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1 Background

Tension leg platform (TLP) is an offshore platform, which is tethered by tendon pipes
and has small heave, roll and pitch motions. Currently more than twenty TLPs have
been installed and most of them are operated as oil production, drilling or wellhead
platforms. Originally, TLPs are installed mainly at Gulf of Mexico and North Sea, but
now their installation locations are becoming more global, such as West Africa, South
America, and Southeast Asia, due to recent oil discoveries in these areas. To design the
hull shape, usually past design experience or some of empirical factors are utilized, but
now it is becoming more important to find optimized hull shape suitable for each
environment condition, which any past designed TLP hasn’t experienced. This study
proposes practical system to design hull shape at initial stage by utilizing optimization
algorithms and shows it has better performance than previous studies, wide range of

application, and practical calculation efficiencies.

1.1. Floating Offshore Production Facilities
Offshore production facilities for oil production have two major types; fixed and

floating type. Most of the offshore facilities are categorized in the following categories;

® Fixed Type Jacket Structure
MOPU
GBS
Compliant Tower
® Floating Type FPSO, FSO
Semi-Submersible
TLP
SPAR

Jacket structures, Mobile Offshore Production Unit (MODU), Gravity Base Structure
(GBS), and Compliant Tower belong to the fixed type. These structures have less motion
than floating types, but these facilities are subject to the restriction of water depth. TLP,
Semi-Submersible, SPAR and F(P)SO are categorized as floating type. Characteristics
of these floating structures are explained in the following pages. Comparison of each

floating type is shown in Table 1-1.



[Tension Leg Platforms]

TLP consist of hull, Topsides, tendons, risers, pile and foundation (See Figure 1-1).
Typically the hull of TLP consists of columns and pontoons. Because TLP has very small
heave, roll and pitch motion, dry completion, drilling operation and workover from the
platform are applicable. Normally, top tension risers (T'TR) are used as production,
drilling or workover risers and Steel catenary risers (SCR) are used as oil/gas export
risers. Because of the difficulty to design tendons for deep water, the applicable water

depth is limited. The current deepest record is 1,425m (Magnolia TLP).

SCR EXPORT
@l RISERS

I I TENSION PILE

Figure 1-1 Components of a TLP [1-1]

[Semi-Submersibles]

Semi-Submersibles are used for oil production platform, as well as drilling rig, crane
vessel and offshore support vessel (OSV). Semi-submersibles consist of columns and
pontoons (Figure 1-2). Typically production semi-submersibles tend to have ring
pontoon, while others (drilling, crane vessel and OSV) have twin pontoons. Columns
provide sufficient hydrostatic stability. Sometimes production Semi-submersible
platforms are converted from drilling semi-submersible rigs. Semisubmersibles are
moored by conventional mooring legs, which consist chain, wire rope or polyester rope
and can operate in wide range of water depth. The motions of Semisubmersibles are
relatively small, but not as small as TLP or SPAR. Typically dry completion is not

applicable at this moment.
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Figure 1-2 Production Semi [1-2]

[SPAR]

Single Point Anchor Reservoir (SPAR) has small motion and dry completion is
applicable. SPAR has variations; Classic SPAR, Truss SPAR (Figure 1-3) and Cell SPAR.
Unlike TLPs, SPAR is hydrostatically stable and has conventional catenary or taut
mooring legs. Topside of SPAR has to be integrated at offshore, after launching hull into
water and making it vertical. Motion of SPAR is small because its natural period is
longer than wave period to avoid resonance, but consideration is needed when it’s
installed in swell dominant area.

Driling | work-over
derrick

Topsides Accommodations

Riser tensioning
system (hidden)

Hard tank

/ Mooring fairleads

VIM ® suppression
strakes

Steel catenary risers
pull tubes (nidden)

Soft tank (ballast) {

Figure 1-3 Truss SPAR [1-3]
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[FPSO,FSO]

F(P)SO stands for Floating (Production) Storage Offloading unit. FPSO has storage
tanks and offloading system (Figure 1-4). Sales oil is exported by shuttle tankers. Most
of the FPSOs are ship shaped, and can be converted from used tankers. Mooring
systems are either single point mooring (SPM) or spread mooring. For single point
mooring, turret system is used and it allows vessel to weathervane. Mooring legs are
conventional catenary lines or taut lines. FPSO has relatively large motion and
basically it’s not suitable for hash environment. Some of FPSO has disconnectable
turret mooring system to evacuate from heavy weather. Normally flexible risers are

used for FPSOs. Sevan FPSOs [1-5] have cylindrical hull and don’t need turret system.

Offloading L
System “EEESS

=]

Anchor Leg

Anchor

Figure 1-4 Ship-shaped FPSO [1-4]
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Table 1-1 Comparison of Floating Production Unit

FPSO, FSO Semi TLP SPAR
Number of units FPSO 164
41 24 20
in Service* FSO 93
Small Small
Motion Large Small (Heave, Roll, (Heave, Roll,
Pitch) Pitch)
Storage (0] N/A N/A N/A*
Pipeline/ Pipeline/ Pipeline/
Shuttle Tanker/
Export o Connected to Connected to Connected to
Pipeline . . .
nearby unit nearby unit nearby unit
Topside
) i Yard Yard Yard/Offshore* Offshore
Integration
New built/ New built/
Construction . . New built New built
Conversion Conversion
Completion Wet Tree Wet Tree* Wet/Dry Tree | Wet/Dry Tree
Drilling/
N/A 0 0] 0]
Workover
CTLP, Classic SPAR,
Ship-Shaped, MOSES, Truss SPAR,
Hull Type
Sevan, SeaStar, Cell SPAR,
ETLP

* Ag of 2014 [1-6]

* AASTA Spar (under construction) will have storage capacity.

* Topsides of Mini-tlp is integrated at offshore
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1.2. History and trend of TLPs
First TLP is Hutton TLP which is installed at Hutton field in North Sea in 1984. After
that, more than twenty TLPs have been fabricated and installed, and they have been
updating the deepest records (Figure 1-5). R. D’Souza and Rajiv Aggarwal [1-1]

categorized history of TLP construction into the following three phases;

Phase I 1984 - 1995 Pioneering
Phase II 1996 - 2001 Innovation and Standardization
Phase III 2002 - Present Commoditization and Globalization

Now we are in Phase III and the technology for TLP is well matured and proven.

—EBB-EE-52000Q

Butlony  Owesg Soome A Heldren Prince  Okume/Bbano  Morpeth Solliet Typhoon p  Matterhom Rager
LB 2007 192 s 20m 2007 1908 1989 200 2000 e

(1) Hution and Typhoon have been decomnmissionsd
(2 Papa Terra's TLP type has not been determined by the date of paster publication.

COURTESY: MUSTANG ENGINEERING

1,178 m h 1,180 m 1280 m 13m 133n
383 1 ‘N 4200 0 ann
Angola < Brizil US-GOM USGOM

Figure 1-5 TLP and water depth [1-7]
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Table 1-2 TLP Technology evolution [1-1]

. |2 s[5 [2a] 5 | s 53
Blel F | 8 (|1 [se|0E) 8] 2|8
S ¥ 5 [2 [38%] 8 | £3
1 Hutton Conoco 1984 | North Sea 486 oM Conoco Floatover Heerema
. 2|2 Joet Conoco 1989 GOM 1,760 | oM | Conoco | Offshore Lift Mutiple
2 § 3| snome Saga 1992 | NorthSea | 1,050 | oM | Saga Floatover Multiple
€23 Auger Shel 1994 GOM 2860 | oM Shel Floatover Heerema
5|  Heidrun Conoco 1995 | Northsea | 1134 | oM | conoco |  Foatover Muttiple
6 Mars Shel 1996 GOM 2940 | om Shel Quayside Heerema
= 7 | RamPowel Shel 1997 GOM 3214 | om Shel Quayside Heerema
E o[ 8] Morpetn | BritshBomeo | 1998 GOM 1,670 | Ercm | Avantia | Offshore Lift JRM
-g % 9 Marin 8P 1999 | com | 3240 | TBRC | AeB Quayside Heerema
E’ E 10 | Avegheny | British Borneo | 1999 GOM 3204 | EPOM | Atantia | Offshore Lift JRM
< g " Ursa Shell 1999 GOM 3,950 oM Shel Offshore Lift Heerema
2°[12] Typhoon Cnevion | 2001 | GOM | 2007 | EPcM | Atantia | Offshore Lift JRM
£ 5[ swe Shel 2001 GOM 2985 | om Shel Quayside Heerema
14 Prince BPaso 2001 GOM 1450 | TEPC | MODEC | Offshorelift | Heerema
15 | Matterhorn Total 2003 GOM 2850 | TERC | Atantia | Offshorelift | Heerema
16 | West Seno A Unocal 2003 | ndonesia | 3200 | TEPCH e Dry Dock Clough
g [17] MecoPob | Anadarko | 2004 GOM 4300 | TERC | MODEC | OffshoreLift | Heerema
5 [ 18| keombar | Exxon-movi | 2004 [ Angoa | 3937 | TEPG | ABB Quayside ABB-LG
g 19| Magnoia Conoco 2004 GOM 4674 | oM | Conoco | Quayside Sapem
© |20| Kkzombas | Exxon-Mobi | 2005 | Angola 3330 | TBPC | DSME Quayside DSME
s [2] owm Hoss | 2006 | Equ.Guinea | 1,640 | TERC | MODEC | ODryDock | Heerema
i 2 Oveng Hess 2006 | Equ.Guinea | 918 TEPC | MODEC Dry Dock Heerema
5 |23 Neptune BHP 2007 GOM 4250 | EPCM SBM Offshore Lift Heerema
E 24|  shenzi BHP 2009 GOM 4373 | TERC | MODEC | Offshorelift |  Heerema
o
‘:’ 25 Papa Terra Petrobras 2013 Brazi 3.871 TEPQ FloaTEC Floatover JRM
2 2| oympus Shel 2013 | Gom 3016 | om | shes Quayside Heeremo
é 27 Big Foot Chevron 2014 GOM 5,200 oM Chevron Quayside Heerema
28| Makai Shot 2015 | Moaysa | 1640 | TERC Tm"" Quayside Hoerema
29 | Moho Nord Total 2015 | Congo | 2559 | TERC bt Quayside NA
Notes: Rows Color indicates
ABB-LG ABB Lummus Global Early TLPs w /varying hull, tendon, foundation designs
DSME Daew 0o Shipbuilding & Marine Engineering CTLPor ETLP hull design
EPCM Engineering, Procurement, Construction Concrete hull design
and Management SeaStar hull design
HH Hyundai Heavy ndustries Moses hull design
JRM J. Ray McDermott SSP hull design
oM Operator Managed
SBM Single Buoy Moorings
TEeFC Turnkey EPC
TERC Turnkey ERCI (EPC and hnstalation)
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Figure 1-6 Distribution of TLPs [1-7]
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1.3. TLP hull shape
TLP hull shapes are categorized into the following four types;
® Conventional TLP (C-TLP)
® MOSES TLP
® SeaStar TLP
® Extended TLP (E-TLP)
These TLPs are all field proven. The plan view of each type is shown in Figure 1-7.

a) Conventlonal TLP (CTLP) b) Extended TLP (ETLP)

c) SeaStar TLP

d) Moses TLP e) SSIP TLP

Figure 1-7 TLP Hull configurations [1-1]
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1.3.1. Conventional TLP (CTLP)
Conventional TLP is the most common type of TLP hull shape. Usually it consists of
four columns connected by four pontoons. Figure 1-8 and Figure 1-9 shows configuration
of Brutus TLP as a typical example of CTLP. Column is not necessarily circular, so West

Seno TLP has squared column [1-9].

Figure 1-8 Brutus TLP [1-8]

Skiddable
e Platform Rig Deck &
EIII *Lease from H&P

Prod. Equip.

+ 245" x 245" x 40" high
2 5 Separate modules
100 MBOPD 300 MMCFD
= 15,000 Tons
*McDermott Fab

*= 6,000 Tons

<&

Hull —I-

4 Columns 66.5" dia.

* 200" Cemters

* = 54,700 ton displacement
*= 13,500 Tons Steel
*Daewoo Fab

Tendons

+12 -32" dia. X 1.28”

+ 2900 long

* 2 625 Tons cach
*URSA Type conncctors
*Aker Gulf Marine Fab

Production
Risers / W ells

* 8 Wells M ax.
*4-13 5/8" Risers
4 <10 3/4™ Risers

Direct
Tendon / Pile
Connection

12 Piles 82" dia. x 340" long
2245 Tons cach
*Aker Gulf Marine Fab

Figure 1-9 Brutus TLP System Schematic [1-8]
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1.3.2. MOSES TLP

MOSES stands for Minimum Offshore Surface Equipment System. Classic MOSES
TLP and MOSES SSIP TLP fall into this category. Unlike conventional TLPs, MOSES
has cross-shaped pontoon, not ring pontoon.

Classic MOSES TLP is regarded as mini-TLP, which doesn’t have hydrostatic stability
for wet-tow or installation to minimize the hull steel structure. Classic MOSES TLP is
suitable for relatively small oil fields. Prince TLP, MarcoPolo TLP, and Shenzi TLP
belong to Classic MOSES TLP.

Oveng/Okume and Ebano belong to MOSES SSIP. MOSES SSIP TLP has hydrostatic

stability for wet-tow and installation, and enables us to reduce offshore integration cost.

Figure 1-10 Classic MOSES TLP [1-4]
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Figure 1-11 MOSES SSIP TLP [1-4]

1.3.3. SeaStar TLP
SeaStar has single column with three pontoons. Tendons are connected at the end of
pontoon. Production risers are located at the center of the column. SeaStar is also
categorized as mini-tlp, and Topsides is integrated at offshore using floating crane.

Morpheth, Allegheny, Typhoon, Matterhorn, Neptune [1-10] are categorized as SeaStar
TLP.

Figure 1-12 SeaStar Platform [1-11]
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1.3.4. Extended TLP (ETLP)
Extended TLP (ETLP) has similar hull shape as conventional TLP, but there are
extended structure on each column and tendon porches are connected to the structure.
This makes roll and pitch motion performance better. Kizomba A, Kizomba B, Magnolia,

Papa Terra, and Bigfoot (Figure 1-13) belong to ETLP.

[

A
A

Figure 1-13 Bigfoot E-TLP model [1-12]
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1.4. TLP hull design and sizing

This subsection summarizes the key point to decide hull dimensions from a design
point of view. Typical hull sizing method is described in the reference [1-13][1-14].
Typically offshore platform project has the following phases;

1. Conceptual Study Phase

2. FEED (Front End Engineering Design) Phase
3. Fabrication and Installation Phase

4. Operation Phase

Major design works are mainly done at Phase 1-3, and are categorized into the
following three stages;

1. Conceptual Design
2. Basic Design
3. Detail Design

Main purpose of conceptual study is concept selection and feasibility study. The basic
study gives main design parameters and cost estimation. The detail design is mainly for
fabrication. This study focus on the conceptual design and basic design.

At the beginning stage of designing TLPs, hull main dimension should be decided. This
hull main dimension has a large impact on the later works. If good optimized hull
design is carried out at initial stage, less design changes and reworks will happen
through project. The following subsection explains what is needed to consider when

designing TLPs.

1.1.1 Global Performance

Global performance shows statics and dynamics of the platform under the site
environment conditions. Criteria of global performance parameters (Such as Min/Max
Tendon tension, Airgap, Offset/Set-down) (Figure 1-14) are defined in API RP 2T. Heave,
roll and pitch natural period should be smaller than 4.5 sec in order to avoid resonance
with waves. The tendon pretension ratio is calculated dividing total tendon pretension
by hull displacement. Pretension provides horizontal restoring force of the platform and
avoids too much horizontal offset. For Gulf of Mexico, pretension ratio varies from 15%
to 35%.
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Offset Position
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L~

Tendon Top Tension

!

Tendgn Bottom Angle

/ Tendon Bottom Tension

Figure 1-14 Global Performance Parameters

1.1.2 Structural Integrity
The structural strength is required as per class requirement. Global strength is the
strength of platform main members like columns and pontoons. Normally global finite
element analysis (FEA) with hydrodynamic loads is carried out to evaluate global
strength. Local strength i1s defined in equations specified in classification society rules.

Buckling strength and fatigue life are also evaluated as per class requirement.
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1.1.1 Transportation and installation
Depending on the situation, TLP is transported either by dry-tow or wet-tow, and
installed at site. Proper hydrostatic stability should be kept during wet-tow, installation
or quay-side condition. Normally, the draft is restricted at quayside and during inshore

tow.

1.1.2 Topside Support and Integration Method
Typically, Topsides are integrated at offshore for mini-TLPs and at fabrication yard
for other TLPs. At offshore, Topside is lifted by offshore crane vessel and mated with
hull. At fabrication yard, Topside is mated with hull at quayside or floating dock.
Depending of the sizes, sometimes Topside is separated into several modules and

integrated to hull.

1.1.3 Drilling Operation
Drilling facilities are installed either permanently or temporally. If the temporarily
method, like Tender Assist Drilling (TAD) or modular platform drilling is applied, total
platform weight during severe environment conditions is reduced and this makes
platform performance better because TLP can maintain high pretension. For TAD
operation, deck height is limited for operability and tender assist vessel is moored to

TLP with proper clearance with TLP.

1.1.4 Riser and well bay layout
Hull should provide proper space for riser arrangement so that the hull, mooring leg
and riser will not clash each other. Conventional TLP has relatively large spaces for
riser arrangement. Mini TLPs has smaller space for risers and need keel guide to avoid

clash of riser and hull.

1.1.5 Constructability
Some TLPs have squared column for constructability, although square column has
larger wind and current drag force than circular column. All MOSES TLPs and West
Seno TLP have squared column. Column shell does not need to be formed to circular and
connection between column and pontoon become simple. It also gives better equipment

and piping arrangement.
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2 Purpose of this Study
As explained in previous section, now TLPs technologies are matured and proven, and
they are being installed globally and subject to various environments. When the hulls of

TLPs are designed for these environments, engineers face the following problems;

1. It takes lots of time and effort to find optimized hull shape within limited amount
of time and resources.

2. Normally past project data is utilized to find the good starting point, but it is not
always applicable because design condition is not always similar.

3. Empirical factors such as pretension ratio, pontoon/column ratio, and volumetric
weight factor is utilized to extrapolate hull shape from past experience, but this is
also not useful when there is not enough supporting data.

4. The design process can be simplified by focusing on one governing criteria, but only

if governing criteria is obvious.

Clauss, and Birk carried out hull shape optimization with utilizing optimization
algorithm [2-1]. They optimized TLP hull shape by minimizing tendon tension response.
Birk et al. carried out optimization of TLP hull by maximizing tendon fatigue life [2-2].
Lee and Lim also carried out hull shape optimization by maximizing tendon fatigue life

with considering second order forces [2-3, 2-4].

1. These preceding works are focusing on hydrodynamic response or tendon fatigue
life and set these to objective function. However, these are not always governing
criteria for TLP hull shape.

2. In these preceding studies, initial hull shape must be input and the objectives of
these optimizations are to improve hull shape.

3. Only in-place conditions are considered in these preceding studies, but hull

shape is also governed by construction, transportation, and installation criteria.

Based on the above issues, the purpose of this study is as follows;

Develop hull optimization system that can find the optimized TLP hull shape.
This system has more practical approach than preceding works: The platform
weight and tendon weight are objective function to be minimized and design
criteria are constraint condition.

Compare the result with existing units for verification
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Compare with the result of hydrodynamic optimization

Study application of TLPs to several environment condition
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3 Methodology — Sizing Strategy

3.1 Conventional Hull Sizing Method
The conventional hull sizing is carried out by engineers in several disciplines as
follows.
e Naval Architects
e Structural Engineers
e Mooring Engineers
e Outfitting Engineers
e Hull System Engineers

e Electrical & Instrument Engineers

Naval architects take care of weight control, hydrostatic stability, hydrodynamic and
global performance analysis. Structural engineer check the structural integrity of the
hull. Mooring engineer check the strength of the tendons. Hull system and Eé&I
engineer check if there is enough space to arrange the piping and equipment. First
initial hull shape and tendon size are estimated by past project data or engineer’s
experience. Then, weight and center of gravity information is passed to naval architect
who carries out hydrodynamic analysis. Hydrodynamic coefficients are passed to naval
architect who is in charge of global performance. Hydrodynamic loads and inertia loads
are passed to structural engineers. Then tendon tension data is handed over to mooring
engineers. Each engineer checks the criteria in charge and if there is problem, hull

shape is revised and they do the same process again.

/ Design E==p Past Experience \
Condition I

Hull & Tendon
Dimension
Construction
Installation
Weight Conirol
HuEI system,
Weight & Sgeca Outt’ttmg E&l
COG

Platform Of‘fset

endon Tensio

Hydrodynamic Mooring

Coefficient”

Hydrodynamic
Stability ¥ Loid d
Hydrodynamic Global Performance Structure

Figure 3-1 Conventional Sizing Method
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3.2 Sizing Strategy
The flow chart in Figure 3-2 shows the framework of the hull sizing program. The hull
sizing work 1s modeled as multivariable minimization problem with multiple constraint
conditions. The program finds an optimized solution that meets the criteria at basic

design stage, and then generates necessary design data for further design development.

Constant
*  Metocean (wave, wind, current, tide, water depthj
*  Topside (weight, COG, wind load, structure model, deck post location)
* Riser properties

m Variables }4— Initial Variables
V%qibles «  Hull Dimension N - Random Number
poprE——— * Tendon Size
ptimization
Algorithm 4
ﬁ_ Crlterla 1.
,r Geometry Criteria
| Weight Es‘t?mation |
Criteria 2. Hydrodynamic Analysis
Hull Sizing Criteria .
*  Hydrodynamic Pressure
Criteria 3. * Inertia Load
N = = i i i X 1 |
Objective Function Design Criteria + Hydrodynamic
*  Hull Weight +  Max Tendon Tension coefficients
« Tendon Weight {] *  Min Tendon Tension I
*  Penalties * Airgap {
+  Offset (L v :
+ Tendon Bottom Angle [\ Global Performance Analysis
*+  Natural Period A\
*  Stress Structural analysis |
1T i
@ Weight Estimation

Figure 3-2 Flow Chart of Hull Optimization Program

3.3 Criteria
There are three types of criteria in the program;
® Geometry criteria (criteria 1)
® Hull sizing criteria (criteria 2)
® design criteria (criteria 3)
As hydrodynamic and structure analyses consume a large amount of computation

time, geometry criteria and hull sizing criteria are checked prior to the analysis so as to
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improve the efficiency of the optimization process. Geometry criteria (criteria 1) are

summarized in the table 2.

Table 3-1 Geometry criteria (criteria 1)

Geometry Criteria Column dia.<Column distance
Geometry Criteria Column dia.>Pontoon width
Geometry Criteria Draft>Pontoon height
Geometry Criteria Column height>Draft

Hull sizing criteria (criteria 2) are summarized in the table 3. Deck support locations
have to be consistent with column locations. Column height has to meet minimum air
gap criteria set. The metacentric height (GM) for the installation condition must
remain positive and adequate. If the hull shape does not meet these criteria at any step,
the program will skip the hydrodynamic and structure analysis and put a penalty in the

extended objective function.

Table 3-2 Hull Sizing criteria (criteria 2)

Ballast Amount >5% of displacement
GM for installation >2.0m

GM for quayside draft >2.0m

Deck post location On column

Airgap estimation >1.5m

Tendon pretension ratio 5% - 50%

The following Table 4 shows design criteria (criteria 3), which include global
performance criteria and strength criteria. Global performance criteria are in line with

API RP 2T. Strength criteria are in accordance with ABS MODU rule [8-1].
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Table 3-3 Design criteria (criteria 3)

Operating | Extreme | Survival

[Global performancel]

Max. Offset (% Water Depth) <10% <12% <14%

Airgap >1.5m >0m

Min. Tendon Tension >0 N

Max. Tendon Tension API 2T 9.6.2.3 Pipe Strength
[6-1]

[Structural strength]
Axial Stress 0.6y 0.8cy 1.0cy
Shear Stress 0.4oy 0.530y 0.67cy

3.4 Optimization Algorithm
Table 1 shows variable, objective function and constraint condition in the sizing system.
The hull dimension (column and pontoon size) and tendon size are defined as variables.
Design conditions such as metocean data, topside and riser properties are constant
parameters. The objective function is the sum of hull and tendon weight. The constraint

conditions are design criteria such as global performance and strength.

Table 3-4 Variable, objective function and constraint condition

X Variables Hull Dimension

Tendon Size

f(x) Objective function Hull and Tendon Weight

i (X) <0 Constraint condition Initial Criteria

Global Performance Criteria

Strength Criteria

The criteria are incorporated into objective function using penalty function method
[3-1] and the extended objective function is expressed in Eq. (3-1). z4 is the penalty
coefficient of constraint condition i. Starting from an initial value, s is increased

successively until the variables meet all the criteria and optimized solution converges.

f/(x)=f(x)+ ZyiMax{gi(X),O} (Eq. 3-1)
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3.4.1 Adaptive Simulated Annealing Method
One of the optimization method used in this study is Simulated Annealing Method
(SA)[3-2]. This method is applicable for multi-variable and non-linear global
optimization problem. This optimization method mimics the physical process of
annealing in metallurgy. The minimum energy state can be found by cooling down the
temperature slowly. In this program, extended objective function at step k i1s defined as

energy Fk.
Ee = f'(x¢) (Eq. 3-2)

At the initial step, xx is generated from uniform random number. Then variables xk+1
are generated from random numbers which follow the normal distribution expressed in

Eq. (3-3). (Adaptive Simulated Annealing (ASA)[3-2]). ui is the uniform random number.

Xi+1 = Xk +y'(UB;, LB;) (Eq. 3-3)
T 1\
y' = sign <u‘ - —) Te |l 1+ = -1 (Eq. 3-4)
2 T}
xj. € [UB;, LB] (Eq. 3-5)

The Eq. (3-6) shows the probability of acceptance of xi+z. If Ei+; is smaller than or
equal to Ek xx is always replaced by xx+:. In the other case, xx is replaced by xi+:

depending on the probability shown in Eq. (3-6).

1 Eva <E

h, (Xk): exp(— Ek+{|__ EkJ E.. >E, (Eq. 3-6)
k

This generation of xx+z, judgment of the acceptance and replacement of xx are repeated
enough times until Ex reaches equilibrium at temperature 7% The Eq. (3-7) shows
cooling schedule. After the Ei reaches equilibrium at temperature 7% the temperature
for the next step 7k-+: is calculated from the following equation. D is the dimension of

variable.
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Ti = Téexp(—c;k*/P) (Eq. 3-7)

Then new equilibrium Fi+; will be searched at temperature 7+ This process is

repeated until temperature became cool enough and variable xx converges.

3.4.2 Real-coded Genetic Algorithm

N Generation

P1 P2
Column Dia; x,! Column Dia; x,P?
Pontoon Height; x;! Pontoon Height; x,2

N+1 Generation

C1
Column Dia; x4~
Pontoon Height; x,¢

c2
Column Dia; x,%2
Pontoon Height; x5%2

Figure 3-3 Simulated annealing Method 1 (Left; f(x,y), Right; g(x,y))

Genetic Algorithm (GA) [3-3][3-4] is also popular method for optimization of non-linear
and multi-variable problem. This method mimics natural selection process. In this study,
real coded genetic algorithm is adopted. Figure 3-3 shows the concept of genetic

algorithm. Genetic operator is expressed as follows;

[xl!xZ'xS!'“xn]}J; (Eq 3'8)

x; €[UB;, LB;] (Eq. 3-9)

Each individual has a genetic operator and are evaluated based on objective function
value. Every generation has a certain number of individuals. Couples of individuals are
selected based on the objective value number. Better objective function value means

higher probability to be selected. Then, couples are crossed over. If couple has value a
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and b in genetic operator, the genetic operators of the next generation are decided by the

following equations, using normal random number M.

c=m+é&d (Eq. 3-10)
m=2 er b (Eq. 3-11)
d=(a—b) (Eq. 3-12)
& =N(0,02) (Eq. 3-13)

The generated new individuals are mutated by certain probability. Using normal

random number, mutation is operated as follows;

¢ =N(a,c?) (Eq. 3-14)

The genetic operators of best few individuals are preserved to the next generation as
elites. These operations are done by generation and the best individual at the last

generation is the optimized solution.

3.4.3 Steepest Gradient Method
Steepest Gradient Method (SGM) [3-5][3-6] is a simple algorithm. At every step,
objective function and its gradient are calculated, and the search is always going to

steepest directions. o is step size.

Xiks1 = Xip + ady (Eq. 3-15)
Of
dig =— Bxir (Eq. 3-16)

This step size, should be selected properly, otherwise program cannot find minimum
value. This method tends to converge to local extremal values.
3.4.4 Program Test
To study the performance of optimization program, minimum values of the following
functions are calculated by ASA, GA and SGM. This function fis simple, but g has lots

of local extremals.

fle,y) =x2+y*—-10 (Eq. 3-17)
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g(x,y) = x? + y? — 5(cos 5x + cos5y)
The minimum value of this function is as follows.

fn(0,0) = —10

gm(0,0) = -10

The convergence condition is shown in the following equation;
f - fm

fm
g —9m

Im

<107

<107°

[ASA]

(Eq. 3-18)

(Eq. 3-19)

(Eq. 3-20)

(Eq. 3-21)

(Eq. 3-22)

The Table 3-5 shows the program test result. Figure 3-4 and Figure 3-5 show the

optimization route.

Table 3-5 Optimization result (ASA)

function run X y Caleulation
Time (sec)
f Runl 0.0002330 0.0024870 -9.9999938 0.078
f Run2 0.0004813 -0.0007605 -9.9999992 0.093
f Run3 -0.0005818 -0.0013593 -9.9999978 0.078
g Runl 0.0001260 0.0000473 -9.9999988 0.076
g Run2 -0.0001402 0.0003340 -9.9999917 0.071
g Run3 0.0000699 0.0001404 -9.9999984 0.085
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Figure 3-4 Simulated annealing Method 1 (Left; f(x,y), Right; g(x,y))
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Figure 3-5 Simulated annealing Method 2 g(x,y)
([GA]

The Table 3-6 shows the program test result. Figure 3-6 and Figure 3-7 show the

optimization route. The points shows the generated all the individuals for each run.

Table 3-6 Optimization result (GA)

Calculation
function run X y f .
Time (sec)
f Runl 0.0001154 -0.0003790 -9.9999998 0.046
f Run2 0.0010711 -0.0020444 -9.9999947 0.047
f Run3 -0.0000290 -0.0026327 -9.9999931 0.023
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Run1 -0.0001913 -0.0003227 -9.9999911 0.068
Run2 -0.0003235 0.0001053 -9.9999927 0.071
g Run3 -0.0001101 0.0001312 -9.9999981 0.097
i flxv)
S — L
20000 7 : B P W P {hiat i s esation) e
18000 L -
13000 : - 4
12000 = ®
- chae”
X e
o _a
o )n/

Figure 3-6 Genetic Algorithm 1 (Left; f(x,y), Right; g(x,y))

f(xy)
Run1 (All indivisuals)
Run2 (All indrvisuals) ©
Run3 (All indvisuals)
Runi (Best in each generation) =———
Run2 (Best in each generation) =
Run3 (best in each generation) ——

1010

Figure 3-7 Genetic Algorithm 2 g(x,y)
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[SGM]

The Table 3-7 shows the program test result. Figure 3-8 and Figure 3-9 show the

optimization route. Program was kept running until it converges to the solution by

changing initial values for each run. For simple function, SGM can calculate solution

very quickly, but when the function has lots of local extremes, SGM cannot calculate the

solution.
Table 3-7 Optimization result (SGM)
) Calculation
function run X y f )
Time (sec)
f Runl 0.0000134 -0.0001275 -10.0000000 0.013
f Run2 -0.0000012 0.0000004 -10.0000000 0.013
f Run3 -0.0000000 0.0000000 -10.0000000 0.013
g Runl 0.0000009 -0.0000009 -10.0000000 0.111
g Run2 0.0001295 -0.0000000 -9.9999989 0.096
g Run3 0.0000012 0.0000005 -10.0000000 0.136
foa)
an
15000 F WSl Y | e
10000 o
S000 —_— 4 Ao
0 /,./ ",'.3’100

e

Figure 3-8 Steepest Gradient Method 1 (Left; f(x,y), Right; g(x,y))
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Figure 3-9 Steepest Gradient Method 2 g(x,y)
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4 Methodology - Calculation Mesh
The auto-meshing program for the followings hull types are prepared for this study.
® Conventional TLP — Circular Column

Conventional TLP — Rectangular Column

® MOSES SSIP TLP — Circular Column
® MOSES SSIP TLP — Rectangular Column
® (Classic MOSES TLP

Each hull type has the following calculation mesh.
® Quarter Panel model
This is used for hydrodynamic calculation.
® Full panel model
This is used for mapping of hydrodynamic pressure load.
® Structural Beam model

This is used for strength calculation.
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4.1 Conventional TLP — Circular Column

CONVENTIONAL TLP
(Circular _Column)

Column_Dia

Column

M1
/_4

(
(

' Pontoon Width
e e e .|o e o o

1
—-— —o -
1

"
....I....

T

Column Spacing

<—Pontoon

PLAN
|
!
!
|
g
8|
= - "
|
| | | §
| i 23
| |
| |
ELEVATION 5
§

Figure 4-1 Main dimensions of Conventional TLP — Circular Column
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Figure 4-2 Quarter Panel Model for CTLP
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Figure 4-3 Full Panel Model for CTLP
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4.2 Conventional TLP — Rectangular Column
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Figure 4-5 Main dimensions of Conventional TLP — Rectangular Column
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Figure 4-7 Full Panel Model for CTLP (Rectangular Column)
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4.3 MOSES SSIP TLP —Rectangular Column
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Figure 4-9 Main dimensions of MOSES SSIP TLP —Rectangular Column
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Figure 4-10 Quarter Panel Model for MOSES SSIP

Figure 4-11 Full Panel Model for MOSES SSIP
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Figure 4-12 Structural Beam Model for MOSES SSIP
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4.4 MOSES SSIP TLP — Circular Column
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Figure 4-13 Main dimensions of MOSES SSIP TLP —Circular Column
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5 Methodology - Hydrodynamic Calculation

In this section, hydrodynamic calculation method is explained and the calculation
result of the program 1s compared with commercial software for verification.
Explanation of the hydrodynamic calculation 1is based on the reference

[5-11[5-2][5-31[5-4].

5.1 Flow Field around a Floating Body
Flow field surrounded by the floating body which oscillates in the wave is described in

this section. Water depth is assumed to be infinity.

' G S SF x,
¥=—00 X=00
S-e Seo
Sg |z= -h
o SIS v

Figure 5-1 Flow Field around a Floating Body [5-1]

Fluid field is surrounded by, wetted surface of floating body S, free-surface Sr, sea
bottom Ss, control surface at infinity S... Assuming these boundary conditions are all

linear and adopting potential theory, the governing equation is expressed as follows;

[L] V20 =0 z<0 (Eq. 5-1)
92d AP
SF = z=0 (Eq. 5-2)
[SF] Szt 95, 0 q
[SB] 9 _ 0 z=—h (Eq. 5-3)
0z
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P

[SH] 5= V-'n on Sy (Eq. 5-4)
)

[A] (Z_t =0,0=0 att=0 (Eq. 5-5)

Incident wave is assumed coming from the B direction (8 radians counter-clockwise
from x-axis). The amplitude of incident wave is defined as {. Assuming the flow field is
periodically varying at the angular frequency o driven by incident wave as external

force, the velocity potential which meet (5-6) - (5-7) is expressed as follows;

® = Re[p(x,y,z)e®] (Eq. 5-6)

6
B39 = 22 (93,2 + 0 ey} + Y 0Ky (5, 3,2) (Bg. 57
=1

¢, 1s the velocity potential of incident wave and if the water depth can be assumed as

infinity, ¢, is as follows. (K=02/g);

¢0 — e—Kz+iK(xcos[3+ysinB) (Eq 5'8)

¢, is the scattering potential. ¢; (j=1-6 ) are the radiation potential caused by the
jrmode motion ( j=1; Surge, j=2; Sway, j=3; Heave, j=4; Roll, j=5; Pitch, j=6; Yaw ) of
floating body. Xj is the complex j-mode motion amplitude of floating body. These

velocity potential satisfy the following equation;

L] V2p; =0 z<0 (Eq. 5-9)
*¢p; 0, - .
[F] atzj + ga_zf =0 z=0 (Eq. 5-10)
[B] 00; _ 0 z=-h (Eq. 5-11)
dz
[A] % =n on Sy (Eq. 5-12)
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0
%(d’o +¢,)=0 (Eq. 5-13)

n;j is the j component of the normal vector and positive direction is from surface to fluid

internal.

(1’11, le, n3) =n
(Eq. 5-14)

(ng,ns,m) =T XN

5.2 Integral Equation for the velocity potential
By applying Green’s integral law, the velocity potential takes the following form. G is
the Green function. P is the point on surface of floating body and Q is the arbitrary

point.

&,(P) = ff {¢’(Q)G(P 0 + ¢, & Q)}dsaz) (Eq. 5-15)

As the right hand of (4 15) is 0 on any boundary except S, ¢; is expressed as follows;
aG(P Q)
300 = [| 9@ 52 ds@

(Eq. 5-16)
={ﬂ n;(Q)G(P;Q)dS(Q) j=1~6
S

$o(P) j=D

Assuming water depth is large, the free-surface Green function takes the following

form.

17 1 1
6P Q) = 3|~ (7 + ) + Gwx)) (Eq. 5-17)
r=y&x—-8*+@-n2+z—-9)7? (Eq. 5-18)
r=(x—82+ @y —-n?+(z-J)? (Eq. 5-19)
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Gw(X,Y) = —2KG(X,Y) (Eq. 5-20)

X=KR=K\(x— &2+ (y —1)? (Eq. 5-21)

Y=K(z+Q) (Eq. 5-22)

5.3 Numerical solution of Integral equation
Boundary element method is adopted in this section. By modeling the surface of

floating body as number N of panel, the integral equation can be discretized as follows.

S 9
21‘[(])]- (Pm) + Z ¢j (Qn) [_Dmn + {_ GW(Pm: Qn)} Asn]
n=1

ang

N (Eq. 5-23)

Z nj(Qn) [_Smn + GW(Pm! Qn)ASn] m=1~N

n=1
4'7T¢0(Pm)
a /1 1
D= J], g (45, 25@ (Fq. 524
1 1

Sn = j L ) (; + Z) ds(Q) (Eq. 5-25)

Free-surface Green function is calculated as follows;

Gw(P; Q) = —KG(X,Y) (Eq. 5-26)
0 L , [ = x) +n,(n —y) 0G G )
EGW(P, Q) =-2K A ox T gy (Eq. 5-27)
G(X,Y) = Ry(X,Y) — ime™Y],(X) (Eq. 5-28)
86 ime™Y (Eq. 5-29)
ﬁ=R1(X,Y)+me J.(X) q.
aG 1 .
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For diffraction problem, ¢, can be expressed as follows;

Po(P) = ¢F + B + (Y + §}) (Eq. 5-31)
¥ = e™sin(KxcosB)cos(Kysin) (Eq. 5-32)
¢} = e~*2cos(Kxcosp)sin(Kysing) (Eq. 5-33)
$5 = e~*2cos(Kxcosp)cos(Kysinp) (Eq. 5-34)
¢l = e"zsin(KxcosB)sin(Kysinp) (Eq. 5-35)

5.4 Free-Surface Green Function
Assuming the water depth is large, and flow field is varying at the angular frequency
of ® the equations which free-surface green function has to satisfy is expressed as

follows;

V3G =8(x—&)8(y—1n)s(z— Q) (Eq. 5-36)
aG o )
5;+m—mm_0 (Eq. 5-37)
% .0 asz-0 (Eq. 5-38)
0z

The numerical method to calculate the free-surface Green functions is as follows.
Depending on the values of X and Y, calculation methods varies considering its precision
and efficiency;

(A) X=0

(B) Y=0
(C)Y>1.7XandY<7.5

(D) 0.25X<Y<1.7Xand R< 14
(E) Y<0.25XandR<14

(F) Others
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Figure 5-2 Method used for Green Function [5-1]

(A) X=0

Ro(0,Y) = e™"Re[E; (=Y)]

R,(0,Y) =0

(B) Y=0

Ro(X, 0) = = {Ho(X) + ¥o(0}

Ry(X, 0) = Z-{H, () + 1, (0} ~ 1

(Y>1.7XandY<17.5

Ro(X,Y) = i ﬁw () + e~VE, (=Y)]
o, r) = ()2 n 1

n=0
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(Eq. 5-39)

(Eq. 5-40)

(Eq. 5-41)

(Eq. 5-42)

(Eq. 5-43)



2 )
RUGY) =5 ) e s (R0 + eV By (1) (Eq. 5-44)
n=0
2n-2)! (2n-1)
e Rz = (n>2) (Eq. 5-45)
1 1
Fo=0F=g+7; (Eq. 5-46)
D)0.25X<Y<1.7XandR< 14
Ry(X,Y) = —e™"f(X,Y) (Eq. 5-47)
Y X\ T
FO) = Y ok (3) + 5 (0 + %00) (Eq. 5-48)
Rl(X' Y) = _e_YfX(XI Y) (Eq 5'49)
oYl Xy w
KO =Y 1 (5) - SO0 + 10 + 1 (Eq. 550)
n=0
1,(§) = log <1+— S?“) (Eq. 5-51)
L) =&+1-¢ (Eq. 5-52)
nL, (&) +&m—DI,_,@) =/82+1 n>2 (Eq. 5-53)
(&) = ———
() = i 1 (Eq. 555)
01 () + E(n — D21y (€) + T, ()} = J% nz2 (Eq. 5-56)
(E) Y<0.25XandR<14
RO(X’ Y) = _e_yf(X’ Y) (Eq 5'57)
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T Y+r 1
FOY) = 2080 + Jo(Dlog (1) = Ho (0 2
1 1
+ O{Q—n), Upn(X,Y) +(2n—+1)!U2"+1(X' Y)}
n=
R (X,Y) = —e7Yf(X,Y) (Eq. 5-59)
T Y+r Y
) = = 23,00 = (0log () = Jo (0 -
1
—EH X _Y2r1+ 1_21.1 X n (Eq. 5-60)
SHo () = + {1 -5 Hi (0} 5 a
+i{ Lo ) — v (Xy)}
s ((2n)! mAt (2n + 1)1 A
n=
Y
U,(X,Y) = >h (Eq. 5-61)
2n—1 2n—-1
Upn(X,Y) = — ”2 X2U,,_,(X,Y) + r (Eq. 5-62)
n n
y2
Us;(X,Y) = 3N (Eq. 5-63)
" _xe " (Eq. 5-64)
Uppis (X, V) = — T Upna (X, Y) + ST q.
Xy
V,(X,Y) = o (Eq. 5-65)
1
2n—1
VZn(X’ Y) = - m {XZVZn—Z (X' Y) + 2XUZn—Z (X, Y)}
(Eq. 5-66)
Y2n—1 X
2n E
Xy?
1
2n
Vone1 (X, 7)) = — m+ 1 {XZVZn—l(X' Y) + 2XUp,1 (X, )}
(Eq. 5-68)
y2n x
2n+1n
(F) Others
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o 1 Y
Ro(X,Y) = — Z mpn (r—) — e Yy (X) (Eq. 5-69)
1 1

n=1

Po(x) = L, Py(x) = x

(Eq. 5-70)

P,(x) = 2n—DxP_1(x) — (n— 1)2Pn—2(x)
R,(X,Y) =X Z T,% 0, (TZ) +me 'Y, (X) (Eq. 5-71)
Qo(x) =1,Q:(x) = 3x (Eq. 5-72)

Qu(x) = 2n + DxQp-1(x) — 0* = DQp_,(x)

5.5 Hydrodynamic force
Extracting the periodic-varying terms from linearized Bernoulli’s pressure equation,

the following equation is obtained.

p(x,y,2t) = Re[{pp(x,y,2) + pr(x,¥,2) + ps(x,y,2)}e"] (Eq. 5-73)
pD(‘xl y’ Z) = _Pg((pu(x,% Z) (Eq 5'74)
6
Pr(x,7,2) = —piv Y iwX;(x,,2) (Eq. 575)
j=1
ps(x,y,2) = —pg(Xs + yX, — xX5) (Eq. 5-76)

For radiation problem, the i component of the fluid force is expresses as follows. Aj is
the added mass coefficient and Bj is the potential damping coefficient induced by the

i-mode motion.

Fi = - Y, ldS
J[ resom
6
= p(iw)zjzl:xj fSqujnde (Eq. 5-77)
6

j=1
Ajj=—p f fs Re[¢;(x,y,2)|n;dS (Eq. 5-78)
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Bij = pw ﬂs Im[¢;(x,y,2)|n;dS (Eq. 5-79)

For diffraction problem, the 1 component of the fluid force is expresses as follows. Ei 1s

the wave exciting force acting along i direction.

= —ff pp(x,y,z)n;dS
SH
(Eq. 5-80)

| fs Rel¢p(x,y, 2)InidS

5.6 Kochin Function and Wave Drift Forces
Kochin function for each mode of the fluid motion is expressed as follows;

— —Kz+iK(§cosf+nsind)
H;(K,0) = ﬂ ( - ¢; 6n> ds
(Eq. 5-81)

oo (oo 1

H,(K,0) = f —Kz+tK(§’cos@+nsm9)dS
N ¢ (Eq. 5-82)
— 0
a (¢D Bn) ASn
n=1

Assuming the floating body is double (x- y-) symmetrical, the ¢, can be expressed as
follows;

¢o = 9§ + df +i{ds + ¢} (Eq. 5-83)

d
% = iK[n,cos0¢Z + n,sinfpy — n,¢§]

+iK[nycosOpY + n,sindpZ — n,d¥|
—iK[n,cos0F + n,sinf¢§ + n,pf|
—iK[nycosOpY + nysinfp¥ +n, o]

(Eq. 5-84)

This Kochin function has the following relation to the wave exciting force and potential

damping coefficient.
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Ej = pglH;(K,p) (Eq. 5-85)

K 2
By =T | Rl (K. 0)H; (K 0)]as (Eq. 5-86)

Wave drift force and moment are expressed as follows by using Kochin function.

E___KL fznm(f( 01%( + cos0)do (Eq. 5-87)
gL~ B, , cosf + cos q.
E, KL (2" , ,
—— | |H(K,0)|*(sinp + sinf)do (Eq. 5-88)

pgl*L~ 8ml,

M, 1 (%" , X
T fo Im[H' (K, 0)H* (K, 6)]d6
(Eq. 5-89)
+%Re[H’(K.B + )]
o't
H(K,0) = H,(K,0) — KL Z ’TE’ H;(K,6) (Eq. 5-90)
j=1

5.7 Motion Equation for TLP
5.7.1 Motion Equation for TLP
In addition to added mass coefficient, wave damping coefficient and wave exciting force
(those are described in previous subsection), mass coefficient, viscous damping
coefficient, hydrodynamic restoring coefficient and tendon-and-TTR restoring coefficient
constitute the motion equation of TLP. The motion equation takes the form of linear
simultaneous complex equation. This equation is usually converted to non-dimensional

form and solved.

In this section, each coefficient and external force matrix can be described. The hull

geometry of TLP is assumed to be symmetrical about x- and y-axis.
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Mass Matrix

o Platform Mass Matrix

0 Platform Added Mass Matrix

0 Tendon and Riser Mass Matrix
Damping Matrix

0 Wave Damping Matrix

0 Viscous Damping Matrix
Restoring Matrix

0 Hydrostatic Restoring Matrix

0 Tendon Restoring Matrix

0 TTR Restoring Matrix

0 SCR Restoring Matrix
External Force

0 Wave Exciting Force

5.7.2 Mass matrix

Mass matrix consists of the following components;

Table 5-1 Nondimensionalization of Mass Matrix

j=1~3 Jj=4~6
i=1~3 pV pVL
i=4~6 pVL pVI?

Mass matrix consists of the following components;

m 0 0 0 mz; —myg
0 m 0 —-mz 0 mxg
_ 0 0 m my, —mxg 0
Mij 0 —mzg Mmyg Ixx Iy Ixz
mzg 0 —mXg Iy Lyy lyz
—mys MXg 0 Ixz Iyz Izz

Added Mass Matrix consists of the following components;

Ay 0 0 0 Ay O

0 Ay 0 Ay O O
a0 0 45 0 0 0
ij 0 Ay 0 Ay O O
As;, 0 0 0 Ag O

0 0 0 0 0 Ag
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5.7.3 Damping matrix

Table 5-2 Nondimensionalization of Damping Matrix

Damping matrix can be non-dimensionalized by the following parameters;

i=1~3 pVy/g/L pV gL
i =4~6 pVygL pVL,/gL

By,
0

ij =

()
|
Soocoocoo

Cii = 20/ (My; + Ay)K;;

5.7.4 Restoring Matrix

Table 5-3 Nondimensionalization of Restoring Matrix

(=N e NoNe N

o o

)
w
@

o O o

0 Bis
B,y O
0 0
By, O
0 Bss
0 0

OODOOO

OO O OO

0 0
0 0
0 0

s 0 0
0 0
i=3~5

Potential Damping Matrix consists of the following components;

Viscous Damping Matrix consists of the following components;

(Eq. 5-94)

(Eq. 5-95)

(Eq. 5-96)

Restoring matrix can be non-dimensionalized by the following parameters;

j=1~3 j=4~6
i=1~3 pVg/L pVg
i =4~6 pVyg pVgL
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Hydrostatic Restoring Matrix consists of the following components;



0 0 O 0 0 0
0 0 O 0 0 0
_looss 0 0 o0 _
SU=10 0 0 Sy 0 S (Ea. 5:97)
\0 0 0 0 Sss 556/
0 0 O 0 0 0
S35 = pga,, (Eq. 5-98)
Ssa = pg(Sxx +Vzg) —mgz; (Eq. 5-99)
Sss = pg(Syy + Vzp) —mgzg (Eq. 5-100)
Sa6 = MYXg (Eq. 5-101)
See = Mgy; (Eq. 5-102)

Tendon and TTR Restoring Matrix consists of the following components [5-5]. T is
static tendon tension, L is tendon length, and X is tendon stiffness. Tx, Ty, Tz are x, y,
z-component of static tendon tension. (x1, y1, z1) is tendon connection point coordinate,

and (xz, y2, z2) is tendon bottom coordinate.

K = (Eq. 5-103)

ki1 = Acos?a + %sinza (Eq. 5-104)
ky = (/1 - %) cosacosf = ki, (Eq. 5-105)
ky, = Acos?p + %sinzﬁ (Eq. 5-106)
ks = (/1 - %) cosacosy = kq3 (Eq. 5-107)
ks, = (/1 - %) cosfcosy = ky3 (Eq. 5-108)
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T
k33 = Acos?y + Zsinzy (Eq. 5-109)

kay = ks1yy — k12, = kyg (Eq. 5-110)
ksy = k1123 — k31%; = kys (Eq. 5-111)
ko1 = ka1x; — k11Y2 = k16 (Eq. 5-112)
kay = K32y, — kazy = ks (Eq. 5-113)
ksy = k312, — k3px; = ks (Eq. 5-114)
kez = kayx; — ky1Y, = kag (Eq. 5-115)
kyy = k3zys — 2ksyy,2, + kyppzs (Eq. 5-116)
ksy = k31Y22; — kp125 — k33yoX; + k3pxp2, — Tyey (Eq. 5-117)
ks = k31Y272 — k2125 — k33 + ka7, — Tyx (Eq. 5-118)
Kes = K32%22 = K31V5 — koaXa2p + kp1Y225 — Tez (Eq. 5-119)
kye = kazxyyy — ka1 y35 — kopxp2y + ky1 Yoz, — Tpx (Eq. 5-120)
kss = kq122 — 2k31%225 + K33x2 + Tox + T,z (Eq. 5-121)
kes = —k11Y22 + ko1X325 + k31 X5y, — kgpx — Tz (Eq. 5-122)
ks = —k11V2Zy + ky1 X325 + k31%5V5 — kgpx3 — T,y (Eq. 5-123)
kes = k11Y3 — 2kp1%2y7 + kopx3 + Ty + Tex (Eq. 5-124)
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X2 — X1

cosar = ——— (Eq. 5-125)

cosp = % (Eq. 5-126)
Z,— 2

cosy = = 7 L (Eq. 5-127)

(x2,y2,22)

(xl,yl,z1)
Seabed i

Figure 5-3 TLP element coordinate [5-5]

SCR Restoring Matrix consists of the following components [5-5]. Sh is horizontal
spring constant, Sv is vertical spring constant, and o is horizontal angle of the line. Px,

Py, P, are x, y, z-component of pretension.

kll klZ 0 k14 k15 k16

k21 k22 0 k24— k25 k26

0 O k33 k34— k35 k36
K. = (Eq. 5-128)
U= kyy kap kas kao kas kas d

k51 k52 k53 k54— k55 k56

k61 k62 k63 k64— k65 k66

ky, = Spcos?a, (Eq. 5-129)
ky; = Sycosa,cosa, = ki, (Eq. 5-130)
ky, = Sysina, (Eq. 5-131)
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k33 =S,

ka1 = k31Y, — ko125 = k4

ksy = k1123 — k31%; = kys

ko1 = ka1x; — k11Y2 = kq6

kay = K32y, — kazy = ks

ksy = k312, — k3px; = ks

kez = kaoxy — ka1Y2 = kag

ks = K33y, — k327, = kg

kss = k3123 — k33X, = kss

ko3 = k3zx; — k31Y; = ksg

kss = Kazys — kazZp + B2,

kss = K14z — kuzx; — By,

kas = ki42z; — kazx; — Byxy

kes = koaxy — kyyy, — Pzy

kae = koaxy — ky1y, — Px;

kss = ks12; — kszx; + Bex,

+ By,

+ P,z,
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kes = ksyxo — kazy, — Bz,

kse = ksaX; — kazy, — B2 (Eq. 5-149)
koo = ke2%z — ke1Y2 + Byys + Pex; (Eq. 5-150)
side view top view
Windlass._,\ % o, =150°
(4 “ 'S ~ % o1 o
! ' S0 o, =30°
1 1 74@; @L‘i
Fairlead. 1 1 y
L ' A
g 1 [
» 4 r'. 70wy
e =305 , - ) T
z P A
i a® W
. St o -330° 2
y X X ~
(a) (b)

(Eq. 5-148)

Figure 5-4 Catenary line coordinate [5-5]

5.7.5 External force

Wave exciting forces can be non-dimensionalized by the following parameters;

Table 5-4 Nondimensionalization of External Force

i=1~3

pVg/L

i=4~6

pVg

Wave exciting consists of the following components;

(Eq. 5-151)

5.8 Maximum Response Calculation
Motion, velocity, and accelerate response at point (%, y, z) are calculated from RAO by

using the following equations.
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Point Motion

X =X, + 12Xy — yX; (Eq. 5-152)
Y =X, +xX, —2X, (Eq. 5-153)
Z=X,+yX, — XX, (Eq. 5154)
Velocity
U, =ia(X, +2X, - yX,) (Eq. 5-155)
U, =io(X, + XX, - 2X,) (Eq. 5-156)
U, =io(X, + yX, —xX,) (Eq. 5-157)
Acceleration
A =-0*(X, +2X, - yX;) (Eq. 5-158)
A, =-0" (X, + XX, - 2X,) (Eq. 5-159)
A, = -0 (X, + yX, —xX,) (Eq. 5-160)

Tendon tension response is calculated by the following equation. Xt is motion response

at tendon connection point.

T=A0-X; (Eq. 5-161)

1
H=I(X2—Xl, Y =Y 22—21) (Eq. 5-162)

Standard deviation ox of a response X(o) is calculated by the following equation.

o} = [ X(0)S(w)o (Eq. 5-163)

73



S(w) is irregular wave spectrum. In this study, the following JONSWAP spectrum is

used as irregular wave model;

) o 4 exp{ (w/ @, —1)2 }
SR L eni-f 2| @
) W
Hsw? ? 1
o= : 0.803 (Eq
49 | 0.065,°% +0.135
0.07 for w< o,
009 for w>a, (Eq
_2r
wp_f (Eq
(=125 (Eq

The maximum response at short term sea states are calculated as follows.
Xpax =V2INNo, (Eq

N=1000 is used for short term maximum response calculation.
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5.9 Program Verification
For verification, the result of this hydrodynamic calculation module was compared
with commercial software. As commercial software, Wadam in DNV Sesam Software
Package was used. The calculation condition is as follows;
Hull Type Conventional TLP

Main Dimension

Column Diameter 20 m
Column Distance 60 m
Pontoon Width 10 m
Pontoon Height 10 m
Draft 30 m
Mass Properties
Mass 36000 MT
VCG 15 m-WL
Tendon Properties
Pretension 13,000 kN each
Axial Stiffness 19,800 kN/m each
Length 1,000m
TTR Properties
Pretension 1,000 kN each
Axial Stiffness 1,000 kN/m each
Length 1,050 m
Offset/Setdown (-71m, -71m, -5m)

Figure 5-5 Wadam Calculation model
The calculated Response Amplitude Operators (RAOs) are in the Figure 5-4 — 5-27.
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Surge Motion Response (Upright)

——Wadam 180.0deg
—=—Wadam 202.5deg.
—a—Wadam 225.0deg.
——Wadam 247.5deg
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—a—Program 180.0deg
~m—Program 202.5deg
—s—Program 225.0deg.
——Program 247.5deg
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Response (m/m)
e © © © © = =
e N » @& ®w o N
Response (m/m)
e o s o e =4 v g
2 K = B ® B N &

oo 50 100 150 200

Period (s)

250 300 50 400

Figure 5-6 Surge motion RAO (Upright)

Sway Motion Response (Upright)

—+—Wadam 180.0deg

1.0 ~8—Wadam 202.5deg
3 ——Wadam 225 0deg
Eos —Wadam 247.5deg
E o6 ——Wadam 270.0deg
& =—e=Program 180.0deg
04 —8—Program 202.5deg
—Program 225 0deg
01 —FProgram 247 5deg
00 L _ ——Program 270.0deg
00 5.0 100 150 200 250 300 350 400
Period (s)
Figure 5-8 Sway motion RAO (Upright)
Heave Motion Response (Upright)
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0040
0035 —+—Wadam 180.0deg
—8—Wadam 202.5deg
= 0,030
E —a—Wadam 225 Odeg
E 0025 —Wadam 247.5deg
gomu ——Wadam 270.0deg
—e—Program 180.0deg
0015
~@—Program 202.5deg
o010 e Program 225.0deg
0,005 w—PrOgram 247 5deg
— Odeg
0.000 ogram 270,
00 S0 100 150 200 250 300 350 400
Period (s)

Figure 5-10 Heave motion RAO (Upright)

Roll Motion Response (Upright)

007
006
—+—Wadam 180.0deg
_ 005 —8=Wadam 202.5deg
é —w—Wadam 225.0deg
E oo ——Wadam 247.5deg
g o8 ——Wadam 270.00eg
g w=e=Program 180.0deg
002 —8—Program 2025deg
—w—Program 225.0deg
o ——frogram 247 5deg
——r 7
om0 ogram 270.0deg
0.0 50 100 150 200 250 300 350 400
Period (s)

Figure 5-12 Roll motion RAO (Upright)
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Surge Motion Response (Offset)
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Figure 5-7 Surge motion RAO (Offset)

Sway Motion Response (Offset)
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04 =@—Program 202.5deg

—a—Program 2250deg
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Period (s)

Figure 5-9 Sway motion RAO (Offset)

Heave Motion Response (Offset)

0.160
0.140
—+—Wadam 180.0deg
0.120
—8—Wadam 202.5deg
F 000 —a—Wadam 225.0deg.
£ ——Wadam 247.5deg
§ o080
——wadam 270.0deg
‘? 0.060 —e—Program 180.0deg
—.—P 202.
0040 rogram 202.5deg
—s—Program 225.0deg
0020 ——Program 247.5deg
0.000 —=—Program 270.0deg
oo 50 100 150 200 250 300 350 400
Period (s)

Figure 5-11 Heave motion RAO (Offset)

Roll Motion Response (Offset)
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Figure 5-13 Roll motion RAO (Offset)



Pitch Motion Response (Upright)

e
8
2
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Figure 5-14 Pitch motion RAO (Upright)

Yaw Motion Response (Upright)
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Figure 5-16 Yaw motion RAO (Upright)

Up-Wave Tendon Tension (Upright)
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Figure 5-18 Tendon tension RAO (Upright)

Cross-Wave Tendon Tension (Upright)
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Figure 5-20 Tendon tension RAO (Upright)
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Pitch Motion Response (Offset)
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Figure 5-15 Pitch motion RAO (Offset)

Yaw Motion Response (Offset)
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Figure 5-17 Yaw motion RAO (Offset)

Up-Wave Tendon Tension (Offset)

—a—Wadam 180.0deg.
—8—Wadam 202.5deg.
—a—Wadam 225.0deg.
——Wadam 247.5deg
——wadam 270.0deg.
—e—Program 180.0deg
—@—Program 202.5deg
—a—Program 2250deg
——Program 247.5deg
———Program 270.0deg
100

150 200

Period {s)

250 300 350 400

Figure 5-19 Tendon tension RAO (Offset)

Cross-Wave Tendon Tension (Offset)
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Figure 5-21 Tendon tension RAO (Offset)



Down-Wave Tendon Tension (Upright)
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Figure 5-22 Tendon tension RAO (Upright)

Wave Drift Force Fx (Upright)
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Figure 5-24 Wave drift force Fx (Upright)
Wave Drift Force Fy (Upright)
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Figure 5-26 Wave drift force Fy (Upright)
Wave Drift Moment Mz (Upright)
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Figure 5-28 Wave drift force Mz (Upright)
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Figure 5-23 Tendon tension RAO (Offset)

Wave Drift Force Fx (Offset)
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Figure 5-25 Wave drift force Fx (Offset)

Wave Drift Force Fx (Offset)
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Figure 5-27 Wave drift force Fy (Offset)
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6 Methodology - Global Performance Calculation

6.1 Global Parameters
The main purpose of the global performance calculation is to calculate the following key
global performance parameters [6-1][6-2];
Maximum Offset
Maximum Setdown
Maximum Tendon Tension
Minimum Tendon Tension
Maximum Tendon Bottom Angle
Minimum Airgap

Maximum Acceleration

The frequency domain calculation is used to calculate the above parameters. The
frequency domain calculation has the following frequency range.
Mean Condition (Constant)
Low Frequency (Over 30 sec. period)
Wave Frequency (From 4 sec. to 30 sec. period)

High Frequency (Less than 4 sec. period)

The following environmental effects are considered in this calculation;
Wave
Wind
Current

Tide, Storm Surge and Subsidence

The conditions considered in this analysis are as follows;
Intact Condition
Tendon Damaged Condition
Tendon Flooded Condition

Compartment Damaged Condition
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6.2 Mean Condition Calculation

The mean condition is calculated by the balance of forces and moments. The following

restoring forces and their derivations are to be calculated;

» Hydrostatic Force

» Tendon Restoring Force
» TTR Restoring Force

» SCR Restoring Force

The following mean environmental forces are counted as external forces;

»  Wind Force

» Current Force

»  Wave Drift Forces

»  Viscous Drift Force

» Tide, Storm Surge and Subsidence

The 6-DOF of force and moment balance is described as follows. ft is restoring forces

and fe is external forces.

F(x,y,2,0,¢,0) = { (x,y,2,60,4,0) - ff =0

E(x,y,2,0,¢,0) = (x,7,2,0,¢,0) — f; =

E(x,y,20,0,¢0) =, (x,y,2,0,¢,¢) - ff =0
M, (x,y,2,6,¢,¢) =m;(x,y,2,0,p,9) —m3 =
My (x,y,2,0,¢,0) =m}(x,,2,6,$,¢) —mé =

Mz(xry;2'9;¢'§0) = mg(x,y,z, 9;¢; QD) _mg =0

(Eq.

(Eq.
(Eq.
(Eq.
(Eq.
(Eq.

(Eq.

6-1)

6-2)

6-3)

6-4)

6-5)

6-6)

6-7)

The linear iteration method is used to solve the force balance equation and obtain the

six degree of hull position;

X X —FXi
i+1 — A 7

Fyi

F. .

— yi
Yit1 = Vi F

yi
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6-8)

6-9)



Ziv1 = Zj F,zi (Eq. 6‘10)
M .

Bi41 = 6; M,xxl i (Eq. 6-11)
M .

Giv1 = ¢i — —MIXL. (Eq. 6-12)
Xl
M...

Piv1 = Oi =3 (Eq. 6-13)
xi

6.2.1 Restoring Forces
6.2.1.1 Tendon and TTR Restoring Forces
Tendon and TTR tensions are described as follows. Lo is initial length of the Tendon

and TTR line and L is line length at the vessel position.

T; = Ai(L; — Log) (Eq. 6-14)

L= \/(x,Fi —xp) + (V'ri — Y5 + (25 — Z51) (Eq. 6-15)

The fairlead positions in global coordinate system which the vessel position is taken

into account are calculated as follows;

X'pi = Xp X+ Zp — Y@ (Eq. 6-16)
Vi =Yrit Y+ Xpi@ — 20 (Eq. 6-17)
Z'p = 2Zpi + 2+ Ypi0 — X (Eq. 6-18)

6-DOF of forces working on the vessel are described as follows;

!
X Fi — Xpi

Fy = ——C—2T, (Eq. 6-19)
i

Fyi= _wn (Eq. 6-20)
i

Z’ . — Z .

F, = _%Ti (Eq. 6-21)
i

Myi = Fui¥ri — Fyizp (Eq. 6-22)

My; = Fyizp; — FziXpi (Eq. 6-23)
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M,; = FyiXpi — FyiVmi (Eq. 6-24)

The derivations of those forces are to be calculated as follows;

% =—Aq1l- LL—"L‘  Eri = ) Lo _L’gB")zL""} (Eq. 6-25)

aaL;i =-N{1- LL_OLL + OV'ri —LJgsi)zLoi} (Bq. 6-26)

a;zZi =M LL_O; + m%?l)%} (Eq. 6-27)

a(’l;/[f)n =N {(y?i + 27:) (1 B %) + ri(Zpi = 2pi) + 2ri (Y — YBi)}li—%i} (Eq. 6-28)

52’:; =~ {(Zgi + i) (1 - LL_O;) + {2pi (g — x1) + xpi (2p; — 2p) } %} (Eq. 6-29)
i

aal(pzi =N\ {(xl?"i + i) <1 - LL_OLL) + {xri Vpi — i) + Ve (cp — x50} i—?} (Eq. 6-30)

6.2.1.2 SCR Restoring Forces
SCRs (Steel Catenary Risers) are to be calculated by using catenary line theory. The
axial and bending stiffness and deformation are neglected and unit weight per line

length 1s assumed to be uniform.

(Yo 2s)

‘r’u‘.chcr Point

Figure 6-1 Schematic of Catenary Line Shape

The vertical force Tvi and horizontal force Thi of catenary line 1 are described as follows;

Tvi = W;S; (Eq 6'31)
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Thi = W;a; (Eq 6'32)

The unit weight per line length is expressed as wi, length of the catenary line is
expressed as si and ai is catenary parameter. The line length si and horizontal

separation yq are calculated by using the following equations;

5 = ,fZQt(ZQt +2a;) (Eq. 6-33)

S:
Yoi = aicosh_l <—l + 1) (Eq 6-34)

al
The total length of the line (from anchor point to fairlead point) is calculated by the

following equation;

S,
Lg; = /zQi(zQi + Za,-) —a;cos™! (a—l + 1) + Ly; (Eq. 6-35)
i

This total length must be constant. By using this condition, the catenary parameter a is

calculated by Newton method (suffix i is not presented);

z
fi = .’ZQ(ZQ +2a;) — ajcos ™! <a_Q + 1) +Ly—Lso=0 (Eq. 6-36)
J
2z z
flj=—= CR——— L (a_Q + 1> (Eq. 6-37)
’ZQ(ZQ + 2a;) 7 :

fi
A1 = — f—f (Eq. 6-38)
j

The forces and moment acting at the fairlead point are as follows;

F,=— FL £ wa (Eq. 6-39)
H

F, = —yFL;YBwa (Eq. 6-40)
H

F,=—-w /ZQ(ZQ + 2a) (Eq. 6-41)

M, =F,y —Fyz (Eq. 6-42)

M, = F,z —F,x (Eq. 6-43)

M, = F)x — Fy (Eq. 6-44)

84



The differential of those forces and moments are as follows;
dF,  w(xp —xp)0a

ax Ly 0x

wa w(xp — xp)%a
Ly L3

oFy _ _w(yr—ys)oa

dy Ly 0y
_wa w(yr—yp)’a
Ly L3
dF, _ Wz, da W(ZQ + a)
oz 9z
z JZQ(ZQ + Za) z \/ZQ(ZQ + Za)
oM, W(ZQ + a)yF WZo Y da
Fr B a6
JZQ(ZQ + Za) JZQ(ZQ + Za)
" w(yp — yB)ZFa_a _ wzia  wzi(yr — yp)ia
Ly 00 Ly L3
M,  w(xp—xp)zpda wzia wzi(xp — xp)°a
ap Ly dp Ly L3,
W(ZQ + a)XF WZoXp da
¢
JZQ(ZQ + Za) \/ZQ(ZQ + Za)
oM,  w(yr—yp)xs0a wxia
op B Ly dp Ly

+WxF {xF r—ys) —yr (xp —xp) }a
L}

n w(xr — xg)yr 0a  wyfa
Ly ap Ly

_WYF {xF r—vy8) —yr (xp —x3p) }a
L

6.2.1.3 Hydrostatic Forces

The hydrostatic restoring forces acting on the vessel are as follows;

F, = pgAz

M, = {pg(lxx + VZB) - ngG}e
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(Eq. 6-46)

(Eq. 6-47)

(Eq. 6-48)

(Eq. 6-49)

(Eq. 6-50)

(Eq. 6-51)

(Eq. 6-52)



M, = {pg(lyy + Vzp) — mgzs}¢ (Eq. 6-53)

The differential of those components are expressed as follows;

JoF
_—Z_ Eq. 6-54
0z pgA (Eq )
oM
—5 = P8 +Vz5) — mgzg (Eq. 6-55)
oM
0_¢)y = pg(l,, + Vzz) — mgzg (Eq. 6-56)

6.2.2 Environmental Forces
The environmental forces considered in the mean environmental conditions are;
Steady Wind
Steady Current
Mean Drift Forces
Tide, Storm Surge and Subsidence
In this section, drag force coefficient calculation, wind and current force calculation

and wave drift forces calculation are explained.

Wind

]

Current |

.

Figure 6-2 Wind and current loading on the platform

6.2.2.1 Drag Force Coefficient
According to DNV-RP-C205 [6-2], drag force is calculated by the following equation;
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1
Fp = EpCSuzsina (Eq. 6-57)

If the members are not solid (like truss structure), the drag force is calculated by the

following equation. ¢ is the solidity ratio and Ce. is the effective drag coefficient.
1
Fpe = Epd)CeSuzsina (Eq. 6-58)

If the member is a cylinder, the drag coefficient is calculated as follows. Delta is the

roughness parameter.

0.65 A < 107* (smooth)
29 + 41 A
Cq = i% 107 <A< 1072 (Eq. 6-59)
1.05 A > 1072 (rough)

If the member is a smooth rectangular, the drag coefficient is calculated as follows.

Cq1 = 2Kgsina (Eq. 6-60)
by

Cyr = (1 + b_1) Kgcosa for b, < b, <2b, (Eq. 6-61)
= 1.5Kycosa for b, > 2b, (Eq. 6-62)

Ky = 1.0 for %s 0.10 (Eq. 6-63)

1 r r
= g(4.3 - 13;) for 010 <5< 0.25 (Eq. 6-64)
T
=035 for P 0.25 (Eq. 6-65)

ﬁpd‘ (Cs1)
|

1/3 2/3

T I

r Paz (Cs2)
—f

bzi

OF u&, L~ — J
Figure 6-3 Drag force on rectangular cross section (DNV-RP-C205)
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The following effective shape coefficient Ce is used in the calculation.

Table 6-1 Effective shape coefficient (DNV-RP-C205)

Solidity Ratio Effective Shape Coefficient Ce
Flat-side Circular Sections
? members Re < 4.2 x 10° Re > 4.2 x 10°
0.10 1.9 1.2 0.7
0.20 1.8 1.2 0.8
0.30 1.7 1.2 0.8
0.40 1.7 1.1 0.8
0.50 1.6 1.1 0.8
0.75 1.6 1.5 1.4
1.00 2.0 2.0 2.0

The effect of the finite length is considered in the calculation. The following reduction

factors are applied in the drag force coefficient calculation.

Table 6-2 Reduction Factor for finite length (DNV-RP-C205)

A — Circular Cylinder — subcritical flow

B — Circular Cylinder — Supercritical flow

C — Flat plate perpendicular to flow

I/d 2 5 10 20 40 50 100
A 0.58 0.62 0.68 0.74 0.82 0.87 0.98
B 0.80 0.80 0.82 0.90 0.98 0.99 1.00
C 0.62 0.66 0.69 0.81 0.87 0.90 0.95

6.2.2.2 Current Coefficient Calculation
The current speed distribution in vertical direction is considered. If the current speed
data are available at certain positions in vertical direction, the current distributions are

assumed to be linear among data points. Total force acting on a Morison member is as

follows;
1 [(%F
f= E'Df Cy{u(2)}¥?>Ddz (Eq. 6-66)
:]
Uits — Uy UiZit1 — Ui+1Z;
u(z) = z+ z;<z<2z Eq. 6-67
Zi+1 — % Ziy1 — Zi ' i (Ea )
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This equation is discretized as follows;

1 Zi+1
f= Z 7P f Cqfu(2)}¥?Ddz
i Zi

= Z [%pCdD T T A (qu — % z+ UiZits — ui+1Zi)3]Zi+1 (Eq, 6-68)
i

Uipr — Ui \Zj141 — Z; Ziy1 — Zi

Zi

1
= Z ngdD(ZHl = z) Wy + Uy +uf)
7

6.2.2.3 Wind Coefficient Calculation
Wind distribution is reproduced by using the model equation (2-63). Reference point of
the data is normally located at 10m height from mean sea water level (z10=10m). Total

force acting on a Morison member is as follows;

1 (7
f= Epf Cqu?Ddz (Eq. 6-69)
zp
VA a
U= Uy (—) (Eq. 6-70)
Z10

This equation is discretized as follows;
1 Zi+1
f= Z Epf C,fu(z)}2Ddz
7 zj

Zit+1

u10 2a+1 R
Z[ pCqD 2a+1zfgz ) (Eq. 6-71)

2a+1 __ 2a+1
22(2 TP CdD (Z‘“ )

6.3 Wave-frequency Motion Calculation
As mentioned in section 6, the wave-frequency motion is calculated by the following
equation. For global performance calculation, the effect of the offset/setdown is

considered in in each matrix.

Mi+A; R + By +Cyj X HK 5+ Xi=E; (Eq. 6-72)

6.4 Low-frequency Motion Calculation
6.4.1 Wind Induced Motion

For wind induced motion, the following motion equation is used for calculation.
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IM+A, %, + By, %, +HK,+S, Jx,=2CU (Eq. 6-73)

lij

C is the wind coefficient and U is mean wind velocity.

6.4.2 Wind Spectrum
API wind spectrum [6-4] is expressed as follows. fis frequency and U(z)is 1-hour mean

wind speed at z metes above water line.

2
S(f o (Z) F )
(= 1+15F )" (Ea. 674

-0.125
0.15U (z)(iJ for z<zg
ZS
o(zF Py (Eq. 6-75)
0.15U (z)(ij for z>zg
ZS
f
F= T (Eq. 6-76)
p
f= ) (Eq. 6-77)
z
p=0.025,z=10,z, =20 (Eq. 6-78)

ISO wind spectrum [6-5] is expressed as follows. fis frequency and U is 1-hour mean

wind speed at z metes above water line. z is height above water line.

U 2 7 0.45
{15 (50)
s(f)E 10 150 (Eq. 6-79)
(1 + f )ﬁ
g -0.75
f—172f (%ﬂ%j (Eq. 6-80)
n =0.468 (Eq. 6-81)
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6.4.3 Variable Wave Drift Force Induced Motion
For the low frequency motion due to variable wave drift force, the following motion
equations are used.
H, +H i
2

Newman’s approximation [3-4] is used for the external force term. By solving this

™M it }Xdij + {Bij +C, }Xdij+{Kij+Sij }Xdu: (Eq. 6-82)

motion equation, quadratic transfer function is obtained.

6.5 Maximum/Minimum Value Calculation
Wave, wind, and variable wave drift force induced responses are multiplied with each
external force spectrum. These response spectra are combined and filtered for each
frequency ranges;
High Frequency Range: Period <4 sec
Wave Frequency Range: 4 sec < Period < 30 sec
Low Frequency Range: 30 sec < Period
The standard deviation of the response is calculated as follows by using empirical

calibration factors a, B, and y.

G:\/ (0!0 H )2 + (ﬂUw )2 + (701 )2 (Eq. 6-83)

Maximum and minimum value is calculated as follows. Pmax is peak factor for

maximum response and Pmin 1s peak factor for minimum.

xmaxzx mean + Pmaxo- (Eq. 6'84)

min @ (Eq. 6-85)

For maximum and minimum tendon tension calculation, the following margins are

considered.
Pile misalignment margin 2 feet
Tendon weight margin 3%
Tendon buoyancy margin 3%
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6.6 Program Verification
For verification, the result of this global performance calculation module was
compared with commercial software. As commercial software, DeepC in DNV Sesam

Software Package was used.

Figure 6-4 DeepC analysis model

Hull and Tendon/Riser conditions are the same as section 5. The environmental

loading is as follows;

Significant Wave Height 19 m

Mean Wind Speed 55 m/s
Surface Current Speed 2.7 m/s
Sea Level +0.8 m

Environmental Load Direction Collinear toward SW (225deg)
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Offset Curve (45deg-225deg)

150

——Program

-20,000 20,000 ¢ DeepC

-150

Figure 6-5 Offset value comparison

Setdown Curve (45deg-225deg)

-20,000

—e— Program

4 DeepC

-8

Figure 6-6 Setdown value comparison
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Figure 6-7 DeepC time history of up-wave tendon tension
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Figure 6-8 DeepC spectrum of up-wave tendon tension
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Figure 6-9 DeepC time history of down-wave tendon tension
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Figure 6-10 DeepC spectrum of down-wave tendon tension

[GP Comparison]
The following table shows calculated global performance result. Although, program is
frequency domain calculation, and DeepC is time-domain calculation, the similar result

was obtained.

95



Table 6-3 Global performance comparison

Program DeepC
Mean Offset 81m 79m
Max. Offset 102m 99m
Max. Tendon Tension 27,761 kN 28,562 kN
Min. Tendon Tension 8,652 kN 5,983kN
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7 Methodology - Global Structure Calculation

In this analysis, the hull and topside members are modeled by beam elements. The
benefits of this beam-model structural analysis are (1) simple and fast overview, (2)
quick verification for shell element FEM analysis and (3) better understanding for
physical phenomena by decomposing stress into each component. However, the effect
such as local deformation, hoop stress, stress concentration, shear delay and so on are
not included in the calculation result. These effects should be considered separately
with another method.

To model the hull with beam element, the section properties of each hull girder
member (such as Pontoon, Column and so on) are to be properly calculated.
Correspondence between elements in panel model and beam elements in structural
model 1s also necessary to transfer the hydrostatic and hydrodynamic pressure to the

beam element.

i .~
=N
7 |
s . \; I s =
it e
- < y
i P
=4 S \\7__ T /‘
L) .—k\f\ \' n __/'*_
T o | d
B > ,‘:-(
A HERE= N |
dims 4=t ol
SR 2} ‘A Pungh
Nl S T
i =) s

_’\._‘
_Il_ .
’__ﬁ
Wi
l =
L
YRR

Figure 7-1 Beam Structural Model and Hydrodynamic Panel Model

97



7.1 Section Properties
In order to calculate the stiffness and stresses, section properties of the hull girder
members are to be calculated correctly. Longitudinal members (shell plates, bulkheads
and stiffeners) are counted in the section properties. Section area, moment of inertia,

section modulus and shear area are required to be inputted.

T,-,‘".J:‘-.,‘
{ "
TrT 1T T T T T T T T 1T T 1T T 171
“\

IFrTTTTTTTTT]
L1 1 1 1 1 1 1.1.1.

7Ill]ll‘-|lll]]1‘l ~ ¢,

Figure 7-2 Section view of Pontoon and Column

Table 7-1 Section Properties

Symbol Unit Description
A m? Section Area
Iyy m# Second moment of area about y-axis
1zz m# Second moment of area about z-axis
Ixx m4 Torsional second moment of area
Zyy m3 Section Modulus about y-axis
77z m3 Section Modulus about z-axis
K m3 Torsional Section Modulus
Ay m?2 Shear Area in y-direction
Az m?2 Shear Area in y-direction

7.2 Correspondence
Correspondence matrix is to be prepared to transfer the panel pressure loads to beam
element. The panels which are surrounding the beam are hired as corresponding panels.
There are “dummy rigid beams” which do not have the relation to the panels. These

beams are defined to transfer the force from beam to beam.
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Figure 7-3 Correspondence between panels and beams

Table 7-2 Member ID definition

Section ID Member
1 Dummy Rigid Beam
2 Column
3 Node
4 Pontoon

7.3 Spring Boundary corresponding Tendon stiffness
Spring boundary conditions which x-, y-, z-stiffness are same as tendons’ stiffness are
set on the tendon fairlead points. These boundary work as tendons, and help to avoid

rigid-body motions.
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Figure 7-4 Spring Boundary corresponding to Tendons

7.4  Matrix Method
Matrix method [7-1] is used to calculate the force and moment in the grillage structure.

This method is based on beam theory with small deformation and each element consists

of 2 nodes.
Table 7-3 Symbols for matrix method formulation
Symbol Unit Description
E Pa Young’s Modulus
G Pa Shear Modulus
A m2 Section Area of the element
Iy m4 Second moment of area about y-axis
Iz m4 Second moment of area about z-axis
K m4 St. Venant Torsional constant
1 m Length of the element
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Pxi N Axial Force at node 1

Qyi N Shear Force at node 1

Qzi N Shear Force at node 1
Mxi Nm Moment about x at node i (torsion moment)
Myi Nm Moment about y at node 1
Mzi Nm Moment about z at node 1

ul m Displacement in x-direction at node 1

vi m Displacement in y-direction at node 1

wi m Displacement in z-direction at node 1

Oxi1 rad Angular displacement about x-axis at node 1
Oyi rad Angular displacement about y-axis at node 1
0z1 rad Angular displacement about z-axis at node i

7.4.1 Element Stiffness Matrix

The relation of stiffness and displacement in each mode is expressed as follows.

Axial Compression

D=9

Bending about z axis

12 sym.
EL[ 61 a2
B\-12 -6l 12

6L 21> -6l 4l?

Bending about y axis
12 sym.\ /Wi
EL| 61 a2

B\-12 -6l 12
6l 212 -6l A4l*

Torsion

Element stiffness matrix takes the following form.
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(Eq. 7-2)

(Eq. 7-3)

(Eq. 7-4)




T Sym.
12E1
0 B z
12EI
0 0 2
l3
GK Y P;
0 0 0 T v, Qyi
6E1, 4EI, Wi Qzi
0 0 - 2 0 exl Mxi
1 1 0
6EL, 4EI, yi My,
12 0 0 0 1 ezi _ Mzt
EA EA w =] P
- 0 0 0 0 o - v, 0,
12E1, 6El, 12E1, w; Q)
— B 0 0 0 — B I8 9xj Mx]
12E1 6EI 12E1 By; .
0 0 ——FF 0 —5* 0 0 0 B o Zw
zj Zj
GK GK
0 0 0 -7 0 0 0 0 0o —
0 0 B 61521y 0 ZElly 0 0 0 61521y 4Elly
6EL, 2El, 6EI, 4EI,
B 0 0 0 i - 0 0 0 i
(Eq. 7-5)

7.4.2 Coordinate Conversion and Global Stiffness Matrix
The local element coordinate values are transferred to global coordinate by using the

coordinate conversion matrix T.
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Figure 7-5 Coordinate Conversion [7-1]
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A= E+m?
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(Eq. 7-6)

(Eq. 7-7)

(Eq. 7-8)

(Eq. 7-9)



If #0 Then

—m,cos8, — n,l,sinf,

y
my, | ==| l,cos, —myn,sind,
n, A?siné,

—l,sinB, — myn,cosb,

( L, ) 1 m,sind, —n,l,cosf,
A A2cosB,

Elseif A =0 Then

L, n,cos6,
my | =1 sinb,

n, 0
l, —n,Sinf,
<m2> = ( cosf, )

n, 0

The global stiffness matrix is as follows;

kGdG — fG
KG is calculated as follows;
kG = Téde
T sym.
r,=(0 T
0O O T
0O 0 O T
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7.4.3 Calculation of Section Forces
By solving the global stiffness matrix, displacements are obtained, and then section

forces are calculated as follows;

Py = #(ui - ) (Eq. 7-17)
Qyi = % (12v; + 616,; — 12v; + 616,;) (Eq. 7-18)
Qu = % (12w; — 60, — 12w; — 616,;) (Eq. 7-19)
My = GTK(exi —6y)) (Eq. 7-20)
My = % (—6lw; + 41%0,,; + 6lw; + 21%0,;) (Eq. 7-21)
M, = % (6lv; + 4120, — 6lv; + 21%6,;) (Eq. 7-22)
Py = #(uj - ;) (Eq. 7-23)
Qy; = —% (12v; + 616,; — 12v; + 616,;) (Eq. 7-24)
Q) = —%(12% — 616, — 12w; — 6l0,,;) (Eq. 7-25)
M, = ? (625 — 6xi) (Eq. 7-26)
My = %(—awi + 20%0,,; + 6lw; + 41%0,,;) (Eq. 7-27)
M, = %(611;,. + 2126, — 6lv; + 41%6,;) (Eq. 7-28)
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7.4.4 Distributed Load
Distributed loads are applied as equivalent point load on the nodes. The equivalent

point loads are calculated by the following equation;

Py =Py +é(2Wxi + wy;)) (Eq. 7-29)
Qyi =Q'yi + 21_0(7Wyi +3wy;) (Eq. 7-30)
Qi =Q i+ %(7Wzi + 3wy;) (Eq. 7-31)
My = M'y; (Eq. 7-32)
My, =M'y; — 2_2(3Wzi +2w,;) (Eq. 7-33)
My =My + %(3Wyi +2wy;) (Eq. 7-34)
Pyj =Py +é(Wxi + 2wy;) (Eq. 7-35)
Qyj = Q’yj + 21—0(3Wyi + 7Wy]-) (Eq. 7-36)
Qzj =Q'z + %(3”’21' +7wy)) (Eq. 7-37)
Myj = M'; (Eq. 7-38)
My;=M'y; - é_i)(zwzi +3w,;) (Eq. 7-39)
M, =M, + é—;(Zwyi +3wy;) (Eq. 7-40)
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7.5 Load Cases

The following table summarizes the basic load cases applied on the model.

Table 7-4 Load Cases

ID Name
LC1 | Static Loads Hydrostatic Load
Self Weight
LC2 | Wave Loads Hydrodynamic Load
Inertia Load

7.5.1 Static Loads
Hydrostatic load is transferred to the beam element as distributed line load or point
load. Self-weight of the hull is modeled as line load for each hull girder member. Topside
self-weight is modeled as point load at Topside COG point with dummy beams
connected each node to the COG point.

7.5.2 Wave Loads

Hydrodynamic load is transferred to the beam element as distributed line load or point
load in complex number format (which means phase information is included). Inertia
load of the hull is modeled as complex-number line load for each hull girder member.
Topside inertia load is modeled as complex-number point load at Topside COG point
with dummy beams connected each node to the COG point.
Steepness of design wave has a limitation according to DNV-RP-C103
Column-Stabilized Units [7-2]. Wave steepness is defined by;

5= 221 (Eq. 7-41)
gT?

The combination of wave height and wave period that are considered should imply a

value of steepness that is less than the following limit;

1
{ 7 forT < 6s
S= 1 Eq. 7-42
093 forT > 6s (Eq )

7+5—(T?-36
HlOO( )

The wave height and period combinations on the steepness limit are given by;
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( 0.22T? forT < 6s

2 -
45 + - (T2 - 36)
100
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8 Methodology - Weight Calculation
In this section, scantling calculation and weight estimation method is described.
8.1 Scantling Calculation
8.1.1 Plating
For the designated permanent ballast tank boundary structures and external shell
plating, the following expression (per paragraph 3-2-2/9.3 of ABS MODU2008 Rules
[8-1]) governs:

t_sk\/%

>ca + 2.5 mm
(Eq. 8-1)
= % + 2.5 mm

t =  plate thickness (mm)
S = spacing of stiffeners (mm)
k = factor based on aspect ratio of panel

= (3.075Va — 2.077) /(a + 0.272)

= 1.0
a = Aspect ratio of the panel (longer side/shorter side)
q = 235/Y
Y = specified minimum yield strength of material (N/mm2)
h = greatest of the following distances (m) from the lower edge of plate to:

1.  a point representing the design draft is used;
ii. a point located two-thirds of the distance from top of tank to the top
of overflow;

i1i. a point located 0.91 m above the top of the tank.

For areas subject to wave immersion, a minimum design head of 6.1 m is required.
For all other subdivision boundary structures (such as internal watertight bulkheads
and flats in void spaces), the following expression (per paragraph 3-2-2/7.3 of ABS
MODU2008 Rules) is used:

sky/qh

290

t= + 1.5 mm

(Eq. 8-2)

S
> — .
_200+25 mm
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8.1.2 Stiffener
For stiffeners on the designated permanent ballast tank boundary structures and
external shells, the following expression (per paragraph 3-2-2/9.5 of ABS MODU2008

Rules [8-1]) for minimum scantling was used:

SM = fchsl? c¢m3 (Eq. 8-3)

f = 7.8

¢ = 0.9 For stiffeners having clip attachments to deck or flat at to
the ends or having such attachments at one end with the
other end supported by girders.

= 1.00 for stiffeners supported at both ends by girders
h = Greatest of the distances (m) from the middle of 1 to the same point to
which h for plating is measured (1-1).
S = spacing of stiffeners (m)
1 = length (m) between supports, where brackets are fitted at shell, deck or

bulkhead supports, and the brackets are in accordance with 3-2-2/Table
2 of ABS MODU2008 Rules and have a slope of approximately 45 deg,
the length 1 may be measured to a point on the bracket located at a

distance from the toe equal to 25% of the length of the bracket.

For stiffeners on all other subdivision boundary structures (such as column internal
watertight bulkheads and flats in void spaces), the following expression (per paragraph

3-2-2/7.5 of ABS MODU2008 Rules) for minimum scantling were used:

SM = fchsl? cm? (Eq. 8-4)
f = 7.8
¢ = 0.56 For stiffeners having clip attachments to deck or flat at to
the ends or having such attachments at one end with the
other end supported by girders.
= 0.60 for stiffeners supported at both ends by girders
h = Greatest of the distances (m) from the middle of 1 to the same point to

which h for plating is measured (1-2). where the distance is less than 6.1

m, histo be taken as 0.8 times the distance in m plus 1.22.
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Other parameters are defined similarly to those in previous expression

8.2 Weight estimation

The weight is estimated from the calculated scantling with applying factors for

transverse and tertiary members.

[

WP2

W-N2|N

-
% NP1
/

SW-NAJSW-N

/

EP2

Sp2

W*le

Figure 8-1 Compartment assumption for CTLP

Table 8-1 Structural Members for Conventional TLP

Structure Member
Pontoon Bottom Plate/Stiffener/Transverse
Inboard Shell Plate/Stiffener/Transverse
Outboard Shell Plate/Stiffener/Transverse
Top Plate/Stiffener/Transverse
Center Bulkhead Plate/Stiffener/Transverse
Node Bottom Plate/Stiffener/Transverse
Outer Shell Plate/Stiffener/Transverse
Inner Bulkhead Plate/Stiffener/Transverse
Access Shaft Bulkhead Plate/Stiffener/Transverse
Flat Plate/Stiffener/Transverse
Column 1 Outer Shell Plate/Stiffener/Transverse
Inner Bulkhead Plate/Stiffener/Transverse
Access Shaft Bulkhead Plate/Stiffener/Transverse
Flat Plate/Stiffener/Transverse
Column 2 Outer Shell Plate/Stiffener/Transverse
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Inner Bulkhead Plate/Stiffener/Transverse
Access Shaft Bulkhead Plate/Stiffener/Transverse
Flat Plate/Stiffener/Transverse
Column 3 Outer Shell Plate/Stiffener/Transverse
Inner Bulkhead Plate/Stiffener/Transverse
Access Shaft Bulkhead Plate/Stiffener/Transverse
Column Top Plate/Stiffener/Transverse

On top of this structural weight, user-input outfitting, machinery, consumables, and
weight margins are included in the total weight. Total weight, center of gravity and

moment of inertia are calculated.

[ Weight Estimation ]

[ Hull Weight ] [ Topside ]

\ * UserInput
H I I

[ Structural Weight ] [ Piping, Outfitting, ] [ Ballast ]

storage, etc.

= UserInput * UserInput

[LongitudinalMembers] [ Transverse Members ]

and others

» Estimated from plate * Estimated with empirical factors
and stiffener weight

Figure 8-2 Weight Calculation Method
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9 Calculation Result
9.1 Calculation Condition

The program is tested for the following environmental conditions. There are three

environmental data;

® Gulf of Mexico metocean condition before the

(pre-2005)[9-1]
® Gulf of Mexico metocean condition after the hurricane attack in 2005 (post-2005)

[9-2]

® A Southeast Asian environmental condition

hurricane attack in 2005

These environmental data are summarized in Table 9-1. The total of hull outfitting,

equipment and piping weights) is assumed to be 2,000MT. Topside and riser conditions

are summarized in Table 9-2 and 9-3.

Table 9-1 Environmental Condition

Case 1 Case 2 Case 3
GoM GoM (Post-2005) Southeast Asia
Extreme Extreme | Operating | Extreme Survival | Operating | Extreme Survival
Return Period 100yr lyr 100yr 1000yr 1yr 100yr 1000yr
Wave height Hs 12.2m 10.0m 15.8m 19.8m 5.8m 7.6m 9.1m
Peak period Tp 14.2s 13.0s 15.4s 17.2s 12.5s 14.1s 15.4s
Wind Speed Vw 39.9m/s 33m/s 48m/s 60m/s 18.9m/s 22.6m/s 25.8m/s
Current Speed Vc 1.7m/s 1.7m/s 2.4mls 3.0m/s 1.4m/s 1.8m/s 2.0m/s
Water level L 0.9m 0.4m 0.6m 0.8m 0.42m 0.55m 0.66m
The calculation condition for topside is as follows;
Table 9-2 Topside Condition
Topside weight 20,000MT
Topside vertical center of gravity 10 m from BOS
Footprint 65 m x 656 m
Total Height 20 m
Structure See figure 9-1

Beam 1200x500x25x50
Pillar/Brace $1000x25
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Figure 9-1 Topside Model

The followings are the riser properties;

Table 9-3 Riser Condition

TTR
Number 10
Pretension 1,000 kN for each
Stiffness 1,000 kN/m for each
Length 1050 m

SCR
Number 4
Pretension 3,000 kN for each
Fairlead Angle 15 deg
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9.2 GoM Pre-2005 condition (Case 1)
The calculation results of the GoM Pre-2005 by ASA and GA are summarized in the
table below. Hull total weight was both about 14,000MT and tendon pretension was

about 21%-22%. Optimization result of GA and ASA matched well.

Table 9-4 Calculation result for GoM pre-2005 (Casel)

ASA

GA

Hull Shape

Column diameter 21.2m 21.0 m
Column distance 67.2 m 61.8 m
Pontoon breadth 9.3 m 6.7 m
Pontoon height 8.7m 10.3 m
Draft 23.5 m 26.3 m
Column height 473 m 48.0 m
Hull weight 14,153MT 13,920MT
Pretension Ratio 22% 21%
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9.3 GoM Post-2005 condition (Case 2)
The calculation results of the GoM Post-2005 by ASA and GA are summarized in the
table below. Hull total weight was both about 18,000MT and tendon pretension was
about 37%. Column height was 58m for both.

Table 9-5 Calculation result for GoM post-2005 (Case 2)

ASA GA
I l

Hull Shape N eS| ::l I‘:;.i;

Column Diameter 24.7 m 23.2 m
Column Distance 65.2 m 70.5 m
Pontoon breadth 8.5 m 11.4 m
Pontoon height 8.2 m 7.4 m
Draft 24.4m 25.0 m
Column height 57.8 m 59.8 m
Hull weight 17,425MT 17,903MT
Pretension Ratio 29% 29%
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9.4 GoM Post-2005 condition (Case 3)
The calculation results of the Southwest Asian condition by ASA and GA are
summarized in the table below. Hull total weight was both about 12,650MT and tendon

pretension was about 20%. Column height was 36m-38m.

Table 9-6 Calculation Result for Southeast Asian Condition (Case 3)

ASA GA

Hull Shape

Column Diameter 21.3m 23.0 m
Column Distance 60.9 m 61.8 m
Pontoon breadth 6.6 m 8.7m
Pontoon height 13.8 m 11.0m
Draft 21.9m 18.0 m
Column height 38.0 m 35.6 m
Hull weight 12,658MT 12,678MT
Pretension Ratio 21% 20%
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10 Discussion

10.1 Comparison with an existing TLP hull shape

The followings are the comparison of case 1 with an existing TLP (Brutus TLP).

Similar hull proportion was obtained. Hull weight of the calculation result was slightly

smaller than Brutus TLP.

Table 10-1 Comparison with an existing TLP

Brutus TLP GoM pre-2005 (ASA)
Column Diameter 20 m 21.2 m
Column Distance 60 m 67.2 m
Pontoon Width 11 m 9.3 m
Pontoon Height 7 m 8.7m
Draft 25 m 2356 m
Column Length 51 m 47.3 m
Hull Steel Weight 12,900 MT 12,153MT
Hull Total Weight 14,153MT

Brutus TLP

GoM pre-2005 (ASA)

Figure 10-1 Comparison with an existing TLP
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10.2 Pre v.s. Post Hurricane Condition

The following table and graph shows the comparison of pre- and post-Hurricane

condition. Column height of post-Hurricane condition became much larger than

pre-Hurricane condition. As a result, hull weight of post-Hurricane was 23% larger.

Table 10-2 Comparison between Pre- and Post-Hurricane Hull Shape

GoM Pre-2005 (ASA) GoM Post-2005 (ASA)
Column Diameter 21.2m 24.7Tm
Column Distance 67.2 m 65.2 m
Pontoon Width 9.3 m 8.5 m
Pontoon Height 8.7m 8.2 m
Draft 23.5 m 24.4 m
Column Length 47.3 m 57.8 m
Hull Total Weight 14,153MT 17,425MT
Pretension Ratio 22% 29%

R s

GoM Pre-2005

..
NN
"

—

GoM Post-2005

Figure 10-2 Comparison between Pre- and Post-Hurricane Hull Shape
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10.3 Hash v.s. Mild Environment
This is the comparison between hash (GoM post-Hurricane) and mild (SE Asia)
environment condition. The column became significantly shorter in mild condition. This
is because of airgap criteria. The optimized hull weight has 38% difference between two

conditions.

Table 10-3 Comparison between Pre- and Post-Hurricane Hull Shape

GoM Post-2005 (ASA) Southeast Asia (ASA)
Column Diameter 24.7Tm 21.3 m
Column Distance 65.2 m 60.9 m
Pontoon Width 8.5 m 6.6 m
Pontoon Height 8.2m 13.8 m
Draft 24.4 m 21.9m
Column Length 57.8 m 38.0 m
Hull Weight 17,425MT 12,658MT
Tendon Pretension Ratio 29% 21%

GoM Post-Hurricane (ASA) Southeast Asia (ASA)

Figure 10-3 Comparison of Hull Shape for hash and mild environment
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10.4 Comparison with hydrodynamic optimization result

This result shows the effect of selected objective function. Objective function was set

to tendon tension RMS, and optimized hull shape was calculated by applying

post-Hurricane condition. Initial criteria were considered into this calculation. As a

result, pontoon height became significantly shallow and draft became significantly deep.

The final hull weight was 23% larger.

Table 10-4 Comparison with hydrodynamic optimization result

Weight Minimum Response Minimum
Column Diameter 24.7Tm 21.1 m
Column Distance 65.2 m 70.4 m
Pontoon Width 8.5 m 181 m
Pontoon Height 8.2 m 3.1 m
Draft 24.4m 42.3 m
Column Length 57.8 m 69.3 m
Hull Weight 17,425MT 21,358 MT

Weight Minimum

Response Minimum

Figure 10-4 Comparison with hydrodynamic optimization result
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10.5 Optimization process for GoM pre-2005
The following Figures show the process of optimization. The red and black lines show
how the variables were optimized by each process for pre-2005 condition. The green dots
represent the area constrained by criteria 1, as these dots are generated by uniform
random numbers and screened by criteria 1. The light-blue dots show the area
constrained by criteria 2. The blue points are also generated by random numbers and
screened by criteria 3 to see the effect of each constraint condition. Hull dimensions of

existing TLPs (Brutus TLP, Auger TLP) are also plotted in the same graph for

comparison.
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| Criteria 3 * —
140000 ASA optimization
—_ | GA optimization -
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% 100000 Auger TLP 7
$ 80000 [ 1
£ 60000 [ 1
40000 [ I
20000 [ 1
0 | I 1 1 1 1 1 1 L
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Figure 10-5 Column diameter v.s. Hull total weight (Case 1)

122



Hull weight [MT]

Hull weight [MT]

180000 T T T T T T T
Criteria 1
160000 = riteria 2 =
Criteria 3 *
140000 [ AsA optimization <1
| GA optimization 8
120000 Brutus TLP o g
100000 | Auger TLP o
80000 [~
60000 [~
40000 [~
20000 [~ ; <
0 1 I 1 L L 1 1
10 20 30 40 50 60 70 80 90 100
Column Distance [m]
Figure 10-6 Column distance v.s. Hull total weight (Case 1)
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Figure 10-7 Pontoon breadth v.s. Hull weight (Case 1)
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10.6 Optimization process for GoM post-2005

The following Figures show the process of optimization for post-2005 condition.
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Figure 10-11 Column diameter v.s. Hull weight (Case 2)
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Figure 10-12 Column distance v.s. Hull weight (Case 2)
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10.7 Optimization process for Southeast Asian Condition

The following Figures show the process of optimization for Southeast Asian condition.
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Figure 10-18 Column distance v.s. Hull weight (Case 3)

129



Hull weight [MT]

Hull weight [MT]

180000
160000
140000
120000
100000
80000
60000
40000
20000
0

180000
160000
140000
120000
100000
80000
60000
40000
20000
0

I | I | I I I |

Criteria 1
Criteria 2
Criteria 3 *
ASA optirmization
GA optimization

| | Il | Il | | |

Il

0 5 10 15 20 25 30 35 40

Pontoon Breadth [m]
Figure 10-19 Pontoon width v.s. Hull weight (Case 3)

45

50

I | I | I I I |

I Criteria 1
Criteria 2

|- Criteria 3 *
ASA optimization

I GA optimization

| | Il | Il | | |

Il

0 5 10 15 20 25 30 35 40

Pontoon Height [m]
Figure 10-20 Pontoon Height v.s. Hull weight (Case 3)

130

45



Hull weight [MT]

Hull weight [MT]

180000
160000
140000
120000
100000
80000
60000
40000
20000
0

180000
160000
140000
120000
100000
80000
60000
40000
20000
0

Criteria 1
Criteria 2
Criteria 3 *
ASA optimization
GA optimization

1 | | | | | 1 | |

10 20 30 40 50 60 70 8 90
Draft [m]
Figure 10-21 Draft v.s. Hull weight (Case 3)

100

I I | | I | I

Criteria 1
Criteria 2
Criteria 3 *
ASA optirnization
GA optimization

| 1 T l | ! I

20 40 60 80 100 120 140

Colum Height [ m]
Figure 10-22 Column Height v.s. Hull weight (Case 3)

131

160



10.8 Study on Criteria — Pre-2005 condition

The following chart shows region governed by each criteria. The green, light blue and

blue points are representing the territory to meet geometry criteria, hull sizing criteria

and design criteria. This graph is plotted by generating random number and evaluating

each criterion.
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Figure 10-23 Criteria 1, 2, & 3 (Case 1)

The following plots show the territories of each hull sizing constraint condition.

Intersection of these is the hull sizing criteria.

Ballast amount (>5% of displacement)
Installation stability (GM>2m)
Quayside stability (GM>2m)

Deck post location

Airgap estimation

Tendon pretension (5% -50% of displacement)
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Figure 10-29 Tendon Pretension Condition (Case 1)
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The following plots show the territories of each design constraint condition.

Intersection of these is the design criteria.
® Natural period (<4.5s)

Max offset (<10%-14% of water depth)
Minimum Tendon Tension(>0)
Airgap (>0)
Tendon strength
Hull strength
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Figure 10-30 Natural Period Condition (Case 1)
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Figure 10-32 Minimum Tendon Tension Condition (Case 1)
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Figure 10-34 Tendon Strength Condition (Case 1)
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11 Conclusion

TLP is an offshore platform which has very small motions due to the mooring by
tendons. Recently TLPs are being installed on more global locations and TLPs are
started to be subject to various type of environment condition. This trend causes lots of
difficulty to design the optimized hull shape of TLPs, when we cannot utilize past
experience for these new design condition.

In this study, optimization algorithm is utilized for hull shape optimization. Preceding
works also utilize optimization algorithm, but they are not suitable for initial hull
design. In section 2, the following goals are set.

- Develop hull optimization system that can find the optimized TLP hull shape. This
system has more practical approach than preceding works: The platform weight and
tendon weight are objective function to be minimized and design criteria are constraint
condition.

- Compare the result with existing units for verification

- Compare with the result of hydrodynamic optimization

- Study application of TLPS to several environment condition

The hull sizing system developed in this study has the following characteristics;
- Objective function is hull and tendon weight, and constraint conditions are design
criteria including global performance, strength, and initial screening criteria.
- This system can find optimized hull shape without using any empirical parameters
or without input initial hull shape.
- This hull sizing system can find optimized hull shape in few hours, while it takes

few weeks to carry out hull sizing with conventional method.

This system was tested for specific design conditions and the following points are found;

- Calculated hull shape was in line with existing TLP and the program is practically
useful.

- Post hurricane condition requires larger tendon pretension and column height. As a
result, the hull weight increased by 23%.

- For SE Asia, column length becomes significantly shorter, and weight can be
reduced accordingly.

- Comparing between the weight and tension response for objective function, objective
function of tension response gives significantly smaller pontoon height and deeper
draft, and the hull weight also become larger. This means hydrodynamic

optimization doesn’t necessarily give the good solution.
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