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Abstract

A Study on the Hull Form Optimization of Semi—submersible

FPU Considering Seakeeping Capability and Structural Weight

In this paper, the optimal hull form of the real semi—submersible
FPU with the minimum vertical motion and the minimum structural
weight is determined.

As the oil and gas fields in deep water is developed widely these
days, the demand for floating type offshore units is increasing. The
floating units are usually encountered with severe seas so that the
large vertical motion occurs which can induce the operational
downtime. Since avoiding the downtime leads to the economic
advantage, semi—submersible type units which have relatively good
seakeeping capability are being preferred.

The amplitude of wave—induced motion is closely related to the
hull form. Therefore, it is necessary to determine the optimal hull
form in order to maximize the advantage of floating type structures.
In this paper, fully automated procedure for the optimization of

semi—submersible FPU's hull form is introduced and optimization is



performed based on real model.

Commercial software DNV WADAM is used for motion analysis.
In order to automatically generate two files which are needed for
WADAM as input, three modules are developed.

In panel generation module, hull structure is divided into ten
parts and ten geometric parameters which correspond to the
dimension of each part are defined. B—spline surface is used for
geometric representation. Mesh elements are generate in equal
interval according to the global mesh size.

In mass estimation module, weight and vertical center of gravity
of total structure are estimated. Mass element is divided into
several part; topside, steel, outfit, ballast water and remaining.
Estimation i1s based on geometric characteristics such as length,
surface area and volume.

In conditions setting module, conditions for analysis like angular
frequency, wave heading angle, sea state are set. In addition, 53
points for air gap analysis are defined in this module.

Simulated annealing algorithm i1s adopted for the optimization.
Four design variables are used. Among ten geometric parameters,

only three major dimensions are selected. Additional variable is
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defined for flexible control of the amount of ballast water. As
constraints, GM, minimum air gap, freeboard, draught, total hull
height are considered. The distance between columns remains
constant to support topside structures.

Two weighting factors which correspond to two objectives,
minimizing heave response and minimizing structural weight, are
applied. By alternating the value of the factors, four optimal
solutions are found. As the preference for structural weight is
increased, total hull height is shortened accordingly. But this leads
to worse seakeeping capability. It is confirmed that total hull height

1s in inverse proportion to heave response.

Keywords: Semi—submersible FPU, B-—spline surface, heave
response, structural weight, hull form optimization, simulated
annealing

Student Number: 2011-23462
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1. Introduction

1.1. Background

As the oil and gas development field goes toward deeper
locations, demands on floating type units are increasing compared
to fixed type units. These floating units are usually encountered
with severe seas so that large vertical motion occurs which can
induce the operational downtime. Avoiding the downtime yields
economic advantage from an operational point of view (OPEX). For
this reason, semi—submersible type structures, shown in Fig. 1, are
preferred because of the smaller water plane area which leads to

smaller vertical motion.

Fig. 1 — Examples of semi—submersible units
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The amplitude of wave—induced motion is closely related with
hull form of floating structures. Thus, in order to maximize the
advantage of adopting semi—submersible type units, it is important
to determine the optimal hull form in early design stage.

Seakeeping capability 1s usually obtained by the model test or the
numerical analysis. To find the best hull form which has the
minimum vertical motion amplitude, a great number of model tests
or the cumbersome jobs of manually varying dimensions for
analysis should be performed. But those jobs are too time—
consuming and expensive. So it 1S necessary to develop a fully
automated numerical procedure for the hull form optimization.

In addition to seakeeping capability, structural weight is also an
important factor in design of semi—submersible. It leads to both
economic and environmental advantages. In general, the lighter hull
structure weighs becomes, the cheaper construction cost becomes.
Furthermore, the weight lightening can reduce the carbon emission
of carrier vessel during the transport. In order to consider both

performances, multi—objective optimization needs to be performed.
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1.2. Previous Studies

There are plenty of studies on the hull form optimization of
semi—submersible unit. However, most of them are in common
actually. In this section, two representatives of the previous studies
are introduced.

S. Akagi and K. Ito(1984) optimized the heave motion of semi—
Rig [1]. Fig. 2 shows the structure used in Akagi's study. The
adopted structure has the simplified geometry with cylindrical

pontoons and cylindrical columns.

Fig. 2 — Semi—Rig structure adopted in Akagi's study

13



According to the number of columns, the diameters of hull and
the longitudinal position of columns, the heave response spectrum 1is
formulated analytically. Using quadratic programming method, the
area of the spectrum is minimized. The natural frequency of heave
motion was constrained to be less than the lowest value of wave
spectrum to avoid the large response. BM is constrained as a
stability condition.

Akagi and Ito(1984) also introduced the concept of multi—
objective optimization [2]. Three objectives are considered:
minimize the displacement, maximize the loading weight and
minimize the heave response. Each objective is in the interest of
minimizing the rate of operation respectively. As a result, three—
dimensional Pareto set is obtained.

J. Lee and G. Clauss (2007) introduced fully automated numerical
procedure for the optimization. The objective 1s to minimize the
downtime of semi—FPU [3]. As shown in Fig. 3, the adopted model
1s not that simple but relatively realistic. NURB surface is used for
geometric representation and the commercial software WAMIT is

used for hydrodynamic analysis.

14



Fig. 3 — Semi—FPU structure adopted in Lee's study

Simulated annealing is used as an optimization algorithm. GM is
constrained to be greater than 1.0m in order to consider stability.
Regardless of the hull form, total weight remains fixed during the

optimization process.

15
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1.3. Summary on This Study

In this study, much more realistic semi—submersible FPU model
is adopted. Fig. 4—(a) shows the real model in the drawing and 4—
(b) shows the model generated in this study. It can be found that
the details of real hull form, e.g. transition of the column corner
radius, are well represented. For the geometric representation, B—
spline and Bezier surface is used. For the hydrodynamic analysis,

commercial software DNV.WADAM is used.

(a) (b)

Fig. 4 — Semi—FPU structure adopted in this study

In the optimization, two objectives are considered: to minimize
heave motion and to minimize steel weight. Unlike Lee's study, the

weight is not a constant so that it is also one factor to be optimized.

16



To calculate the ballast weight which is necessary for total weight
and GM calculation, not only geometric parameters but also ballast
water filling ratio is selected as a design variable.

Like previous studies, GM and freeboard are considered as the
constraints for stability and loading capacity. Air gap is also
considered as an additional constraint. The air gap is the distance
between the water surface and the deck and it varies by the relative
motion between wave elevation and vertical displacement of the
structure. With negative air gap, the bottom slamming may happen
at the topside structure. To avoid this risk, air gap should be
considered.

Fig. 5 shows the schematic procedure of the optimization used in
this study. First, the optimizer — simulated annealing algorithm is
used in this study — sets the values of design variables. Three
modules are introduced to generate input files for the motion
analyzer, WADAM. For hydrodynamic analysis, WADAM needs two
input files. One contains the nodal and elemental information of
panel meshes, the other contains the conditions of hydrodynamic
analysis. Those two files are generated automatically by three

modules. When short term analysis is done, the optimizer evaluates
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the constraints and the objective values. Until the optimizer meets
the convergence criteria, the process mentioned above is iterated

continuously.

Constraints
Optimizer Objective <4—
(SA)
Values
Values of
Design Variables
Steel Weight

|

Freeboard

Conditions Mass
setting estimation
module module

Panel

generation
module

ilnputfiles

Motion Analyzer ~ _ Short term analysis _ MPEV of min. airgap
(DNV. WADAM ) (DNV.Postrep) MPEYV of heave motion

L - L.

|
GM

Fig. 5 — Schematic procedure of the optimization used in this study

Three modules are the key part of this study. The details of them
will be handled in the latter section. After that, the details of the

optimization will be explained.
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2. Modules for Optimization

2.1. Panel Generation Module

2.1.1. Model Division

This module generates the panel mesh file which is one of input
files for WADAM. In order to generate mesh, hull geometry needs
to be defined first. For simplified geometric representation of
complicated hull form, total model is divided into ten parts as shown

in Fig. 6.

Columntop Columntop

Column middle Column middle

Pontoony Column bottom

Fig. 6 — Model division into ten parts

Since the model is symmetric to XZ and YZ plane, only quarter

model 1s used. The division is based on whether the corner radius

19
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increases, decreases or remains constant along the longitudinal
direction. Although connection and support are transition parts
which rarely affect the seakeeping capability, they are also
considered to represent sophisticated hull form which is almost

same as the drawings.

2.1.2. Geometric Parameter Definition

Total ten independent parameters are introduced to represent
the predefined ten parts. Each parameter corresponds to dimension
of the parts. Fig. 7 indicates the parameters and Table 1 describes

the definition of parameters.

Fig. 7 — Definition of ten geometric parameters
20
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Table 1 — Definition of ten geometric parameters

Parameter Definition
x1 Width of 'Pontoon' parts
X2 Length of 'Pontoon' parts
x3 Height of 'Pontoon' parts
x4 Corner radius of 'Pontoon' parts
x5 Length of 'Connection' parts
x6 Length of 'Column bottom' part
x7 Corner radius of 'Column' parts
x8 Length of 'Column middle' part
x9 Length of 'Column top' part
x10 Length of 'Support' part

These parameters are able to represent hull main dimension and

also able to represent the transition of corner radius so that the

geometric continuity is achieved.

21



2.1.3. Geometry Definition

Geometric information of ten predefined parts are defined
independently by Bezier & B-—spline method. For all parts, one
surface is composed of sectional curves and one curve is composed
of points. Points on surface are defined by parameters u and w,
which indicate the relative position of points in longitudinal and
circumferential direction respectively. The location of each section
1s determined by parameter u which varies from O to 1 and the
location of points on each section is determined by parameter w.
Regardless of the sectional shape, same point distribution can be
obtained by same value of parameter w. This is the big advantage of
using B—spline method and the essential characteristic to generate
iso—mesh. Fig. 8 shows how points on surface are distributed by

two parameters.
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A points
(W=wy

B points
(w=wg

end section
(u=1)

inter. section 2
(u=uy)

inter. section 1
(u=uy)

starting section
(u=0)

Fig. 8 — Point distribution determined by two parameters

As an example, four sections are shown in the Fig.. Although
each section has different corner radius, A points which are located
at the end of corner correspond to the same value of parameter w
(wa). Likewise B points which are located at the middle of upper
side correspond to the same value of parameter w (wp).

Bezier & B-—spline method is also flexible to express corner
curvature by distributing control points at the appropriate positions.
Furthermore, asymmetric corner in a section and varying corner
curvature can be modeled easily. Asymmetric corner stands for the
corner whose radius is different to radius of others. Fig. 9 shows an

example of asymmetric corner.
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asymmetric
corner

Fig. 9 — Asymmetric corner

Total 36 (18 X2) control points are used to define one section. In
order to represent the closed curve, 18 control points are used at
the starting and end section respectively. According to the
dimension of the part, the position of control points is determined.
To define closed section, some control points are to be overlapped
at the same position. Fig. 10 shows the arrangement of control

points in a part.

W control points 19~36

(T i

control points

} 1

xR * 3 R*

<—>2XR*

o

origin

Fig. 10 — Arrangement of 36 control points to define one part
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Initially, the origin of every part is supposed to be (0, 0, 0) and
the surface progresses toward x—axis. But every surface has its
designated position and direction of progress as shown in Fig. 6. So
control points should be rotated and translated after arrangement.
Rotation of the control points is performed by mapping method
shown in Fig. 11. Translation can be done simply by adding the

coordinate of designated origin to the coordinate of every control

points.
: x * * *
Z z Z (y* x5 z¥)
1
! ]X ( x*, y*’ * | X____ _ | X
)—J—i-—— 7 o= Fx
y< {\ — yé e —) y ,
Rotation Rotation d
(-z* y* x*) by Y axis by Z axis L

Fig. 11 — The method of mapping to rotate control points

Geometry of each part is defined by the formula (1) ~ (5).

Q(u,w)=iiBiVJJil(u)Kf(w) (1)
JHu)=u'@-u)*" (2)
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W=y K0 | (3 ~WK W)

KK (w) = (3)
yj+k—l_yj yj+k _yj+1
if v <w<vy.
Ki(w) = Loty __W_ Yin (4)
! 0 otherwise
y, =1-1 L<1 <21 (5)

The mathematical definition of the surface is described in (1).

B,; corresponds to 36 control points and Jiu) Kj3(w)

corresponds to basis function of Bezier and B-—spline curve
respectively. The index i can have values of O and 1 which indicates
starting section and end section. The index j can have integer
values from 1 to 18 and each of value indicates the control points in
a section.

The basis function of 1st order Bezier curve is described in (2).
This function linearly interpolates control points between starting
section and end section by the parameter u. As shown in (3), the
basis function of B—spline curve is obtained by the recursive
formula. In this study, B—spline curve of degree 3 is used, which

needs three adjacent control points to represent curve segment.
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Corner radius is also represented by three control points at the
corner and defined as half of the interval between three adjacent
control points at the corner. In regard to this characteristic, there
needs to be a constraint for sectional dimension, such that twice of
corner radius should be not more than half of width(W) and

height (H). This can be written in mathematical from like (6).

R < min(0.25H, 0.25W) (6)

27



2.1.4. Mesh Generation

Mesh generation is performed for ten parts

According to the global mesh size which is chosen by designer, the

independently.

number of elements in three direction 1s determined as shown in Fig.

12.

Ex) L=20m, W= 18, H=9m, Global mesh size =5m

20+5=4 Ldirection : 4(5)
18 + 5 =3.xxx —) W direction : 4 (5)
9+ 5=1xxx H direction : 2(3)

The number of elements (nodes)in | | :

Fig. 12 — The method to determine the number of elements in one part

Fig. 13 shows the procedure of node generation. In the starting

and end section, nodes are generated at the end of corners. Dividing

length (L), width(W) and height (H) into the number of elements in

each direction, nodes are generated in equal interval. At the section

whose corner is not the right angle, two additional nodes are

generated in the corner. Elements are generated by connecting

adjacent nodes.
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&g

Fig. 13 — The method to generate nodes and elements in one part

Unlike elements in other parts are located on the circumferential
surface, elements in the floor part are located inside the flat surface.
So another method which is shown in Fig. 14 is introduced to

generate elements in the floor part.
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° * mm) .
. 7 .
[ 3

Fig. 14 — The method to generate nodes and elements in the floor part

First nodes are generated along the boundary curve in
accordance with global mesh size. Additional nodes are generated in

parallel with external nodes and rectangular meshes are generated.

After that quadrangular meshes are generated at side of the surface.

Finally triangular meshes are added by connecting remaining

adjacent nodes.
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2.2. Mass Estimation Module

2.2.1. Weight Estimation

During the optimization process, hull form is changed
continuously. If hull form is changed, mass information should be
also modified. In this module, weight and center of gravity of
arbitrary hull form is estimated. Then corresponding draught is
calculated. Among all things, weight estimation should be performed
first because others are calculated based on weight.

It is obvious that a lot of mass data is needed for accurate
estimation. But in most offshore companies, the mass data is kept
confidential. In this study, data from three semi—FPUs is used.

Total weight is divided into five elements.

— topside weight

— hull steel weight

— hull outfit weight

— ballast water weight

— remaining

31



Each element is estimated based on surface area, volume and
height of the hull structure. For simple calculation of the surface
area and the volume, hull shape is simplified to be rectangular as

shown in Fig. 15.

Fig. 15 — Rectangular simplification of hull shape

Using the dimensions in Fig. 15, surface area and volume is
calculated by the formula (7) ~ (9). Because of the symmetry, only

one column and one pontoon are considered.

Hull Surface Area (m*)=(2A—-E)(B+C)+BC+2D(E+F)  (7)

Hull Volume (m®) = ABC + DEF (8)

Pontoon Volume (m*) = BCE + DEF (9)

32



In general, capacity and weight of the topside is fixed in the early
design stage. So topside weight is not relevant to hull form and
remains constant during the optimization process.

Hull steel weight is assumed to be proportional to the hull
surface area. The portion of inner stiffeners in total steel weight is
much smaller than that of outer plates. Moreover, the variance of
plate thickness is negligible. So it is not against common sense that
hull surface area is the dominant factor of hull steel weight and they

are in proportional relation.

Table 2 — Relation between hull steel weight and hull surface area

Hull steel weight Surface area Proportional constant
Model 2 2
(ton) (m®) (ton/m?)
1 27933 9171 3.05
2 19000 5059 3.76
3 35434 9586 3.81
Average 3.54

Table 2 shows how the proportional constant between hull steel
welght and hull surface area is obtained. The proportional constants

calculated from three real semi—FPUs are averaged. As a result, it

33



1s found that hull steel weight is calculated by multiplying hull
surface area by 3.54. The difference between the averaged valued
and the value of each model is within 15%. It can be regarded for
the averaged value to be quite reliable. The mathematical form to

calculated hull steel weight is like (10).

Hull Steel Weight (ton) = 3.54 x Hull Surface Area (10)

Table 3 — Relation between hull outfit weight and hull volume

Hull outfit weight Volume Proportional constant
Model 3 3
(ton) (m”) (ton/m”)
1 5000 46354 0.1076
2 13000 18926 06868
3 6066 52137 0.1163
Average 0.1121

Hull outfit weight is assumed to be proportional to the hull
volume. Table 3 shows how the proportional constants between hull
outfit weight and hull volume is obtained. The proportional
constants calculated from two real semi—FPUs are averaged. Due to
severe discordance of tendency on weight and volume, data of the
second model is excluded for averaging. As a result, it is found that

34



hull outfit weight 1s calculated by multiplying hull volume by 0.1121.
The difference between the averaged valued and the value of two
models is within 5%. The mathematical form to calculated hull steel

weight is like (11).

Hull Outfit Weight (ton) = 0.1121x Hull VVolume (11)

Even if the hull form is same, total weight and center of gravity
can be totally different according to the amount of ballast water. So
the amount of ballast water should also be considered as changeable
and independent element regardless of hull form. For this reason,
ballast filling ratio which corresponds to the ratio of volume of
ballast water to volume of pontoon is introduced as a design
variable of the optimization. Then the volume of ballast water can
be calculated by multiplying the pontoon volume by ballast filling
ratio and ballast water weight is calculated by multiplying the ballast
volume by seawater density. This can be written in mathematical

form like (12).

Ballast Water Weight (ton) = 1.025x Pontoon VVolume x Ballast filling ratio
(12)
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Remaining element consists of design margin, fresh water, fuel,
marine load and regression error. Regression error is due to the
difference between averaged proportional constant and that of
reference model. These sub—elements are assumed not to be
relative with hull form. So remaining element remains constant
during the optimization.

Table 4 shows the summary of the weight estimation method.

Table 4 — Summary of the weight estimation method

Element Estimation
Topside weight constant
Hull steel weight 3.54 X hull surface area
Hull outfit weight 0.1121 X hull volume
Ballast water weight 1.025 X pontoon volume X ballast filling ratio
Remaining constant
36




2.2.2. Center of Gravity (CoG) Estimation

Because of the symmetry, X and Y coordinate of the center of
gravity 1s zero. Similar to the weight estimation, the vertical center
of gravity (VCG), Z coordinate of CoG, is divided into four elements.

— topside VCG

— hull lightweight VCG
— ballast water VCG

— remaining

For the same reason with the weight of topside, VCG of topside
itself also remains constant during the optimization. In order to
calculate VCG of whole structure including both topside and hull,
height of hull is added to VCG of topside itself.

Unlike steel weight and outfit weight are considered separately,
they are combined as hull lightweight in VCG estimation. Based on
the assumption that density of outer plates is uniform, VCG of hull
lightweight can be regarded as the center of area of outer plates.
Using the dimensions shown in Fig. 15, this is calculated by the

formula (13).

37



2
Hull LWT VCG :M

+(A—E)(B+C)(E+ j+E2D+DEF

(13)

Although tanks for ballast water are located at both pontoon and
column, it is common that tanks in column are empty and tanks in
pontoon are only used. So ballast water VCG is considered to be
half of pontoon height.

VCG of remaining element is assumed to be proportional to hull
height. The proportional constant is 0.4 and this constant is
determined by adjusting total VCG to be identical with the reference
value.

Table 5 shows the summary of the VCG estimation method.

Table 5 — Summary of the VCG estimation method

Element Estimation
Topside VCG constant
Hull lightweight VCG center of area of outer plates
Ballast water VCG half of pontoon height
Remaining 0.4 X hull height
38



2.2.3. Draught Calculation

In the weight estimation process, the simplified rectangular
model is used to calculate the structural volume. However if the
difference between displaced volume and total weight is too large,
WADAM doesn't initiate the analysis. So the curvature of corners
should be also considered for precise draught calculation. As shown
in Fig. 16 and formula (14) ~ (18), the volume of one part is
calculated by integrating sectional areas and the area of each

section is calculated by dividing into four segments.

0.5W - R
R; PE—
/ R

w _ IO.SH -R
origin ) F=-=—=="1
R* : R(x) :
V = [s(x)dx H oo - !

R*
S(x)

Fig. 16 — Segment division to calculate the volume of one part
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sl,4=$— R(x)z(l—%j (14)

R(X) = Rz[Rlx+R1 (16)
L WHL AT

Vi = | S(x)dx:T—(l—zj( . +aRlL2+Rij (17)

A RZERl (18)

After calculating the volume of every parts, the part at which
free surface is located is indentified first. Then, the expected
position of free surface which is calculated roughly by assuming
that the part is rectangular. From that position, draught is kept
changing by 0.0001m until the difference between displaced volume

and total weight is less than 1%.
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2.3. Conditions Setting Module

2.3.1. Conditions for Motion Analysis

To find the optimal solution, very large number of analyses is
necessary. The aim of optimization is not a quantitative analysis but
a qualitative comparison. So it 1s important not to set up analysis
conditions too excessive. Table 6 shows the conditions for motion

analysis used in this study.

Table 6 — Conditions for motion analysis

Conditions Contents
Frequency range 0.1 ~ 1.3 rad/sec
Heading angle 0° , 45°
Heave damping 4% of critical damping
Water depth 300 m
Wave spectrum Pierson—Moskowitz spectrum
Sea state H =14.69m, T = 11.06s
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Fig. 17 — Sampling of 20 points of frequency for motion analysis

As shown in Fig. 17, 20 points of frequency are sampled in the

interval between 0.1 rad/sec and 1.3 rad/sec. In the interval from

0.3 rad/sec to 0.7 rad/sec, the distance between frequencies are

narrower than other intervals. In that interval, the wave spectrum is

meaningful while the spectrum is nearly

To perform a short term analysis, Pierson—Moskowitz spectrum,

defined by significant wave height Hy and zero up—crossing period

T,, 1s used. In this study, 14.69m of H, and 11.06s of T, are used.

This sea state corresponds to 1000—year return period of the

reference location.
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2.3.2 Conditions for Air gap Analysis

The procedure of air gap analysis used in this study is like below.

1. Calculate the sea surface elevation at the designated points
which are located on the free surface.

2. Define specific points on the structure for which the air gap
1s to be analyzed. These points are above the points at
which the sea surface elevation is known.

3. Define the absolute displacement of specific points in
vertical direction. Define the transfer function as the
difference between the absolute displacement of specific
points and the sea surface elevation below.

4. Air gap = Freeboard — 1.2 X Short term value.

The procedure above is described in Fig. 18, 19.
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Fig. 19 — Procedure to calculate the spectrum of relative motion
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Total 53 points are selected for air gap analysis and the

horizontal location of points are shown in Fig. 20.

i
.i.
_—
Qi.i.i.
N S S —
.i.i.i.
L + _______ :
.i.
:

Fig. 20 — Horizontal position of 53 points for air gap analysis
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3. Optimization

3.1. Simulated Annealing

In this study, simulated annealing is adopted as the optimization
algorithm. This algorithm is a kind of probabilistic search method
which is widely used for global optimization problems with several
local minima.

The name and concept of this algorithm come from the physical
process that a metal is slowly cooled until the structure is frozen at
a minimum energy state. So the 'temperature' and the 'energy’', even
if they do not correspond to the very physical quantity, represent
each design point. In general, the temperature is decided by the
iteration number and the energy is decided by the value of objective
function.

The algorithm takes random moves through the design space,
looking for points with low energies. In these random moves, the
probability of taking new point is determined by the Boltzmann
distribution. If the new energy is lower, transition of the design

point will occur. If the new energy is higher, the transition still can
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occur depending on the probability which is determined by the
energy difference and the temperature. This probability of taking
new point with higher energy is what allows simulated annealing to
get out of local minima. The temperature is initially set to a high
value and is lowered with the iteration proceeds.

To finish the iteration, the convergence criteria is needed. The
number of iteration and the change of objective function are usually
used. But there are no such standard of criteria, so criteria setting
1s quite difficult. In this study, the number of iteration is fixed as
400 times. Four design variables are used in the optimization, and
the details of these variables shall be explained in latter section. In
one iteration step, four variables are altered gradually so that total
1600 design points are to be checked. Fig. 21 shows the flow of
simulated annealing algorithm of each 200 times iteration and Table

7 shows the conditions of the algorithm.
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n=1
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Fig. 21 — Flowchart of simulated annealing algorithm

Ran < e-AF/KT

el

yes

n=n+1

i=i+1

Table 7 — Conditions of the simulated annealing algorithm

Conditions Contents
Number of design variables 4
Convergence criteria n=200(x 2)
Scale factor 1.0, 0.01
Boltzmann constant k =1

Starting point

Random setting

Temperature

T = 300%0.98

For the first 200 times, the variation between two points is
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relatively large for a wide search. On the other hand, for the last
200 times, the variation is relatively small for a detailed search.
These variation is controlled by the scale factor.

The code of simulated annealing is developed by the author. To
verify the code, Goldstein & Price function which has several local
minima 1s used. The function is often used for validation of global
minimization problem and is mathematically defined like (19).

fg= [1+(x1 +%,+1)° ~(19—14x1 +2X2 —14X, +6X,X, +3x22)}

gold
30+ (2~ 3%, )" (18-32x, +12x7 + 48x, ~36x,x, + 27%,
+X, + X, (subjectto —2<x <2)
(19)

The last two terms which are marked red are intentionally
introduced to validated the code for the problem with four design
variables. To minimize the function, the additional variables, X3 and
X4, must be zero. The shape of the original function without X3 and X4

is shown in Fig. 22.
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B : Local minimum
C: Local minimum

D : Local minimum

A: Global minimum ( 0.0,-1.0) f=3.0
(-0.6,-04) f=30.0
(1.2, 0.8) f=840.0
(18, 02) f=840

Fig. 22 — Goldstein—Price function

Table 8 — The global minimum of Goldstein—Price function by SA

Try Starting point Result
X1 X2 X3 X4 X1 X2 X3 X4 f
1st | -0.55| -0.17 | -1.32 | -1.56 | 0.01 | =0.99 | 0.00 | 0.00 | 3.03
2nd | 0.44 | 033 | -0.92 | -1.71| 0.00 | —1.00 | 0.00 | 0.01 3.01
3rd 1.04 | -0.72 | 0.85 0.28 0.00 | —1.00 | —=0.01 | 0.00 3.00
4th 1.18 | 0.78 1.95 | =0.62 | 0.00 | —-1.00 | —=0.01 | 0.00 | 3.01
5th 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | —-0.99 | 0.00 | 0.01 3.02
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—3rd
——4th
| ML ;L@..]\Sth
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50 130 210 290

Fig. 23 — The global minimum of Goldstein—Price function by SA

From the five different starting points, simulated annealing is
adopted to minimize Goldstein—Price function. Regardless of the
starting point, the code well leads design points to the global

minimum. Table 8 and Fig. 23 show this result.
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3.2 Design Variables

In the panel generation module, total ten geometric parameters
are already defined. But not all of parameter are critical to both
seakeeping capability and structural weight. It can be thought that
the important factor to those performances is the main dimension of
whole hull structure. The partial dimension of each component and
the corner radius have relatively less importance. Moreover, much
more time 1S to be spent for the optimization in proportional to the
number of design variables. For efficient optimization, total three
design variables which represent the hull form are newly defined by
combining ten geometric parameters. These new variables
correspond to the column width, the column height and the pontoon
height. Fig. 24 shows three design variables for hull form

representation.
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Fig. 24 — Three geometric design variables

To distinguish form the geometric parameters,

new design

variables are written in the capital letters. The design variables X,

~ X, are connected with geometric parameters X, ~ X, like (20) ~

(27). Some minor parameters are fixed as constant.

X1:X1
X2:X6+X8+X9+X10
Xy =X,

X, = constant =1.25m

(25.0< X, < 34.65)
(25.29< X, < 46.96)

(8.31< X, <15.44)

53

(20)

(21)

(22)

(23)



X, = constant = 2.0m (24)

X, = constant = 6.2m (25)
X, = constant =1.625m (26)
Xo i X5 X =3:4:3 (27)

To prevent the immoderate change and the geometric unbalance,
the hull form variables, X, ~ X,, are bounded form —30 percent
to 30 percent of the reference value. Table 9 shows the reference
value and the upper/lower bound of three variables. Though the

reference value is supposed to be 18.66, it is modified to 25.0

because of (6) and (25).

Table 9 — Upper & lower bound of geometric design variables

Design Variable —-30% Reference +30%
X, 18.66 26.65 34.65
X, 25.29 36.125 46.96
X, 8.31 11.875 15.44

As mentioned in 2.2.1, the ratio of the amount of ballast water to
the pontoon volume is also defined as a design variable. Ballast
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filling ratio 1s written as X, and is express in decimal form which

corresponds to the percentage.

00<X,<0.75 (28)

The ballast filling ratio, X,, is up to 75% as shown in (28). The

rest 10% 1s for pump and motor room, another 10% is for adjusting
trim and heel, the other 5% is compensation for the error that is due

to the rectangular simplification of pontoon corner.
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3.3 Objectives and Constraints

There are two objectives of the optimization.
— Minimize 3—hour heave MPEV

— Minimize hull steel weight

Among the vertical motions, only heave motion is selected as the
objective. That's because heave is the dominant motion compared to
pitch and roll. As shown in Fig. 22, the scale of heave motion RAO
1s 100 times larger than pitch motion RAO. The magnitude of heave
response of O degree is larger than the response of 45 degree. This

also can be found by the RAO shown in Fig. 25.

Motion RAOs
1.2
A ——Heave 0 deg

—— Heave 45 deg

O 8 /\ .

: ——Pitch 0 deg * 100

——Pitch 45 deg * 100

0.4 V

0.0 \\/ T T T T . -

0.1 0.3 0.5 0.7 0.9 1.1 13

Fig. 25 — Comparison between the scale of heave and pitch RAOs
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Two objectives are combined into one function by introducing the

weighting factors like (29).

Heave 0° Hull Steel Weight
¢ = WHeave + WWeight -
Ref. Heave (6.75m) Ref. Steel Weight (33945ton)

(29)
The constraints are set up like below.
- GM>8.0m
— min. Air gap > 2.0m
— Draught > pontoon height
— Freeboard > min. Air gap + H—;‘ax (2.0+M =16.69mj

— Total hull height < 55.2m(15% increase from the reference)

— Distance between column centers remains constant (83.65m)

GM and the minimum air gap are forced to be better than each
value of the reference model, 7.98m and —0.06m respectively. If
the displacement is either too large or too small so that the draught
1s off the column, the optimizer moves to next design point without

motion analysis. The increase of total hull height is forced not over
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15% of the reference model. There might be problems of
construction if the hull height is too large. Problems in transport
also can occur because of the high VCG. The distance between
column centers is kept identical with the reference value because

the size of topside is fixed.
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3.4 Results

As a result of the optimization, four optimal solutions are
obtained. Each solution corresponds to the different weight factors.
Fig. 26 shows the two—dimensional Pareto set and Table 10 shows

the value of two objectives corresponding weighting factors.

Pareto Set
12
Aworse 3
o}
< (1.0,0/0) S
o 11 L @
= ° =)
3 (0.5.05) 3
B <
& 0.2;0:8)¢"
35 ! Reference weight
s €(0.0,10
\y better worse
09 1€ ->
0.7 0.8 0.9 1 11

3-hour Heave Response

Fig. 26 — Pareto optimal solution set of the optimization

Table 10 — Objectives of the optimal solutions

Wiheave W weight Heave O ° Steel Weight
1.0 0.0 5.25m (0.78) 37412ton (1.10)
0.5 0.5 5.78m (0.86) 36642ton (1.08)
0.2 0.8 6.74m (0.99) 34414ton (1.01)
0.0 1.0 6.84m (1.01) 33037ton (0.97)
Reference model 6.75m (1.00) 33934ton (1.00)
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27.83m 45.42m 27.79m

45.73m
) (+25.71%) (1429%) o (+2657%)

55.17m 54.04m[}
(+9.89%) E (+8.34%) il 3
=t W¥9.74m : w9 8.31m
<Wheave = 1.0, Wi = 0.0 > (-18.01%) < Wheave = 1.0, Wsiee = 0.0 > (-30.05%)

{136.125m

$11.875m

< Reference Model >

27.88m 27.23m

=54(+10.3%)

+4.62%

(o) 39.85m (F218%) o

» +9437.91m
; (+4.93%)

46.22m
(-2.48%)

< Wheave = 1.0, Wostee = 0.0 > (-30.05%) <Wheave = 1.0, Wosgtee1 = 0.0 > (-30.05%)

Fig. 27 — Hull form of the optimal solutions

Table 11 — Constraints of the optimal solutions

Wy | Ww | GM A?fi;p ge ‘;tg?}t Draught | Freeboard
1.0 | 0.0 | 9.64m | 2.01m | 55.17m | 34.77m 20.40m
05| 05| 916m | 2.29m | 54.04m | 30.54m 93.50m
02|08 |11.82m| 3.78m | 48.16m | 25.08m 23.08m
00| 1.0 |11.14m | 2.72m | 46.22m | 24.22m 22.00m
Ref. 7.98m | —0.06m | 48.00m | 27.62m 20.38m
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Fig. 27 shows the hull form of the optimal solutions and Table 11
shows the constraints of each solution. As the weighting factor of
steel weight is increased, total height decreases so that the
resultant weight decreases. On the other hand, heave response
deteriorates with the increase of same weighting factor. This can be

explained by Fig. 28, 29.

Heave RAO

Heave O deg(1.0,0.0)

Heave 0 deg (0.5,0.5)

Heave 0 deg ( Ref)

PM Spectrum / 40

Fig. 28 — Heave RAO of two cases corresponding to high Wxeave

Heave RAO

2.0 4

Heave 0 deg (0.2,0.8)

1.5 Heave 0 deg (0.0,1.0)

Heave 0 deg ( Ref)

------ PM Spectrum / 40

_ T __

Fig. 29 — Heave RAO of two cases corresponding to low Wyeave
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When the weighting factor of heave motion is relatively large, the
second peak of heave motion RAO is much smaller than the of the
reference model. However, the weighting factor of steel weight is
relatively large, the second peak of heave RAO is not much

different from the reference model.

12 Total Height v.s. Heave MPEV & Steel Weight |

11 -

0.9 - S . S S S SRR SR U SRR S PR PR SRR SR SRR JSR DR SRS

[ R S T T e T e

0.7 -+ == Heave MPEV [ttt oot eeteb i desm gt s b s o e et

—=— Steel Weight
0.6 T T 1 T
45 47 49 51 53 55

Total height (m )

Fig. 30 — Tendency between total height and heave response, steel weight

Fig. 30 shows the tendency between total height and heave
response, steel weight. It is found that total height is in proportion

to steel weight and inverse proportion to heave response.
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4. Conclusion

In this study, the hull form of semi—FPU is optimized. The object
1s to minimize heave motion response and to minimize steel weight.
GM 1is considered as a constraint for the stability. Additionally air
gap 1s required to be greater than 2.0m to avoid the risk of bottom
slamming which can cause a structural failure of topside.

As a preparatory work for the optimization, three modules are
introduced. In panel generation module, ten geometric parameters
defined. Using B—spline and Bezier surface method, the geometry is
represented, mesh is generated consequently. In mass estimation
module, weight and CoG are estimated based on the surface area,
the volume and the other dimensions of hull. In conditions setting
module, the condition for the motion analysis and the air gap
analysis which will be used in WADAM are set.

Using simulated annealing algorithm, four optimal solutions are
obtained. The solutions are from different weighting factors and
they are identified to be reasonable by the comparison of each other.
As increasing the preference of steel weight, steel weight

decreases due to the shortened column height, but leads to worse
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heave motion performance. It is found that heave response 1s in
inverse proportion to total height.

The estimation method of steel weight needs to be improved.
The present method estimates the steel weight just by means of the
surface area. This method is based on the assumption that the
thickness of outer plates is uniform. However, the real structure is
not uniform that the thickness of the plate differs according to the
global forces such as the split force and the torsion moment. So the
new method should be able to consider the global forces.

The optimization algorithm also needs to be improved. In the
present one, the number of iteration, 400, is the only convergence
criteria. But it cannot be guaranteed that 400 times of iteration is
sufficient or not. Actually some results seemed to have room for
more decrease. So the new criteria which can judge whether to
proceed or not by the objective values.

It is expected that the procedure introduced in this study can be
used as a standard in the early design stage. Not only semi—
submersible type but also other offshore structures can be modified

to have better performances; leads to the economical advantage.
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