures 6(c) and 6(d) give the optimum lateral Emdjitudinal offsets of the wing hulls. The lateral
offset b would approach W/2 in the catamaran Isigina=1, where W is as before the lateral
separation of the catamaran demihulls. Howeveaherspeed range being examined, the optimum
value of W for a catamaran is actually infinite UuShas sigma increases from the monohull value of
zero, the lateral offset remains relatively smaleas than 4 metres until sigma exceeds about 0.8,
then rises rapidly as the trimaran turns into arcatran.

The optimum longitudinal offset a given in Figur@pdisplays a somewhat complicated variation
with sigma. The limiting value at the monohull esigma=0 seems to be about one-half of the main
hull length, and since the wing hull lengths aralieg to zero in this limit with zero lateral
separation, the wing hulls simply "tuck in" at #tern of the main hull. At the other extreme, ia th
catamaran limit sigma=1, there is again a tendéoicg to increase rapidly but of course the "main”
hull then becomes a hydrodynamically insignificatagger board" far ahead of the dominating
wing hulls.

The isosceles triangle formed by the centres oftttee hulls of the trimaran has a half-angle that
quite small for near-monohull cases with sigma<Bui,tends to range between 10 and 15 degrees
for larger sigma. This is consistent with estimatkthe optimum half angle for minimum wave
resistance (references?), noting that it implies the wing hulls lie just inside the Kelvin angle

the wave pattern of the main hull.
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|Fig. 6(e): Optimum overall length of onetonne generalised trimarans. |

Figure 6(e) gives the overall length of the trirmarghis is the sum of the main and wing hull half-
lengths, plus the longitudinal separation a. Farfmeonohulls, because the wing hulls are short and
the longitudinal separation a is less than haliniaén hull length, the overall length is closehatt

of the monohull, decreasing slightly as sigma iases from zero. For the lower speeds, the overall
length reaches a minimum of about 10% less thamttreohull length at about sigma=0.5-0.6; there
is a more complicated variation at the higher sp&bd overall length becomes large as the trim
approaches a catamaran, but loses meaning as #ie"'null becomes of vanishing size and
significance relative to the wing hulls.
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5. CONCLUSION

We have found optimum ships for minimum total doagr a large range of speeds and
displacements. Results were obtained both withvatitbut form drag corrections, and for
monohulls, catamarans and trimarans. Although éteontribution of form drag is small, it can
nevertheless be important in determining the optimtihe optimum ships tend to be longer and
have a lower wave resistance relative to viscosistance than conventional ships. The genetic
algorithm tool GODZILLA has proved useful in seanghfor the global minimum in the presenci
two or more local minima, and will be essentiagktended work involving shape variations and
other constraints. Optimum (long) monohulls areaglsvbetter than optimum catamarans or
trimarans of the same total displacement, fronpthiat of view of total calm-water drag alone,
unless there are restrictions on the ship geometry.
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7.SYMBOLS

We will use a somewhat cumbersome set of symbalgpaaudo-code in this note until more
browsers support mathematical equations and natatio

| Symbol || Description | Units |
B |Beam |metres |
G Block coefficient -

G Frictional resistance coefficig|-

o Prismatic coefficient -

G Total resistance coefficient |-

C, Viscous resistance coefficierﬂ-

Cw Wave resistance coefficient |-

ID |Displacement ||cubic metres, tonngs
F Length-based Froude numbej

Frv Volumetric Froude number |-

lg |Gravitational acceleration  ||metres/sec/sec |
thetqj[Entrance half-angle degrees

theta, . [Exit half-angle degrees

[1+k  |[Hughes form factor |- |
IL Length |metres |
L* Cube root of displacement [|metres

Inu |Water kinematic viscosity |lsquare metres/sec]
IR |[Reynolds number |- |
R Total resistance KN

Ry Viscous resistance kN

Rw Wave resistance kN

s |Wetted Area |square metres |
IT |Draft metres |
U [Ship speed |metres/sec, knots |
lw |Catamaran hull separation |metres |
Irho  |\water density |kg/cubic metres |
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