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Abstract

In ship design projects, it is of utmost importance to investigate a wide range

of options during the concept design phase in order to determine which one best

suits to the requirements. Although, keeping the concept design phase shorter in

order to be competitive in the market is as important. The chances for a shipyard

to win a contract would surely increase with a proposed design whose performances

are demonstrated through a systematic evaluation of alternative solutions. However,
the number of the design alternatives is inversely proportional to the time span of

concept design for each alternative. The detailed evaluations at this stage can only

be performed with CFD (Computational Fluid Dynamics) and FE (Finite Element)
tools, and both require a complete representation of the ship hull geometry. So, only

having a faster hull form generation tool would enable the designer to evaluate more

options.
It is possible to achieve rapid geometry generation through fully parametric mod-

eling. Fully parametric hull modeling is the practice of creating the entire hull shape

definition only from form parameters, without the need for offset data or predefined

lines plan. In this thesis a fully parametric modeling tool, PHull, is developed using
Java programming language for rapid geometry generation of high speed displacement

monohulls, in order to be used in hydrodynamic optimization process. The results

from the validation cases, FFG-7 and ATHENA Model 5365, are presented.

Thesis Supervisor: Stefano Brizzolara
Title: Research Scientist and Assistant Director for Research at MIT Sea Grant
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Chapter 1

Introduction

1.1 Motivation

In ship design projects, it is of utmost importance to investigate a wide range

of options during the concept design phase in order to determine which one best

suits to the requirements. Although, keeping the concept design phase shorter in

order to be competitive in the market is as important. The chances for a shipyard

to win a contract would surely increase with a proposed design whose performances

are demonstrated through a systematic evaluation of alternative solutions. However,

the number of the design alternatives is inversely proportional to the time required to

develop the concept design of each alternative. The detailed evaluations at this stage

can only be performed with CFD (Computational Fluid Dynamics) and FE (Finite

Element Methods) tools, and both require a complete representation of the ship hull

geometry [1]. So, only having a faster hull form generation tool would enable the

designer to evaluate more options.

It is possible to achieve rapid geometric modeling through fully parametric design

and the studies within the last few decades has shown that hull forms can be generated

and modified efficiently with this approach [1] [2] [3] [9] [10]. Along with the rapid

hull form generation, fully parametric modeling approach also has the potential to

integrate CASHD (Computer Aided Ship Hull Design) and CFD in order to be used

in the parametric hydrodynamic optimization process, which would otherwise work
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apart from each other with no direct feedback [2].

1.2 Goals

In parametric hull form optimization hull is controlled by a set of parameters,

and the optimization algorithm works on these parameters to achieve better results

according to its objective function. The objective function is the attribute we want to

minimize or maximize. Minimizing the total ship resistance for a certain hull speed

is a good example, here the objective function is the total ship resistance. If the

requirement is to minimize the resistance for a range of speeds, then the problem will

be to minimize a multi-valued objective function. The fully parametric modeling tool

developed in this thesis aims to provide the appropriate geometric representations of

navy ships hull forms to be used in automatic optimization procedures. Using these

parametric representations the multi-objective global minimization algorithms can

work their way to the optimal combination of parameters.

The goal of this thesis is to develop an efficient fully parametric modeling tool

for rapid geometric generation of high speed displacement monohulls, that will be

used in hydrodynamic optimization process. Of course, the output of the parametric

modeling tool has to meet some requirements.

* The resulting hull form must have fair curves that would result in fair surfaces.

" The format of the output must be appropriate for the intended CFD tools.

" The way that the hull forms being represented in the modeling tool must give

optimization algorithm the chance to modify the hull form easily.

Even though the primary concern is to create the parametric modeling tool, CFD

analysis and hydrodynamic optimization of the hull forms generated with the tool are

also the focus of this thesis. The hull representations from the modeling tool have

been evaluated with a low order Panel Method that only requires a number of cross

section curves and the stem curve. However, other CFD tools are currently under
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development and in use at the MIT iShip lab require the 3D surface representation

of the hull. In fact, the tool also has the ability to generate the hull surfaces that can

be analyzed in RANS (Reynolds Averaged Navier-Stokes) models. Panel method was

chosen for this work mostly because of the time constraints. For the hydrodynamic

optimization, a global convergence, single objective, evolutionary algorithm was used.

1.3 State of the Art in Parametric Modeling Tools

for Ship Hulls

The purpose of this section is to give a very brief summary about the history of

hull form representation methods, and then to talk about the recent applications in

the field.

Methods for ship hull form design and representation have a long history. It is

possible to see the usage of the simple geometric shapes such as ellipses and circles in

ancient and medieval ships. Even though the mathematical representation was not

of interest by then, the introduction of free form hull shapes to naval architecture is

around 1700. Later the use of a family of parabolas for defining the ship curves was

suggested by Chapman around 1760. Then D. W. Taylor laid the groundwork for

the mathematical ship lines by using mathematical functions to define hull shapes

in the beginning of 2 0 th century, he used 5 th degree polynomials to present sectional

area curve and the waterlines. He also used form parameters to generate systematic

variations of the existing hull forms, an approach which would be widely used later

in the field [3]. Types of parameters he used were:

" Ending positions of the curves

" Slopes at the end of the curves

* Differential form parameters (curvature)

" Integral form parameters (area under the curve) [21 [31.
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The advent of computers in Naval Architecture was another milestone that would

result in a new research field known as the Computer Aided Ship Hull Design (CASHD)

[2]. Another important event, that is quite relevant to this work, was the introduc-

tion of the B-spline and Non-Uniform Rational B-spline (NURBS) curves into Naval

Architecture programs in the eighties and nineties, that would provide the ability to

modify curves locally. By means of these new technologies, numerous methods and

techniques were introduced for hull representation, hull design and hydrodynamic hull

optimization in the last few decades. Some of these methods and some applications

are briefly introduced in the following part in order to show the state of the art in

parametric modeling tools for ship hulls.

The method developed by Harries et al. [1] and Harries [21, which is part of the

commercial FRIENDSHIP-Framework software today, uses planar B-spline curves

with intrinsic fairness to represent ship curves. This method generates longitudinal

basic curves first, then the data for cross sections are derived from these basic curves,

finally the hull surfaces are created through interpolation of these sections. The

method that was introduced by Fuller et al [8] and recently reappraised by Yang and

Bowers [9] in order to achieve hull form generation is also based on the longitudinal

curves, but in this method these curves are defined as polynomials. Even though

these two methods are similar on the basis, there are some other significantly different

methods as well.

For example Yang et al. [10] introduced a combined local and global hull form

modification approach, that is based on both the radial basis function interpolation

and the sectional area curve. For global modifications sectional area curve can be

modified by changing the slope at the end points. In order to achieve more subtle local

modifications, using radial basis function interpolation is suggested by this method.

The NURBS surface fitting method through genetic algorithms for ship hulls was

suggested by Le and Kim [12].

The possibility of using an automated optimization procedure with the parametric

generation of the geometries was proven to be effective by Brizzolara [4]. Furthermore

Brizzolara and Vernengo developed a completely automatic parametric optimization
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procedure for SWATH hull form using the FRIENDSHIP-Framework [5] [7]. The

study of Vernengo et al. [6] showed the advantages of using the parametric modeling

for the case of a frigate.

1.4 Organization of the Thesis

This thesis develops an alternative parametric modeling tool, that can be used for

shape representation and ab initio design. It is intended to be used at early stage

design in order to provide the designer a 3D model that he/she can evaluate to make

accurate decisions.

The main two curve representation methods that are used by the parametric mod-

eling tool, B-spline and NURBS representations, are discussed in Chapter 2 together

with the the iGeo Computational Design Library, which provides the opportunity

to use them in Java programming language. In Chapter 3 the parametric modeling

tool itself, PHull, is introduced. The validation cases for PHull, FFG-7 and R/V

ATHENA Model 5365, are also presented in this chapter. Consequently, Chapter

4 shows the hull modification abilities of PHull through some examples. Later in

Chapter 5 the integration of the parametric modeling tool with CFD tool and the

Optimization Algorithm is discussed with the FFG-7 example case. Finally, Chapter

6 includes the conclusions and recommendations for further studies.
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Chapter 2

Introduction to B-Splines, NURBS

(Non-Uniform Rational B-Spline),

and iGeo Computational Design

Library

For curve generation there are two different set of techniques, namely the inter-

polation and the approximation techniques. The interpolation techniques require the

resulting curve to pass through all data points. An example for this type is the cubic

spline. When the shape of the curve is known through a sufficiently high number

of points (high sampling rate), then very good results can be obtained with the in-

terpolation methods. Hydrofoils and aerofoils can be given as examples. But these

methods do not suit well ab initio design problems, since an offset of the curve is

not known. Ship hull design and car design are examples for the ab initio design

problems. A curve generation technique which is well suited for this type was pro-

posed by Pierre Bezier. In this technique the curve is defined by its defining polygon

[3], and the curve approximates this polygon. Further developments on the Bezier

representation resulted in B-spline and NURBS representations, which are even more

advantageous for the ab initio design problems.
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In this chapter Bezier, B-Spline, and NURBS representation techniques will be

investigated to a certain level of detail, since these are the techniques that are used by

the parametric modeling tool by means of iGeo Computational Design Library. Later

the reason for choosing these shape representation techniques for hull generation will

be discussed. And lastly iGeo Computational Design Library will be introduced to

the reader.

There are many introductory and application oriented books about Bezier, B-

Spline, and NURBS representation techniques. In this thesis the books of Rogers

and Adams 1131, Nowacki et al. [31, and Patrikalakis et al. [141 were used as main

references.

2.1 Bszier Curves and Surfaces

A Bezier curve is a parametric curve that is determined by its defining polygon.

These curves do not have many applications in naval architecture today, but they laid

the groundwork for the B-splines and the NURBS, so they worth mentioning.

2.1.1 Bernstein Polynomials

Bernstein polynomials are the mathematical basis for Bezier curves. The definition

of the Bernstein basis function is as follows:

Bi,n(t) =. (I - t)"-iti i = 0, ..., n. (2.1)

Using an n'h degree Bernstein polynomial a function f(t) can be approximated in

the following pattern:

n

Bn(t) = B,n(t)f( ), t E [0, 1] (2.2)
i=o

The basic properties of Bernstein basis functions and polynomials as they are

given in Nowacki et al.[5 1 are presented below.
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Properties of Bernstein Basis Functions

* Positivity

" Cauchy's Relation (partition of unity)

" Recursion

" Symmetry

Properties of Bernstein Polynomials

* Convergence

* Boundedness

" Linearity

" Variation Diminishing Property

Here, the accurate approximation of the arbitrary function f(t) is assured by

convergence and boundedness properties. Linearity property assures that a linear

function's Bernstein approximation is the linear function itself. And finally variation

diminishing property assures the smoothing effect of Bernstein approximation [5].

2.1.2 Definition and Properties of Bezier Curves

Mathematical basis for Bezier representation corresponds to Bernstein basis. This

means that the properties of Bernstein basis is inherent in the Bezier curves. A

parametric n" degree Bezier curve's mathematical definition is as follows:

P(t) = ZViBi,M(t), t E [0, 1] (2.3)
i=O

where P(t) is the position on the curve as a function of parameter t, V represents the

control vertices, and Bj,n(t) represents the Bernstein basis. In Figure 2-1 two different

examples of cubic B6zier curves with different set of control vertices are shown.
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Figure 2-1: 3 rd Degree Cubic B6zier Curves

For the case of B6zier curves, the number of control vertices is always one greater

than the degree of the defining Bernstein basis function. For example from Figure

2-1 it can be seen that a 3 rd degree Bezier curve has four control vertices. Again from

Figure 2-1 it is easy to see that the curves follow their defining polygon's shape, and

the end points of the curves are coincident with their first and last control vertices.

Unfortunately Bezier curves have two drawbacks for CASHD, both about their

flexibility. First one is their global nature. This means that it's not possible to

modify the curves locally, and every change that has been made would affect the

curve globally. But in CASHD having the ability to control the curve locally is very

important.

Secondly, the only way to increase or decrease a Bezier curve's degree is to re-

spectively increase or decrease the number of control vertices it has. For example, in

order to define a fifth degree B6zier curve six control vertices have to be used, which

might not be a feasible option. So the order k, which is one greater than the degree,

of the Bezier curves are fixed with the number of their control vertices [13].

2.2 B-Spline Curves and Surfaces

B-spline curves carries all the positive aspects of the B6zier curves without their

drawbacks that were just mentioned. This makes B-spline representation very useful

in CASHD applications. The B-spline representation was developed from Bezier

representation by replacing the Bernstein basis by a polynomial spline basis [3]. On
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special occasions B-spline basis can reduce to Bernstein basis. Figure 2-2 displays an

example for the B-spline curves.

B-Spline-curve with 15 control points of order 4

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6 0.8 1

Figure 2-2: Cubic B-spline Curve

The 15 points you can see on Figure 2-2 are the control vertices, and if you connect

these control vertices with straight lines, that would give you the defining polygon of

the B-spline curve.

2.2.1 Definition and Properties of B-Spline Curves

B-spline curve's mathematical definition can be given as:

n+1

P(t) = ViNi,k(t), tmin -< t tmax, 2 < k < n + 1 (2.4)

Here P(t) gives, just as in the B6zier curve's definition, the position on the curve

with respect to parameter t, Vi is the position vector for n + 1 control vertices, Ni,k(t)

represents the B-spline basis function, and k is the order of this function. Order of a

basis fuction is always one greater than its degree.

The general definition of a B-spline basis function according to Cox-deBoor recur-
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sion formula is:

Ni,1 (t) T1, if Xi < t < xi+1  (2.5)

0, otherwise

Ni,k(t) = (t - Xi)Ni,kI1(t) (xi+k - t)Ni+1,k-1(t) (2.6)
Xi+k-1 - Xi Xi+k - Xi+1

and the following expression is the vector of knots:

T = (to, ti, ... , tm), ti+1 > ti (2.7)

Knots are the junction points of the piecewise polynomials that form the B-spline

curve, and the classification of a B-spline curve is determined by its vector of knots.

The reason why B-spline curves are so useful in the CASHD applications is self

evident from their properties. Some of these properties, and their comparisons with

Bezier curves where applicable, are presented here [13]:

" In B-spline curves a vertex is associated with its own basis function, thus can

only affect the shape of the curve for a certain range of parameter value. As

a result, non-global property is obtained, which means that local modifications

on the representations can be achieved by using B-spline curves.

" Using B-spline basis also brings the ability to change the order (so the degree

as well) of the curve without changing the number of control vertices. For

example the curve in Figure 2-2 is a third degree B-spline curve with fifteen

control points, which is not possible for a Bezier curve.

* Function P(t), which gives the position along the curve as a function of pa-

rameter t, is continuous, and so are its derivatives until the (k - 2 )th order.

Again giving an example from Figure 2-2, the curve here is third degree, which

means that it's fourth order (k = 4). So the derivatives of this curve would be

continuous including the second, (k - 2 )t', derivative.

" A B-spline curve's order cannot be greater than the number of control vertices
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it has. For Bezier curve's the order of the curve is always equal to number of

control vertices. When this is the case, B-spline curve reduces to Bezier curve.

" A kh order and pth degree, where k = p + 1, B-spline curve with N = n + 1

control vertices has S = N - k + 1 segments. Since the knots are the junction

points of these segments, the total number of knots q would be one less than

the number of spans, so q = N - k. Each of the control vertices can only affect

the shape of the curve for k spans. So with a number of excess control vertices

local changes of the shape can be achieved 131.

" A B-spline curve's subsequent control vertices can be coincident. Multiple co-

incident vertices have significant effects on the form of the curve. For example

having k coincident vertices would cause the curve to pass through this point.

Having (k - 1) coincident vertices can be presented as another example. In this

case curve would have a linear segment [31.

" Unlike Bezier curves, B-spline curves don't have to converge with the defining

polygon at the end points. However, this can be achieved by having order k

number of control vertices at the end points of the control polygon

" Number of oscillations of a B-spline curve about a straight line cannot be greater

than its defining polygon's.

" The curve follows the shape of its defining polygon, and stays within its defining

polygon's convex hull.

" Basis functions of B-spline curves are non-negative.

2.3 NURBS (Non-Uniform Rational B-Spline) Curves

and Surfaces

Rational B-splines were derived from B-splines and first introduced by Versprille

[3]. Basically a rational B-spline curve is the projection of a non-rational 4D B-spline
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curve into 3D physical space. In the essence a NURBS curve is the ratio of two B-

spline curves, so the rational term in NURBS refers to the ratio of the polynomial

bases.

Figure 2-3: A NURBS Curve

n+1

P(t) = VihNik(t) (2.8)
i1

In the equation 2.8, Vih represents the non-rational 4D B-spline curve's 4D ho-

mogenous defining polygon vertices, whereas Ni,k(t) is the same basis function as in

equation 2.6. A rational B-spline curve can be derived from the nonrational curve by

projecting back into 3D space and dividing with homogeneous coordinates.

P(t) = 1 VihiNi, -= V(Rt),(t) (2.9)
Ei1hiNi,k (t) i=

Vi's in equation 2.9 are the polygon vertices of the rational B-spline curve and

equation 2.10 shows the rational B-spline basis functions [131.

hRii (t) = (2.10)
n hNk (t)

In equation 2.10 hi terms are the weight parameters, and each weight parameter
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(or just weight) corresponds to a distinct control point 131. The influence of the

weights on the curves and surfaces is a unique feature of the NURBS representation.

When the weight parameters associated with each of the control vertices are all equal

to 1, rational B-spline curve would reduce to its nonrational counterpart. This is

the case where we only have a B-spline curve. If a control point's weight parameter

is 0, this control point would have no effect on the curve. Oppositely if the weight

parameter is infinite for one of the control points, the rational curve would interpolate

through this point.

In short, weights can alter the section of the curve and by doing that they provide

another opportunity for the local control of curves and surfaces. So that the curve

is pulled towards the control point V when the weight is increased, and moves away

from the control point V4 when the weight is decreased. An example is displayed in

Figure 2-4 to provide the type of influence the weight has over the shape of the curve.

All three curves in Figure 2-4 are 3rd degree rational B-spline curves with 5 control

vertices. The control vertices are also depicted in the images as the 4 black and 1

white points. The frame on the left has the weight of all its control points as 1, so

that it can be considered as the baseline. In the middle frame the weight parameter

associated with the white control vertex is reduced to 0.25, as a result you can see that

the curve is moved away from the intermediate control point, and almost formed a

straight segment. In the final frame the weight parameter of the white control vertex

is increased to 2, and this caused the curve to pass closer to this point.

Figure 2-4: Influence of Weights

Rational B-spline representation is a generalization of non-rational B-spline rep-
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resentation, and because of that they almost carry out all the characteristics of their

non-rational counterparts. Some of the notable characteristics are as follows 131, [13

" A rational B-spline curve of order k is C-2 continuous everywhere.

" Just like their nonrational counterparts, rational B-spline curves generally follow

the shape of their defining polygon, and they lie within convex hull of the k

defining control vertices.

" For any parameter value t, the sum of all the rational B-spline basis functions

is one.
n+1

7 Rik(t) = 1 (2.11)
i=1

* A change in one of the control point's position or weight parameter will only

affect the curve in k + 1 knot spans.

2.4 B-Splines and NURBS Representations in Hull

Design

Although there are some approaches that use other curve representation tech-

niques, like Yang and Bowers' [9] method which defines the curves as polynomials,

parametric polynomial forms, particularly B-splines and NURBS, are the prevalent

representation techniques for hull definition as they are for other branches of CAD ap-

plications. Most of the popular CASHD softwares are based on B-spline and NURBS

representations. Maxsurf, Rhinoceros and FRIENDSHIP Framework are just a few

examples that are widely used in the field. Among these tools FRIENDSHIP Frame-

work should be considered in a distinct category with its ability of building parametric

models, however in the end all these 3 tools use B-spline and NURBS representation

techniques.

B-spline and NURBS representations have many outstanding features that makes
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them very popular in naval architecture. The most important ones of these features

are listed here [15]:

" With vertex control, it is possible to manipulate these representations.

" Their polynomial degrees can be raised in order to obtain the desired order of

continuity.

" It is possible to obtain greater variety of shapes with these representations, than

it is for cubic splines.

" They allow for local shape modifications.

" They are invariant under coordinate system transformation.

" Conversion between these representations are feasible.

Looking all the features listed above it can be seen that, with the right set of data,

requirements, and constraints, these representations are great for modeling the hull

forms of any complexity [151.

2.5 iGeo Computational Design Library

iGeo Computational Design Library is an open source 3D modeling software li-

brary in Java that includes vector math operations, NURBS curve and surface repre-

sentations, and 3D model input/output libraries [16]. iGeo comes with an interface

for Processing development environment [17], piGeon. Processing's coding environ-

ment is a compact one which makes coding a lot easier with its OpenGL integration

that provides instant visual feedback. In the early stages of the thesis Processing

sketches, which means computer programs for Processing, were extensively used for

developmental purposes. Later for modular programming purposes all the iGeo and

Processing libraries were imported into Eclipse development environment [18], and

the development of the parametric modeling tool was carried out in this programming

environment.
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Parametric modeling tool generates all the curves and surfaces through iGeo.

With its modular structure and good documentation the library is easy to read, and a

comprehensive understanding of the library was really helpful during the development

of the tool. Another advantage of iGeo is its output format. 3D model outputs can

be obtained in widely used .3dm format from iGeo.

One can wonder why Java programming language was preferred despite the fact it

is an interpreted language and hence it runs slower than C or C++. There were two

reasons for that. First Java is platform independent. In fact throughout the devel-

opment phase both Windows and Unix platforms were used without any problems.

Second reason was the time limitation. This tool is part of a master's degree thesis,

and Java programming language is more intuitive to the student than C or C++

languages. So the decision was made in favor of the Java library. However, when the

validation cases (FFG-7 and Athena hull forms) were run, it was noted that program

only took around 100 seconds to generate the complete 3D model of the hull surfaces,

and less than 15 seconds for the generation of the cross sections. This computational

times are compatible with the purpose of being integrated into an automatic hull

form optimization procedure.
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Chapter 3

PHull, The Parametric Modeling Tool

In the first chapter a short background was given about the parametric modeling

tools, and their capabilities. In the second chapter the mathematical representation

techniques that are used by the parametric modeling tool that is developed for this

thesis were explained, and the iGeo Computational Design Library was briefly intro-

duced. So now is the time to introduce the parametric modeling tool itself, PHull.

The parametric modeling tool was named as PHull, and it stands for Parametric

Hull. One of the first name ideas for the tool was Pusula which literally means

"compass" in Turkish. As discussed in the first chapter, parametric modeling tools

help designers to make accurate decisions at early phases of the design, so they are

like compasses that show the designer the right direction in the early stages of design.

PHull's main goal is exactly this. PHull does that with fully parametric rapid hull

form generation, which is essential for hydrodynamic optimization. Coupling PHull

with a CFD tool and an optimization algorithm, numerous design alternatives can be

evaluated at the early design stage, which will significantly increase the chances for

the new design to be a successful one.

In this chapter the way that PHull generates the hullform will be discussed first.

Then two cases that were used to validate the tool, FFG 7 and ATHENA hulls, will

be presented.
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3.1 How Does PHull Work?

In the development stages of PHull some different methods were used for the

representation of the curves that will eventually form the hull. Sometimes it was

necessary to devise more than one method to define some of the curves. It was

necessary to do this mainly because of the difference between the shape representation

and the ab initio design. For instance using interpolation techniques will yield a

more accurate result for hull representation, since it's possible to obtain required

data from the existing model. However, interpolation techniques don't provide a

flexible representation method that is necessary for ab initio design and hydrodynamic

optimization. Considering this more than one functions were attached to PHull for

the representation of some of the curves, each generates the curve with a different

technique. These functions will be described in the relevant parts of this chapter.

Basically PHull generates a hull model in 4 steps:

1. Accepts input in comma separated value (.csv) format

2. Generates control curves from the input data

3. Defines cross section curves from control curves data

4. Creates hull surfaces using the cross section curves (only if it's required)

The ultimate goal of PHull is to generate either the cross section curves or the

hull surfaces depending on the CFD tool that is being employed. For a panel method,

generation of the cross section curves can be enough, however for a RANS method

generation of the high quality and perfectly closed hull surfaces will be required.

PHull has the ability to provide the required ouputs for both cases. Note that the

generation of the cross section curves is a prerequisite for the surface generation in

PHull, since PHull creates the hull surfaces with the lofting method over the cross

section curves. So, even if it is not the final product, generation of the cross section

curves is an essential step when PHull is coupled with a RANS method CFD tool.

In order to generate the cross section curves, longitudinal basic curves called

control curves are being used. Control curves provide the essential parametric data
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that will be required for the definition of the cross section curves. The types of

parameters that are used by PHull are very similar to the ones that were introduced

by D. W. Taylor and they are listed below:

* Ending positions of the curves

" Slopes at the end of the curves

* Integral form parameters (area under the curve)

The complete set of control curves that are used in PHull are listed below:

" Underwater Profile Curve

" Design Waterline (DWL) Curve

" Edge of Weather Deck Curve

" Deadrise Angle Curve

" Flare Angle at DWL Curve

" Flare Angle at Weather Deck Curve

" Sectional Area Curve (SAC)

" Width of the Keel Curve

Underwater profile curve, DWL curve, edge of the weather deck curve, and width

of the keel curve provide position data for the cross section curves. Similarly deadrise

angle curve, flare angle at DWL curve, and flare angle at weather deck curve provide

slope data. Finally sectional area curve, self evident from its name, provides area

data. Detailed information about these control curves and PHull in general will be

provided in the following sections of this chapter.
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3.2 Inputs for PHull

In the end of Chapter 2 the iGeo Computational Design Library, and its interface

for Processing development environment, piGeon, were introduced. PHull implements

piGeon in order to benefit from the perks of Processing.

Processing provides the chance to use the data from comma separated value (.csv)

files, and this is how PHull gets its inputs. The .csv extension may not be unfamiliar

to some, but a spreadsheet can be saved as a .csv file from Microsoft Excel. An

example input table is displayed in Table 3.1.

The complete manual for the input file is presented in Appendix A, but to give a

quick overview, data related to the principal dimensions, hull form coefficients, and

the important points, e.g. stem rise point and keel rise point, are defined in the blue

section of the spreadsheet. In the yellow section position, slope, and area data about

the cross sections are defined that are used for the generation of the control curves by

interpolation. Whereas the orange section contains the data for the generation of the

control curves by approximation. Finally in the green section some parameters are

defined for the systematic generation by PHull, which will be discussed in Chapter

4. It is always required by PHull to fill in the blue section, however for the orange

or the yellow sections filling either of them is enough. And the choice between these

two depends on the intention of the user.

Data from the blue section is called by PHull for creating:

" Underwater Profile Curve

" Design Waterline (DWL) Curve

" Edge of the Weather Deck Curve

and the data from the yellow or the orange section is used to generate

* Deadrise Angle Curve

" Flare Angle at DWL Curve

" Flare Angle at the Weather Deck Curve
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e Sectional Area Curve (SAC)

* Width of the Keel Curve

3.3 Control Curves

Following from section 3.1, the second step is to generate the control curves.

The control curves are the main building block of PHull and used to generate the

underwater and the above water parts of the cross section curves. They are the

longitudinal curves that run from the stem rise point to the aft perpendicular with

the exception of the sectional area curve, which runs from the forward perpendicular

to aft perpendicular. They contain all the position, slope, and area data that is

necessary for the generation of the transversal sections. The eight control curves that

PHull uses are introduced next.

3.3.1 Underwater Profile Curve

Underwater profile curve is the first control curve that PHull generates. It's a 2D

curve in X-Z plane and provides the position data for the bottom end points of the

transversal sections. In Figure 3-1 it can be seen as the red curve.

Figure 3-1: An Underwater Profile Curve Example

PHull generates the underwater profile curve in two pieces, namely the underwater

stem curve and the keel curve. Underwater stem curve is a NURBS curve, that is
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created with 5 control points, two of which are the end points, other two are the

tangency constraint points, and the final one is the intermediate, or the weight, point.

Figure 3-2: Underwater Stem Curve

A stem curve, the part in red, generated by PHull can be seen in Figure 3-2. Ac-

cording to the coordinate system that PHull uses intersection of the design waterline

and the stem curve is at (0, 0, DRAFT), which is also considered as the longitudinal

position of the FP (forward perpendicular).

At this point the the coordinate system and the sign convention that PHull uses

need to be introduced. Longitudinally any point aft of FP, or the intersection of the

design waterline and the stem curve, has a negative x coordinate, transversally port

side of the centerline is positive, and vertically any point above baseline is positive,

where the vertical position of baseline is 0. These conventions will apply throughout

this thesis.

Figure 3-3 shows an underwater stem curve with its control vertices, the first

end point, top end point, is located at (0,0, DRAFT), and the location of the first

tangency constraint point is calculated by using TOPSTEMANGLE parameter.

The second end point is located at (-D_STEMRISE, 0,0), which is exactly at

the stem rise point, similarly the location of the second tangency constraint point is

calculated with the BOTTOM_ STEMANGLE parameter. Each end point and its

respective tangency constraint points sit on a line, and the intersection of these two

lines gives the location of the intermediate point, which will also be referred as the
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weight point throughout this thesis. The weight point here controls the fullness of

the stem curve, by means of the STEMCORNERWEIGHT parameter.

Figure 3-3: Underwater Stem Curve with Control Vertices

Figure 3-4: Keel Curve

A keel curve (red curve) on a 3D hull model is displayed in Figure 3-4, which has

a straight part in the forward and a curved part in the aft. Furthermore Figure 3-5

depicts this keel curve with its 8 control vertices. The first vertex for the keel curve is

the same with the last vertex of the underwater stem curve. Second vertex is located

halfway between the first vertex and (KEEL_ RISE_-POINT, 0, 0). The purpose

of this second vertex is to make sure that the first part of the keel curve would run

straight. Fourth vertex is exactly at (KEEL-_ RISE-_POINT, 0, 0), this is the place
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that the transition from the straight part to the curved part takes place. Third and

fifth vertices are located very close to fourth point and they assure that the keel curve

would rise from the baseline exactly at the KEEL _RISEPOINT, these points are

automatically assigned by PHull. These three points are so close to each other that

it's not possible to distinguish them from the figure.

Figure 3-5: Keel Curve with Control Vertices

Sixth and seventh points are the tangency constraint points for the curved part

of the keel curve. Finally the last point is the end point of the keel curve, which is

located at (-LBP, 0, DRAFT - TRANSOMDEPTH).

This is the right place to talk about an assumption made by PHull about the

transom part of the ship. PHull assumes that the transom part is straight and

vertical, and models the hull according to this assumption. So it's not possible to

model a hull with an inclined transom with PHull for now.

A complete list of parameters that are used for the definition of the underwater

profile curve is shown in Table 3.2.

3.3.2 Design Waterline Curve (DWL)

Second control curve that is generated by PHull is the DWL curve. This curve

provides both the top end point data for underwater part of the cross section curve,

and the bottom end point data for the above water part of the cross section curve.

A DWL curve generated by PHull is presented in Figure 3-6 and Figure 3-7 from 2

different views.

PHull creates the design water line curve in two steps. In the first step aft and

forward parts of the DWL are generated separately with 5 control vertices for each
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Table 3.2: Parameters for the Profile Curve

Figure 3-6: DWL Curve from Forward
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Input Parameters for Profile Curve

# Patometer Name Unit Explanation

1 LBP m length between perpendiculars

2 T m draft

determines tangency constraint for the

.3 Top Stem Angle deg intersection of DWL and Profile Curve

determines tangency constraint for the stem

4 Bottom Stem Angle deg rise point

5 StemRadius/T nd determines the position of stem rise point

Stem Corner Point control the fullness of the underwater stem

Weight curve
determines vertical position of the

7 Transom Depth m profile curve's end point at stern

ratio of the longitudinal position where keel
S Keel Rise Point nd rises from baseline to lbp

determine the tangency constraint at the
9 Keel Angle @ Transom deg end point



Figure 3-7: DWL Curve from Top

curve, as the beam with the maximum width is the border between them. In the

second step all 9 control vertices (1 vertex is common for both curves) are used to

define one DWL curve. The reason for this might not be clear right now, but it will

be clear towards the end of this part.

The way the two pieces of the DWL curve are built is similar to the way the

underwater stem curve was obtained. First of all they are both NURBS curves, sec-

ondly control vertices of each curve consist of two end points, two tangency constraint

points, and the weight point, just as the stem curve. Figure 3-8 and Figure 3-9 shows

the forward and aft parts of the DWL curve with their control vertices. It's not easy

to see the tangency constraint vertices from the figures since they are very close to

the end points.

Figure 3-8: Forward Part of the DWL Curve
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For the forward part first end point is the same as the top end point of the un-

derwater stem curve, (0, 0, DRAFT). The tangency constraint point for the first end

point is determined by the DWLFWDANGLE parameter. The coordinates of

the second end point, which is at the same longitudinal position with the maximum

beam, is (-X _MAXBEAM * LBP, HALFBEAM, DRAFT), and 0 degree tan-

gency constraint is used for this end point in order to assure the continuity between

the two parts of the DWL curve. Finally the position of the weight point is found

as the intersection of two end point - tangency constraint point lines, just as it was

done in the underwater stem curve case, but the process of curve generation is not

over for DWL curve, since there is one more constraint that has to be satisfied, the

forward waterplane coefficient, CWPf,,,d constraint.

This constraint is identified with the CWP_FWD parameter, and should be given

as an input by the user. Then PHull calculates the forward waterplane area as the

given area using this coefficient. After the position of the weight point is found as

the intersection of two lines, area of the generated waterplane is calculated with the

trapezoidal method. Then PHull checks if this calculated area value is within a certain

tolerance of the given area value. If not, and in most cases it's not for the first try,

the weight parameter of the weight point is changed iteratively until the calculated

area falls somewhere within the tolerance range of the given area.

There are two more parameters for the forward part of the DWL curve, DWLFWD

WTPTSHIFTX and DWLFWD WTPTSHIFTY. These parameters can

be used to shift the location of the weight point to achieve better accuracy for shape

representation cases. When the shifting parameters are used, position of the weight

point is moved from the intersection of two lines according to the value of the input,

and the area calculations would be performed after this shifting process. However

the values should be assigned carefully for these parameters, since large modifications

could cause problems with the form and fairness of the DWL curve.

As mentioned earlier, generation of the aft part of the DWL curve is very similar

to the forward part. First of all two curves share the end point at the maximum

beam location, (-X_MAXBEAM * LBP, HALFBEAM, DRAFT). Again, 0 degree
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Figure 3-9: Aft Part of the DWL Curve

tangency constraint is used for this point to assure continuity between the two pieces

of the DWL curve. Second end point's location is (-LBP, HALFBEAMTRANSOM,

DRAFT), which is at the same position with AP (aft perpendicular), and its tangency

constraint point is determined with the DWLAFTANGLE parameter. Area con-

straint is applied with the CWPAFT parameter, and the same iterative approach

is used to obtain the curve with the right area. Finally there are two parameters,

just as in the forward part, that enables the user to control the position of the weight

point, DWLAFTWTPTSHIFTX and DWLAFTWTPTSHIFTY.

The reason for building the DWL curve in two separate pieces should be explained

now. During the development of PHull the most accurate DWL curve outputs were

obtained when two waterplane coefficients, forward and aft, were used. So this is

the approach that PHull uses now. As the final step the DWL curve is generated as

a single curve by using the already known 9 control vertices of the forward and aft

parts.

A complete list of parameters that are used for the definition of the DWL curve

is shown in Table 3.3.

3.3.3 Edge of the Weather Deck Curve

In the beginning of this part an important fact about PHull has to be emphasized,

as mentioned in the introduction part, the ultimate goal of PHull is to produce a

parametrically defined 3D CAD model in order to be used in hydrodynamic analysis
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Input Parameters for DWL Curve
I Parameter Name

LBP
L/B

Beam@Transom/
MaxBeam

Max Beam X Location

Dwl Fwd Angle

Dwl Aft Angle

CwpFwd
Cwp Aft

DWLFwdWtPtShiftX

DWLFwdWtPtShiftY

DWLAftWtPtShiftX

DWLAftWtPtShiftY

Unit Explanation
m length between perpendiculars

nd length to max beam ratio

ratio of the beam at transom and the maximum
nd beam

ratio of the longitudinal location of max beam

nd and lbp
determines tangency constraint for the

deg forwardmost point of DWL curve

determines tangency constraint for the aftmost

deg point of DWL curve

nd waterplane area coefficient for aft part

nd waterplane area coefficient for fwd part

changes the longitudinal position of the weight
point on forward part of DWL

changes the transversal position of the weight
m point on forward part of DWL

changes the longitudinal position of the weight
point on aft part of DWL

changes the transversal position of the weight
point on aft part of DWL

Table 3.3: Parameters for the DWL Curve
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and optimization. This means that the generation of the above water part is not as

important as the generation of the underwater part, since it doesn't have a significant

impact on the hydrodynamic performance of the hull form. So, PHull only represent

the above water part of the hull roughly for the model to be used in RANS (Reynolds

Averaged Navier Stokes) analysis.

Figure 3-10: Edge of the Weather Deck Curve for FFG 7 (Generated by PHull)

Figure 3-11: Projection of Edge of the Weather Deck Curve (Thick Blue Line) on XZ
Plane

Edge of the weather deck curve, the red curve in Figure 3-10, provides data for the

top end point positions of the above waterline parts of the cross section curves and

is the only 3D control curve that PHull generates. This fact makes the generation of

this curve a little bit more difficult. The generation of the edge of the weather deck

curve is performed in two steps by PHull. Firstly a 2D projection of the curve is
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generated in XZ plane, the thick blue curve in Figure 3-11, with the parameters for

the end positions, tangency constraints for these end positions in XZ plane, and an

additional position data for the point with the smallest height value on the curve. The

purpose of this 2D curve is to provide the z coordinate data for the control vertices

in the second step, at which the edge of the weather deck curve itself is being built.

For the second step 11 control points that are not sitting on the same plane are

used to represent the edge of the weather deck curve accurately. The positions of

these control points on XY plane are determined using the end point positions data,

tangency constraint data for these end points in XY plane, and the position data for

the section with the maximum beam. Additionally, similar to the approach followed

by Nestoras [191, the width of the weather deck curve is assumed to be constant

from 40% to 80% of LBP. To provide this straight segment of the weather deck some

additional control points are defined automatically by PHull, and that's the reason

11 control points in total are needed for the generation of the edge of the weather

deck curve.

A complete list of parameters that are used for the definition of this curve is

presented in Table 3.4.

If we classify the control curves into 2 groups, the ones that we investigated so

far, the profile curve, design water line curve, and the edge of the weather deck curve,

would be in one group. Because all these curves are directly part of the hull, and PHull

uses only one way to generate these curves, the approximation technique. But the

control curves starting with the deadrise angle curve that we will start investigating

now form the second group. These curves actually are not part of the hull, and they

only include some necessary data for the generation of the cross sections. Furthermore

PHull has two different methods for the representation of these curves, one with

the interpolation technique and the other one with the approximation technique.

As mentioned earlier interpolation technique is mainly for the shape representation

purposes, whereas the approximation technique is for ab initio design. The control

curves of the second group will be discussed after this point.
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Input Parameters for Edge of Weather Deck Curve
Parameter Name Unit Explanation

LBP

L/B

Beam@Transom/

MaxBeam

Max Beam X Location

Weather Deck Fwd

Angle

Weather Deck Aft

Angle

fbFwdAng

fbAftAng

fbFwdXPos

fbLowXPos

fbFwd

fbAft

fbLow

m length between perpendiculars

nd length to max beam ratio

ratio of the beam at transom and the maximum
nd

beam

ratio of the longitudinal location of max beam
nd

and lbp

determines tangency constraint for the

deg forwardmost point of the edge of the weather

deck curve (in XY plane)

determines tangency constraint for the aftmost

deg point of the edge of the weather deck curve (in

XY plane)

determines tangency constraint for the

deg forwardmost point of the edge of the weather

deck curve (in XZ plane)

determines tangency constraint for the aftmost

deg point of the edge of the weather deck curve (in

XZ plane)

longitudinal position data for the forwardmost
m

point of the ship

longitudinal position data for the point with the

m smallest height in the edge of the weather deck

curve

Freeboard value for the forwardmost point of
m

the edge of the weather deck curve
Freeboard value for the aftmost point of the

m
edge of the weather deck curve

Freeboard value for the point with the smallest
m

height in the edge of the weather deck curve

Table 3.4: Parameters for the Edge of the Weather Deck Curve
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DWI

Figure 3-12: Which Part Does Each Control Curve Control on a Cross Section?

3.3.4 Deadrise Angle Curve

The first curve that is being generated by PHull from the second group is the

deadrise angle curve. This curve carries the data about the tangency constraints for

the bottom end points of the underwater cross section curves. This means that it

controls the position of the control point within the black circle in Figure 3-12, which

literally determines the deadrise angle for the cross section. PHull generates this

curve from the stem rise point to the aft perpendicular.

DeOddseAnglel 47.917 DedrbseAnglell 10.596 DeadriseAnge21 1.312
OVfddseA"gl2 38.21 Dfodf"eInCe12 11.788
Deodf"eAngle3 28.512 eodrseAnge13 13.898
Deadds*AngIe4 21.332 DeoddseAnge1*4 17.942
DeodseAngle 15.298 LeeddseAngle5 18.993

DodrseAngle6 13.602 DtJddseAngle" 17.481
DedvseAngle 12.998 DeeddseAng e7 15.093

DeoddseAngl8 12.381 OeoddeAngu18 11.166
DeodseAngle9 11.447 MeOdMseAngle29 7.297

DeodtIseAngh10O 10.7 VeodseAnge* 3.642

Table 3.5: Input for Deadrise Angle Curve Interpolation

The fact that PHull can generate this curve with two different ways was discussed

previously. A deadrise angle curve generated with the interpolation technique is pre-

sented in Figure 3-13, which is the recommended approach for shape representation.

For this representation of the curve deadrise angle data for 21 cross sections have to

be provided in the input file like in Table 3.5. When the tool starts working with

this input, it'll call the SPLINEFIT toolbox of MATLAB that provides the ability
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Figure 3-13: Deadrise Control Curve with Interpolation Method

to interpolate through these 21 points with a reverse B-spline algorithm. Using the

reverse B-spline algorithm brings more flexibility than using a cubic spline interpola-

tion. It is also possible to see these 21 points from Figure 3-13 as the black dots on

the red curve.

The SPLINEFIT toolbox is based on B-splines and it generates the curve with

the interpolation of the data points. It can be considered as a reverse algorithm

for B-spline curves, since normally they are approximating curves. This MATLAB

toolbox can be called from Java programming environment with the help of Builder

JA toolbox. This toolbox gives user the opportunity to create Java classes from

MATLAB code.

The second method PHull uses for the generation of the deadrise angle curve is

the approximation method. In this method the curves are being created with B-spline
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Figure 3-14: Deadrise Control Curve with Approximation Method

Input Parameters for Deadrise Control Curve Approximation
ParometerNaew

LBP
T

StemRadius/T

1st CrossSecDRAng

Last CrossSecDRAng
2nd CrossSecDRAng

X Position
2nd CrossSecDRAng
3rd CrossSecDRAng

X Position
3rd CrossSecDRAng

drAngCrv fwdEntAng

drAngCrv aftEntAng

Unit Explanation

m length between perpendiculars
m draft
nd determines the position of stem rise point

deadrise angle for the cross section at the stem
degrsepoint

deg deadrise angle for the cross section at AP

longitudinal position data for the second cross
m section

deg deadrise angle for the second cross section

longitudinal position data for the third cross
m section

deg deadrise angle for the third cross section
determines tangency constraint for the fwd part

deg of the deadrise angle curve
determines tangency constraint for the aft part

deg of the deadrise angle curve

Table 3.6: Input for Deadrise Angle Curve with Approximation Method

representation, using the utilities of iGeo library. An example is presented in Figure

3-14. For this representation PHull uses 10 control points that can be controlled with

the set of parameters presented in Table 3.6. Looking at the parameters listed in

Table 3.6, one can see that PHull requires the deadrise angle values for 4 different

longitudinal positions (2 of which are the end points) and the entrance angles for the
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curve.

3.3.5 Flare Angle at DWL Curve

Flare angle curve carries the data about the tangency constraints for the top end

points of the underwater cross section curves and the bottom end points of the above

water cross section curves. This means that it controls the position of the control

points within the magenta circles in Figure 3-12, which literally determines the flare

angle for the cross section. Similar to the deadrise angle curve, PHull generates this

curve from stem rise point to aft perpendicular.

The generation of the flare angle curve for both the interpolation and the approx-

imation techniques are pretty similar to the generation of the deadrise angle curve

with these two methods. Actually the generation of all the curves in the second group

with the interpolation method is the same, 21 data points are required as input and

these points are interpolated using a reverse B-spline algorithm. Figure 3-15 shows

the flare angle curve with interpolation.

A flare angle curve created with the approximation method is presented in Fig-

ure 3-16, and the parameters that are used to define the flare angle curve with the

approximation method are listed in Table 3.7.

3.3.6 Sectional Area Curve (SAC)

As it is self evident from its name, SAC contains the sectional area data for all

the cross sections and it is directly related to the intermediate control point, which

is shown within the green circle in Figure 3-12. According to the sectional area value

derived from SAC, this control point changes the fullness of the cross section curve

iteratively, until the area required by the SAC is achieved within a certain tolerance.

So as a summary, SAC controls the fullness of the cross sections.

SAC is the only curve that PHull can create with 3 different methods. First,

just as the other control curves in the second group SAC can be represented with

the interpolation method using the 21 data points, and it extends from the stem rise
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Figure 3-15: Flare Angle Control Curve with Interpolation Method

Figure 3-16: Flare Angle Control Curve with Approximation Method
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Input Parameters for Flare Control Curve Approximation
ParometerName

LBP
T

StemRadius/T

1st CrossSecFLAng

Last CrossSecFLAng
2nd CrossSecFtAng

X Position
2nd CrossSecFLAng
3rd CrossSecFLAng

X Position
3rd CrossSecFLAng

flAngCrv fwdEntAng

flAngCrv aftEntAng

Unit Explbnation
1
2
3

4

5

6

7

8

9

10

11

Table 3.7: Input for Flare Angle Curve with Approximation Method

point until the AP. A SAC curve interpolated through 21 data points is presented in

Figure 3-17.

25

20

15

10

5

0
0 02 0.4 0.6 0.8 1

Figure 3-17: Sectional Area Curve with Interpolation Method
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m length between perpendiculars
m draft
nd determines the position of stem rise point

flare angle for the cross section at the stem rise
deg point
deg flare angle for the cross section at AP

longitudinal position data for the second cross
m section

deg flare angle for the second cross section

longitudinal position data for the third cross
msection

deg flare angle for the third cross section
determines tangency constraint for the fwd part

deg of the flare angle curve

determines tangency constraint for the aft part

deg of the flare argle curve
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In the second method PHull creates the SAC with 2 pieces, the forward and the

aft parts. For this representation area under the curve, and the longitudinal centroid

location integral parameters are also used as the inputs for both the forward and the

aft parts separately. Area under SAC actually gives the displacement volume of the

ship, and the longitudinal centroid location of this area gives the longitudinal center

of buoyancy (LCB). So PHull uses the displacement and the LCB as its parameters

for this representation, but since this method creates SAC in two pieces, it requires

two displacement and centroid parameters, one for each part. Besides entrance angle

values are also required in the same fashion with the deadrise and flare angle control

curves. A SAC which was generated with this method is shown in Figure 3-18 and

the parameters required for this method is presented in Table 3.8.

Figure 3-18: SAC with Approximation in Two Pieces

In Figure 3-18 blue curve is the SAC for the forward part of the ship, and the red

curve is the SAC for the aft part of the ship. These two curves are separated with the

cross section with the maximum sectional area. The points are the control vertices

of the curves and the dashed lines are the defining control polygons.

The third and the last method is pretty similar to the second method, but instead

of defining the curve in two pieces, this method defines the SAC as a single piece. So

instead of two separate displacement and LCB values, this method requires only one

input for each. The parameters required by this method is listed in Table 3.9.
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Input Parameters for Sectional Area Curve with Fwd and Aft Parts
ParameterName

LBP

sacEntranceAngFwd

sacEntranceAngAft

LCBfwd

LCBaft

dispVolumeFwd

dispVolumeAft

maxBeamArea

transomArea

Unit Explanation
m length between perpendiculars

determines tangency constraint for the fwd part
deg of the SAC

determines tangency constraint for the aft part
deg of the SAC

ratio of the longitudinal location of max beam
m and lbp

determines tangency constraint for the
m

forwardmost point of DWL curve

3 determines tangency constraint for the aftmost
m point of DWL curve

m 3 waterplane area coefficient for aft part

m 2 waterplane area coefficient for fwd part

2 changes the longitudinal position of the weight
m point on forward part of DWL

Table 3.8: Input for SAC with Approximation in Two Pieces

Input Parameters for Single Part Sectional Area Curve
# ParameterName Unit Explanation
1 LBP m length between perpendiculars

determines tangency constraint for the fwd part
2 sacEntranceAngFwd deg of the SAC

determines tangency constraint for the aft part
3 sacEntranceAngAft deg of the SAC

ratio of the longitudinal location of max beam
and lbp

5 dispVolume m 3  waterplane area coefficient for aft part

6 maxBeamArea m2  waterplane area coefficient for fwd part

m 2  changes the longitudinal position of the weight
transomArea point on forward part of DWL

Table 3.9: Input for SAC with Approximation as a Single Piece

59

if
1

2

3

4

5

6

7
8

9



The reason for having 2 additional methods over the interpolation method for

the generation of SAC might raise some questions on the reader's mind. During

the development of PHull it was seen that the effect of SAC on the cross section's

form is greater than the effect of the deadrise and flare angles. Which means that

small changes in the deadrise and flare angle curves will not change the form of the

cross sections and hull significantly, but even a slight modification of SAC will have a

considerable impact on the hull form. So the second method gives the user the chance

to control the form of the SAC more strictly, and again during the development stage

good shape representation results were obtained using the second method instead of

the interpolation method. On the other hand, the third method makes the definition

of SAC simpler, but it really doesn't come up with the same amount of controllability

as the second method provides. Furthermore the second method also makes it possible

to change the form of the ship more locally.

3.3.7 Flare Angle at the Weather Deck Curve

Flare angle at the weather deck curve transmits the data about the tangency

constraints for the top end points of the above water cross section curves. So this

curve does exactly the same job with the flare angle curve, but it only provides the

data for the above water part of the cross section curves. In Figure 3-12 the control

vertex that the flare angle at weather deck curve controls can be seen within the

brown circle.

The flare angle at weather deck curve that is obtained with the interpolation

of 21 data points can be seen in Figure 3-19, whereas the one obtained with the

approximation method is shown in Figure 3-20. The set of parameters used for the

approximation method is listed in Table 3.10.

3.3.8 Width of the Keel Curve

Final control curve that is used by PHull is the width of the keel curve. This curve

was not part of the plan in the beginning of the thesis, but it was devised because of a

60



30

25 -

20 -

15 -

0

5

0

I.

I.

/
/

/
/

1~

~ 7

0 0.2 04 0.6 0.8 I

Figure 3-19: Flare Angle at the Weather Deck Curve with Interpolation Method

Figure 3-20: Flare Angle at the Weather Deck Curve with Approximation Method
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Table 3.10:
Method

Input for Flare Angle at the Weather Deck Curve with Approximation

necessity during the development phase. Basically this curve carries out the data for

the transversal position of the bottom points of the underwater cross sections. It is

only to be used with hulls, whose deadrise doesn't start directly from the centerline.

In Figure 3-12, the distance between the centerline and the control point within the

red circle (which is also the bottom point for the cross section obtained from the

profile curve) is controlled by this curve.

The keel width curve obtained with the interpolation can be seen in Figure 3-21,

and the one obtained with the approximation method is presented in Figure 3-22.

The set of parameters used for the approximation method is listed in Table 3.10.

3.4 Representing the Hull Form Using the Control

Curves

The control curves, and their importance in the hull form generation in PHull

were discussed in the previous section. Which part of the cross section each control

curve controls was also introduced. But the ultimate purpose of PHull is to produce
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Input Parameters for Flare at Weather Deck Control Curve Approximation

# ParometerName Unit Explanation
1 LBP m length between perpendiculars
2 T m draft

3 StemRadius/T nd determines the position of stem rise point
flare angle at weather deck for the cross section

4 1st CrossSecWDAng deg at the stem rise point
flare angle at weather deck for the cross section

5 Last CrossSecWDAng deg at AP
2nd CrossSecWDAng longitudinal position data for the second cross

X Position section
flare angle at weather deck for the second cross

7 2nd CrossSecWDAng deg section
determines tangency constraint for the fwd part

8 wdAngCrv fwdEntAng deg of the flare angle at weather deck curve
determines tangency constraint for the aft part

9 wdAngCrv aftEntAng deg of the flare angle at weather deck curve
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Figure 3-21: Keel Width Curve with Interpolation Method

Figure 3-22: Keel Width Curve with Approximation Method
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Input Parameters for Keel Width Control Curve Approximation
# PorameterName Unit Explanation
1 LBP m length between perpendiculars
2 T m draft
3 StemRadius/T nd determines the position of stem rise point

keel width for the cross section at the stem rise
4 1st CrossSecKW m point
5 Last CrossSecKW m keel width for the cross section at AP

longitudinal position for the start of the straight
segment of keel width curve

determines tangency constraint for the fwd part
7 kwCrv fwdEntAng deg of the keel width curve

determines tangency constraint for the aft part
8 kwCrv aftEntAng deg of the keel width curve

Table 3.11: Input for Keel Width Curve with Approximation Method

the hull form representation itself, and provide the relevant data to the CFD tool for

hydrodynamic analysis. So, the focus of this section will be the generation of the hull

form representation from the control curves.

It's important to underline that PHull has the ability to provide hull form data for

hydrodynamic analysis with both the RANS and the panel methods. It has different

pieces of codes that generates the hull form with different number of cross sections for

the desired CFD tool. This will be discussed with more detail further in this section.

3.4.1 Cross Section Curves

It will not be an overstatement to say that the purpose of PHull is to generate the

cross section curves. At least this is the first step of the process. All the control curves

that were introduced so far are for defining the cross section curves along the length

of the ship. By only looking at the cross section curves a naval architect can get a

good feeling about the characteristics of the hull. With an adequate number of cross

section curves it is possible to generate an accurate hull surface with lofting method

or to perform hydrodynamic analysis for the hull. To put it shortly, generating the

cross section curves means generating the hull.

Cross section curves in PHull are generated in two parts, namely the underwater
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and the above water parts. The underwater part of a cross section curve can be seen as

the blue curve and the above water part as the red curve in Figure 3-23. Underwater

parts of the cross section curves are created as NURBS curves by PHull, whereas the

above water parts are non-rational (regular, without the weight parameter) B-splines.

Figure 3-23: Underwater and Above Water Parts of a Cross Section Curve

How these parts are generated will be discussed next.

The Underwater Part

PHull generates the underwater cross sections with 5 control vertices. Figure 3-24

displays the underwater part of the cross section curve and its 5 control vertices. Note

that the red vertex on top is exactly on the DWL and commonly used by both the

underwater and the above water parts.

For a given x coordinate,

* The position of the bottom control point is determined by the profile curve and

the keel width curve. Profile curve provides the z coordinate for this point,

whereas the keel width curve determines the y coordinate.

* Bottom tangency constraint point's (second control point from the bottom)

y coordinate is assigned automatically by the PHull as the one-tenth of the
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Figure 3-24: Underwater Cross Section Curve

beam width for this cross section. The z coordinate is calculated with the data

provided from the deadrise angle curve.

" The position of the top control point is directly given by the DWL curve.

* Top tangency constraint point's position is found in a way similar to bottom

tangency constraint point's position. This time PHull automatically assigns the

z coordinate as the nine-tenths of the draft, and the y coordinate is calculated

with the data from the flare angle curve.

" The weight of the intermediate control point is determined by the SAC. But

the position of the intermediate control point is quite important for the general

form of the cross section curve as well, and is determined with two different

methods depending on the longitudinal position of the cross section.

1. If the longitudinal position of the cross section is greater than the 40% of

the LBP, then the position of the intermediate point is calculated as the

intersection of the two lines connecting the top end point with its tangency

constraint point, and the bottom end point with its tangency constraint

point. For the cross section in Figure 3-25 intermediate control point's

position is calculated with this method.
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Figure 3-25: Intermediate Control Point as the Intersection of Two Lines

2. However, when the longitudinal position of the cross section is smaller than

the 40% of the LBP another approach is used by PHull. In this approach

two cubic spline fits, that are created using data from 3 cross sections, are

used to determine the y and the z coordinates of the intermediate control

point. An example is presented in Figure 3-26. In this figure the cross

section curve is the blue curve, and the control point within the red circle

is the intermediate control point for this curve, position of which is obtained

from the two cubic spline fits. The point within the blue circle, which is

at the intersection of the two black lines, shows where the intermediate

control point would be if it were calculated with the first method.

The reason for using two different methods to find the position of the intermediate

control point is simply the difference of the form of the cross sections for the forward

part of the ship from the rest. For example in Figure 3-27 two cross section curves

are displayed together, one is the cross section curve at stem rise point and the other

one is the cross section curve at amidships.

It is obvious that the forms of these two curves are significantly different. Using

the intersection of two lines approach yields a good position for the intermediate

control point of the cross section at amidships, but it yields a position with really

small z coordinate value for the cross section at the stem rise point as can be seen
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Figure 3-26: Intermediate Control Point as Obtained from the Cubic Spline Fit

Figure 3-27: Comparison of the Cross Section Forms for Bow and Amidships
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from Figure 3-26. So the method that uses cubic spline fit is being employed by PHull

to achieve better positions for the intermediate control points of the cross sections in

the forward part of the hull.

The Above Water Part

The above water parts of the cross section curves are generated with 4 control

points by PHull. An example for the above water part of a cross section is shown in

Figure 3-28 as the red curve.

/

Figure 3-28: Above Water Cross Section Curve

For a given x coordinate,

" The position of the bottom control point is determined by the DWL curve. As

stated above, this point is the same with the top end point of the underwater

cross section curve.

* Bottom tangency constraint point's z coordinate is again determined by the

flare angle control curve, the reason for this application will be discussed soon.

The z coordinate for this point is automatically assigned by PHull in a way that

the continuity between the underwater and the above water parts of the cross

section curve will be achieved.
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* The position of the top control point is directly given by the edge of the weather

deck curve.

" PHull calculates the z coordinate for the top tangency constraint point by sub-

tracting one-fifth of the freeboard height at the section from the height of the

edge of the weather deck curve again at this section. Then the y coordinate for

the point is determined by the flare angle at the weather deck curve.

The continuity between the two parts of the cross section is assured by providing

the same tangency constraint for both sides of the control vertex at DWL, which is

the common control vertex for both parts. Figure 3-29 displays this cross section

from a close view. Again the red curve represents the above water part, blue curve

represents the underwater part, and the black line represents the DWL. The control

point at the DWL and its associated tangency control points on both sides can also

be seen from this figure. Note that these three control points sit on a straight line.

This was intentionally arranged by PHull in order to assure the continuity.

Figure 3-29: Transition Region between Two Parts of the Cross Section Curve

3.4.2 Surface Generation

So far, it was mentioned a few times that PHull has the ability to generate the

hull surfaces as well. And this feature makes it possible for the output of PHull to
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be evaluated in a CFD tool that utilizes the RANS method. But how the surfaces

are generated in PHull hasn't been discussed so far. The following part will provide

detailed information about the generation of the hull surfaces in PHull.

First thing that has to be mentioned in this part is PHull generates only the port

side of the hull and then mirrors it to obtain the complete hull. This means that

PHull only generates symmetric hulls. This is exactly the case for surfaces with two

exceptions, first the ones on the port side are generated, and then these surfaces are

mirrored to generate the ones on the starboard side. The exceptions are related to

the generation of the transom surfaces and will be discussed in the relevant part.

There are 7 different surfaces that are generated by PHull for hull form represen-

tation. These surfaces are:

" Stem Underwater Surface

" Stem Above Water Surface

" Main Body Underwater Surface

" Main Body Above Water Surface

* Transom Underwater Surface

" Transom Above Water Surface

" Keel Width Surface

From these, stem underwater, stem above water, transom underwater, and the

transom above water surfaces can be grouped as the patch surfaces. Basically these

surfaces are defined by their boundaries. Stem underwater (dark red surface) and

stem above water (bright red surface) surfaces can be seen in Figure 3-30. Stem

underwater surface is defined by the underwater stem curve, DWL curve, and the

underwater part of first cross section curve at stem rise point. In a similar fashion

stem above water surface is defined by above water stem curve, DWL curve, edge of

the weather deck curve, and the above water part of first cross section curve at stem

rise point.
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Figure 3-30: Stem and Main Body Surfaces

Transom surfaces are the only surfaces that are not mirrored in PHull. Because

these two surfaces are generated as the final step, after everything else have been

mirrored. So the transom underwater surface is defined by the underwater parts of

the last cross sections at both the port and the starboard sides, and the DWL curve.

Similarly the transom above water surface is defined by the above water parts of the

last cross sections at both the port and the starboard sides, DWL curve, and the edge

of the weather deck curve. These surfaces can be seen in Figure 3-31, underwater

part is the surface in dark blue, and the above water part is in bright blue colors.

Note that the transom underwater surface is really small in this particular example

and one might need to look carefully to see it.

Figure 3-31: Transom Surfaces

72



The rest of the surfaces, namely main body underwater, main body above water,

and keel width surfaces can be grouped together as the lofted surfaces. Main body

underwater (dark grey) and the main body above water (bright grey) surfaces can be

seen from Figure 3-30. The keel width surface is created around the centerline of the

ship, adjacent to the main body under water surface, if the keel width curve is defined.

All these surfaces are created from the stem rise point to the aft perpendicular,

the same interval with the control curves, by skinning through the generated cross

sections.

In theory control curves provide the data for the generation of infinite cross section

curves. If infinite number of cross sections can be created with this data, main body

surfaces would be obtained automatically. But in practice defining infinite number of

cross sections from the control curves is not possible. But keeping the number higher

will result in more accurate surfaces. The number of cross sections that PHull uses

in order to create the lofted surfaces is 334, which is found to be a good number after

some trial and error.

For both types of surface generation iGeo design library provides the necessary

functions, and they are being utilized by PHull.

3.5 Validation of PHull with FFG-7 and ATHENA

Hull Forms

Once the coding part was completed, it was the time for the validation of PHull. It

was thought that the best way to validate the tool is to use it for shape representation,

and then to compare the resulting models with the existing real models. So, the FFG-

7 and the ATHENA Model 5365 were selected as the validation cases. These choices

are not surprising in fact, considering that PHull is specifically developed for high

speed displacement monohulls. The CASHD model for FFG-7 was obtained from

NAVATEK Ltd in .3dm format. For the ATHENA hull an accurate CASHD model

couldn't be found, so the offset table and the ship lines given in the paper from David
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W. Taylor Naval Ship Research and Development Center 1211 were transferred into

a CASHD model using Rhinoceros. These CASHD models were used as both the

sources for input data, and the references for the comparison.

Figure 3-32: ATHENA Hull

First csv files were prepared as input files for both hulls, using the data derived

from the real models. Then PHull generated the hull representations from this data.

Only part that took some time was to derive all the necessary data form the existing

model, but using an efficient tool as Rhinoceros made this part easier. In the following

part the comparison of the profile curves, DWL curves, edge of the weather deck

curves, and the cross section curves between the real model and the model created

by PHull are presented.

3.5.1 Comparison of the Profile Curves

Profile curve is the first curve that PHull generates, and it directly controls the

bottom point of the cross section curves. So, for shape representation accuracy of

the profile curve is quite important. If a good accuracy for the profile curve cannot
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Figure 3-33: FFG-7 Hull

be obtained this will deteriorate the form of the cross sections, because the tool will

generate the section curve with the same area constraint without any consideration

on the location of the bottom point. The profile curve comparison between the real

model and the model generated by PHull for ATHENA Model 5365 and for FFG-7

are presented in Figure 3-34 and Figure 3-35 respectively. In the figures red curves

are from the original models, whereas the blue curves are from the output of PHull.

Figure 3-34: Profile Curve Comparison for ATHENA Model 5365
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Figure 3-35: Profile Curve Comparison for FFG-7

From both images it is possible to see that a very good representation of the profile

curves are achieved for both cases.

3.5.2 Comparison of the DWL Curves

The second curve that PHull generates is the DWL curve, which controls the top

point of the underwater parts of the cross section curves, and the bottom point of the

above water parts. The accurate representation of this curve is also of great impor-

tance, following the same reasoning with the profile curve. DWL curve comparison

between the real model and the model generated by PHull for ATHENA Model 5365

and for FFG-7 are presented in Figure 3-36 and Figure 3-37 respectively. In the fig-

ures red curves are from the original models, whereas the blue curves are from the

output of PHull.

------.---------------

Figure 3-36: DWL Curve Comparison for ATHENA Model 5365

Again, it's possible to see from these figures that PHull did a pretty good job at

modelling the DWL curves for both cases.

76

... ... ...... ...... .. .. .... ............................. - ........ - .. ............. .



Figure 3-37: DWL Curve Comparison for FFG-7

3.5.3 Comparison of the Edge of the Weather Deck Curves

Edge of the weather curve is the third curve that PHull generates, and the last

curve before the generation of the cross section curves. It controls the top points of

the above water part of the cross section curves. Since it only controls a portion of the

hull that is above the waterline and PHull generates the hull forms for hydrodynamic

analysis, the accurate representation of this curve is not as important as the previous

ones. But still, in order to have a fair curve for the above water part of the cross

sections PHull tries to achieve an accurate representation for this curve as well. The

comparisons for this curve are presented in Figure 3-38 and Figure 3-39 for ATHENA

Model 5365 and for FFG-7 respectively. In the figures red curves are from the original

models, whereas the blue curves are from the output of PHull.

Figure 3-38: Edge of the Weather Deck Curve Comparison for ATHENA Model 5365

Looking at the figures it can be said that accurate representations are achieved for

this curve as well. But note that there are some small discrepancies on the forward

part of the FFG-7 representation, which were considered to be insignificant.
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Figure 3-39: Edge of the Weather Deck Curve Comparison for FFG-7

3.5.4 Comparison of the Cross Section Curves

So far it was discussed a few times that, the real purpose of PHull is to gener-

ate the cross section curves. Which means that the comparison between the original

cross sections and the ones created by PHull is the most important. Accurate repre-

sentations of the cross sections is the thing that is sought after for the validation of

PHull.

However, there is one thing to note here. As discussed earlier cross section curves

are created with the data coming from 8 different control curves, profile curve, DWL

curve, edge of the weather deck curve, sectional area curve, deadrise angle control

curve, flare angle curve, flare angle at weather deck curve, and the keel width curve.

And none of these curves perfectly represents the data from the real model, meaning

that there is always a small amount of error coming from the control curves. Even

though these discrepancies are small for their respective control curves, cross section

representation suffers from the accumulation of them. So even before the validation

cases, it was known that there would be some discrepancies at the cross section curve

representations. The aim was to have these discrepancies at an acceptable level.

Comparison for the ATHENA Model 5365 is presented in Figure 3-40. In the

figure red straight line is the design waterline, and as in the figures for the previous

curves the red curves are belong to the original model whereas the blue curves are
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from the model created by PHull.

Figure 3-40: Cross Section Curve Comparisons for ATHENA Model 5365. Sectional
curves are colored in red (original) and blue (Phull).

From Figure 3-40 it can be seen that there are some discrepancies in the cross

section curves as expected. But the curves generated by PHull generally follows the

original curves. There are some sections that has an error in the position of their

bottom points, and there are some with small errors at their end point at DWL.

Basically these errors resulted in some additional errors at the in between parts of

the cross sections, but nothing significant. As discussed previously, the errors at the

weather deck level are not a cause of concern. So overall, an accurate representation

of the ATHENA Model 5365 was achieved by PHull, which was considered to be

appropriate for hydrodynamic analysis.

For FFG-7 the comparison for the forward part is presented in Figure 3-41 and for

the aft part is presented in Figure 3-42. Color convention for the curves is consistent

with the figures for ATHENA Model 5365, however the design water line is shown as

the thick blue line in these figures.

Pretty much all the comments made for the ATHENA case are also valid for

FFG-7 case. In short, there are some discrepancies as expected, but none of them is

significant. So, PHull generated an accurate model for FFG-7 as well.

As the final step of the hull generation process PHull creates the surfaces, if

it's required. In Figure 3-41 the surfaces generated for ATHENA Model 5365 are

presented. Note that this is the final form of the hull that PHull creates.
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Figure 3-41: Cross Section Curve Comparisons for Forward Part of FFG-7. Sectional

curves are colored in red (original) and blue (Phull).

80

I



0 / /

"0/

Figure ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~I 3-2*rseto uv oprsnsfrAtPr fFG7 etoa

curves ~ ~ ~ ~ ~ ~ ~ '1 /1e cooe+nrd(rgnl n le(hl

81



Figure 3-43: Surfaces for the ATHENA Model 5365 as Generated by PHull

The surfaces generated for FFG-7 are presented together with the real model in

Figure 3-44. In this figure the model on the top is the real model whereas the one on

the bottom was generated by PHull.

Figure 3-44: Comparison of the Original FFG-7 Model (top) and the FFG-7 Model

Obtained with PHull
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Of course it's not easy to compare and evaluate two hulls with solely examining

by eyes, but the two models in Figure 3-44 look quite similar.
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Chapter 4

Parametric Hull Form Modifications

with PHull

As stated in the introduction parts, PHull is primarily developed for hydrodynamic

optimization of hulls. Of course it is important for PHull to represent or create a hull

form for the very first time. But after that it also has to provide the necessary tools

to modify this initial hull form for optimization.

Being a fully parametric modeling tool, PHull is inherently good for this task. It is

possible to modify the hull form by changing some of the parameters, that are coming

from the input csv file. So the parametric modelling tool generates the hull form from

scratch after every set of modifications, with the new set of input parameters. This

was the method of choice since it is also appropriate for the optimization algorithm,

which is the differential evolution algorithm. Furthermore, with this approach it's

possible to keep the desired variables fixed while modifying the hull form, since the

modified hull will have the same set of parameters except the ones that were modified.

So not changing the variables is enough to keep them fixed.

This chapter will focus on to the parametric hull modification ability of PHull.

Firstly a few simple examples of parametric hull form modifications on FFG-7 will be

discussed to give some intuition about the ability of PHull. Then, a simple approach

will be introduced for systematic hull form generation with PHull by only changing

a set of parameters. Finally how PHull can be used with the differential evolution
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algorithm will be discussed.

4.1 Simple Examples of Parametric Hull Form Mod-

ification with PHull on FFG-7

The purpose of this section is to show how a modification on a single parameter will

affect the hull form, to give an idea about what can be achieved with the parametric

modeling tool and what are the limits, and to convince the reader that it is a viable

tool.

First of all there are no parameters that the user cannot reach in PHull, so every

parameter can be changed. But this does not mean that every parameter should be

changed independently. As any naval architect can easily figure out some parameters

will have interdependencies. A good example for these interdependencies is the cross

section curve. If someone only increases the displacement of the ship while keeping

everything else fixed, remember that the displacement parameter controls the SAC

and SAC controls the sectional areas, after one point it will not be possible to achieve

the sectional area with the given deadrise and flare angles. This would either make

the resulting curve an infeasible curve or make it impossible to generate the curve.

So some engineering judgement have to be employed for the modifications.

In the first example DWLFWDANGLE parameter for FFG-7, which deter-

mines the entrance angle of DWL curve in the bow, is changed from 11.02 degrees

to 10 degrees. As one can say this is really a small change and it is indeed a small

change, that results in a small modification of the hull form as presented in Figure

4-1.

The modification of the DWL curve and the cross sections in the forward part can

be seen from Figure 4-1. As stated in the figure, blue curves are from the original hull

and the red curves are from the modified one. The modifications are really subtle.

But for some parameters even a small modification can yield significant changes, at

least locally. For example Figure 4-2 shows how a change in KEELRISEPOINT
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Figure 4-1: DWL Entrance Angle Parameter Modification

parameter would affect the hull form.

KEELRISEPOINT parameter determines the point where the hull starts rising

in the stern part, and is given as a fraction of LBP. In this example keel rise point is

moved closer to aft, as can be seen from the profile view comparisons of the initial

and modified representations. This actually resulted in lower z coordinates for the

cross sections around this part. But since the displacement, and the sectional areas

as a consequence, hasn't been modified the upper part of the underwater cross section

curves are reduced in order to compensate for the extra area coming from the keel

rise point modification.

pamlewr From lb
hNsiftW 0.646 0.7

*Initiai Representation

*Modified Representation

Iir I-Ship 40

Figure 4-2: Keel Rise Point Parameter Modification
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The effect of changing the longitudinal position of the section with the maximum

beam is investigated for the third and the last example of this part. This parameter

determines the separation point between the forward and aft part of the hull for

PHull, and is given as a fraction of LBP just as the keel rise point parameter. A

change in this parameter also has a significant effect on the hull form, and this time

it is somewhat global as can be seen from Figure 4-3. It is not surprising, since the

construction of both the forward and the aft parts depend on this parameter.

PeOWWOr Fti
WKg BeamS Poftkon 8.55 O.5

* initial Represenation/Ii_ _ _ _ _ _

.Modified Respresentation

PIir I-Ship

Figure 4-3: Longitudinal Position of the Section with the Maximum Beam Parameter
Modification

By now it should be obvious that modifying the hull form is not a hard task with

the parametric modelling tool. But of course there are things to be careful about.

Interdependencies of parameters is very important, not paying attention to it may

result in infeasible shapes for the curves as discussed earlier. However, the examples

in this part were quite simple, only a single parameter was modified at a time. In

a real scenario this will not be the case. Moreover, more than one control curve,

which were introduced as the main building block of PHull, hasn't been used for

these examples as well. This will be the topic of the next section.
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4.2 A Simple Approach for the Systematic Hull Form

Generation with Shape Variation Using PHull

For each of the simple examples presented in the last section only one parameter

was modified at a time. And it was seen that significant modifications can be achieved

up to a level with this method. However, more significant and meaningful modifica-

tions can only be achieved by considering the interdependencies of the parameters,

and changing multiple parameters at a time. In order to present this a simple system-

atic hull form generation approach was devised using PHull, which depends on the

displacement volume. In this approach, PHull assigns a new multiplier for the input

displacement volume value in every new run, and generates a new hull form with

a new displacement volume value. Within this approach the displacement volume

is changed linearly. The variables that affect or are dependent on the displacement

volume are also assigned some multipliers and changed with the displacement vol-

ume. But obviously not all of them are related to displacement volume linearly. The

relationship between these parameters and the displacement volume were determined

using regression analysis and with trial and error method. The parameters that are

used in this example are presented in Table 4.1.

For the case of FFG-7 model, the relationship between the displacement volume

and the LCB, and SAC entrance angle parameters were determined by simple linear

regression analyses. Then, the relationship between the displacement volume and

the DWL related parameters was found to be linear by trial and error. Whereas

the relationship between the displacement volume and the deadrise, and flare angle

related parameters was found to be polynomial.

For this approach 6 possible different scenarios were determined:

1. Increasing the displacement of the forward part

2. Decreasing the displacement of the forward part

3. Increasing the displacement of the aft part
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1we is mementetefr d art oth
2 Fwd Displacement Displacement volume of the forward part of the hull

2 Aft Displacement Displacement volume of the aft part of the hull

3 Cwp Fwd Waterplane coefficient for the forward part of the hull

4 Cwp Aft Waterplane coefficient for the aft part of the hull

5 SAC Entrance Ang Fwd Entrance angle for the forward part of sectional area curve

6 SAC Entrance Ang Aft Entrance angle for the aft part of sectional area curve

7 DWL Fwd Angle Entrance angle for the forward part of design waterline curve

8 DWL Aft Angle Entrance angle for the aft part of design waterline curve

9 LCB Fwd Longitudinal center of buoyancy for the forward part of the hull

10 LCB Aft Longitudinal center of buoyancy for the aft part of the hull

11 1st Cross Sec Deadrise Ang First cross section's deadrise angle

12 Deadrise Ang Crv Fwd Entrance Ang Entrance angle for the forward part of deadrise angle curve

13 Deadrise Ang at 2nd Input Position Second positional deadrise angle value from forward

14 Last Cross Sec Deadrise Ang Last cross section's deadrise angle

15 Deadrise Ang Crv Aft Entrance Ang Entrance angle for the aft part of deadrise angle curve

16 Deadrise Ang at 2nd input Position (for aft) Second positional deadrise angle value from aft

17 1st Cross Sec Flare Ang First cross section's flare angle

18 Flare Ang Crv Fwd Entrance Ang Entrance angle for the forward part of flare angle curve

19 Flare Ang at 2nd Input Position Second positional flare angle value from forward

20 Last Cross Sec Flare Ang Last cross section's flare angle

21 Flare Ang Crv Aft Entrance Ang Entrance angle for the aft part of flare angle curve

22 Flare Ang at 2nd Input Position (for aft) Second positional flare angle value from aft

Table 4.1: Parameters that Are Used in the Systematic Hull Form Generation

4. Decreasing the displacement of the aft part

5. Increasing the displacement of both the aft and the forward parts

6. Decreasing the displacement of both the aft and the forward parts

the scenario of interest can be chosen via the input file. It is also necessary to fill

in the parameter about the number of runs (models) required. PHull will change the

multiplier of the displacement volume as many times as the value of this parameter,

and consequently the value of this parameter will be the total number of different

model outputs. For the examples in this section this number was chosen as 10, so 10

different models, that changes systematically, were obtained for each of the scenarios.

In the following part each of these scenarios will be described briefly, and their impacts

on the hull form will be presented with the images from their applications on FFG-7

hull.

The first scenario is increasing the displacement volume of the forward part. In

this scenario displacement volume of the forward part of FFG-7 was increased by

using the parameters presented in Table 4.2. The comparison of the initial and the
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tenth model's cross section curves in the forward part (only the underwater part) is

presented in Figure 4-4.

FWC1 DiSplaem"n
OWL FwdAngle

Cwp Fwd
SAC ErttaneAngFwd

LLO hWo

1stCrssSee Deadrse Ang
Deaddse AngCrv Fwd Entrance Ang
Deadrise Angat 2nd nput Position

IstCross See FareAng
Flare At CN Fd Entrance Ang
Flare Ngat 2n 1np Position

Table 4.2: Parameters that Are Used for Increasing Displacement in the Forward Part

/ ii
/ 1/

/ //

/ /If / / ,
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Figure 4-4: Comparison of the Cross Section Curves

Tenth Variant for Scenario 1
of the Initial Model and the

The opposite of increasing the displacement volume in the forward part is decreas-

ing it. All the same parameters are used with the previous scenario, but the direction

each parameter changes is reversed as shown in Table 4.3. Figure 4-5 displays the

variation of the cross sections for this scenario.

LCB Fwd
1st Cross Sec Deadrise Ang

Oeadrise AngCrv Fwd Eutrance Ang
Deadrise Ang at 2dinput Position

1st CrossSec Rare Ang
Fire AngCrVFwd Entrance Ang
Flare Ant at 2nd knut Position

Fwd Oisplacement
DWL Fwd Angie

CwpFwd
SAC Entrance Ang Fwd

Table 4.3: Parameters that Are Used for Decreasing Displacement in the Forward
Part
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Figure 4-5: Comparison of the Cross Section Curves of the Initial Model and the

Tenth Variant for Scenario 2

Increasing the displacement volume of the aft part is the third scenario. In order

to change the form of the aft part a different set of parameters are required. These

parameters are presented in Table 4.4, and the comparison of the initial model and

the tenth variant is displayed in Figure 4-6.

Am* Otos woes Aft oispoacemnent Last Croas See Deadmie Ang
OWL Aft ANoe Deadrise AngCrv Aft Entrance Ang

Cwp Aft Deadrise Ang at 2nd Input Position (for aft)

SAC Entrance Angle Aft Last CDosw $e Flare Ang

LCO Aft Frae AngCrv Aft Entrance AMg
Mare Ang at 2Md MWp Position (for aft)

Table 4.4: Parameters that Are Used for Increasing Displacement in the Aft Part

.The opposite case of Scenario 3 is decreasing the displacement volume in the aft

part, that uses all the same parameters bu# changes them in the reverse direction as

presented in Table 4.5. Figure 4-7 displays the variation of the cross sections for this

scenario.

Becadse i04 tast Crm sec Deadrise Ang Aft Mipbaeernent
Daedrse Ang Crv Aft Entrance Ang OWL Aft Angle

Deadrke Ang at Znd lnjxt Position (for aft) Cwp Aft

Ledt Cross Sec Flare Ang $AC Entrance Angle Aft

Rlate Ang Cry Aft Entrance AMg LCB Aft

Fkre Ang, at 2Mnd npt sition (for aft)

Table 4.5: Parameters that Are Used for Decreasing Displacement in the Aft Part
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Figure 4-6: Comparison of the Cross Section Curves of the Initial Model and the
Tenth Variant for Scenario 3

Figure 4-7: Comparison of the Cross Section Curves of the Initial Model and the
Tenth Variant for Scenario 4

.Increasing the displacement volume of both the aft and the forward parts, which

is Scenario 5, is exactly the same with performing Scenarios 1 and 3 simultaneously.

This scenario modifies the parameters that are presented in Table 4.6, which is the

combination of Table 4.2 and Table 4.4. As a consequence, the resulting model would

have the same cross sections as shown in Figure 4-6 and Figure 4-4.

Similarly, decreasing the displacement of both the aft and the forward parts is

exactly the same with performing Scenarios 2 and 4 simultaneously. The list of

parameters for this scenario is presented in Table 4.7.
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bOKease FeWsO Fwd Displacement
OWL Fwd Angle

Cwp Fwd
SAC Entrance Ang Fwd

Aft Displacement
DWL Aft Angle

Cwp Aft
SAC Entrance Angle Aft

LCB Aft

LCB Fwd
1st Cross Sec Deadrise Ang

Deadrise AngCrv Fwd Entrance Ang

Deadrise Angat 2nd Input Position
1st Cross Sec Flare Ang

Flare Ang Crv Fwd Entrance Ang
Flare Ang at 2nd Input Position

Last Cross Sec Deadrise Ang
Deadrise Ang Crv Aft Entrance Ang

Deadrise Ang at 2nd Input Position (for aft)
Last Cross Sec Flare Ang

Flare AngCrv Aft Entrance Ang

Flare Ang at 2nd Input Position (for aft)

Table 4.6: Parameters that Are Used for Increasing Displacement on Both Parts

LCB Fwd
1st Cross Sec Deadrise Ang

Deadrise Ang Crv Fwd Entrance Ang
Deadrise Ang at 2nd Input Position

1st Cross Sec Flare Ang
Flare Ang Crv Fwd Entrance Ang
Flare Ang at 2nd input Position

Last Cross Sec Deadrise Ang
Deadrise Ang Crv Aft Entrance Ang

Deadrise Ang at 2nd input Position (for aft)
Last Cross Sec Flare Ang

Flare Ang Crv Aft Entrance Ang

Flare Ang at 2nd Input Position (for aft)

Fwd Displacement
DWL Fwd Angle

Cwp Fwd
SAC Entrance Ang Fwd

Aft Displacement
DWL Aft Angle

Cwp Aft
SAC Entrance Angle Aft

LCB Aft

Table 4.7: Parameters That Are Used for Decreasing Displacement on Both Parts

94

eo"Se FM*M



4.3 Parametric Modifications for Hydrodynamic Op-

timization Using PHull

PHull was devleoped to be integrated to evolutionary algorithms for hull form

optimization. In this process a set of selected parameters are controlled by the evolu-

tionary algorithm, and they are modified in order to achieve better results from the

CFD tool.

Evolutionary algorithms are literally based on the principle of evolution. They

are stochastic algorithms, with a great emphasis on randomness, that focus on pop-

ulation of solutions [221. Since the evolutionary algorithms change the selected set of

parameters randomly and independently, without considering any interdependencies,

trying to find the relationship between the parameters is needless for the optimization

case for most of the time. However, sometimes it might be helpful to define some of

the variables as dependent variables to achieve better results.
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Chapter 5

Integration with CFD and Automatic

Optimization Procedure

5.1 Integration with the Panel Method

In order to evaluate hydrodynamic characteristics of the hulls that are generated

by PHull, tool was integrated with the panel method developed by Brizzolara and

Bruzzone [23].

Panel method gets its input, which is the offset table of the hull form to be

evaluated, in text file format, and it provides the wave resistance coefficient of the

hull form and the wave pattern that the hull generates as its outputs. PHull generates

the cross section curves and the stem curve, that are necessary for the derivation of the

offset data. For the integration of these two tools PHull was modified for generating

only 40 cross sections and the stem curve, and then iGeo and Processing libraries

were utilized to generate the offset data from these curves and store it to a text file

as an output of PHull. Offset data includes the positions of 31 points for each cross

section that rises directly from the keel, 33 points for each one that has a straight

part before it rises, and positions of 31 points for the stem curve. These points are

ordered from keel to deck for both cross section curves and the stem curve.

In order to test the integration, FFG-7 hull was used from the validation cases of

PHull. Wave pattern output from this test is displayed in Figure 5-1.
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Figure 5-1: Wave Pattern Plot of FFG-7
Method

Hull Created with the Output of the Panel

Whereas in left side of Table 5.1 LBP, some hydrostatic characteristics, and the

wave resistance coefficient of the hull form are shown as they are given in the output

file, and on the right side friction resistance coefficient (calculated with ITTC-1957

formula) and the total resistance values are presented. The total resistance is calcu-

lated in order to be used as a reference value for the optimization process.

In the left side of Table 5.1 LBP, some hydrostatic characteristics, and the wave

resistance coefficient of the hull form are shown as they are given in the output file, and

on the right side friction resistance coefficient (calculated with ITTC-1957 formula)

and the total resistance values are presented. The total resistance is calculated in

order to be used as a reference value for the optimization process.

In the end, it was concluded that the integration of PHull with the panel method

was succesfull.
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Panel Method Outputs and Total Resistance Calculation Results
for Integration Test Case

LBP (M) 124.04 Cf (ITTC-1957) 0.0014582

Area at WL (m) 1236.383 RT (N) 462544.83

LCF (m) 7.893
Disp Volume (M3) 3245.366

LCB (M) 2.734
ZCB (m) -1.637

Wetted Surf Area (m2) 1651.366

V(m/s) 13.886
Cw 0.001376

Table 5.1: Panel Method Outputs and Total Resistance Calculation Results for Inte-

gration Test Case

5.2 Integration with the Optimization Algorithm

As the optimization method Differential Evolution was chosen, since this approach

was successfully applied to hydrodynamic optimization of hull forms by Brizzolara [4].

Differential Evolution (DE) is a population based optimizer like the Genetic Al-

gorithms, first it generates a random population and evaluates them according to the

objective function and each individual in the population is represented as a vector.

Then DE generates a new population by perturbating the existing one in order to

evaluate and compare the individuals from both populations. Here DE performs a

pairwise comparison using the index numbers and select each of the better individuals

to form the new population. This process continues until either the required value or

the given maximum number of iterations is reached [241.

DE has a wide spectrum of applications in many different engineering fields in

order to deal with complex problems. Some of these applications and the DE programs

for many different languages are freely available in the Differential Evolution website

[25]. Scilab programming language version of DE from this website was modified by

Brizzolara for automatic hydrodynamic optimization of hull forms [4].

A parametric representation of the hull form is essential for the optimization

with DE. In the optimization procedure firstly a number of parameters are chosen
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as the free variables, and a range of values are determined for each of them. Then

the optimization algorithm randomly assigns a value for the free variables from the

determined range and enables PHull to generate the specified number of different hull

representations. After that the panel method is called and all of these individuals are

evaluated, and the optimization algorithm works its way to the optimum solution as

discussed above.

However running an optimization procedure in serial takes quite a long time for

hull form optimization case, since the calculation of the objective function requires

the use of the CFD tools. One of the purposes of this thesis was to modify the

existing code in order to use it in parallel processing. This was achieved with the

Scilab programming language's recently introduced parallel_ run function.

In DE objective function is evaluated in two different parts of the code. First is

the initialization part, which occurs only once. In this part the individuals of the

first generation, which are randomly generated, are evaluated to find the member

with the best objective function value. Second part is the principal iteration of the

optimization process. This second part occurs until either value to reach is achieved

or the maximun number of iterations is reached, and selects which new individuals

are allowed to enter the new population by evaluating them. In the new version of

the DE Scilab code both of these parts are parallelized by utilizing the parallel_ run

function.

Eventually PHull parametric modeling tool, the panel method, and the DE opti-

mization algorithm were integrated through Scilab programming language. As pre-

sented in Figure 5-2, in order to start the procedure the input csv files of PHull for

the first generation are generated with free, fixed and dependent variables as the first

step. After this PHull is called in parallel for the generation of the hull representa-

tions. Right after the generation of the hull representations panel method is called in

parallel for their hydrodynamic evaluation. As the final step the objective function

values of the last generation is investigated by the code to see if the required value is

reached and if not the input files for the next generation is generated. This process

continues until the specified maximum number of iterations is reached.
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Figure 5-2: General Outline of the Automatic Optimization Process with PHull

5.3 Hydrodynamic Optimization of FFG-7 Hull

As the final step of the thesis all the work that has been done so far was tested with

a hydrodynamic optimization case of the FFG-7 hull. In this optimization objective

was to minimize the ratio of the Total Resistance / Total Displacement Volume of

the new hull and the original (reference) hull for a single speed. 13 parameters were

selected as free parameters, maximum number of iterations was stated as 40, and as

the number of individuals per generation 10 times the number of free parameters,

130, was chosen following the directions of Price et al. 1241. The free parameters that

were selected for this optimization case are as follows:

* Keel Rise Point

* Keel Angle at Transom

* DWL Forward Entrance Angle
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* DWL Aft Entrance Angle

" Waterplane Coefficient for Forward Part

" Waterplane Coefficient for Aft Part

* Displacement Volume of the Forward Part (the are under the forward part of

the SAC)

* Deadrise Angle for the Section at Stem Rise

" Deadrise Angle for the Section at Aft Perpendicular

" Deadrise Angle Curve Forward Entrance Angle

" Deadrise Angle Curve Aft Entrance Angle

* Deadrise Angle for the Section at 0.45 LBP

* Deadrise Angle for the Section at 0.7 LBP

It is necessary to give some more information about the usage of displacement

volume of the forward part as a free parameter. In this optimization the total dis-

placement volume of the ship was accepted as a fixed variable and the value of the

displacement volume of the aft part parameter as a dependent variable. So the dis-

placement volume of the aft part was simply calculated by subtracting the forward

part's value from the total displacement volume.

Furthermore, in the first a few trials it was seen that PHull was unsuccessful at the

generation of the sectional area curve for most of the individuals. And the reason of

this was found to be the interdependence of the parameters that are used to generate

the sectional area curve. Following this reasoning the parameters listed below were

defined as dependent on the displacement volume of the forward part parameter. The

values of these parameters were inferred with simple linear regression analysis.

" SAC Forward Entrance Angle

" SAC Aft Entrance Angle
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" LCB Forward Part (longitudinal position of the centroid of the area under the

forward part of SAC)

" LCB Aft Part (longitudinal position of the centroid of the area under the aft

part of SAC)

" The variable that determines the longitudinal position of the top tangency con-

trol vertex of the forward part of SAC

" The variable that determines the longitudinal position of the top tangency con-

trol vertex of the aft part of SAC

When the optimization case was completed objective function value of each hull

was plotted according to the case ID number of the hull. This plot is presented in

Figure 5-3. In this plot the hull with the minimum objective function value, the

optimum hull, is shown with the red dot. The individuals that got a penalty since

their hull forms could not be generated by PHull are excluded. Because the objective

function value for these hulls were around 1000 because of the penalties that they

were assigned, and it was not appropriate to have them in the same plot with the

rest.

For the optimum hull more than 25 percent reduction in the objecvtive function

value was achieved. However general form of the plot shows that the optimization

didn't converge, since the data points are distributed around a horizontal straight line.

This is believed to be related to the way that the sectional area curve is generated,

and the dependence of its parameters to each other. Comparison of the the original

FFG-7 model and the model of the hull form with the minimum objective function

value are presented in the following figures.

From the comparison of the SAC's in Figure 5-4 it was seen that the displacement

volume of the forward part of the hull is slightly increased, whereas there is a reduction

in the displacement volume of the aft part. Figure 5-6 shows that the waterplane

area for the forward and aft parts followed the same pattern with the displacement

volumes, it increased in the forward part and decreased in the aft part. Figure 5-7
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Keel Rise Point
Keel Angle @ Transom

DWL Fwd Angle

DWL Aft Angle

Cwp Aft

Cwp Fwd

FwdDisplacement

Deadrise angle for the

section at stem rise

Deadrise angle for the

section at AP

DrAngCrv FwdEntAng

DrAngCrv AftEntAng

Dead rise angle for the

section at 0.45*LBP

Deadrise angle for the

section at 0.7*LBP

Original Model

0.645678813
6.21
11.02

11.78
0.814

0.613
1615

47.917

1.312

13.138
67.111

10.47

19.083

Optimized Model

0.6950343
7.9891124
11.157031
11.532298
0.7855679

0.6361764
1642.8029

44.806447

0.7123125

12.128625
66.847757

11.286263

20.109864

Table 5.2: Comparison of the Set of Free Parameters for the Original and the Opti-

mum Hulls
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ID Numbers vs Objective Function Values

0

0S 0
0 0 0

* 6
* 0

S *

*

0. 0. *
~ 0* * *3A ~% __

0

.0
S

I..
* 0

.9. :.d

6%

%;*

0

So
* S

*

~ .&e**

150E+00

.40E+00

1.30E+00

1.20E+00

1.10E+00

1.00E+00

9.00E-01

8,OOE-Ol

6.00E.-01

5.00E-01
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Figure 5-3: Plot of the Objective Function
in the Optimization

Values of the Hulls That Were Evaluated

shows that the keel rise point'slongitudinal position got closer to AP for the optimum

case. Finally the comparison of the cross section curves of these two hulls can be seen

from Figure 5-8.
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Figure 5-4: Comparison of the Sectional Area Curves of the Original FFG-7 Model

(red) and the Optimum Hull (blue) (note that forward part is to the left)

Figure 5-5: Comparison of the Deadrise Angle Curves of the Original FFG-7 Model

(red) and the Optimum Hull (blue)
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Figure 5-6: Comparison of the DWL Curves of the Original FFG-7 Model (red) and
the Optimum Hull (blue)

Figure 5-7: Comparison of the Profile Curves of the Original FFG-7 Model (red) and
the Optimum Hull (blue)
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Figure 5-8: Comparison of the Cross Section Curves of the Original FFG-7 Model

(red) and the Optimum Hull (blue)
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

This thesis developed a fully parametric modeling tool, PHull, for the design and

hydrodynamic optimization of high speed displacement monohulls. This tool is to be

used in the concept design phase of the ship, and its goal is to enable the designer to

make more accurate decisions in this early stage.

A fully parametric hull form definition, which of course can be obtained by means

of a fully parametric modeling tool, comes up with many adventages:

* Definition and control of parameters along the hull length is easier with a fully

parametric hull form definition.

* Instead of using the random positions of the control vertices, hull surfaces can

be controlled with more meaningful and intuitive geometric parameters.

* By controlling different sets of parameters both local and global modifications

on the hull form can be achieved.

* Integration with CFD and optimization tools are easier.

* Variants of an original hull can be easily obtained by modifying parameters,

and by means of a systematic modification of the parameters a family of the

original hull can be easily obtained.
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All these advantages are inherent to PHull, and this was verified with the example

cases of FFG-7 and ATHENA hull forms.

Furthermore the hydrodynamic optimization case for the FFG-7 hull showed that

PHull's integration with a CFD tool and an optimization method was accomplished

successfuly, and resulted in a hull form with a significantly reduced total resistance.

6.2 Recommendations for Future Work

PHull is a new tool with a number of shortcomings that is known to the author,

and these issues should be addressed as the next step in the development of this tool.

First of all PHull doesn't treat the above water part of the hull as elaborately as

the underwater part, since it was primarily developed for hydrodynamic optimization

of the hulls. But during the optimization case of the FFG-7, discontinuities between

the above water and the underwater parts of the cross section curves were discovered

as a consequence of keeping the parameters that are used in the generation of the

edge of the weather deck curve fixed. This problem can be addressed by defining

these parameters as dependent on some underwater hull parameters.

Secondly in the optimization case it was seen that the technique that is used by

PHull for the generation of the sectional area curve was not really flexible. So in order

to make the optimization case work all parameters, except the displacement volume,

that are used to define the SAC were defined as dependent variables, and this fact

limited the ability of PHull to obtain significantly different SAC forms.

Finally, in its current version PHull only takes LCB parameter into consideration

as a hydrostatic parameter. As a future work other hydrostatic parameters like the

metacentric height can be integrated into PHull.

Of course more shortcomings will be discovered that are not known to the author

yet as PHull will be used for other cases. These areas with shortcomings will be

improved with the user feedback.
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Appendix A

User Guide for PHull

In this part how to use PHull will be discussed with the assumption that PHull will

be used for hydrodynamic hull form optimization of an existing model and not for ab

iZitio design. Generally the content of Chapter 3 will be followed and the insight that

the developer obtained throughout the example cases of FFG-7 and Athena hull forms

will be provided to the reader. Some of the same figures and tables from Chapter 3

will be used in this part as well, just to assure the integrity of the user guide.

The general outline of the user guide will be as follows:

" Preparation of the input file

" Representation of the hull form using the interpolated and approximated control

curves together

" Reproducing the hull form using only approximated control curves

A.1 Preparation of the Input File

Input file is a csv (comma separated value) file that contains all the necessary

data for PHull to generate a fully parametric hull form. As the first step of the hull

generation this csv file has to be prepared by the user. In this section the structure

of the csv file will be introduced first, and then the explanations for the required

parameters will be presented.

111



The input file for the generation of the original FFG-7 hull is displayed in Table

A.1. Parameters in this part are grouped together according to their functions, and

different groups are shown with different colors.

In this table, data related to the principal dimensions, hull form coefficients, and

the important points, e.g. stem rise point and keel rise point, are defined in the blue

section of the spreadsheet. In the yellow section position, slope, and area data about

the cross sections are defined that are used for the generation of the control curves by

interpolation. Whereas the orange section contains the data for the generation of the

control curves by approximation. Finally in the green section some parameters are

defined for the systematic generation by PHull. In the following part these different

sections will be described.

The input file's blue section has to be filled for any type of hull form genera-

tion, since it contains the most essential data that contains the principal dimensions.

Parameter list of this section is presented in Table A.2 with the explanation of the

parameters.

Yellow section has to be filled when the control curves except the DWL, profile,

and edge of the weather deck curves are to be generated with interpolation. This is

most likely the case for the shape representation. Parameter list of this section is

presented in Table A.3. As you can see from Table A.3, data from 21 cross sections

of the hull for sectional area, deadrise angle, flare angle, keel width, and flare angle

at weather deck have to be provided in this section. If all the control curves are to

be generated with approximation method, this section can be left blank.

Orange section has to be filled when all the control curves will be generated with

approximation methods. Parameter list of this section is presented in Table A.4 with

the explanation of the parameters. This section can be left blank in the cases where

yellow section of the input file is used.

Green section is not as important as the rest of the input file, and should be left

blank for most of the time. This section is only used for automatic systematic hull

form generation. Parameter list of this section is presented in Table A.5 with the

explanation of the parameters.
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LBP

L/B
T

Top Stem Angle

Bottom Stem Angle

Stem Corner Point Weight

StemRadius/T

Keel Rise Point

Transom Depth

Keel Angle @ Transom
Transom Angle

Beam@Transom/MaxBeam
Max Beam X Location

DWL Fwd Angle
DWL Aft Angle

Cwp Aft
Cwp Fwd

DWLFwdWtPtShiftX

DWLFwdWtPtShiftY

DWLAftYtPtShiftX

DWLAftWtPtShiftY

xProfileEndToTransom
fbAft
fbFwd
fbLow

fbFwdXPos
fbLowXPos
fbAftAng
fbFwdAng

weatherDeckFwdAng
weatherDeckAftAng

124.04 length between perpendiculars

9.107195 lbp - max beam ratio

4.38 draft

46.12 entrance angle of the underwater stem curve at DWL

entrance angle of the underwater stem curve at

stem rise point

0.85 controls the fullness of the underwater stem curve

determines the position of the stem rise point (if 1, stem

1.783105 rise point's distance from the origin will be the same as draft)

determines the position of the keel rise point as a fraction

0.645679 of lbp

0.23 height of the submerged part of transom

6.21 entrance angle of the keel at transom

50.94 not being used

0.502203 ratio of beam at transom and the max beam

0.554418 longitudinal position of the section with max beam

11.02 entrance angle of the DWL curve in the fwd part

11.78 entrance angle of the DWL curve in the aft part

0.814 waterplane coefficient for the aft part

0.613 waterplane coefficient for the fwd part

manipulates the longitudinal position of the intermediate
-3.25 control vertex of Fwd DWL curve

manipulates the transversal position of the intermediate

-0.19 control vertex of Fwd DWL curve

manipulates the longitudinal position of the intermediate

control vertex of Aft DWL curve

manipulates the transversal position of the intermediate
-0.1 control vertex of Aft DWL curve

0.15 not being used

5.147 above water part

8.37 above water part

4.505 above water part

-8.537 above water part

88.784 above water part

1.623 above water part

5.7 above water part

16.231 above water part

6.476 above water part

Table A.2: Parameters of Blue Section with Explanations
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DeadriseAnglel
DeadriseAngle2

DeadriseAngle3
DeadriseAngle4
DeadriseAngle5
DeadriseAngle6
DeadriseAngle7
DeadriseAngleg
DeadriseAngle9
DeadriseAnglelO
FlareAnglel
FlareAngle2
FlareAngle3
FlareAngle4
FlareAngle5
FlareAngle6
FlareAngle7
FlareAngle8
FlareAngle9
FlareAnglelO
SectionalAreal
SectionalArea2
SectionalArea3
SectionalArea4
SectionalArea5
SectionalArea6
SectionalArea7
SectionalArea8
SectionalArea9
SectionalAreal0
KeelWidthl
KeelWidth2

KeelWidth3
KeelWidth4
KeelWidth5
KeelWidth6
KeelWidth7
KeeIWidth8
KeelWidth9
KeelWidthAO
WDFlareAngl
WDFIareAng2
WDFIareAng3
WDFIareAng4
WDFIareAng5
WDFtareAng6

WDFIareAng7
WDFIareAng8
WDFIareAng9
WDFIareAnglO

47.917

3&21
28512
21.332
15.298
13.602
12.998
12.381
11.447

10.7
13.175

15.65
15.695

16.38
17.766
21.003
20.884
17.638
14.329

11.7
3.298
5.172

7.01
8.898

11.752
14.212
16.466
1851

20.253
21.507

0
0.148
0.164
0.176
0.176
0.176
0.176
0.176
0.176
0.176

22.309
24.913
25.688
25.948
26,007
24.823
21.295
16,099
10.488

5.703

DeadriseAnglel1
DeadriseAngle12
DeadriseAngle13
DeadriseAngle14
DeadriseAnge15
DeadriseAngle16
DeadriseAngle17
DeadriseAnge18
DeadriseAngle19
DeadriseAngle20
FlareAnglell
FlareAng&l12

FlareAngel13
FlareAngIe14
FlareAng&l15
FlareAngIe16

FlareAngel17

FlareAngIe18

FlareAng&e19
FlareAngle20

SectionalAreal1
SectionalAreal2
SectionalArea13
SectionalArea14
SectionairealS
SectionalAreal6
SectionalAreal7
SectionalAreal8
SectionalArea19
SectionalArea20
KeelWidthll
KeelWidthl2
KeelWidth13
KeelWidth14
KeelWidthlS
KeelWidthU6
KeelWidthV7
KeelWidthl8
KeetWidthI9
KeeIWidth20
WDFlareAngli
WDFIareAng12
WDRareAng13
WDFIareAngl4
WDFlareAng15

WDFlareAngl6
WDFIareAngl7
WDFtareAngl8
WDFIareAng19
WDFIareAng2O

10.596
11.788
13.898
17.942

18.993
17.481
15.093
11.166

7.297
3.642
9.366
9.592

11.475

16.908
21.949

23.63
24.19

28.575
35.622
45.182
22.192

22.01
21.224
19.822
17.484
14.532
11.413
8.312
5.437

2.82
0.176
0.176
0.176
0.176
0.176
0.176
0.176
0.176
0.176
0.176
3.025
1.937
1.018
1.278
2.734
5.597
9.794

14.254

17.326
15.23

DeadriseAngle2l 1.312

FlareAngle2l 71.945

SectionalArea2l 0.6053

KeelWidth2l 0.176

WDFlareAng2l 13.025

Table A.3: Parameters of Yellow Section
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watghtPtYPosDenomlrnataForStmnsa 24

w.IghtPtZPo,*0.4L8P 1.08

welghtPfZPosWA5UP 1.108

walghtPtZPosoenorndnatorForStemRise 8

transomHalffbeamMulttpler 1.57

maxalfbeamnMultipkwr 1.04

fwdDisplbctment

areaAtiunrant

twdchb
sacEntreanceAngFwd

sacEntranceAn~gStem

aemaAtMfxBasm

tosLCE
tolmlsp

mxXcAreaXPos
aftDisplacement

aftLtb
Dlsplatement (fo- design)

LCB (for design)
Ist Crossic drAng
Last CromsSec drAng
drAngCrv fdEntAng
drAngCrv afttntAng

drAng at O.45
drAng at 0.7

It Crosssec Ang

Last CrosSec flAng
flAngCrv fwdEntAng
flAngCrv aftfntAng

UAng at 0.275
flAng at 0.525

St Crossanc wdAng
Last CrosaSec wdAng
wdAngCn fwdEntAng
wdAngCrv aftEntAng

wdAng at 0.625
ist CroasSan kw

Lain CrouSec kw
kwCrv fadEntAng
kwCrv aftintAng

kw inrslghtin*Pt xPos

xMukt0iKerFwd

xMuitlllerAft

IntermedlateDrAngPouls

lntarmdaterAngPoas2

Intormadtat.PAngPosa

IntermsdateAngPo2

intermadiateWdAngPos

weIghtPtYPos*0ALBP

walghtPtYPoa*0.45LP

0-5 Longitudinal position for the cross section, from which the first045 intermediate deadrise angle data is given

Lonotudinal position for the cross section, from which the
second

intermediate deadrise angle data is given

Longitudinal position for the cross section, from which the first
intermediate flare angle data is given

Longitudinal position for the cross section, from which the first
intermediate flare angle data is given

Longitudinal position for the cross section, from which the
intermediate flare angle at weather deck data is given

Transversal position for the weight point of the cross section

at 0.4*LBP. Used for cubic spline interpolation.

Transversal position for the weight point of the cross section
at 0.45*LBP. Used for cubic spline interpolation.

This number is used to divide the max beam. The result is used

as the transversal position of the weight point of the section
at stemRise

Vertical position for the weight point of the cross section

at 0.4*LSP. Used for cubic spline interpolation.
Vertical position for the weight point of the cross section

at 0.45* LBP. Used for cubic spline interpolation.
This number is used to divide the draft. The result is used

as the transversal position of the weight point of the section

at stemRise
Multiplies the beam at transom on WL to obtain beam at

transom on weather deck level
Multiplies the max beam on WL to obtain max beam at

on weather deck level

Table A.4: Parameters of Orange Section with Explanations
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1615

1.16

40.19
35.964
34.767

4.389

0.1
1

0.5
1660

83.522
3295.73
62.237
47.917
1.312
13.138
67.111
10.47
19.083
13.175
71.945
43.83
6,835
21.915
9.117
26.101
17.324

90
90

1
0

0,A76
5.91
90

0.15

I

I

area under the forward part of SAC
sectional area of the last cross section at AP

(of complete cross section not half)
longitudinal centroid of the area under the forward part of SAC

entrance angle of the SAC in the forward part
entrance angle of the SAC in the aft part

sectional area of the section with max area
(of complete cross section not half)

tolerance for the accuracy of LCB calculations
tolerance for the accuracy of displacement volume calculations

longitudinal position of the section with max area
area under the aft part of SAC

longitudinal centroid of the area under the aft part of SAC
not being used
not being used

deadrise angle for the cross section at the stem rise point
deadrise angle for the cross section at AP

entrance angle of the deadrise curve in the forward part
entrance angle of the deadrise curve in the aft part

deadrise angle for the cross section atO.45*LBP
deadrise angle for the cross section at 0.70*LBP

flare angle for the cross section at the stem rise point
flare angle for the cross section at AP

entrance angle of the flare angle curve in the forward part
entrance angle of the flare angle curve in the aft part

flare angle for the cross section at 0.275*LBP
flare angle for the cross section at 0.525*LBP

weather deck
weather deck
weather deck
weather deck
weather deck

keelWidth

keelWidth

keelWIdth

kee[Width

keelWidth

controls the longitudinal position of the top tangency constraint

control point of fwd part of the SAC

controls the longitudinal position of the top tangency constraint
control point of aft part of the SAC

0.7

0.275

0.525

0.625

5.333

5.865



Table A.5: Parameters of Green Section

A.2 Representation of an Existing Hull Using the

Interpolated and Approximated Control Curves

Together

For hydrodynamic optimization of an existing hull, first thing that has to be done

is to represent the model in PHull. In order to do this blue and yellow sections of the

input file has to be filled with the values that are read from the real model. Profile,

DWL, and edge of the weather deck curves will be generated with the data from the

blue section of the input file, whereas the rest of the control curves will be generated

with the data from the yellow section.

Accurate generation of the profile, DWL, and edge of the weather deck curves

are essential for a succesful hull representation with PHull. And all of these curves

are represented as either B-spline or NURBS curves, which are the approximation

techniques. So achieving the best result requires the use of trial and error method.

As described in Table A.2, some of the parameters lets the user to manipulate the form

of these curves locally in order to achieve better representations. DWLFwdWtPTShift

and the Stem Corner Point Weight parameters are a few examples for that.

Filling in the yellow part of the input file enables PHull to generate the sectional

area, deadrise angle, flare angle at DWL, flare angle at weather deck, and the keel

width control curves with an interpolation method, which uses a reverse B-spline

algorithm to fit the curve to data points. This method is obtained from MATLAB

Central, and is called SPLINEFIT [201. By filling in the yellow part the data from

21 cross sections is passed to PHull as discussed in the previous section, then PHull
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uses this data as the data points for SPLINEFIT method. The use of this method

for shape representation is encouraged, since most of the time more accurate curves

are obtained by employing interpolation methods.

In the end of this part the user has to make sure that he/she obtained an accu-

rate hull form representation. If this is the case, the control curves obtained during

this procedure will be either directly used, or serve as a reference for the next step,

reproducing the hull form using only approximated control curves.

A.3 Reproducing the Hull Form Using Only Approx-

imated Control Curves

Even though the hull form generation technique that was discussed in the previous

section is great for hull form representation, it's not really good for the optimization

procedure. First reason for that is the interpolation techniques don't give much

flexibility for the modifications of the hull form, which is crucial in hydrodynamic

optimization. And second reason is each control curve that is produced with cubic

spline fitting requires 21 input parameters. This is bad because the number of pa-

rameters that is necessary for the hull modification will be higher than the desired

number of parameters to optimize the hull on.

So it is recommended to represent the sectional area, deadrise angle, flare angle

at DWL, flare angle at weather deck, and the keel width control curves with approx-

imation methods, namely the B-splines and NURBS. This can be achieved by filling

in the orange part of the input file instead of the yellow part. The parameters in this

part, which is presented in Table A.4, are used to define the control vertices of these

curves. The best way to obtain this data is to use the resulting control curves from

the previous section. The definition of the parameters are presented in Table A.4.

In the end of this part resulting hull model should be compared to the original

model. The accurate representation of the hull form will again require some trial and

error. When an accurate representation is obtained, the set of input parameters are
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ready for the hydrodynamic optimization process.
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