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CHAPTER 1

INTRODUCTION

Background of Study

An offshore structure can be defined as one which has no fixed access to dry land. It is
required to stay in position in all weather conditions. The offshore structure should
experience small motion to provide stable working condition for operations such as
drilling and production of oil. Fixed structures experience greater forces than compliant

structures in viable environment such as an ocean. 1]

Many types of structural systems have been proposed to enhance the water depth
capability of offshore structures. The tension-leg platform (TLP) is one of the promising
concepts. A TLP is a floating structure, vertically moored to the seabed by a system of
pre-tensioned tethers held in tension by the buoyancy of the hull. This approach restrains
vertical motions (heave, pitch, and roll) but allows horizontal movements (surge, sway,
and yaw). A typical compliant offshore platform is exposed to a combination of

environmental loads such as winds, waves and currents. [2]



Heave

Yaw Surge

Sway

Roll

Pitch /1

# Vessel fore-
/7 aft axis

Figure 1.0: Six degree of freedom

Study aims to investigate the effects of water depth on responses (surge, heave, and pitch)
of triangular TLP, as shown in Figure 1.0. In the research, wave theories are applied for
calculating waves and forces acting on the structure. Researches were conducted
involving finding the historical events of TLPs installation in the world, the functions,
global water depth significant changes, and TLP dimensional platform and environmental

data.

A parametric study will be conducted to analyze the effects of water depth on the
responses of a triangular TLP. The dimensions of platform and environmental data are to
be assumed at certain values, and the water depth value is varying. As for the study,
Brutus TLP was chosen and few alterations were made since there had never been a

triangular TLP ever constructed in the ocean of the world.



1.2 Problem Statement

A typical compliant offshore platform is exposed to a combination of environmental
loads such as winds, waves and currents, There are two non-linear aspects that have to be
taken into account when designing TLP, one relates to the amount of offset (min value of
horizontal response) and another one is the limit (minimum or maximum values) of
tendon tension forces. As far as the functions of a TLP is concerned, floatation is one the
most crucial components. Therefore, water depth incorporates significantly when it
comes to designing TLP. A triangular shape TLP is chosen because as far as the TLP
design is concerned, three columns structure is less stable. In the history of the tension

leg platform, triangular shape structure has been proposed, but yet not built. [2]

Qil exploration and production (E&P) companies are drilling further out into the sea,
deeper under the ocean floor (more than 1000 feet) to fap into the pockets of oil and

natural gas. [3]

Although, deepwater was once prohibitively expensive, high oil prices make the
economics of deepwater drilling economically feasible. Factors affecting this E&P

frontier include:

» Strong worldwide demand for energy, especially from burgeoning economies like
China bolster the increasing price for oil and, to a lesser extent, natural gas

¢ Traditional oil producing basins have matured, particularly on land, and
exploration & production companies have started to look for new reserves in

challenging, deepwater environments in the deepwater Gulf of Mexico. [3]

Apart from that, the need to get into more deepwater oil exploration, another factor which

contributes to the idea of the study is the greenhouse warming, Green house warming is a



mechanism preventing radiation from being transferred out of Earth’s atmosphere. This
condition is due to gaseous substances like carbon dioxide, carbon monoxide that absorb
radiation from the sun Light and other heat sources and keeping them from being radiated.
The repercussion is the increasing global temperature subjected to high amount of heat

capacity trapped. [4]

The phenomenon occurs due to many events conducted by both natural and human
activities. Natural activities such as volcanic eruption, respiration, organic decay and
weathering of calcareous rocks release carbon dioxide. Human activities like buming
fuel, deforestation, industrialization, and land-use changes have caused a significant

increment of carbon dioxide. [4]

Models of earth climate named General Circulation Models suggesting that the doubling
of carbon dioxide will lead to an increase in global temperature of 1.4°C to 4.5°C in the
21* century. Models added that decreasing of oceans water level only happen during the
glacial period thousands years ago where sea level drop from 80m to 120m due to the

growth of glaciers. [5]

Greenhouse effects will lead to increasing water depth of the oceans of the world. As
seawater warms, its volume expands. Meanwhile, freshwater which is stored in polar
continental regions melts and flows as input to sea, thus contributes to sea-level rise. In
the last 100 years, tide-gauge records show a general increase in sea-level of 2.4 + (.9
mm per year (Peltier and Tushingham 1989). About 70% of increasing water depth
results from thermal expansion of occan and 30% from melting glaciers that flows

freshwater into the sea. [4]



Figure 1.1: Global average sea-level rises from 1990 to 2100. [4]

Figure 1.1 presents the global average sea-level rise from 1990 to 2010. The region on
dark shading is the average of seven climate models. Oil and gas industries of the world
had embarked about going into ultra deepwater exploration and more hostile
environments due to shortage of oil reservoirs in land and shoreline. Development in
deepwater production has progressed most rapidly in the Gulf of Mexico. The latest
record breaking unit is the Noble Clyde Boudreaux (Silvertip), a semi-submersible
production unit in 2,900m (9,356 ft) water depth, which operated by Shell Offshore
Inc. Moreover, global warming factor also applies slightly to the increasing water depth,

but surely. [3]

As a whole, study focuses on the effect of water depth on the behaviours of TLP to found
out the possibilities that a designed TLP for certain water depth can suits in other

different water depth as well, as far as water depth is the only parameter concerned.



1.3

1.4

Objectives

To prepare detailed literature survey about the tension leg platform technology

and about the tension leg platforms that are already installed or being installed

To determine the dynamic responses of a typical triangular tension leg platform
subjected to different water depths by assuming the platform as a rigid body and

by solving the dynamic equations in frequency domain and in time domain

- Scope of Study

Study on the concepts of a functional TLP. The characteristics, the response of

TLP are to be studied.

Study on the history of TLP installation in the oil and gas production in many

places in the world.

Study on the wave theories, wave parameters and distinguish the suitability of

different types of wave theories

Conduct dynamic analysis of triangular TLP in frequency domain and in time

domain

Determine the effect of varying water depths on the dynamic responses. This is

the primary concern of the overall study.



Study is subjected to certain assumptions, as to be mentioned in the following:

Study will only involve deep water. Intermediate and shallow water are not being

considered in the research.
Dimensional platform (draught, diameter of member, height, etc) and
environmental data (wave height, significant height, etc) were assumed to certain

values, but based on real dimensional platform and site condition.

Symmetrical direction of force (horizontal force) is acting on the cylindrical

member.

Vertical forces are zero and assumed to be resisted by the tensile tendons of TLP.

There are no effects of wind speed in the study.



CHAPTER 2

LITERATURE REVIEW

Tension-leg platform (TLP) is a floating structure, vertically moored to the seafloor by a
system of pre-tensioned tendons held in tension by the buoyancy of the hull. Tt is a
common in the oil and gas production, functions as working stations for oil and gas
exploration. Typical picture of a TLP is shown in Figure 2.0. TLP is implemented
particularly in deep water production where fixed platforms are less cost-effective. It
consists of floating body, pontoons and a top working platform, anchored on the seabed
by tendons. Hull provides buoyancy, for support both of weight and to provide tendon
tension. Ballast is used to even loading between tendons and to offset unused payload

capacity. [2, 6]

Figure 2.0: Tension Leg Platform [7]



As to date, tension-leg platform has been long recognized as a solution for deepwater
production. Size, spacing and submergence of columns and pontoons are major factors in
hydrodynamic performance of TLP. Design of the tendon systems is an important part of
the overall design of TLP concept. A two dimensional diagram of TLP components is

shown below in Figure 2.1 [2]
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Figure 2.1: Tension leg platform (TLP) components [2]

Today, oil and gas exploration in water depths in excess of 300m (1,0001%) is considered
to be deepwater and there are currently 15 rigs in the Gulf of Mexico drilling in over
1,500m (5,000ft) of water. According to the US Department of the Interior Service
Deepwater Gulf of Mexico 2007 Report, there are over 4,200 active leases in deepwater

with over 650 of these in water depths in excess of 2,200m (7.500ft). [3]



TLPs have been successfully deployed in water depths approaching 1240m (4,000 feet).
The first TLP was installed in August 1985 in the Hutton field of the North Sea by
Conoco. The TLP consists of a rectangular floating platform connected to the seabed by
16 vertical tendons, four per corner column. Several concepts for TLPs were developed
years later to suit the milder environment in Gulf of Mexico. Most of all TLPs in the late
1990s were built using square 4-column units. Three columns have been proposed, but
not built. Since the late 1990s, 4 single-column designs (Sea Star) and 2 multi-column

designs (Moses) have been built. [2]

A new development from Atlantia extends the SeaStar TLPs depth capability to 10,000
ft, making 1t the most economical structure for dry-tree production from ultra-deepwater
ficlds. This new invention introduces water-column oscillators to the hull. These
completely passive devices effectively eliminate wave-induced resonant motions and
thereby reduce tension and stresses in the tubular tendons. Since tendon walls can now be
made thinner, tendon cost is dramatically lowered and is no longer a limiting factor in

deeper waters. [2]

The SeaStar monocolumn hull with three radial pontoons is one of the most refined
buoyant shapes ever designed. A 3-D drawing of SeaStar TLP is shown in Figure 2.2.
The structure is optimized to deliver the maximum payload capacity for a given hull
weight. A SeaStar hull supports up to 1.8 times its own weight, By comparison a spar
hull supports only about 0.6 times its weight. That means a spar hull contains about three
times the steel in a SeaStar hull, which is one of the reasons SeaStar TLPs are more

economical than spars. [8]

10



Figure 2.2: SeaStar Tension Leg Platform [8]

Apart from SeaStar, there are many TLPs installed elsewhere in the world. For instance;
Brutus TLP. Located in the deep water of Gulf of Mexico, Brutus TLP by Shell was
installed m 925m (2985 ft) in 2001. Total project cost was about USD800m, including
pipelines. About 70 percent of the costs were associated with fabrication and installation
of hull, deck, facilities, drilling rig and pipeline. The rest were related to drilling and
completion of the wells. The dimensions of the triangular TLP and the environmental
data will be mentioned in the later part of the report. Brutus TLP picture is shown in
Figure 2.3.Additional information regarding Brutus TLP is as attached in Appendix D.

[%]
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Figure 2.3: Brutus TLP in Gulf of Mexico 9]

In order to study the effect of water depth on the responses of TLP, a series of
computation are performed. One of the formulas used is Linear Airy Wave Theory. The

following would be the parameters related to Linear Airy Wave Theory:

The horizontal velocity is;

zH cosh ks
#=——-— " cos®
7' sinh kd [2]

The vertical velocity is:
7zH sinh ks

y= —————sin &
7' sinh kd (2]

The horizontal acceleration is:

ou 27°H cosh ks
—=——— " g5in®

6t  T? sinhkd [2]
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The vertical acceleration is:

ov _27:2H sinh ks

or N T? sinhkd cos® 12
Where,
® = Crest angle, °
H = Wave height, m
T = Wave period, s
k = No. of wave, 1/m
= Distance from seabed to analyzed position, m
d = Water depth, m

For the purpose of wave forces measurement, Morison equation is used. The equation
was developed by Morison, O’ Brien, Johnson and Shaaf (1950). The Morison equation
assumes the force to be composed of inertia and drag forces linearly added together. The
components involve an inertia coefficient and a drag coefficient which must be
determined experimentally. The Morison equation is applicable when the drag force is

significant. This is usually the case when a structure is small compared to the water wave

length. [2]
Morison equation is applied by implementing the following formula:

T Ou
di=C, p- D*=Z
174 mP 4 o s [2]

dfD =0.5C , pD | u | uds

Where,
Force, I' = Inertia force, df7 + Drag force, dfD [2]

13



CM = Inertia coefficient

C, = Drag coefficient

Jo, = Sea water density, kg/m®

D = Diameter of hull, m

Ou /0t = Acceleration of sea water particle, m/s?
U = Velocity of sea water particle, m/s

os = Length of segment of structure, m

In 1964, Pierson and Moskowitz proposed a new formula for an energy distribution of a
wind generated sea state based on more accurate recorded data. This spectrum which is
commonly known as P-M spectrum model had been used extensively all over the world
in offshore studies. The P-M spectral model describes developed sea determined by wind
speed. The spectrum based on assumptions that wind has to blow over a large area at a
closely constant speed for many hours to time when wave record is obtained without

significant change of wind direction. [2]

The equation for P-M spectrum is:

S(f)=ag"(2n)’ frexpH.25f/ f9 ] [2]
Where,
a = 0.0081

g=981m/s*
m=3.142

f = frequency of waves, Hz

/. = peak frequency of waves, Hz

The height of a wave is required at a particular frequency from the energy density
spectrum. It is to be applied to compute the forces acting upon TLP and the responses of

the structure. The wave height, H is obtained using the following formula:

H(f1) = 2y285(fD)af : [2]

14



Where,
S(f1) = Wave spectrum, m?s
/= Wave frequency, Hz

Wave profile can be computed from the formula:

ni{x,t) = Z (H(n)/ 2)cos[k(n)x—2af (n}t + &(n)] [2]
Where,

k = No. of wave, 1/m

x = horizontal coordinate, m

t = time, §

f = Wave frequency, Hz

g(n) = 2aR, (R, is random number, ranged from 0 to 1)

Numerous works had been carried out to study the parameters of deep water, to compute
the amount of forces acting upon an offshore structure, and to calculate the energy of
random waves at sea. Surge, heave and pitch analysis were carried out to analyze the

responses of the TLP upon varying water depth,

15



CHAPTER 3

METHODOLOGY

The project initiates with intense researches of many TLPs installation through out the
world, and studies of a functional TLP. Next, once the basic foundation of a TLP is
known, wave theory is implemented to study several parameters (displacements,
velocitics, accelerations, etc) related to water depth. For this purpose, Linear Airy Wave
Theory is applicable, with the assumption that the wave height is small compared to the

wave height or water depth,

The other approach is to study waves is by using the wave spectrum. Random waves are
correlated to ocean waves. Study applies the Pierson-Moskowitz (P-M) Spectrum
because this model gives a rather more accurate recorded data. By using P-M spectrum
model, the total energy of a random wave at sea can be computed and analyzed. Morison
equation assumes the force to be composed of inertia and drag forces. The equation is

used when drag force is significant.

Application of Morison equation together with Response Motion Spectrum is used to

study motion responses acting on a TLP which are the surge, heave and pitch.

16



3.1 Research

Numerous researches were carried out in the study in order to gain as much information
as possible to begin with. The scopes of researches are concerning about the history of

TLPs installation of the world and dimensional platforms and environmental data.

The required data are shown as follow:

a) Dimensional Platform
1)  Plan Dimension
it) Height
iti) Draught
iv) Centre of Gravity position
v) Radii of Gyration
vi) Tethers
vii) Mass/ Weights

b) Environmental Data
1)  Water Depth
1) Wave Height
1) Wave Length
iv) Significant Height

17



3.2 Conduct Analysis

The displacement of the hull and the axial stiffness of the vertical tendons are chosen
such that the vertical natural periods are short and the horizontal natural periods are long.
Minimum vertical motion reduces the complexity of well system consequently. Several
water wave theories have been developed and are applicable to different environments,
depending on the three main parameters; water depth, wave height and wave period. As
for the study, Linear Airy Wave Theory is to be used, considering the three main
parameters and assuming that the wave height is small compared to the wave length or
water depth. This wave theory which is also known as sinusoidal wave theory is based on

the assumption that the wave height is small compared to wave length or water depth.

From the data gained, several analyses will be conducted. The dynamic equations in
frequency domain and in time domain will also be studied. For that purpose, P-M
Spectral Model was used to study the wave energy density spectrum of random waves,
Dynamic responses of the typical triangular TLP subjected to random wave loads will be
analyzed by assuming the platform as a rigid body. Surge analysis had been conducted in
the Final Year Project 1. Heave and pitch analysis had been analyzed during Final Year
Project 2, including the study of varying water depth on TLP responses. Project
methodology diagram will be shown in Figure 3.0.

33 Software required

The softwares required in the project are:
a) Microsoft Excel

b) Matlab (Optional)

c) SACS (Optional)

18
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Figure 3.0: Project methodology diagram
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3.4  Health, Safety & Environment (HSE) Analysis

The offshore lab of UTP had been visited on several occasions on this semester. There
were some Health, Safety, & Environment (HSE) aspects during the lab session. The
HSE aspects are important, to ensure safeness and to avoid any casualties. The HSE

aspects are as follows:

Wear lab coat during the lab session.
Avoid walking nearby the pond when stepping on the stairs.
Avoid littering into the pond and flume.

Avoid smoking in the lab.

b

Listen to any instruction given by the laboratory assistant or the lecturer.

20



CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Dimensional, Structural and Environmental Data
The dimensional, structural and environmental data of the TLP are given as in Figure 4.0:

TLP Dimensional data

Structural data
“Total mass (tonnes) .
- Total weight (kN) -

Tethers stiffness (kKN/m)

- Draught (m) - -
‘Céntre of gravity (m)

Environmental da

- Signi i
_Peak frequency, f, (Hz)
" Drag coefficient, Cp
__Mass coefficient, Cm_ - | 1.6

Figure 4.0: Dimensional and Environmental Data of Case Study TLP [9, 10]
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4.2 Coordinate system of triangular TLP

Coordinate system for triangular TLP is drawn as in Figure 4.1:

ZA
|
|
[
|

Ccolurp =:_2_Urﬁ__-_"

Horizontal
force, F

: Centre of
=P gravity
Bpontoon {C.G)
E15m o

2 (20.21,-35) 4

Figure 4.1: Coordinate system for a particular triangular TLP from plan view

Coordinate system as shown in Figure 4.1 represents the position of the TLP. It is

assumed that the horizontal force will act perpendicularly upon the pontoon P1.

4.3  Analysis on Wave Spectrum

Wave spectrum is used to describe the energy content of an ocean wave and its
distribution over a frequency tange of the random wave. In order to get the wave
spectrum, several mathematical spectrum models are available, such as Scott, ISSC,
ITTC, JONSWAP, etc. The most common spectrum, Pierson-Moskowitz (P-M) model is
used for the study. P-M spectrum gives more accurate data, applicable in the design of
offshore structures, and moreover it is based on single-parameter which is significant

wave height, H. .

22



Pierson Moskowitz Spectrum (P-M)

The following would be the formulations adopted in P-M spectrum:

0l = O.jtflg 2]
a'gZ -5 -2
S(f)= 53 S exp(-1.25(f 7 )] (1.0y [2]

By inserting value of gravity acceleration, g and significant wave height, H, the peak
frequency, f can be obtained:

. 0.161(9.81)
@, =——-=
7.5
@. =0.45%rad / s
Peak angular frequency, w. =24/,
Peak frequency, £ = 0.073 Hz

By putting in the values into Equation (1.0), wave spectral density S(f) value can be
obtained by means of varying frequency, f ranging from 0.035 Hz to 0.275 Hz with an
interval of 0.01. A graph of S(f) versus frequency, f is plotted as in F 1gure 4.2:

23
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Figure 4.2: Graph of Wave Energy Density Spectrum

Based on Figure 4.2, it can be observed that the maximum value of wave energy density
is located at peak frequency, £, = 0.073Hz. It is also noticed that the spectrum generally
rises sharply at the low frequency end to a maximum value and decreases gradually with

increasing frequency. The area under the curve gives the total energy of the wave system,
m, at value of estimation about 3.5m?2 By applying the formula4./m. , the significant

height, Hy of the waves can be computed.

4.4  Analysis of Wave Time Series

From the wave spectrum energy graph, the surface water elevation (also known as wave
profile) can be computed. The range of frequency is taken from 0.35Hz to 0.275Hz. n
values were taken from random numbers, Rn which range randomly from 0 to 1. Peak
frequency, /. is calculated to be 0.073 Hz, by applying an assumption that the significant

wave height is 7.5m.
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Water surface elevation,  is computed by the following formula:
n(x,t) = % H(n)/2 cos [k(n)x -2znf(n)t + £(n)] (1.1
where H(n) = wave height

k(n) = 21/L(n)

X = varying x coordinate(depending on the location of hull)
Values of the term with (n) indicate that the values are varying, and depending on range
of frequency from 0.35Hz to 0.275Hz.
Phases, ¢ are calculated by using the formula e(n) = 2zRN.

After all the values of surface water elevation of Hull 1, Hull 2 and Hull 3 were obtained,
they were plotted in graphs as shown in Figure 4.3 and Figure 4.4. Range of time applied
for the analysis were taken from t=0s to t=100s.

W 4 Graph of wave profils ut Hnll1 and 2 vorss tiue

AL s
U\‘\r ”Vlgm.s

Figure 4.3: Graph of wave profile at Hull 1 and Hull 2
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Figure 4.3 presents the wave profile at Hull 2 and Hull 3. It can be observed that the
values of elevations were randomly phased from t=0s to t=100s and produced wavy

shape. The highest elevation is 3.8m at t=79s while the lowest elevation is 5.5m at t=68s.

Figure 4.4: Graph of wave profile at Hull 3
Meanwhile, Figure 4.4 above shows the wave profile at Hull 3. It is noted that the highest
elevation is 4.09m at t=2s and the lowest is 3.3m at t=41s. The result obtained for Hull 1
and Hull 2, compared to Hull 3 is not the same. It is due to the different value of x in the

coordinate system.

Based on Equation (1.1} to calculate surface wave elevation:

&(x,t) = Z H(n)/2 cos [k(n)x -2zf{(n)t + &(n)]

For Hull 1 and Hull 2, the value of x is -20.21 while for Hull 3, x is taken as 40.41.
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4.5  Analysis on surge response

Surge is the movement of TLP along the x axis. The movement is horizontal and it is due
to the motion of the ocean waves. Analysis on the surge response of triangular TLP was
carried out, considering many parameters such as tendon stiffness, mass of surge,

buoyant force, etc.
4.5.1 Parameters in surge analysis

Mass of Surge

Mass of Surge, MsurGe = Mass, M + Added Mass, Mabp
Mass of Structure, M = 42440000kg
ﬁDP3 3
Added Mass, Mabp = Wapes + Ve + 2V, py €0860° +——F_)1x1030kg / m
’ 12cos30°

2
[3x Z(202)(30) + (15)(50) + 2((1 5)(50) cos 60° + —"20__ )11 030kg / m®
4 12 cos 30°

= 35011m°x1030kg / m®

=36061330kg
MSsuUrGE = 42440000kg + 36061330kg

= 78501330 kg
Buoyant Force
Feuovancy = Vavwes + Voonroows 1X1030kg / m* x9.806m / s2 /1000

={(28274.33 + 26507.19) m* x 10.10018kg/m?2s?
=3553303.2kN

Surge Stiffness (for 900m water depth calculation only)

Buoyancy, B = Structure weight in air, W + Tethers tension, T

B =553303.2 kN

A =416336.4 kKN

T =B-W
=136966.8 kN
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Tether length, L = 880m

KSsurGE = T/L
= 136966.8 kN/880m
= 155.644kN/m

The results of calculation of surge parameters for all the water depths will be as attached

in Appendix A.

4.5.2 Calculation of surge response

TLP will produce responses when subjected to a random wave of given frequency. The
amplitude of the response is basically has correlation with the amplitude of the wave. If a
response function is built for a range of wave frequencies for TLP, this function is named
the Response-Amplitude Operator (RAO). RAO allows the transformation of waves into

the responses of the structure.
Surge response (t) = RAO pr XM (1) (1.2)

where 1 (t) is the wave profile as mentioned earlier in section 4.4.

ZE
RAOg s = 1 (1.3)
(K -ma*)? +(Ca*)?

Where, = Total horizontal force, kN
= Wave height, m
Surge stiffness, kN/m

= Damping, 2{ mo_ where {=0.01

g a R @m =
[

= Mass plus added mass, kg
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Furthermore, RAOy,,;, relates surge motion of TLP to the wave-forcing function on the

structure. Surge-response spectrum S(f) gz, 15 obtained from the wave spectrum, S (f).

The equation is as the following:

S surcs = [RAOg 6212 x S (1.4)

Graphs of RAOg;;; and S(f)gpee Versus frequency are shown in Figure 4.5 and Figure

4.6.

20w | Grapk of RAQSURCE. versss frequency
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-

Figure 4.5: Graph of RAO,

URGE

Figure 4.5 shows the RAOQ,,.. versus frequency. From the graph plotted, it is observed

that RAOg ., is highest at lowest frequency, f which is at 0,035Hz. Based on Equation
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(1.3), when the values of wave height, H and angular frequency, & become smaller, the

RAO,p; value will increase significantly.

'y e L
Spoma, 3l Graph of S{flsvecr versns froquency

ms

Figure 4.6: Graph of surge spectrum, S(f) gz versus frequency

S(f)surcz as plotted in Figure 4.6 has a maximum peak value corresponding to the

wave-spectral peaks, but also has additional peaks. Area under the curve was calculated,

giving a value of 0.24m? The peaks are subjected to the power of two of RAO g nir

multiplied by S(f) in Equation (1.4). The surge responses at Hull 1, Hull 2 and Hull 3

versus series of time of 100s are plotted in the Figure 4.7 and Figure 4.8.
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Figure 4.7: Graph of surge response at Hull 1 and Hull 2

Figure 4.7 shows that the surge response at Hull 1 and Hull 2. Positive surge response
indicates that the surge is moving on x axis to the right, induced by horizontal force.
Negative surge response on the other hand indicates that the surge is moving backwards.
Positive movement of the surge is slightly less significant than the negative surge
response. Maximum value of positive surge response is 1.16m at t=78s while the

maximum for negative surge response is 1.4m at t=67s.
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Figure 4.8: Graph of surge response at Hull 3

Meanwhile, Figure 4.8 shows the surge response at Hull 3. From the graph, positive
movement of the surge is having larger response than the negative surge. Maximum value
of positive surge response is 1.1m at t=19s while the maximum for negative surge

response is 1.1m at t=42s.
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4.6  Analysis on heave response

Heave is the movement of TLP along the y axis. The movement is vertical and it is due to
the vertical forces and dynamic bottom pressure acting upon the hulls. Analysis on the
heave response of triangular TLP was carried out, considering many parameters such as

heave stiffness, mass of heave, upward pressure, etc.

4.6.1 Paramecters in heave analysis

Mass of Heave

Mass of Heave, MHEAVE = Mass, M + Added Mass, Mapp
Mass of Structure, M = 42440000 kg

w 2
Added Mass, Mapp = 3,0{ 12” + 4‘” :l

= 3x1030kg/m3x,:ﬂ203 + ”152}
12 4
=33774085kg
MHEAVE =M + Maop
= 42440000 kg + 33774085kg
=76214085kg

Bottom Dynamic Pressure

The bottom dynamic pressure is obtained by using the following formula:

= po— cos® ' 2
p=reg 2 coshkd (2]
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Stiffness in Heave

Kneave is computed using the following formula:
T AE
=3|(~D? +
[ D p.8) 7
Where % = Kprupe =102000kN /m

= 3[(%202 x1030x9.81) +102000)]

= 315523 kN/m

The results of calculation of heave parameters for 900m water depth will be as attached
in Appendix B. Only 900m heave parameters is attached since heave parameters do not

change with changing water depth.

4.6.2 Calculation of heave response

TLP will produce responses when subjected to a random wave of given frequency. The
amplitude of the response is basically has correlation with the amplitude of the wave. If a
response function is built for a range of wave frequencies for TLP, this function is named
the Response-Amplitude Operator (RAQ). RAO allows the transformation of waves into

the responses of the structure.

Heave response (t) = RAO,,,» xn (t) (1.5)

Where 7 (1) is the wave profile as analyzed in previous section in 4.4

f(3)

RAC 41 = T (1.6)
(K -ma®) +(Co*)?

Where, F Total vertical force, kN

Il

Wave height, m
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K = Heave stiffness, kKN/m
Damping, 2{ m eon, where (=0.01

@]
|

m = Mass plus added mass, kg

Furthermore, R4O,;,,, relates surge motion of TLP to the wave-forcing function on the

structure. Heave-response spectrum, S(f) ., is obtained from the wave spectrum, S(f).

The equation is as the following;

SU) tigars = [ RAO g P x S (1.7)

Graphs of RAO,,,,;, and S(f),.x versus frequency are as shown in Figure 4.9 and

Figure 4.10.

;ﬁa“a_ - Graph of RAO#rAyE versas frequency
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Figure 4.9: Graph of R40,,,,,, versus frequency
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Figure 4.9 shows that the RAO,;,,, value is highest when the frequency, fis at 0.1Hz.

This is because the wave height, H at frequency 0.1Hz is small. Based on Equation (1.6),

when the value of wave height, H or angular frequency, ® becomes smaller, the

RAO,; .\ value will increase significantly,

There are few peaks in the R4, ; at f=0.06Hz, £=0.1Hz. These peaks are caused by

the wave lengths which correspond to the frequencies.

-
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Figure 4.10: Graph of heave spectrum, S(f),,,,, versus frequency

Heave spectrum as plotted in Figure 4.10 has a maximum peak of 0.029m2s and

additional peak of 0.024m?s. The peaks are subjected to the power of two of RAO,.,.
multiplied by S(f) in Equation (1.7). Area under the S(f) spivg Was computed, giving a

value of 0.001m?=2.
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The heave responses at versus series of time of 100s are as shown in Figure 4.11,

Hieave 001
[re ey

] Wi g
i |

e d 9

Figure 4.11: Graph of heave response versus time

Positive heave response indicates that the heave is moving on y axis vertically, induced
by vertical force. Negative heave response on the other hand indicates that the heave is
moving downwards. Figure 4.11 points out that positive heave response gives values
gencrally around 0.02-0.04m while negative heave response produces values around
0.04m. Maximum value of positive heave response is 0.08m at t=63s while the maximum

for negative heave response is 0.076m at t=64s.
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4.7  Analysis on pitch response

Pitch is the movement of rotation of TLP along the z axis. The movement is rotating and
it is due to the horizontal forces acting upon TLP. Analysis on the pitch response of
triangular TLP was carried out, considering many parameters such as surge mass, centre

of gravity, etc.

4.7.1 Parameters in pitch analysis

Mass of Pitch
Mass of Pitch, Mritcu = Mass of Surge, Msurce x Radius of gyration
(x axis)
M prren = (M gpgs )T, xe
= 78501330 kg x 40.41m?
= 128190167698 kgm?
Stiffness in Pitch

T, for pitch is selected as 2s.

K ooy 18 computed using the following formula:

o = /sz-rch 2]
Mpitch

2
K prrcyy = 0,XM ppreyy

=1265186243kNm/rad

The results of calculation of pitch parameters for 900m water depth will be as attached in
Appendix C. Only 900m pitch parameters is attached since pitch parameters do not

change with changing water depth.
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4.7.2 Calculation of pitch response

TLP will produce responses when subjected to a random wave of given frequency. The
amplitude of the response is basically has correlation with the amplitude of the wave. If a
response function is built for a range of wave frequencies for TLP, this function is named
the Response-Amplitude Operator (RAO). RAQ allows the transformation of waves into
the responses of the structure.

Pitch response (t) = RAO - xM (1) (1.8)

where 1 (t) is the wave profile as analyzed in previous section in 4.4

F/g]
RAC,re,, - ; (1.9)
(K —ma*)’ +(Ca®)?

Where , = Total moment, Nm
= Wave height, m
Pitch stiffness, Nm/rad

= Damping, 2{ m on, where {=0.01

B O &~ T =
i

= Mass of pitch, kgm?

Furthermore, RAO,,,.,, relates pitch motion of TLP to the wave-forcing function on the

structure. Pitch-response spectrum, S(f),,,¢; is obtained from the wave spectrum, S(f).

The equation is as the following:

S prren = [RAO e, 12 x S(f) (2.0)

Graphs of RAO,,;., , and S(f) prrc Versus frequency are shown in Figure 4.12 and Figure

4.13.
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a0y Graph of RAOrrCH verses frequency
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Figure 4.12: Graph of RAO,,,..,, versus frequency

Figure 4.12 shows that the RAO,;., value is at the highest 0.000104 when at frequency
0.115Hz. The lowest RAQ,,,,..,, is 0.00004 at frequency 0.255Hz.
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Figure 4.13: Graph of pitch spectrum, S(f) pircr Versus frequency

Figure 4.13 shows pitch spectrum. The maximum peak value corresponding to the wave-
spectral peaks, but also has additional peaks but very small. The peaks are subjected to
the power of two of RAO,,., multiplied by S(f) in Equation (2.0). Area under the

SCf) pigen Was computed, giving a value of 1.71x107-8 m2. The pitch responses versus

serics of time of 100s are plotted in Figure 4.14.
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Figure 4.14: Graph of pitch response versus time

Positive pitch response indicates that the TLP is plunging forward at moment acting on z
axis (unit in radian), induced by horizontal forces. Negative pitch response on the other
hand indicates that the TLP is plunging backward at moment acting on z axis. Figure 4.14
shows the maximum positive pitch response gives value of 0.0003m at 53s while

negative heave response gives value of 0.00039m at 92s.
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4.8

Calculation of Responses by Varying Water Depth

Once the surge, heave and pitch analysis had been conducted, study was resumed by

varying the water depth. A variation of 300m, 600m, 900m (original water depth), 1200m

and 1500m were selected for the purpose. Different water depths were adopted in the

responses calculation to examine the effect of water depth on the responses of TLP.

4.8.1 Effect of Water Depth on Surge

The surge response of TLP was recalculated by changing only the water depth and length

of tethers. For example, for water depth of 300m, the length of tethers is 270m, because

the water depth had to be deducted with the draught of 30m. Recalculation was done

repeatedly with other water depth of 600m, 1200m, and 1500m, and the results are

presented as graphs in Figure 4.15 and 4.16.
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Figure 4.15: Graph of Surge Spectrum subjected to different water depths
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Figure 4.15 presents the surge spectrum subjected to varying water depths. The graph
shows that surge spectrum is affected by water depth, but slightly and the effect takes
place at small range of frequency around 0.05-0.09Hz. The highest surge spectrum value
lies in the water depth of 300m spectrum graph. For frequencies located outside of the

0.05-0.09Hz range, there is no effect on the surge spectrum.

Figure 4.16: Graph of Surge Response subjected to different water depths

Figure 4.16 shows the surge responses subjected to varying water depths. The graph
above shows the surge responses produced by different water depths, and the maximum
surge response was 1.4m at water depth of 1200m. There is no apparent correlation

between the responses and water depths since the responses are random.
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4.8.2 Effect of Water Depth on Heave

The heave response of TLP was recalculated by changing only the water depth.
Recalculation was done repeatedly with other water depth of 300m, 600m, 1200m, and

1500m, and the results are shown as graphs in Figure 4.17 and 4.18.
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Figure 4.17: Graph of Heave Spectrum subjected to different water depths

Figure 4.17 above presents the heave spectrum subjected to varying water depths. The
graph shows that heave spectrum is not affected by water depth. The spectrum produced

for different water depths are same.
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Figure 4.18: Graph of Heave Response subjected to different water depths

Heave responses produced by different water depths are shown in Figure 4.18. The
maximum heave response was 0.1m at water depth of 300m. There is no apparent

correlation between the responses and water depths since the responses are random.
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4.8.3 Effect of Water Depth on Pitch

The pitch response of TLP was recalculated by changing only the water depth.
Recalculation was done repeatedly with other water depth of 300m, 600m, 1200m, and
1500m, and the results are presented as graphs in Figure 4.19 and Figure 4.20.
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Figure 4.19: Graph of Pitch Spectrum subjected to different water depths

The graph in Figure 4.19 presents that pitch spectrum is not affected by water depth. The
spectrum produced for different water depths are same.
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Figure 4.20: Graph of Pitch Response subjected to different water depths

Pitch responses produced by different water depths are presented in Figure 4.20. The
maximum pitch response was 0.0004rad at water depth of 600m and 900m. There is no
apparent correlation between the responses and water depths since the responses are

random.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.0 Conclusion and Recommendations

Analysis on the wave encrgy spectrum provides the amount of energy of the wave
system. It was obtained by calculating the area under the spectrum graph. From the wave
energy spectrum also, the wave time series can be obtained, by computing the water
surface elevation subjected to time. Time series is used to predict the characteristics of
wave, and crucial in designing procedure. Hull 1 and Hull 2 wave profile were not as
same as Hull 3 because the x coordinates arc different. The result of wave profile is

depending on the value of x.

TLP is compliant in horizontal motion from the surge analysis. However, the surge
responses were not so big. The highest response reached value of 1.4m. The surge
response at Hull 1 and Hull 2 was not as the same as Hull 3, again because of the

difference in the x value.

Heave analysis had been conducted and very small amount of motion been obtained. The

maximum heave response was 0.1m which was very small compared to surge response.
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This is because TLP is not complaint in vertical motion. Tendons which are tensile in

normal condition prevent TLP from moving upward or downward.

Pitch analysis had been conducted and very small amount of pitch been obtained. The
maximum pitch response was 0.0004rad which was very small. This is because TLP is
not complaint in vertical motion. Tendons which are tensile in normal condition prevent

TLP from move plunging forward or backward.

Based on the results of responses subjected to varying water depths, it is concluded that
water depths do not affect behaviours of TLP. It is reasonable to state that the design of a
TLP can be implemented at other water depths as well, as long as it is deep water.
However, the case is restricted to only one parameter considered, which is water depth.
Other important aspects, like bottom sca pressure, significant wave height, sea water

conditions, current etc are not taken into account.

Thus, it is recommended that in the future, studies on other aspects should be conducted
as well to analyze the parameters affecting TLP behaviour to improve the applicability of
research. Studies may include real-life model of TLP and laboratory tests to compare

theoretical results with the experimental results done by tests in the laboratory.
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APPENDIX A

SURGE PARAMETERS
(For water depth of 300m, 600m, 900m, 1200m and 1500m)
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APPENDIX B

HEAVE PARAMETERS
(For water depth of 900m)



6000000000°0 10000000000°0f 0000000 | 000EZSSIE 1 99'p 000000°0 65T°0 £0 8ZL'1 9£9°¢ SLTO
00000000000 [0000000000°0] 0000000 | Q00EZesTE Tz LES 000000°0 PLTO +'0 €99'1 YLL'E $97°0
0000000000°0 [0000000000°0] F000000 | 00OSZSSIE ¥z 01 0000000 610 <0 T09°'T Ti6'E €¢T0
00000000000 J0000000000°0[ TO00000 | GOOETSSIE 97 #9'C1 0000000 Z1T0 9°0 6561 80°F StZ'0
0000000000°0 [0000000000°0] 1000000 | 000£Zss1is 37 £8°8¢ 0000000 CET0 L0 LLY'T SCTF $ET0
0000000000°0 |0000000000°0] TO00000 | DDOEZSSIE i3 1$°8P 00000070 7970 60 ata! rb v STTO
0000000000°0 00000000000 Z00000°0 | OODEZSSTE 23 66'FL 1000000 €670 1’1 ISE'T 1$9°F SIZ'0
0000000000°0 |0000000000°0] £00000°0 | 000SZSSIE LE 0L7901 100000°0 62€°0 +'1 881 8.8t $0T0
00000000000 J0000600000°0] €000000 | QO0ECSSIE ¥ 89'6£1 100000°0 TLED L1 $TT'1 8CI'S S61°0
0000000000°0 [0000000000°0] £000000 | 000EZSSIE 9 T VA 1000000 €ETH0 77 7911 cot's S8I'0
0000000000°0 [0000000000°0] +00000°0 | 000LCSSic IS L9°0TT T000000 8% 6'C 001'T FIL'S SLT'O
1000000000°0 {0000000000°0| €00000°0 | 000SZSCIE LS LT'89¢€ £00000°0 8CC0 6¢ LEO'T 1909 $91°0
$000000000°0 |E000000000°0] 6000000 | GOOCZSSIE $9 9P TEL 9000000 8190 €¢ ¥L6°0 $H'9 SEI'0
1100000000°0 {TO00000000°0| TI0000C | 000SZSSIE L 89'8S71 6000000 65L°0 7L 1160 L68'9 SHI0
£200000000°0 [£000000000°0] 9100000 | 000TZssie 98 87°910T €10000°0 $68°0 001 8r8°0 LOV'L SET0
8C00000000°0 [¥000000000°0] 0T0000'0 | O00LZSSIE 001 CTSI0E TTO0000 $90°'1 R4 €8.°0 000'8 AR
1110000000°0 [S000000000°0 €200000 | 000EZSSIs 81T oF'QETH 0£0000°0 LT £07 £TL'O 9698 SIT'0
88T0000000°0 [90000000000] STO0000 | OOOEZCCIE 44 STLI9S 6£0000°0 0£C'T 767 0990 +S6 SOT'0
T8T0000000°0 {L000000000°0[ 9700000 | 000CZSSIE €41 110669 8¥0000°0 8781 81t L6S°0 97501 €60°0
L¥00000000°0 [T000000000°0] 6000000 | 000£ZSSIE 917 19°$68T 6100000 LET'T T'LS FES'D SOL T $R0°0
Z$00000000°0 |T000000000°0f 6000000 | OOOEZSSTIE LLT 69°¢L0€ 0700000 EreET 9'89 1LE°0 €EEE SLO0
££T0000000°0 [+000000000°0] 0T0000'0 | 000€ZSSIE 69¢ 9% 0659 £+0000°0 1T 0'6$ 80+ 0 §8E'CT €90°0
Z€00000000°0 |£000000000°0f 9100000 | GOOEZSSIE 91¢ €T8PIE 0700000 1871 $0T €0 78181 §60°0
1000000000°0 {T000000000°0| Z10G000 | OOOEZSSic TLL T EsE 2000000 $61°0 ¢0 €870 T SP0'0
0000000000°0 [06000000000°0] 9000000 | 000£SSTE PLTT 0Z'0 0000000 0000 000 07T 0 1.8°8T SE0'0
(supaava()s | Aavangyy | savasQyy (wyN) A (w1 (NeD A (W) swvanDH | (W) DH | (2w @S | (s/pen o )L (zH) (1)1

ZH 0€L0°0 = o

w/ay 8609086 =D 938/pe1 RYCH () = 0O

3 ¢8OPTIT9L = IAvaH[A 1800°0 = ©

WYN 8LOETESTE = 3avamy] w gy = sy

W6 PAap 13EM 18 HODENI[BD 2ABOY




APPENDIX C

PITCH PARAMETERS
(For water depth of 900m)
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FACT SHEET

EXPLORATION AND DISCOVERY

Brutus encompasses two QOCS leases in the Green Canyon atea — Blocks 158 and 202, It is
located approximately 165 miles southwest of New Otleans in water depths ranging from 2,750
to 3,300 feet.

The leases wete acquired in OCS Lease Sale 98 in March 1985, for a total bonus of § 15.5
mitlion.

Shell Offshore Inc, owns 100% of the Jeases.
The discovery well was drilied on Green Canyon Block 158 in December 1988. An appraisal
well was drilled on Green Canyon Block 158 in 1994. A thitd well was drilled in 1997 on that

same block, with a bottom hole location on Green Canyon Block 202,

Tatget reserves are in the Plio-Pleistocene sands at a depth of approximately 12,500 — 17,500
feet, subsea.

DEVELOPMENT

Shell announced in April 1999 its plans to develop Brutus utilizing a tension leg platform (TLDP)
t0 be installed on Green Canyon Block 158 in 2,985 feet of water.

Total project cost is about 3800 MM, including pipefines, excluding lease costs. About 70 percent J
of the costs are associated with the fabrication and installation of the hull, deck, faciitics, drilling .
rig and pipeline. The other 30 percent of the costs are related to drlling and compledon of the i
wells.

Batch setting of the eight wells was completed January 3, 2000 using Diamond’s Qcean Worker
semisubmersible drilling rig. Six of the planned development wells for the eight-siot TLP were
subsedquently predrilied w total depth following the batch set operations. Drilling operations
using the Diamond Worker rig concluded in April 2001.




An H&P contract platform tig completed all six pre-drilled wells and drilled and completed the
two remaining wells.

Installation of the TLP wok place in June 2001, Heerema was the contractor for the installation
using the dertick bagge, Hermaod.

Oif production from the platform is transported approximately 26 miles via a 20-inch diameter
pipeline to South Timbalier 301 “B” plarform where it will be connected to the existng
Amberjack System.

Gas production from the platform is transported approximately 24 miles via a 20-inch gas
pipeline and will be connected to the existing Manta Ray Offshore Gathering System in Ship
Shoa! Block 332,

Average API gravity for the oil is fow-mid 30 degrees. Oil/gas rato is 70:30. Sulfur is 1.5%.

PRODUCTION

L ]

Production began in August 2001,

The TLP facilities are designed to accommodate a peak gross production of approximately
100,000 barrels of ofl per day and 150 million cubic feer of gas per day.

TLP ENGINEERING/CONSTRUCTION DETAILS

Design, engineering and project management for the Brutus TLP system was provided by Shell’s
Deepwater Services, with support from various design consultants.

Completely assembled, the TLP is 3,250 feet high, from seafloor to the crown block of the
drilling rig.

* The TLP is designed to simuitaneously withstand hurricane-force waves, currents and winds.
Hull:

*  The hull is comptised of four circular steel columns, 66.5 feet in diameter and 166 feet high.
Pontoons, which connecr the columns, are 35.5 feer wide and 23 feet high with a rectangular
Cross section.

*  The hull weighs approximately 13,500 tons, with a total displacement of 54,700 tons.

*  Daewoo Heavy Industries Co. of South Korea built the hull, On December 7, 2000, the hul
left Daewoo's Okpo fabrication yard, tansparted by Dociewise's Mighty Servant 3. The hull
arrived at C8O Gulf Maritime's integration facilities near Ingleside, TX on January 30, 2001,

Deck:
* The installed deck has dimensions at the outside truss rows of 245 feer square and

approximately 40 feet high. The deck is composed of five modules: process, drilling, power,
quarters, and wellbay.

04703
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The deck modules ave an open truss frame design with a total structural steel weight of
approximately 7,650 tans,

The total topside weight is approximately 22,000 tons, including all process equipment and
the drilling tig,

J. Ray McDermortt built the modules at its Amelia, LA fabtication yard. The modules arrived
at the CSO) Gulf Marine integration yard in January and February 2001,

Integragon:

The hull and deck were integrated at the CSO Gulf Marine Ingleside fabrication yard near
Corpus Christi, TX,

The five deck modules were lifted into position on the hull using the specialized lifting device
originally developed for the Mars TLP integration.

Tendons:

There are12 tendons, 3 per corner, each with a diameter of 32 inches and a wall thickness of
1.25 inches.

Each tendon is approximately 2,900 feet long. The totai weight for the 12 tendons is
approximately 7,500 tons.

The TLP foundadon system s comprised of 12 piles, to which the tendons are attached.
The piles are 82 inches in diamerer and 340 feet long, weighing approximarely 245 tons each.

CSO Gulf Marine fabricated the piles and tendons at their Ingleside fabrication yard near
Corpus Chrisd, TX,

Drilling and Productign Taopsides:

There are 8 well slots, with the well Jayout on the seafloor arranged in a rectangular pattern.

"The TLP supports a contract drilling rig, equipped with a surface BOP and high pressure
drilling riser,

There are complete separation, dehydration and treatment facilities designed to process
110,000 batzels of oil and condensate per day, plus 150 million cubic feet of gas per day and
30,000 bairels of produced water per day.

The quarters module houses up to 94 people, and contains a control room and an
ethergenty response center. In addition, temporary quarters modules are in place to allow
for a maximum POB of 150 people duting peak activity periods.




* DPipelines:

A 20-inch diameter oil pipeline and 20-inch diameter natural gas pipeline will transport
production.

Instailation of the steel catenary sisers will occut immediately after TL.P installation.

J. Ray McDermott, Inc. installed the oil and gas pipelines beginning in the second quarter
2000 using the dynamically positioned Detsick Barge 16.

Subsea Tiebacks tg Brutus:

04/03

Production for two subsea tiebacks is processed at Brutus.

The Glider prospect, operated by Shell (75%), has two producing wells that produce into
Brutus for processing and sales, Glider is located in Green Canyon Block 248 and Newfield
owns the remaining working interest,

The J. Bellis prospect operated by LLOG (85%) with partmer Davis {15%} in Green Canyon
Block 157 has three wells thar produce into Brutus for processing and sales.






