Agbomerie Charles Odijie

BEng, MSc.

DESIGN OF PAIRED COLUMN SEMISUBMERSIBLE HULL

Thesis submitted for the degree of Doctor of Philosophy

November 2016

Faculty of Science and Technology, Department of Engineering
Engineering Building
Lancaster University
Lancaster,
United Kingdom.
LA1 4YW
Email: engineering@lancaster.ac.uk
Tel: +44(0)1624 593314

Design of Paired Column Semisubmersible Hull

Abstract
There is a constant effort to reconfigure column stabilized semisubmersible unit to meet the
challenging demands associated with deep water exploration. Paired column semisubmersible
platform is one of the recent column stabilized semisubmersible hull configured to allow top-deck
well head compatibility for oil reserves in deep waters. Its unique ability to maintain reduced
vertical motion in extreme weather conditions despite its hull size and payload create a high
payload to motion ratio, as compare to conventional semisubmersible hulls. This unique feature
makes it recommendable for other hull applications in ocean engineering. A study has been carried
out to harness this high payload to motion ratio offered by this new hull concept in the
development of drilling and production platforms in deep waters, support and foundation systems.
Numerical models were developed to understand the semisubmersible hull (dynamics of the
reduced vertical motion and its ability to withstand bending and twisting behaviour from extreme
wave conditions). Prior to this, a preliminary CFD model was developed in to understand the
vortex shedding effect on the arrayed columns. An experimental setup was also put together to
understand this motion behaviour, alongside a detailed review of the first model. The motion
response of a scaled hull model was studied in a wave tank with a Digital Image Correlation (DIC)
system known as Imetrum. To further investigate its application for other ocean depths and
support systems, series of hydrodynamic models were developed in ANSYS AQWA with weather
conditions as recommended by API, DNV, and ABS. The AQWA model was validated with
results recorded by Imetrum system from the wave tank experimental test. The wave forces and
moments were studied for different draft sizes and ocean conditions, and their response where
checked in ORCAFLEX. A finite element model was finally developed in APDL to understand
the nature and effect of stresses from wave, current and wind loads, alongside topside integration.
The results obtained from the FE model was use to postulate reinforcement during scantling,
for different hull applications. The results for motion response showed favourable heeling moment
for smaller draft sizes as recommended by regulatory bodies, but a reconfiguration for heave
displacement might be required for smaller draft size. In such case, an increase in pontoon area or
an additional heave plate attachment has been recommended. Furthermore, the effect of wavecurrent interactions was observed to create unique motion behaviour for all draft sizes at resonance
frequency range. A fluid-structure interaction model of multi-phase flow will be required to
understand this behaviour. The stress concentration on the columns generated from
hydrodynamic loads was observed to be higher on the inner columns, relative to the outer ones.
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Contributions
i.

A new standard for estimating the draft size for paired column semisubmersible hull

application has been postulated, for an inclusion of top tension production risers.
ii.

The motion response of a PC-Semi has been characterized, and hull optimization will be

necessary to improve its rotational behaviour at the resonant frequency in the horizontal plane
(roll and pitch motions).
iii.

Insight into the effect of wave-current interaction on the multiple column arrangements

of a PC-Semi has been recorded.
iv.

Contributions of wave drift phenomenon to PC-Semi hull motion.

v.

Column shape configuration and inner/outer column spacing for future design of PC-

Semi have been developed. Spacing less than three times the diameter of the columns will generate
a highly uneven drag around the hull. This will create a level of instability.
vi.

The reasons behind the low VIM amplitude have been discovered to be the collision of

shed vortexes from inner and outer columns. This finding can be applied in subsequent
applications of multi-columns arrangement were reciprocating vortexes resonates with the
structure’s natural frequencies.
vii.

A novel concept for formulating boundary conditions for complex floating bodies under

hydrodynamic loads for finite element analysis has been developed. In involves the coupling of
hydrostatic translational and rotational stiffness with the hydrodynamic response properties of the
body.
viii.

An insight into the unique nature of stress distribution around the hull of a PC-Semi has

also been presented in this chapter. The contributions of hydrodynamic loads, alongside mooring
and riser loads, to the level of stress and possible buckling tendencies of the columns were
discussed. This contribution is very significant in selecting materials and their sizes for scantling,
and general hull reinforcement.
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Chapter One: Introduction
1.1 Background of Study
Over the years the demand for fossil fuel products have increased and this has expanded the
search for crude deposit to remote sea areas where the weather/sea conditions are not favourable
for conventional oil platforms [6]. The production capacity of oil reserves situated in these areas
of the sea is usually prolific, making them targets for oil companies. And because of the high
consumption rate of these products, there is a constant search for resources, to keep the prices
affordable. The basic challenge in exploring (drilling and production) reserves situated in such
areas is ‘how to design structures that can meet with safety standards set by regulatory bodies.
Floating platforms have been harnessed over the years for this purpose. As a result of this, the
demand for floating offshore structures has gradually increased in the oil and gas industry. The
increase in demand can also be tied to the prolific production capacity of oil fields situated in the
deep sea. The nature of the weather conditions (wave, current, tide, and wind) requires high safety
standards for structures designed to operate in them. Although they are of different types and are
used for different reasons; they are practically exposed to almost the same sea state conditions in
any particular geographical location, which varies from normal operating conditions, hurricane
conditions and tsunami conditions. This is the basic reason why the design standards of a drilling
platform are different from that of a production platform. Since they are expected to be stable
during drilling operation and still be under the same loading conditions as production platforms
(which are allowed to move within a certain range), the design for their plate thickness, braces
connection, and the general stress distribution, will be completely different from that of
production platforms. In summary, the design engineer pays more attention to the operating and
environmental forces (wave, current, and wind) when designing a drilling rig, while he concentrates
on the motion response when building a production system. Using ‘Erick Raude and Blind Faith’
as a typical example, Erick Raude is a mobile offshore drilling unit, while Blind Faith is a
production platform (Figure 1.1 and Figure 1.2). From both images, we can see that the hull of
Erick Raude was designed using more columns and more braces (more materials). This is to enable
it withstand the forces and still gain stability during operation.
Apart from exploration purpose, there are other applications of floating platforms such as
offshore crane systems and support structures [7]. Generally, in the oil & gas industry, floating
platforms are mainly used in situations where it is impossible to use a fixed structure; jacket type,
jack-up or gravity based. [8]described the evolution of floating structures from the conventional
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compliant tower. The contrast of this type of structure as compared to the old ones is that its
floating/flexible state makes the response analysis of outmost importance as compared to the
fixed/rigid structures that tends to attract more forces. Concerning the fatigue analysis between
fixed structures and floating structures, [9] concluded that as a result of their low stiffness, they
are more likely to make sea working conditions safer.

Figure 1.1 Photo of Eirik Raude: Courtesy of Riglogix

Figure 1.2 Photo of Blind-Faith, during topside construction: Courtesy of Aker Akaerner
There are different factor that affects the functionality of floating structures including payload
integration, motion characteristics, stability criteria, and size. Of all these factors, ‘motion
characteristics’; (how they respond to the environment they are used) is the most critical of all. For
instance, the reduced vertical motions offered by tension leg platforms makes them suitable for
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FPS (Float Production System) application in deep waters; especially in oil fields were top-deck
well-heads integration are required.
The oil and gas industry has a huge task in offsetting the depth challenges associated with oil
reserves situated in very deep regions of the ocean [10] [11] [12]. Some of the challenges include
well design, unique drilling and production operations, design of structure and regulatory policies.
As a result of these challenges, the industry has gradually developed its rudimentary processes and
equipment to sophisticated ones.

1.2 Scope
In this project, we have designed a paired column semisubmersible hull. The research is
primarily aimed at recommending this hull formation for different applications in deep waters,
other than the floating production system with dry trees installation for which it was designed. For
us to be able to draw up any form of recommendation of this hull for any form of application;
(drilling unit, wind turbine suspension system, offshore crane system,) the effects of hydrodynamic
interactions for different draft conditions have to be known. The complexity associated with
achieving our desired goal was designing for the loading condition set by recommended standards
for the above-mentioned applications. Three set of numerical models was developed to understand
the behaviour of the hull;
o Hydrodynamic model: This was setup to calculate the response of the hull under wave,
current and wind loads.
o CFD model: The nonlinear drag parameter was modelled
o Finite element model: The stress concentration around the columns under static and
dynamic load cases was studied.
The CFD model was developed in the early stage of the project, to understand the nature of
flow around the hull. Reciprocating shed vortexes were identified and investigated on, and the
oscillating and drag effect on the hull was recorded. The results were compared with experimental
findings recorded in previous experiments. The component of pressure and viscous drag was
computed for to estimate the fluid force on the hull; considering Morison’s formulation. The CFD
model also gave insight into the nature of fluid-structure interaction from the complex column
arrangement. A more sophisticated model was developed in comsol to understand this behaviour,
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but no precise conclusion was reached; as a result, the finding has not been documented in this
thesis.
A hydrodynamic model was built from diffraction principles, to characterize the hull’s motion
response from wave, current and wind loads; as required by industrial standards. An aqwa
packaged formulated on Boundary Element Method (BEM) was employed to perform this task.
The AQWA solver resolves series of complex partial differential equations of the flow potential
around the incidence, diffraction and radiation boundaries. The resolution of these equations
enables computation of the pressure, force and moment parameters. Complex and irregular wave
behaviours were analysed using a spectrum. The drift second order parameters were investigated
to understand their influence in response behaviour of the hull in complex wave flow. The effect
of wave and current interactions was also studied. The response of the hull was studied in time
and frequency domain using basic motion equation for single degree of freedom system, and
multiple line matrixes were developed to compute for subsequent degrees of freedom. Results
from different software packages were compared. An experimental investigation was set up in a
wave tank to validate and measure the accuracy of our hydrodynamic model. The motion of the
scaled-down hull model was recorded using a digital image capturing system; Imetrum. The model
response was calculated for different wave frequencies, and the results were compared with that
of the aqwa model. The finite element model was developed to estimate the strength of the hull
during bending, twisting and buckling, for static and combined loadings. The model took into
account the effect of the hull response on the strength of its components. Results for hull stress
distribution were reported for different topside designs, and static/operating loading conditions
and recommendations for hull columns scantling (internal reinforcement) were postulated
considering industrial standards.

1.3 Aim and Objectives of Study
1.3.1 Aim
The aim of this research is to design a paired column semisubmersible hull system to function
in multiple applications in ocean engineering.
1.3.2 Objectives


To understand the dynamics of a paired column semisubmersible hull system, and study

how much it can carry out the task to which it was designed (dry-trees application).
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To understand the nature of different environmental loading conditions on this unique

hull system, and be able to circumvent the challenges that may arise from the complexity of the
internal column arrangement.


To investigate the nature of vortex shedding phenomenon created from a stream of

reciprocating vortexes in the wake, when high current velocities passes through the hull.


To investigate the wave-induced motion response of this hull for different sea conditions,

and postulate recommendations for formulating design standards for its application in deep waters.


To evaluate its strength through understanding the stress distribution from operating and

environmental loads, and identify regions were reinforcement will be required.


To recommend the stiffener and girder sizes for internal reinforcement of the columns

and pontoon section, in the process creating useful spaces within for ballasting, oil and mud
storage.

1.4 Design Approach
For us to effectively harness the advantages of a paired column semisubmersible hull in
developing drilling platforms and support vessels, we have to gain a complete knowledge of how
the system works. There is no literature on its dynamic behaviours apart from the reports presented
by the original patent owner (Jun Zou) because it is a new hull type. Therefore, the first stage of
our design process was to reproduce the design of the first PC-Semi (considering the same weather
conditions and structural attachments), to gain a full knowledge of its dynamics, and to understand
the reasons for their recommendations regarding the topside, moorings, risers, column
connections, braces, pontoon type (centralized), and draft size. We also designed based on the
applications we intend to recommend the hull for. Example; to enable us to make
recommendations for support systems such as wind turbine foundation, we designed for a fully
submerge hull, as wind turbine foundations are completely submerged. We have therefore adopted
a ‘flexible design approach’; wide range of design parameters was introduced to guarantee
recommendation for multiple application of hull concept.
We have categorized our design process into two phases; design for motion/stability, and
design for strength. For the hull motions, we looked into the wave induced motion and the selfexcited vibration generated from the reciprocating vortexes created within the wake formation of
the flow stream, while the stress distribution and column buckling were assessed when designing
for strength. Preliminary design was carried out for the mooring system, but we haven’t recorded
the complete results in this thesis; only where it was required for validation purpose.

5

Design of Paired Column Semisubmersible Hull

1.3.1 Design for motion and stability
In designing for motion and stability, we investigated the required standards for motion offset
for each of the applications we intend to recommend this hull for. Different weather conditions
were studied for different seas around the word (as shown in Table 1.1), to enable us to understand
the extent of motion response in applying the hull system in different regions. Weather conditions
for the Gulf of Mexico were observed to have the highest effect on the motion response, as
suggested in Table 1.1. We also considered some industrial standard, some of which include;
DNV-RP-205 Recommended Practice: Environmental Conditions and Environmental Loads (2010)
DNV-OS-J101 Offshore Standard: Design of Offshore Wind Turbine Structures (2013)
DNV-RP-C103 Recommended Practice: Column-Stabilised Units (2012)
ABS Rules for Building and Classing Floating Production Installations (2014)

Table 1.1 Sea weather conditions around the world

Waves

Currents

Winds

Africa

The Gulf of Mexico

East Asia

Squalls and trade

Hurricanes and winter

Typhoons, monsoons, and

winds

storms

squalls

Long period swells

Hurricane and winter

Typhoons and monsoons

and Bi-modal state

storms

River flow

Loop current

Monsoon and internal waves

The designs for investigating the wave induced motions were carried out using hydrodynamic
diffraction analysis. The wave parameters were developed using the potential theory of flow;
representing the dynamics of the flow with a velocity potential which changes with distance and
time. With this, we were able to calculate the energy or force parameters of the flow. This
eliminated the challenges associated with the complexity of flow separation and rotation. In
designing for the vortex-induced motions, we carried out a detailed study into what was presented
in [2, 13]. This gave us insight into the challenges that are likely to arise from the complex nature
of the shed vortexes, for different applications of this hull. We also reviewed the effect of vortex
induced vibration of conventional deep-draft semisubmersible (this is presented in the fifth
chapter of this thesis). After these reviews, we decided to develop a CFD model to understand the
nature of low around eight columns arranged in form of a PC-Semi. To the best of our knowledge,
this study has not been previously carried out. From the CFD model, we were able to investigate;
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The drag coefficient on each column and on each pair.



Correlation between the inner/outer column spacing and the drag distribution on the pairs.



Vortex identification; flow pattern around the structure



Effect of column shapes; square and rectangle
Forces

Draft size
Wave-induced
motion

Weather conditions

Sea current

Vortex-induced
motion
Column
geometry

Inner/outer
column spacing

Flow angle

Figure 1.3 Wave and vortex induced motion response
The wave and current induced motions sometimes occur simultaneously, and some researchers
[14] have concluded that for deep-draft semisubmersibles, the extent of one depends on the
another. The sea current velocities alongside its column geometry, flow angle and draft size are
responsible for the vortex induced motions. The wind and wave conditions directly affect the
wave-induced motions. All these parameters determine the forces acting on the hull, which is used
for selecting the materials and accessing the strength of the hull, for the proposed applications.
The stability of the hull was accessed using ABS, IMO and DNV standards for accessing the
stability of column stabilized semisubmersibles. Table 1.2 shows the criteria for intact and damage
conditions for assessment.

Table 1.2 Stability criteria
Requirement

DNV
≥ 1.3

Intact stability

ABS
≥ 1.3

≥ 0.0m

≥
1.0m
for
operating
and
survival
conditions and ≥
0.3m for other
temporary
conditions

Minimum GM
N.A.
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Minimum
righting moment

Positive
over
range
from
upright
to
second intercept

Damaged
stability
Maximum
rotation
with
wind loads

≥2

≥2

≥2

≤ 70

N.A.

≤ 70

CURRENT STUDY
Intact
The metacentric height has to be positive for
all weather conditions.

o

The heeling angle at its equilibrium position
should not be greater than 150.

o

Damage
o

Not considered for free floating state

o

One line damage for 16 mooring
integration.

1.3.2 Design for strength
[15] and [16] were primarily considered in the design and assessment of the hull’s strength.
In this process, a finite element modelling approach was adopted. The wave, current and wind
loads where extracted from the hydrodynamic analysis and used for loading conditions in the FEmodel. The static loads (which include the upward buoyancy force, the hull steel weight, the
topside weight, the operating loads, facilities, weight of liquid stored in the columns, mooring
weight, riser weight, and so on) were also considered. Results from the FE model were used to
make conclusion on the following;


The nature of steel material to use



The topside design



Recommendation for plate thickness



Stiffeners and girders designs



Sizing and positioning of braces



Recommend joint size

1.5 Methodologies
In the cause of carrying out our design, we made use of different commercial software’s, some
of which are currently used in the industry. In some cases, where the software couldn’t perform
the task, we had to write our own programs to get our desired results.
Setup for numerical analysis

8

Design of Paired Column Semisubmersible Hull



For CFD analysis, the numerical setup was developed in ANSYS FLUENT



For hydrodynamics diffraction and response analysis, the numerical setup was developed
in ANSYS AQWA and Orcaflex.



The CAD models were built in SolidWorks and CATIA. In some cases, we made use of
ANSYS design modeller.



Numerical setup for FEA.: ANSYS APDL



The investigation into the fluid-structure interaction from flow separation within the
centralized area of the hull was carried out using Comsol Multiphysics. It is important to
mention that details of the results of this investigation have not been presented in this
thesis.



Numerical setup for mooring and riser analysis were developed in Orcaflex

Experimental setup


Lancaster University wave tank.



Regular waves : sinusoidal wave and sea-state



Electronic wave gauges



Imetrum Digital Image Capturing System.

1.6 Thesis Outline
1.6.1 Chapter Two: Review of Semisubmersible Hull Systems: Column
Stabilized Unit
In the second chapter of this thesis, we presented a literature review on semisubmersible
platforms. Brief histories into its origin, alongside some significant hull optimizations that have
been introduced over the years, were also discussed. We also reviewed the different types of dry
trees semisubmersible concepts that have been postulated so far and discussed the reasons why
they were not successful in the oil and gas industry. The concept of deep draft semisubmersibles
was discussed; their advantages and challenges were also addressed. The design and development
of paired column semisubmersible platform were presented. Its comparative advantages over other
dry-trees semis were highlighted and useful conclusions were made on the possible high demand
of this hull system in the nearest future.
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1.6.2 Chapter Three: Experimental Study of Motion Characterises of PCSemi: VIM and Global Performance
The experimental setups for calculating the wave and current induced motions were presented
in this chapter. For VIV, the experimental results presented were extracted from [1, 13]. No further
experimental setup was needed to design for VIM of this hull, as the results presented in both
reports were enough. Experimental setup developed at the Lancaster University wave tank for
investigating the effect of wave-induced motion was also presented in this chapter.
1.6.3 Chapter Four: Numerical Simulation of Hydrodynamic Loading on a PCSemi for Motion Characterization
The hydrodynamic response of this hull system was presented in chapter 4. This study was
done in accordance with regulatory standards (DNV, ABS, and API). The cases were defined with
the intention of recommending this hull formation for drilling units and support system. Three
cases were defined varying the draft sizes and the hull of the fourth case was totally submerged for
wind turbine replication. Results for response amplitude operator were computed for in the
vertical plane, the effect of added mass and viscous damping were also investigated and recorded.
The wave calibration was done for regular and irregular waves, for a sea depth of 2400meters. The
current and wind effect on the hydrodynamic parameters were recorded for the different cases,
and further recommendations were done based on the results. The first and second order
hydrodynamic forces were computed for at different weather conditions; survival, extreme, severe
and hurricane, as recommend by regulatory bodies. The results were used to compare
recommended standards for MODU forces, and alteration of the hull geometric properties was
recommended to achieve this purpose.
1.6.4 Chapter Five: Effect of Vortex Shedding on a PC-Semi Hull formation
The effect of vortex shedding on an array of eight columns, arranged in a PC-Semi
configuration was investigated in chapter 5. The numerical model was validated using experimental
results obtained from tow tests carried out at the University of California and MARIN in the
Netherlands. The results and conclusions were reported in chapter 3. In this chapter, parameters
in which VIV depends on (such as flow angle, current velocity, and column geometry) are varied
over a considerable range, and the results were computed for.
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1.6.5 Chapter Six: Finite Element Modelling of PC-Semi for Hull
Reinforcement
A finite element model of the hull was developed to estimate its stress level from different
loading conditions. To carry out the static analysis, APDL codes were developed to integrate
hydrodynamic loads (wave, current and wind) and the hull’s mass distribution. The effects of
different topsides were investigated on the stress distribution on the columns, and the results were
used to stiffeners and girders for reinforcement.
1.6.6 Chapter Seven: Recommendations for Design Improvement
In this chapter, the results obtained from hydrodynamic loadings, drag distribution from vortex
effect, and nonlinear stresses from combine loads was used to postulate recommendations for the
future design of PC-Semis. Design alterations for column and pontoon geometry were
recommended to circumvent the effect of roll and heave motions at different water depths.
Stiffeners were also designed and recommended for internal reinforcement from stress study.
1.6.7 Chapter Eight: Conclusion and Recommendations
A summary of the findings and recommendations recorded in all the previous chapters have
been recorded in this chapter, alongside recommendations for future research.
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CHAPTER 2
CHAPTER HIGHLIGHTS


History and Evolution of Modern Semisubmersible Hull Design



Motion, Degrees of Freedom and Structural Attachments of Semisubmersibles



Hydrodynamic and Hydrostatic Behaviour, alongside the Strength Assessment of
Semisubmersibles.



Dry-Trees Semisubmersibles Concepts, Development of Paired Column
Semisubmersibles



Winder Turbine Foundation and Mini-Cruise Application of Semisubmersible Hull.



Other Forms of Floating Hull Systems, including Spar, Tension Leg Platform, and
Floating Production Storage & Offloading Platform.
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Chapter Two: Review of Floating Semisubmersible
Hull Systems; Column Stabilized Unit
2.1 Introduction
Background literatures on floating semisubmersible hull systems have been presented in this
chapter. Their dynamics, degrees of freedom, and applications have been discussed. The concept
and development of dry-tree semisubmersibles were discussed, and the progress made so far was
highlighted. The complexities associated with the hulls were discussed alongside other reasons why
dry-trees semisubmersible did not record early success in the oil and gas industry. It is important
to note that bulk of the literature on dry trees semisubmersibles (including paired column
semisubmersible) that are presented in the thesis was extracted from company and conference
reports, as there is no much academic documentation on the invention and dynamics of these hulls
and their applications.
At the end of this chapter, we will be able to understand the extent of study that has been varied
out in ocean engineering in the following areas:
i.

Their types, operating mechanism and functionalities.

ii.

The progressive growth of semisubmersible application in deep-waters.

iii.

What are dry-tree installation and the structural requirement for this application in

deep waters
iv.

The types of dry trees semisubmersible hull concept that has been designed over

the years, and reasons why they did not successfully get to stage apart from paired column
semisubmersible.

2.2 Background of Semisubmersible Hull
2.2.1 Brief History and Development
The development and design of semisubmersible hull can be traced back to the 1960s when
there was rapid need to increase the stability of floating systems. Bruce Collipp was credited by
[17] for designing the first semisubmersible platform. His early design and development of this
structure were inspired from the stability obtained by partially submerging a floating structure to
avoid capsizing in rough sea conditions. He called his first design the Bluewater-1. Since then the
use of semisubmersible hull systems in the oil and gas industry has grown tremendously. It has
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been used for designing mobile drilling units, floating production systems, barges, crane systems,
support vessels, transportation vessels and many other applications. Although it has different
forms, the column stabilized form is generally accepted to be the most effective design for drilling
purpose, which was later adopted for production. This platform consists of a top-deck section,
columns and a pontoon. Originally, the buoyancy was provided by the pontoon, which helps to
keep the structure floating. The buoyancy of the recent semisubmersibles is provided by the
amount of submerged draft which includes both the pontoon and the columns. Like all floating
structures, semisubmersibles have six degrees of freedom and are flexible in all directions. These
movements cause fatigue on the risers, mooring lines and other structural attachments and,
therefore, they need to be controlled in both normal and harsh sea conditions. Over the years, the
use of semisubmersible hull systems has been extended to deep waters; from the first one
(Bluewater 1) to the modern semisubmersibles designed by Petrobras, Technip, Shell, Chevron,
Transocean, Total, Maesrk, Aker Solutions, and many others.
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Figure 2.1 Sea depth for semisubmersible hulls
Figure 2.1 shows a progressive growth in the application of semisubmersible hulls over the last
50 years. The conceptualization and designs that triggered this growth were carried out by
researchers from both academic and industrial environment, which has helped to increase the
performance and functionalities in ocean engineering. These investigations were mainly done to
understand the response and strength of the hulls under different environmental loading
conditions.
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2.2.2 Evolution of Design
In the early 80s, Akagi and Ito, presented a motion optimized design of the conventional
semisubmersible platform used in the 1970s. These conventional semisubmersibles (example: Argy
II FPU and Buchan A) were characterized with much higher motion response than what we have
now, because of the amount of steel present in their cut-water plane area (more inline columns
and braces). Their design was focused on reducing the natural frequencies of the hull on its vertical
plane to prevent lock-in phenomenon due to resonance with the wave oscillating frequencies in
the heave DOF. To achieve this, they increased the displaced volume of the semisubmersible, and
reduced its cut-water plane area. Six circular columns arranged in-line (three on each side) were
designed alongside two large circular pontoon sections (see Table 2.1). The pontoon size
guaranteed a high displaced volume, while the small diameter of the columns maintained a small
area in the water plane. The mathematical formulation of this relates the water-plane stiffness,
added mass and natural frequency of the hull. Considering the wave frequency conditions, the
technicality involved was how to determine the size of the displacement and the accurate
dimension of the columns that could satisfy the frequency requirement. This was a revolutionary
idea that increased the application of semisubmersible hulls in the oil and gas industry, because a
great reduction in the motions on the vertical plane of a traditional semisubmersible was achieved.
This method has been also implemented in some boat and vessel designs to increase their stability
[19].
In the late 1990s, [20] made a series of presentations on some of their findings from
experimental test carried out on different shapes and sizes of semisubmersible platforms. They
tested on how to increase the stability of semisubmersibles during rough sea conditions. There was
an urgent need for this, because commercial operators in deep sea reported high level of instability
for tidal conditions, because of the increase in water level; which was specifically due to global
warming. At the end of their work, they built a three-column semisubmersible system using the
basic principle for stability of all floating bodies, i.e., if a floating system is designed in a way its
centre of gravity is below its centre of buoyancy, the system will be stable for any weather
condition. Hence they increased the length of the submerged part of the hull, to keep weight
further away from the water plane. They called it, a deep-draft semisubmersible (see Table 2.1).
Its patent right was issued in 2001 [20]. This was another turning point in the development of
modern day offshore floating systems; semisubmersibles. The design and development of the
MinDOC3 semisubmersible was attributed to this idea [21]. The idea was also applied in spar
platform, keeping the hard tank at the very bottom of the hull. Increase in the total draft size often
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leads to total increase in the length of the structure, therefore making it behave as a slender body;
Figure 2.2. The major problem encountered by slender bodies under wave motion is vortex
induced vibration. The motion is sometimes called vortex induced movement ‘VIM’ when the
time it takes for the structure to respond in a complete cycle is longer than 21seconds or more.
This is mostly the case for large bodies, such as paired column semisubmersible hull).
Cuter water plane
Sea surface
Centre of buoyancy

Centre of gravity

Sea bed

Figure 2.2 Concept of deep-draft semisubmersible
The nature of the draft also requires structural attachments (risers and moorings) to be
configured in a certain way to suit its application as recorded in [22] and [23]. The length of the
draft also makes them behave as slender bodies, and this can be of massive disadvantage during
high sea current situations. When fluid flows through a blurred body, a stream of vortexes are
formed on the wake of the disturbance. These vortexes oscillate at a particular frequency called
the vortex shedding frequency fv. As the vortex shedding frequency gradually equals the natural
frequency of the structure, a resonant phenomenon sets in; i.e, the structure starts to move in an
excessive vibratory manner. This movement is known as vortex induced movement or vortex
induced vibration (VIV). VIV is a major problem that is observed in most offshore slender bodies
such as risers, mooring lines, etc.; and the evolution of deep draft semisubmersible has added to
that list. Different researchers have made conscious attempt to investigate the effect of this
phenomenon on deep-draft semis. [24], [14, 25, 26], [27] are some of the recoded reports
(experimental and numerical methods) on how deep draft semisubmersible respond to shed
vortexes. The extent of this effect was greatly influenced by the in-line motions (surge motions)
induced by the hydrodynamic wave loadings [26]. DD-Semi (deep draft semisubmersible) is of
different forms. [28] and [29] explained the concept of a DD-Semi with moveable heave plates.
This is an imitation of the truss spar conceptual design. The inclusion of the heave plates has a
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massive reduction in vertical/heave response of the structure, making it suitable for ultra-deep
well operation. Other forms of DD-Semi include paired column semi and conventional four
columns DD-Semi (e.g. Petrobras 55).
Irrespective of the numerous advantages associated with deep-draft semisubmersible concept,
there are series of challenges associated with them. The issue of vortex shedding phenomenon
resulting in destructive oscillating amplitude is of key interest, and operators of this sort of
structures employ strakes and other vortex suppressing devices in circumventing the effect of this
phenomenon. One of the objectives of this study is to investigate the hydrodynamic behaviour of
this hull system with moderate and shallow draft condition. The knowledge of this will help
increase its functionality (shallow and moderate sea depths). Deep draft semisubmersibles hulls
systems are mainly used for designing drilling and production units in the oil and gas industry and
the recently developed paired column semisubmersible platform for dry tree use has been added
to the fleet.
In 2010, Qi Xu carried out CFD analysis on different semisubmersibles hull types, to investigate
their VIM response. From his simulations, he discovered that any form of alteration on the
reciprocating vortexes shed from an arrangement of columns will reduce its amplitude of
oscillation. That is; the oscillating vortexes shed from a column with two different diameters is
likely to have lesser amplitude when compared to if it had a single diameter. In his investigation,
he also compared the RAO plots (Response Amplitude Operator) for cases and recorded
favourable wave forces, moments and motions from his novel semisubmersible configuration. To
achieve this concept, the size of the pontoon section was reduced, and additional material was
added to the base of the columns proportionately; keeping the same displacement (See Table 2.1).
[30]explained the formation, and the model test results from series of test carried out from this
hull model. Its comparative advantages in reducing the centre of gravity of deep draft semi [20]
were explained, alongside with advantages in the reduction of the rotational motions (roll and
pitch) in the horizontal plane. This hull has been named the future of deep-draft semisubmersibles
because of these advantages. Recently, Diamond Offshore Drilling and other design companies
have been optimizing their old semis to meet with the contemporary challenges associated with
deep water operations. This method has been very effective in achieving that goal. The recent
reconstruction of Ocean Apex and Ocean Onyx are a good example of the application of Xu’s
method of optimizing semisubmersibles for deep water operations [31].
The three columns semisubmersible hull concept postulated for deep draft by [20] was
developed by Bruce Malcolm and Paul Dixon as a semisubmersible vessel that can function as
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foundation system (see Table 2.1). This method was not very successful in the oil and gas industry
because of some reasons that centres around the amount of displacement it offers[32] presented
a representation of this concept in a column-stabilized form. This concept has been greatly
harnessed in the development of the large wind turbine foundation systems because of the nature
of stability offered by the three legged structured components. Despite the advantage offered by
this hull concept, [33] clearly stated ‘low deck space’ as a significant disadvantage of the three
column semisubmersible hull.
Another important contribution to the development of semisubmersible is the introduction of
the truss pontoon semi. The concept has received very significant attention in the oil and gas
industry, but has not been implemented. Some of work on truss pontoon semi can be found in
[34-37]. The work presented in [35] explained the fundamental effects of response performance
of the hull by adding the truss section that contain heave plates. The recorded significant
improvement in the heave and pitch motions, which was attributed to the added mass in the heave
DOF offered by the heave plates. They compared results from diffraction method, Morison
equation and their test setup, and recorded reasonable agreements in their findings.
Table 2.1 shows some recent improvements that have been carried out by different researchers
on semisubmersibles platform. Each of these novel concepts for semisubmersible hull
optimization has its comparative advantages as relating to the operational requirements in deep
and ultra-deep sea. They also have their respective shortcomings, which makes it impossible to
have a single standard hull concept for all semisubmersibles applications. One unique characteristic
of these semisubmersible hull forms is that at the time each of them was conceptualized, they were
all designed to function at a greater sea depth than the existing ones. This is usually the trend in
the offshore industry; floating structures are design to operate in rough weather conditions.
There are other contributions that have been developed to increase the functionality of this hull
system, such as the centralized pontoon system, plate-like pontoon, truss hull, rectangular column
formation, and so on. In this thesis, we have restricted our discussion to the contributions to our
study; as presented in Table 2.1
Table 2.1 Contributions to the development of semisubmersible hull system
Structure

References
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Reduction in cut-water plane
area, to reduce the hydrostatic
A

[18]

stiffness.

Redistributing the hull weight;
concentrating
B

[20]

more

weight

below the cut-water plane to
keep the centre of gravity below
the centre of buoyancy,
Heave and vortex suppressed
semisubmersible. (HVS)

C

[30]

D

[32]

Three column semisubmersible

Inclusion of heave plates on the
pontoon
E

[37]

section

helps

to

reduce heave motions.

2.2.3 Degree of Freedom
Semisubmersibles are floating hulls, and are therefore flexible bodies; they are free to move.
This dynamic behaviour is of primary interest during their design stage. [38]explained the six
different directions (degree of freedoms) in which a floating structure (ships, barges, boats or
platforms) responds when environmental or operating loadings are placed on them. The
translational response in the X, Y & Z directions are called surge, sway and heave, while the
rotational response are called roll, pitch and yaw (Table 2.2, and Figure 2.3).
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Table 2.2 Degrees of freedoms
Direction

Translational

Rotational

X

Surge

Roll

Y

Sway

Pitch

Z

Heave

Yaw

Z

ROTZ

ROTY

ROTX

X

Y
Figure 2.3 Description of six degrees of freedom system
𝑈𝑋= Movement in the X direction: surge
𝑈𝑌 = Movement in the Y direction; sway
𝑈𝑍 = Movement in the Z direction; heave
𝑅𝑂𝑇𝑋 = Rotation about the X direction; roll
𝑅𝑂𝑇𝑌 = Rotation about the Y direction; pitch
𝑅𝑂𝑇𝑍 = Rotation about the Z direction; yaw
These six degrees of freedom takes place on two planes; the vertical and the horizontal plane,
as presented in Table 2.3. The water surface is on the XY plane, and the X is the direction of flow.
The Z direction is normal to the XY plane. It is important to understand the relationship between
the six degree of freedoms and the planes they operate, the nature of the hydrostatic behaviour of
semisubmersibles (and most floating bodies) is relative to the plane.
Table 2.3 Plane motions
Vertical

Horizontal
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Heave

Surge

Roll

Sway

Pitch

Yaw

2.2.4 Structural Attachments
Floating platforms do not exist as single units as they are designed for a wide range of
applications, and semisubmersibles are not an exception to that. Applications such as drilling and
production requires risers, crane system application requires anchors, positioning require
moorings, and so on. There are various structural attachments for floating structures, but we only
discussed the two main attachments in this study;


Mooring lines and



Risers

2.2.4.1 Mooring Lines
Mooring lines and tethers are used to keep floating platforms in place. They act as the
foundation (flexible) system, and are connected from the base of the submerged part of the hull
to the seabed. Mooring lines are basically applied in different forms, depending on the `extent of
response the floating structure is allowed to have. For deep draft semisubmersibles, there are two
conventional types of mooring applications; taut mooring and centenary or slack mooring, as
illustrated in Figure 2.4.
The responses of floating structures are therefore directly affected by the stability, stiffness,
fatigue, and life cycle of the moorings. Researchers have carried out series of investigations to
analyse the extent of this influence. In conventional practice, mooring designs are done alongside
with hull design, considering recommended standards (API, DNV), as the benchmark. There is
no ‘generally acceptable design system for mooring lines’, as each hull is design to meet the
environmental and operational loading condition for the particular task it is expected to perform.
[39]demonstrated the dynamics of deep water mooring systems. They presented a comparison
between numerical analysis and experimental investigations on the force response of mooring lines
attached to a floating buoy. [40]described a technique for analysing the dynamics of mooring cables
and its boundary excitations. [41]demonstrated that an increase in the damping of mooring lines
helps to reduce surge and pitch motions of spar platforms operating in deep waters. It is important
to mention that the conventional way of altering the damping factor of mooring lines is in its
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material selection. [42]identified the nonlinear behaviours of moorings, generating some
correlations that describes the behaviour of moorings in viscous environments
Apart from the challenges associated with the dynamic positioning of mooring lines, “getting
them fixed to the seabed and the structure” was also a problem, because the joints tend to wobble
after a while. This is commonly called coupling effect. The coupling effect of mooring lines and
offshore platforms is a fundamental area of study in the oil & gas industry. Its dynamic complexity
varies along the entire mooring chain; from the seabed pegs, to the contact point on the platform.
Recently, suction cans have been employed to circumvent the effect of this challenge. This
technique was used to anchor the mooring lines of the Perdido Spar (world biggest spar platform)
to the sea bed in G.O.M, replacing the conventional concrete piles. The effect of this improves
the safety and life span of the lines with reduced maintenance cost.
Structure
Offset
Sea surface

Taut mooring

Catenary mooring

Seabed

Figure 2.4 Mooring illustration
Recently, a non-uniform mooring configuration (material selection) has been adopted in the
industry because of the high stiffness they offers. Steel-polyester-steel is the most commonly used
configuration. The short steel chains are connected to the anchors and the fairleads, while a
significant part of the line is made from polyester rope. The effect of this on the dynamic behaviour
of semisubmersible hull will be discussed at the latter part of this thesis
2.2.4.2 Risers
Risers are pipeline structures used to transport fluid in and out of the well. They come in
different sizes, shapes and materials. [43]explained the types, usage and dynamics of drilling and
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production risers. Because risers are directly connected to wellheads or blowout preventers
(BOPs), which are in direct contact with the seabed, they are affected not only by the structural
response of the platform and ocean waves, they also respond to seismic and earthquake conditions
[44]. The design of risers and subsea pipe structures is recorded in [45]. The nonlinear behaviour
of risers under vibratory motion was investigated by [46]. They later concluded from series of
experimental and numerical analysis that increasing the speed of the fluid carried by risers reduces
their natural frequencies
A major challenge faced by risers in the offshore industry is ‘vortex induced vibration’, which
is a result of the vortexes formed when fluid passes through them. Because this effect is not directly
caused by the floating structure, it is of less interest in this research.

2.3 Dynamics
Semisubmersibles hulls are classified as VLFS (Very Large Floating Structure). Their
applications are restricted almost exclusively in the oil and gas industry, and thus are exposed to
extreme weather conditions. As a result, different researchers have tried to remodel this structure
to reduce the effect of sea waves and optimize their dynamic behaviour. Modern column stabilized
semisubmersibles are designed with small cut-water plane area. This means less area is exposed to
wave loads, and less motion is generated in the vertical plane; heave roll, and pitch DOF. The
hydrodynamic force parameter (𝐹𝑑 ) of semi submerged body is calculated using conventional
methods as shown in Equation [2-1] and Equation [2-2], [47]. Morison’s equation and 3D
diffraction method are generally the acceptable way to determine the nature of hydrodynamic
loadings on a floating body, although recommended standards require the use of developed
experimental model tow test setups. These tests are normally scaled down, and cannot represent
the actual loading scenarios of these structures.
𝐹𝑑 = 𝜌𝐶𝑚 𝐴𝑢̇ +

1
𝜌𝐶 𝐷|𝑢|𝑢
2 𝐷

[2-1]

For a hull in motion under wave and current interactions, the hydrodynamics force is
represented as the summation of the forces from the drag, the hydrodynamic damping, added
mass and fluid acceleration (as presented in Equation 2-2) [47].
1
1
𝐹𝑑 = 𝜌𝐶𝐷 𝐷|𝑢|𝑢 − 𝜌𝐶𝑑𝑚𝑝 𝐷|𝑥̇ |𝑥̇ − 𝜌𝐴𝑢̇ 𝐶𝑚 + 𝜌𝐴𝑥̈ (1 + 𝐶𝑚 )
2
2

Where;
𝜌=

Density of sea water
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𝐶𝐷 =

Drag coefficient

𝐷

= Diameter of the structure

𝑢

= velocity of fluid particle

𝑢̇

=Fluid acceleration

𝐶𝑑𝑚𝑝
𝑥̇

= Damping coefficient

= Velocity of structure

𝐶𝑚 = Inertia
𝑥̈

coefficient of the structure

= Acceleration of the structure

𝐴 = Area of the submerged body
The parameters presented in Equation 2-2 (added mass and damping) exit in complex forms,
because of the unsteady behaviour of ocean conditions. Different researchers have employed the
use of numerical and experimental means in calculating for them. [48]calculated the effect of wave
loadings on a typical semisubmersible platform. They developed a computer program to calculate
the wave loadings; using finite element method to analyse the deformation at each point of the
structural member. The strength of the structure was tested by investigating into the response at
different flow incidence angles. A better knowledge of this can be found in the investigation that
was carried out by [49]. In the former, a model test was conducted in extreme weather conditions,
and the amplitude of the surge and heave response were recorded. The effect on the moorings
(mooring force) was also established. The amplitude was plotted against the frequency, on each
DOF; considering the varying wave force. The effect of the mooring line damping factor was also
investigated, and it was concluded that the mooring damping only have significant effect on the
translational response in the horizontal plane (sway and surge) during low and moderate weather
conditions, and little or negligible effect during extreme weather conditions.
The nature of the hydrodynamic motion of the hull is relative to a resonant phenomenon
between the flow properties (wave frequencies, vortex shedding frequencies) and the natural
frequency/oscillating period of the hull. Although the hull motion increases with increase in in the
wave amplitude, but maximum motions are generally recorded at the resonant frequencies.
Semisubmersibles are therefore designed to operate with natural periods that are far away from
the oscillating periods of the wave. The natural frequency of the hull is basically a function of its
stiffness and mass properties as shown in Equation 2-3.
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𝜔𝑛 = √

𝑇𝑛 =
𝐾𝑖

𝐾𝑖
𝑀 + 𝑀𝑎

1
𝜔𝑛

[2-4]

= The stiffness of the hull in i degree of freedom.

M=

Mass of the hull; details will be discussed in subsequent chapters.

Ma =

Added-mass parameter

𝑇𝑛

[2-3]

= Natural period

The wave parameters are recorded in weather buoys and recommended documents such as [50]
from ocean study, the operating range for 100-years and 1000-years wave periods for hurricane
conditions falls between 1s and 17.2s. Very high periods (close to 21s) have perilously been
recorded for tsunami cases, but this wasn’t recorded in deep waters. As earlier cited, the natural
periods of deep draft semisubmersibles in each DOF are therefore designed to operate outside
this this range. Example, [51] presented the parameters of Petrobras-52 deep draft
semisubmersible hull, and recorded 23.7s, 33.0, and 31.5s as the natural oscillating periods of its
heave, roll and pitch DOF. The prototype of Glomar Artic 3 semisubmersible presented in [49]
cited the natural heave period of the hull as 20.5s. [52] presented a model of a heave and vortex
supressed deep draft semisubmersible. The hull was designed with heave natural period of 19.1s,
while 29.4s and 29.3s for the roll and pitch DOF respectively. They also cited 18.4s, 25.8s and
25.8s for the heave, roll and pitch natural period for conventional semisubmersibles in south East
Asia. [53]presented the natural periods derived from a decay test of conventional deep draft
semisubmersibles used in the GOM. The heave, roll and pitch natural periods are 20.0s, 28.4s, and
27.3s respectively. In our current study the natural periods were computed in relation with the
added mass parameters as described in Equation 2-3. Details of this are presented in the chapter
4 of this thesis. The heave natural periods for different draft cases are between 21s and 22s. Figure
2.5 shows a relationship between the maximum wave periods recorded from weather buoys, and
the heave natural periods of recently developed semisubmersibles.

25

Design of Paired Column Semisubmersible Hull

25

23.7
22.01

Heave Natural Period of Hull (s)

20.5

20

19.1

20

18.4

15

10

Maximum
wave period

5

0
Matos et al.,
2011

Tan et al.,
2016

Wu et al.,
1997

S-E Asia
Semi

Hussain et al., Current study
2009

Study

Figure 2.5 Recent designs of semisubmersible heave natural periods
It is important to mention that we have only compared the heave natural periods because all
other periods are further away from the wave period because of their high added mass parameter
during oscillation. There are similarities between the studies recorded in [53] and [51], as they show
the nature of deep draft semisubmersibles used in GOM over the last decade. The variation in
their heave periods is due to the hull mass and the geometric parameters of the columns used.
[51]presented a study of P-52 semisubmersible operating in the GOM. Details of other result
obtained from this report is recorded in the chapter 4 of this thesis. Our current study and that
presented by [52] are the future recommended hull designs for deep draft semisubmersibles for
improved motion behaviour.

2.4 Strength
The design of early semisubmersibles had issues with their strength estimation. It was
complex to calculate the effect of wind and wave loads on the structural integrity of the hull.
Over the last 30 to 40 years, sophisticated numerical and experimental techniques have been
developed to calculate the strength of multiple column arrangements in deep waters. In this
review we will be discussing on the most conventional method in modern times; Finite
Element Analysis. Recently developed software packages make it possible to acco unt for the
weight distribution around the hull, from operational and environmental loading. This means
we can calculate for stresses at the joints subjected to any load cases, we can select the type
and grade of steel preferable for hull construction, and we can resize/re-dimension any of the
components of the structure to reduce the effect of loads on them. Apart from the challenges
associated with estimating the environmental loads, the hull weight distribution is also a
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fundamental property that affects the hull’s strength. The mean weight of the hull is estimated
from the weight summation of the columns, pontoon, and braces, as shown in Equation 2-5.
𝑊ℎ𝑢𝑙𝑙 = 𝑊𝑃𝑜𝑛𝑡𝑜𝑜𝑛 + 𝑊𝐶𝑜𝑙𝑢𝑚𝑛𝑠 + 𝑊𝐵𝑟𝑎𝑐𝑒𝑠

[2-5]

where 𝑊ℎ𝑢𝑙𝑙 is the weight of the hull, 𝑊𝑝𝑜𝑛𝑡𝑜𝑜𝑛 is the weight of the pontoon, 𝑊𝑐𝑜𝑙𝑢𝑚𝑛𝑠 is the
weight of the columns and 𝑊𝑏𝑟𝑎𝑐𝑒𝑠 is the weight of the braces.
This flexural behaviour has different effect on the structural members of the hull, and the
stresses are unevenly distributed.[15], [16, 54, 55] discussed ways of classifying and estimating
the level of allowable stresses and buckling level of all offshore floating structures;
semisubmersibles inclusive. Design methods such as the Load Resistance Factor Design
(LRFD) and Working Stress Design (WSD) were recommended; depending on which is more
appropriate for the loading conditions the structure is designed for. During rough weather, the
hull experiences bending and twisting (torsional behaviour), [56]. There is a wide range of literature
in the ships catalogue that explains this elastic behaviour. The hydro-elastic behaviour in
semisubmersible is generally estimated in relation to their response. The theoretical background
of this was discussed in [57] in a review of hydro-elastic theories for the response of marine
structures. This review explained in a broad view the development of two and three dimensional
(linear and nonlinear) theories used in evaluating fluid-structure interactions of deformable parts
in marine structures. [58]studied the motions and deformation experienced in barges and columns
under regular wave loading. This was not possible without considering some basic assumptions
for the flow as incompressible, inviscid, non-rotational and small amplitude. With these
assumptions, mathematical models were generated to understand the bending and continuous
deformation at different mode shapes of a free-free (both ends) submerge floating column and
barge. For the column, high resonant deflection was noticed within the range of occurring wave
energy. Comparison for hinge joints and free conditions were analysed for the problem of a
floating barge, and the effect of constraints were investigated for some degree of freedoms.
[59]further developed a method for estimating the wave induced bending moment on a ship from
its motion characteristics. They developed a set of mathematical models describing the bending
moment of a floating body and used a network of cellular computational structures (neutral network
algorithm) to understand the bending tendencies of bodies under wave loading. An experimental
setup was also put together to validate the accuracy of their model, and significant conclusions
were made on incorporating the model into hull response monitoring systems. Although the future
development of this technique has been proposed for monitoring reasons, this method does not
provide structural design engineers with enough information on how to determine regions around
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the hull were steel reinforcement might be required. [60]numerically investigated the impact load
of sloshing on a cylinder using finite element method based on Hamilton’s principle. It developed
a flow domain around a circular cylinder, calculated it based on Einstein’s notations, and carried
out a time history analysis. Considering finer mesh grid around the column surface, it was
concluded that increase in water depth was very likely to lead to a corresponding increase in wave
impact load. [61]described the hydrodynamic nature of fluid interactions between a set of arranged
columns supporting a large flexible structure (pontoon). With this numerical model, the motion
equations of the topside integral part was resolved by studying the effect of the trapped wave and
flow circulation within the columns, and the possible effects of elastic deflection of these on the
topside. Any of these above mentioned technique can be used evaluate the strength of
conventional fifth-generation semisubmersible.

2.5 Applications for Drilling and Production Systems:
Dry-Trees Concepts
For oil and gas production, dry-trees technology is predominately used on Spar and TLP
because they offer restricted motions in their vertical plane.(Conventional Spar was further
reconfigured into Truss Spar and Cell Spar to increase its compatibility with technologies such as
dry-trees, while TLP has a vertically taut foundation; tethers) . Over the last decade there has been
an urgent need to reconfigure the existing semisubmersible floating hull platforms used in deep
waters to suit newly developed regulatory policies, to suit newly discovered well depths and to
reduce cost of drilling and production operations[62].

Figure 2.6 Top tension riser: Courtesy of JAMSTEC
Dry trees systems are possible with the use of tensioners (top-tension-risers). This type of risers
are used for both drilling and production purposes. The top of the riser carries the tensioner, which

28

Design of Paired Column Semisubmersible Hull

is traditionally supported by the deck system of the hull (see Figure 2.7). At the top (the main
tensioner), it has multiple column system arranged at an angle to each other, moving with different
stroke limits, controlling the fluid passage in and out of each of the riser. Its vertical nature exposes
it to VIV phenomenon. Some applications involves the inclusion of strakes, to alter the frequency
of the shed vortexes. Recent development of TTR in deep sea are designed using recommend
standards [63], for 1000-years hurricane condition. The environmental loading is usually developed
from the structural response of the hull in which it is to be installed. The application of dry-tree
concepts for production operations has been tested in different oil fields, and tremendous
successes have been recorded over the years. But because of the complexities associated with them
(TLP and Spar) in ultra-deep waters, various design concepts of semisubmersible platforms are
currently under screening, in other to get a replacement. Some of these concepts include:


Paired Column Semisubmersible; PC-Semi



Extendable Draft Platform (EDP)



E-Semi and T-Semi



Aker Dry Tree Semi

Each of the above listed hull concepts comes with its advantages. But of all of them, paired
column semisubmersible hull formation is the most realistic and generally accepted concept for
this purpose, because of the high payload it offers, and the absence of any moveable part within
the hull, as compare the EDP, E-semi and T-semi.
Most favoured option
PC SEMI
ADTS
E & T SEMI
EDP
Least favoured option

Figure 2.7 Dry tree semisubmerisbles
2.5.1 Development of Paired Column Semisubmersible Hull
In the oil and gas industry, there is a constant need to increase the safety level of deep water
operations because of the nature of damage caused by any form of failure. BP oil spillage in the
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Gulf of Mexico in 2010 is a good example of this. An effective way of improving safety is reducing
subsea operations. Subsea operations do not allow direct access of wellheads, and other
drilling/production equipment’s, as they are done with Remotely Operated Underwater Vehicles
(ROVs). For safety and cost effectiveness, top-deck well-heads are therefore more advantageous
for production operations. TLP and Spar platforms are more favourable to semisubmersible hull
for design of production platforms in deep waters, because they are compatible with top deck well
head installation, while convention semisubmersibles are not, despite the fact that they offer higher
stability and more deck area. Spar and TLP are not as flexible as semisubmersible hulls. As
discussed earlier, the problems associated with restoring stiffness of TLP and the complexities
with the tethers makes it less economical and unsafe for ultra-deep operations (beyond 2000meter
sea depth). Spar platforms have very small working, as they are suspended by a single column
(SPAR). This acts as a disadvantage when selecting hulls for deep water production. Design
engineers are forced to increase the size of the hull to create enough space for the equipment and
staffs needed for deep sea operation. The Perdido Spar is a good example of this.
The development of a suitable structure that suits the requirement of production operation in
ultra-deep sea regions therefore falls on semisubmersible hulls because of their wide surface area,
stability, and installation convenience. Although semisubmersible have excessive heave
displacement and vortex induced vibration for deep-draft, but reconfiguring its hull and deck
compartment helps in reducing/eliminating the effect of these disadvantages. Paired Column
Semisubmersible was developed to serve this purpose. Designed in 2006 by Jun Zou of Houston
Offshore Engineering, the paired column semisubmersible platform (popularly known as PCSemi) is the most realistic concept of all the semisubmersibles designed with dry-trees installation.
Unlike the hull concept postulated by Technip, the PC-Semi has a stationary stable hull, making it
safer and more reliably forultra-deep; Figure 2.6. It has a significant reduction on the RAO heave
curve as compare to conventional semisubmersible platforms which makes it suitable for TTR
installation. Although the massive size of the hull makes its construction less cost effective, its
stability and reduced motion response makes it very viable for ultra-deep water drilling and
production operations.
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Figure 2.8 Paired Column Semisubmersible Courtesy of Houston Offshore Technology
2.5.2 The Extendable Draft Platform
This structure was first designed in 2002 (Technip France), with the idea of combing the
advantages of jack-up rig and their deep draft semisubmersible as shown in Figure 2.9. The
columns are designed to penetrate the topside, making it possible to control the size of the draft.
With a plate-like shape pontoon design, it has reduced motion on its horizontal plane. Although
its implementation wasn’t very successful in the oil & gas industry; results from the experimental
and numerical analysis showed that it has a high stability advantage, coupled with its wide deck
space that can accommodate both drilling and production units. [Offshore mag. (2004). Other
researchers have made conscious attempts to continue developing this hull concept to make the
design more feasible for fabrication/construction.[64] and [65] are some of the notable work that
has been presented. Figure 2.9 shows an early sketch of the workability of this hull presented by
Technip. The pontoon section acts as a heave reducing mechanism (heave plate), which helps in
reducing the vertical motions during hydrodynamic wave and current loading. The movable nature
of the hull system made it to be unattractive in ocean engineering; not much is known about the
extendable draft platform, since its design has not been implemented in the industry.

Figure 2.9 Extendable-Draft Semisubmersible. Courtesy: Technip France
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2.5.3 E-Semi and T-Semi
The extended and truss semis are two deep draft concepts that employs conventional heave plate
method is reducing the motions in the vertical plane in other to allow compatibility with TTRs.
These plate inclusions make their hull configuration more complex and will definitely increase the
overall maintenance of the structures. The difference between them is the moveable single heave
plate on E-semi, and the fixed truss set of plates on T-semi. [66]described these concepts as a
hybrid design, combining the advantages of a truss spar and a convention semisubmersible
platform. [67]studied the dynamics of E-Semi and T-Semi (Figure 2.10 and Figure 2.11). The
investigation was carried out for 100 years wave return period for post Katrina sea state in the
Gulf of Mexico. Eight TTRs of total weight 4.5x105Kg was fitted on each of the hull, and their
vertical motions were studied for each hull configuration. The results obtained for the vertical
motion of the TTR were observed to be less than 9m, which is the recommended standard for
stroke limit of TTR. The development of E and T semis can be attributed to FloaTEC

Figure 2.10 E-Semi Courtesy FloaTEC

Figure 2.11 T-Semis. Courtesy FloaTEC

The idea of E and T Semis for try-trees operations in deep waters wasn’t really successful in the
industry. The reason for this is that movable components on the hull of these structures make
them less attractive to operators in this industry, because an ideal structure for deep and ultra-deep
sea wells should have stable and stationary hull configuration
2.5.4 Aker Deep Draft Concept (ADTS)
The Aker Kvaerner deep draft is one of the practical ways of designing dry-tree
semisubmersibles. This design was conceptualize with the intention of not altering the design of
traditional semisubmersible. The motion suppressing mechanism is achieved with the plate shape
pontoon design placed beneath the columns. The plate acts as heave suppressing device. It
functions with a set of tensioners, array in ram style which helps to support the top tension riser
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during operation [66]. The method was employed in the design and development of a Chevron
operated structure called Blind Faith in 2007 [68].

Figure 2.12 Aker deep-draft hull
The advantage the PC-Semi offers when compared to Aker semisubmersible is the high payload
integration. The eight columns arrangement of the PC-Semi displaces huge amount of water, in
turn offers high amount of payload. Aker semisubmersibles don’t offer this. An increase in the
columns and pontoon sizes for more payloads will increase its motion, and this might eliminate its
dry-tree compatibility.

2.6 Offshore Wind Turbine Foundation
Over the last 20years, there has been a significant increase in the generation of energy from
offshore wind farms, because of the high demand for renewable energy. Between 1993 and 2014,
the Global Wind Energy Council (GWEC) estimated the energy production from wind farms to
be 5MW and 8045MW respectively. This rapid increase was made possible by the introduction of
bigger and more efficient wind turbines. As the size increases, more weigh is displaced. More
displacements imply a bigger foundation system. To resolve this complication, design engineers
employed the use of semisubmersibles and TLPs, in place of the floating spar cylinders. The
unfavourable conditions associated with TLP and water depth implies that engineers are left with
the option of semisubmersible hull suspend these gigantic wind turbines in deep waters. This is
why there has been a high research attention in understanding the stability of semisubmersible hull
in rough sea weather, subject to maximum wind turbine rotation. [69]looked into the dynamic
response of a three column semisubmersible foundation system of a wind turbine in frequency
and time domain. Their tripod semisubmersible was anchored with six mooring cables; two on
each column, and the turbine was designed to sit in the middle, supported with a frame of
triangular trusses. Results from their study showed that a higher stability is required from the
foundation (semisubmersibles), to effectively reduce the turbine motion, optimizing the energy
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extraction from the blade rotation. The wind load on the turbine was also observed to be influential
in calculating the strength of the semisubmersible foundation system. A more recent study
presented by [70] compared experimental and numerical results of the design described in [69]
with the incorporation of three wave energy converters (WEC) on each pontoon section of the
tripod. The results for the motion response were presented in relation to the energy generated
from these converters. For the purpose of this study, we have only discussed the response of the
hull in relation to the displaced weight. [71] looked into the dynamic response of a V-shaped
semisubmersible foundation system for an offshore wind turbine. The result showed that the
motion of the system was greatly affected by the wind loads (unlike MODU and FPS) application.
This implies that the hydrostatic parameters of the v-shaped semi have to be accurately selected
to determine its functionality. The motion test for different cases for wave and wind loads
suggested a possible application of this hull for wind turbine foundation. Other literatures and
background for designing offshore wind turbine foundation systems can be found in [72-74].

2.7 Future Application: Luxury Cruise
Deep-draft semisubmersibles are the future of ocean engineering, because of the level of
stability they can offer from reconfiguration. In September of 2015, [75] reported a documentary
into a new form of luxury cruise, designed as a mini-island [75]. The floating system was designed
by Migaloo Private Submarine Yachts [75]. The hull of the floating mini island was built with a
column stabilized semisubmersible. This hull will be required to function as a yacht or a cruise
ship, with extremely high level of stability.

Figure 2.13 Semisubmersible Mini Island (www.migaloo-submarines.com)
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2.8 Other Types of Floating Hull Systems
Apart semisubmersibles, there are other different types of floating hulls systems. Although this
thesis is focused on semisubmersible platforms, but we have documented a brief review of other
commonly used ones in the industry for better understanding. Spar, TLP Semisubmersible and
FPSO are the most conventional types use for commercial drilling and production operations in
the industry. Outside their motion characterization, other criteria for selecting which of these is to
be use in exploring a particular oil field include the sea depth, the distance from field to land,
production capacity, weight of topside (drilling unit, machinery), sea conditions and budget.
2.7.1 Tension Leg Platform
This is the most wildly used platform for production operation in the oil and gas industry. It
can produce over 45 wells simultaneously. It is held vertically downwards to the seabed by tethers,
restricting the motions in the vertical plane (Heave, Roll and Pitch), giving it hydrodynamic
advantages when compared to other floating platforms. [76]compared the hydrodynamic
behaviour of spar platform, TLP and semisubmersible platform. They highlighted the heave and
pitch motion of TLP to be over ten times lesser than that of spar and semisubmersible platforms
respectively. Magnolia is the world’s tallest tension leg platform. It is situated in the Gulf of Mexico,
with a total depth of 1432 meters. Some other very deep TLPs are listed in Table 2.3.
Table 2.4 Tension leg platforms
Structure

Date

Operators

Sea Depth

Location

Neptune

2008

BHP Billiton

1295m

G.O.M, USA

Marco Polo

2004

Anadarko Petroleum

1310m

G.O.M, USA

Kizomba A

2004

Exxon Mobil

1177m

Angola

Ursa

1991

Shell, BP,

1219m

USA

A lot of researchers have analysed the dynamics of TLP, with the aim of improving its
functionality in the oil and gas industry. A good background of the aerodynamic loadings on a
typical TLP can be seen in [77]. Their investigation was focused on the wind loadings on the deck
of a typical TLP. [78, 79] investigated the linear and nonlinear restoring stiffness in the behaviour
of TLP, putting into account the discrepancies faced when using the conventional stiffness matrix
method. [80] described the response analysis of TLP, using a set of nonlinear equations that
expressed axial and transverse vibration of a tower subjected to tension, and the relationship
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between the sea wave conditions, the frequency and amplitude of vibration of the tethers were
also analysed. The total restoring stiffness of a typical TLP presented in [78], is the summation of
the conventional tendon stiffness, the platform nonlinear restoring stiffness and the tendon
geometric stiffness. TLP has some disadvantages in deep waters. Because it functions under the
excessive buoyancy provided by the hull, an increase in operating load leads to a corresponding
increase in hull size, and with a direct effect on the tethers and riser systems. This makes it less
economical for well situated in very deep and harsh environments.
Tethers are another type of structural attachment. They are vertical cables used to keep tension
leg platforms in place. They carry out the same function on a TLP just as mooring does for
semisubmersibles, spar, FPSO, etc. They are usually made of steel wires and are held to the seabed
by means of anchors. Because they are vertically tensioned, they automatically help to reduce the
motions in the vertical plane (heave, roll and pitch), and this is why the hull of a conventional
tension leg platform do not require any form of reconfiguration for top tension riser compatibility;
unlike semisubmersibles and spar. There are different challenges associated with the installation
and operation of tethers, as TLP is not favourable structure for ultra-deep oil exploration because
of the complexities associated with its tethers as the sea depth increases. One of the major
challenges is its ‘restoring stiffness’. The detail review of this is outside the scope of this thesis.
There is a broad literature on the study of tethers. There are experimental, numerical and
company recorded reports on the dynamic behaviour of tethers at different ocean conditions.
[80]presented a simple demonstration of the behaviour of tethers under axial loading for a tension
leg platform. [81]studied the stability parameters of tethers under loading
2.7.2 Spar Platform
It is made of a single cylinder hull and a deck. It is the simplest form of floating structure, but
its application is very recent. Although different companies have used spar cylinders in storing
petroleum products and transporting materials for a very long time, the official first spar used from
drilling and production in the oil & gas industry was installed in the Gulf of Mexico in the mid90s, and since then the industry has witnessed a significant increase in the demand of this structure.
Spar platform functions with the basic floatation principles offered in Archimedes’ floating
theories. [82]described the conceptual frame work behind the operating abilities of a conventional
spar platform. In his description he highlighted the contributions of Ed Horton, who he attributed
the successful invention of spar platform to. As he rightly pointed out, it functions under the
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principle of a floating cylinder, with more of its body submerged into the water; just like an iceberg,
creating stability. The cylindrical spar provides buoyancy for the deck session.
Since the design and installation of the first spar platform (Neptune) in the Gulf of Mexico, the
structure has gradually developed into different types, with each design gearing towards reducing
the effect of floating a cylinder under sea wave conditions. As a result of this, three generations of
spar platforms have been developed; conventional spar, truss spar and cell spar. The major issues
encountered in operating the earliest spar platforms (Neptune and Genesis) was the increase in
heave displacement during extreme weather conditions and vortex induced movement, when
vortexes are shed. Although strakes were used to reduce the effect of VIM, there was no direct
way to reduce the heave movement for a conventional spar, which was what brought about the
concept of truss spar. The concept of truss spar was financed and developed by Chevron. The idea
was to divide the spar tank into two sessions, placing a set of heave plates that are attached with
trusses in between them. These plate acts as a damping mechanism when high flow tides flows
through it; helping to reduce the vertical/heave displacement. After a series of numerical and
experimental investigations into the possibility of this sort of structure, final conclusion was made
in the mid-90s, and the first truss spar was built by Technip in 1995. The major challenges faced
in the design of a spar platform are the enormous time it takes to build the hull, and the cost of
fabricating it. In 2001, Ed Horton came up with the idea of eliminating the stiffening process
associated in strengthening the metal plates used for fabrication, and also to reduce the time
duration faced by oil & gas serving firms in constructing it. He achieved this by bringing a set of
tubes together; in a circular configuration, to provide enough buoyancy to support the deck weight
of a truss spar. This concept is what brought about the cell spar.
It is installed through a process called ballasting and de-ballasting. The cylinder section is
normally installed before placing the topside on it. After conveying it to the point where it’s to be
used, the soft tank is filled with water to make it incline at an angle. When this is achieved, water
is finally pumped into the hard tank which eventually brings the spar to a vertical position. The
mooring lines are then connected to piles screwed to the seabed, to keep the spar in position.
Water is pumped out of the soft tank to achieve weight balance. This process of pumping water
into and out of the tanks is called ballasting and de-ballasting. After the hull has finally been
installed, the topside is placed on it with the aid of a crane lift, before integrating both
compartments together. [83]described the dynamic analysis of a typical offshore spar platform.
They explained (from a literal view) the nature of sea state conditions (wave loadings) on a spar
platform, describing the response analysis as a function of the hydrostatic force, the nonlinear
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restoring stiffness of the mooring cables, which controls the horizontal displacements (surge and
sway motions).
2.7.3 Floating Production Storage and Offloading Platform (FPSO)
This type of platform is design to have drilling, production and storage units. It is built in form
of a ship, sometimes moored at one extreme end (turret mooring), and have a wide deck space for
other activities such as processing unit, offloading and storage. With its streamline (curved) outer
surface, it has the ability to conform to different wave movements, which makes it suitable for
waters with harsh weather conditions. It has a great advantage in oil fields where there is no piping
transportation network. FPSO helps in storing products, prior to when tankers and offloading
barges are provided. These storage facilities provided by FPSO can be very useful in countries
where oil installations are not safe (Pirate attack and militancy). Its excessive movement makes it
impossible for TTR installation; not permitting top deck well heads. FPSOs are the most
commonly used platforms in Nigeria and west-Africa region because of their favourable weather
conditions. They are not expensive to operate and expertise for maintenance is readily available
because of the similar features if shares with hull systems in the shipping industry. FPSO design is
also applied to the building and construction of LNG tankers (Liquefied Natural Gas).
There is little or no comparison between FPSOs and deep-draft semisubmersible platforms, so
we have not recorded much documentation on the dynamics and operation of FPSO in this thesis.

2.9 Chapter Summary
The origin and background of semisubmersible hull were presented in this chapter, and the
progress made so far in optimizing its functionalities/usefulness, and increasing its application in
ocean engineering was recorded. A brief summary of some contributions made by the industrial
and academic researcher in the improving its motion response was reported and the technique
adopted for each invention was discussed. The rapid proliferation of deep-draft semisubmersible
for deep water operations was discussed, and the challenges (such as vortex induced vibration)
that have been recorded so far by operators were also highlighted, and present recommendations
for circumventing some of these challenges were also discussed. The application of deep-draft
semisubmersible hull in the design of drilling and production units
It is evident from the brief review presented on the application of semisubmersible for wind
turbine foundation system that there is an urgent need to develop a semisubmersible foundation
system for offshore wind turbine that has a favourable payload and reduced motion characteristics.

38

Design of Paired Column Semisubmersible Hull

Furthermore, there is a concern on the influence of wind loads and turbine rotation on the strength
of the proposed semisubmersible hull. As a result, there is a need for further research into its
dynamic behaviour, alongside understanding its stress pattern from wave and wind loads for future
application for wind turbine foundation system.
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CHAPTER 3
HIGHLIGHTS


Experimental Reports on the Effect of Vortex Phenomenon on a PC-Semi.



RPSEA Experimental Study on the Hydrodynamic Response of a Paired Column
Semisubmersibles Hull.



Reduced Hull’s Response Amplitude for PC-Semi Relative to Conventional Deep-Draft
Semisubmersibles



Lancaster University Experimental Setup for Response Study of PC-Semi.
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Chapter Three: Experimental Study of Motion
Characteristics of PC-Semi; Global Performance
3.1 Introduction
An experimental study into the effect of vortex induced movement and wave motion of a PCSemi hull at different flow orientations and draft sizes have been presented in this chapter. For the
VIM phenomenon, results from two experimental set-ups developed to estimate the effect of
vortex shedding on a paired column semisubmersible hull has been presented. The first experiment
was carried out at the University of California, Berkeley (UCB), in 2012 while the other experiment
was conducted at the Marine Research Institute Netherland (MARIN) in 2013. Similar results were
recorded from both experiments. The results obtained for these experiments were enough to
develop numerical models that can predict the behaviour of further application of this hull system.
In the cause of this study, no further experimental investigation was carried out to investigate VIM
effect on this hull system. Two experimental studies for wave motion from hydrodynamic loads
have also been presented. Results from the first experiment was carried by Houston Offshore
Engineering (H.O.E) and recorded in [4]. The second experimental study was carried out at the
Lancaster University wave tank for different draft sizes, assuming regular wave conditions. Details
of these investigations are discussed in the body of this chapter. Although these experiments were
carried out using models scaled to 100 times and above, the results are of extremely high integrity
as the setups were developed in reputable companies and institutions, considering recognized
industrial standards. At the end of this chapter we will be able to draw conclusions on the
following;
i. The level and extent of experimental work carried out so far in investigating the effect of
complex flow dynamics around the hull of the newly developed paired column semisubmersible
hull system.
ii. The reciprocating amplitude of shared vortexes developed from eight column arrangement
(in the form of a PC-Semi).
iii. Drag effect on the hull as a fundamental part of the wave forces on actin on the entire
structures.
iv. The relationship between the pontoon and column drag, which is required for strength
and buckling assessment.
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v. Recommendations for future experimental work require for the application of this hull
formation for support structures (Wind turbine foundation and residential quarters).

3.2 Experimental Study of Vortex Induced Motion
The conventional way of studying vortex effect on a floating body is the use of a tow test. The
same method was used in investigating the VIM effect on this hull formation as shown in Figure
3.1. The results obtained from this study were recorded in [1, 13]. They were developed for the
same weather conditions, draft appendage, flow orientation and hull geometric parameters.
Analysis was carried out for 00 flow angle. [13]presented VIM test of a free floating PC-Semi hull
for a scale of 1:160, using a tow speed range between 0.1m/s and 0.6m/s. Investigation was carried
out for two draft conditions; 50.3m and 48.8m, and the results were recorded. Comparison was
also made between traditional four columns deep draft semisubmersibles, and PC-Semi. VIM
amplitudes were computed using the Equation 3-1, and the reduced velocity was computed as in
equation 3-2. D was measured as the diagonal distance of each outer column, which span to 19.4m.
Max
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2𝐹𝑑
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Where 𝐴𝑚𝑎𝑥 and 𝐴𝑚𝑖𝑛 are the maximum and minumum values of the displaced amplitude, D
is the characteristic length of the column; the outer column’s diagonal length, 𝑉𝑅 is the reduced, A
is the surface area, 𝑣𝑐 is the current velocity 𝐶𝑑 is the coefficient of drag and 𝐹𝑑 is the
hydrodynamic force.

Figure 3.1 Test model from MARIN, Netherlands.
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The relationship between the reduced velocity and the oscillating amplitude (Max A/D) was
observed to be linear between 00 and 450. This linearity was experienced for reduced velocity value
greater than 3.5. For 𝑉𝑅 range between 4 and 11, the reciprocating amplitude of the shed
vortexes/the hull gradually reduces from 00 to 450. The maximum value for Max A/D was
recorded as 04. It is important to mention that between a reduced velocity range of 4.5 to 11, there
was no significant variation observed between the reciprocating amplitude; i.e., for a specific flow
angle, a change in the reduced velocity (natural frequency of the hull) do not amount to any
significant change in the reciprocating amplitude of the hull. This is a very useful parameter for
motion characteristics of the vibrating tendencies of this hull system from vortex shedding. Similar
Vr was observed for the hull drag, but the relation it has with the flow angle was observed to be
different. The maximum value of hull drag was recorded at 22.50 flow angle. There was a gradual
increase between 00 and 22.50, and a drastic decrease between 22.50 and 450. This irregularity
experienced on the nature of drag coefficient around the hull is relative to the surface area exposed
to the incident flow.
An experimental study in understanding the effect of hull appendage /draft size on the drag
coefficient around a deep draft semisubmersible hull system is reported in [14]. In the report,
results were documented for drag coefficient, which was observed to be relative to submerged hull
area. The major contributor to this phenomenon is the inclusion of the pontoon section. Drag effect on
multiple array of column presented in [84], [85, 86] do not necessarily show this phenomenon. The
drag variation around the columns is basically subject to whether a specific column is buried in the
wake formed from the flow separation from a leading column or not. Maximum drag from the
summation of all columns is mostly recorded at 450 flow angle. From this assessment, we can
therefore speculate that the inclusion of the centralized pontoon section plays a significant role in
understanding the drag distribution around the hull a typical PC-Semi. This unique behaviour have
been investigated using CFD method in [87] where it was stated that the pontoon section was
observed to be responsible for one-third of the entire drag around this hull. Details of this study
will be discussed in later section of this thesis. The maximum value for hull drag was recorded
between 1.1 and 1.2, at a reduced velocity of 5.57. Similar behaviour recorded for Max. A/D
between 𝑉𝑅 range of 4 and 11 was also recorded for drag. Results were also recorded for a reduced
draft size of 48.8m. The draft size was observed to have effect on the Max A/D, for a reduced
velocity range of 3.6 and 8.8. Maximum values were recorded at the middle of the range. The drag
effect for both draft sizes was more significant. The variation in the average value of the horizontal
line graph for drag coefficient recorded for 53.34m and 48.8m are over 0.2m apart. This is huge,
considering the fact that the average value of drag coefficient of 53.3m draft size, recorded at
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different reduced velocities is 1.0, while the average value recorded for 48.8m draft size is 0.8.
From this, we can assume a 20% reduction in drag coefficient for a draft size reduction of 8.5%
(53.34m to 48.8m). This is another useful parameter that might be required in controlling the wave
forces acting on the hull during tow, installation or transportation. The extent of the columns and
pontoon contributions to this reduction was not clearly defined in this experiment study. A
numerical study into the drag effect on eight arrays of columns (without the pontoon section) will
be presented in the later part of this thesis; to understand the contribution of the columns and
pontoon section to this reduction. The parameters (drag and Max A/D) were also checked with
conventional four columns arrangement for 00 and 450 and good agreements were recorded.
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Reduced Velocity

10

12

14

Figure 3.2 Comparing Max A/D of PC-Semi and conventional deep draft
semisubmersible [1, 2]
A better understanding of how VIM effect on PC-Semi can be compare to VIM in conventional
deep draft semisubmersible was recorded in [1]. Comparison was made between the results
obtained in [13] for PC-Semi and that of conventional deep-draft semisubmersible. An envelope
system was introduced for the Max A/D parameter for 00, 22.50, and 450; as shown in Figure 3.3.
For the four columns deep draft system, square columns were used, with a draft size of 45.7m,
characteristics length of 30.2m, column length of 21.3m, and slender ratio of 1.5. The setup was
developed in MARIN for a scale of 1:54. 16 mooring lines were incorporated into the system to
study the effect of fatigue on this new hull system. For free floating condition, the same results
were obtained as in [13]. This was a significant indication that scaling does not affects the result
integrity of VIM study of ocean structures, as pointed out in the test. The mooring integration
system was steel-polyester-steel. Details of the result obtained for mooring fatigue system can be
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found in the test. DNV S-N curves and API T-N curves were used to test for the fatigue life of
the lines, and PC-Semi was observed to have longer life span for the mooring lines when compared
to conventional deep draft semisubmersibles, which is as a result of its reduced response as shown
in Figure 3.3.

3.3 Experimental Study of Global Performance
The invention of PC-Semi was done relative to the application of top-tensioned-riser system,
as discussed in the previous chapter. The early study for global response was therefore carried out
relative to that. Not much of the results obtained from that series of experiments are available in
the public domain. [4]is the only report available on the global performance of this hull system,
and not much conclusion can be made from the results, as they were recorded for an
unconventional design case. Numerical simulation for free body response will provide a more
dynamic set of results that can help design engineers to draw up conclusions on the global
performance of this hull. A more detained analysis into this is presented in the nest chapter of this
thesis. The test setup presented in [4] was done for a scale 1:76.56. The analysis was carried out in
a wave basin considering four loading conditions; survival, extreme, operating and one-line
damage. Hull parameters measured include maximum offset, minimum downward motion,
maximum rotation, minimum airgap, and maximum accelerations. In [50], 100 years wave return
period was use for extreme design and one-mooring damage conditions, 1000-years wave return
period was used for survival conditions, and 10years winter storm was used for operation
conditions. Figure 3.3 shows the underwater view of the experimental setup.

Figure 3.3 Underwater view of PC-Semi Test Model for Global performance: Courtesy,
Houston Offshore Engineering
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The test setup was developed for waves dominate cases, considering unidirectional flow
incidence. Effect of current and wind forces were considered in the test setup. There was a direct
integration of the steel catenary risers, mooring lines, top-tensioned risers and umbilicals, as shown
in Figure 3.3. An asymmetric mooring system was used in this report, as the design was for a
specific oilfield in the Gulf of Mexico. 14 mooring lines were used; eight on one side, and 6 on the
other side. There was an uneven weight balance on the topside; the mooring was used to create a
balance on the hull. As the experimental investigations carried out at the Lancaster University wave
tank was carried out for regular wave conditions, the validation of our numerical model for
irregular wave condition was done with the result presented in Table 3.1. The effect of the weight
and mooring discrepancies was taken into account, as the results for global performance is
dependent on the hull’s structural attachments. Maximum offset was recorded to be less than
120meters for all four cases, which falls below the five to seven percent offset limit standard (for
a water depth of 2400m) required for a deep-draft semisubmersible platform in the Gulf of Mexico.
Very high offsets were recorded for survival and one-mooring damage conditions. 12.07m was
recoded for maximum offset for operating conditions, which shows very favourable motion for
this hull system as compare to conventional semisubmersible hulls [88].
Table 3.1 Summary of global response test results [4]
Parameters
Maximum offets (m)
Max. downward motion (m)
Max. Rotation (Deg)
Min. Air gap (m)
Max. Acceleration (g)
Maximum offets (m)
Max. downward motion (m)
Max. Rotation (Deg)
Min. Air gap (m)
Max. Acceleration (g)
Maximum offets (m)
Max. downward motion (m)
Max. Rotation (Deg)
Min. Air gap (m)
Max. Acceleration (g)
Maximum offets (m)
Max. downward motion (m)
Max. Rotation (Deg)
Min. Air gap (m)
Max. Acceleration (g)

Result
SURVIVAL
116.19
5.69
7.75
3.32
0.29
EXTREME
74.16
3.62
6.66
6.43
0.22
OPERATING
12.07
0.55
2.16
16.79
0.06
ONE LINE DAMAGE
101.77
3.33
7.06
6.28
0.22
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Design of Paired Column Semisubmersible Hull

The maximum downward displacement (heave motion) was recorded as 5.69m for 1000-years
wave return period. The effect of the tensioners on this motion is recorded in [5]. For a time series
analysis with 15 top tension risers arranged in ram style configuration, a reduction from 5.69m to
4.63m was recorded. The displacement (hull heave motion) was also observed to be less than the
stroke limit of the tensioners. Other results from this report will be discussed in chapter four of
this thesis.
Results for maximum offset and maximum rotation were recoded recorded for the same
weather conditions as expected; i.e., maximum rotation was also recorded for survival and one
mooring line damage conditions, 7.750 was observed to be the maximum rotation. The direction
of rotation was not recorded at the time of this test, but this will be investigated on in the next
chapter of this thesis, using numerical methods.

3.4 Lancaster University Wave Tank Test
A test setup was put together at the Lancaster University wave facility to investigate the motion
response in the X and Z direction as illustrated in in Figure 3.4. The Lancaster University wave
tank is an ultramodern test facility designed to study the behaviour /energy of waves for different
weather conditions. The tank is 12.5m long, 2.5m wide and 1.7m deep. It has eight paddles at the
extreme right and two carrier platforms; as shown in Figure 3.5. When the paddles are fully
engaged, the facility has the capacity of achieving wave amplitude of 0.1m.

z

x

Flow Direction

Figure 3.4 Definition of coordinate system
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Paddles
Carriers

Computers

Figure 3.5 Side view of Lancaster University wave tank
3.4.1 Model description
The model was developed for a scale of 1:146.68, as shown in Table 3.2. The inner and outer
columns are 0.093m x 0.0693m, and 0.093m x 0.0893m respectively. The inner columns are 0.343m
apart from the column centre, with a height of 0.5m (see Figure 3.7). The pontoon section is
0.0528m thick, and constructed as water proof. The column sections are hollow and are used for
ballasting during experiment. The results for these motions were analysed by a digital image
capturing mechanism called the Imetrum system. It is a non-contact system made of two cameras
(as shown in Figure 3.6), which capture structural properties such as displacement, compression,
tension, strain and deformation. In our study, we have concentrated on the vertical and horizontal
displacements (heave and surge motions: Z and X) of the hull during wave motion. The study was
carried out for a single wave direction; 00 with no current study, and the flow was calibrated for
regular waves.
Table 3.2 Particulars of test models
Particulars

Full Scale

Model Test

Inner columns (m)

14 x 10.4

0.09545 x 0.07090

Outer columns

14 x 13.4

0.09545 x 0.09136

Inner column dist (m)

50.30

0.34292

Outer column dst (m)

95.98

0.65435

Pontoon height

7.92m

0.0540

Draft size

53.34m

0.36365

94449.46

0.02945

Displaced volume (m3)
Displaced Mass (Kg)

96500
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Centre of Buoyancy

-30.1m

-0.223

Centre of Gravity

35m

-0.13

Kxx (m)

56.31

0.3269

Kyy (m)

56.31

0.3269

Kzz(m)

62.48

0.3522

Ixx

305940047373.97

3.11

(Kg.m2)

305940047373.97

3.11

Izz (Kg.m2)

376745020975.15

3.61

Iyy

(Kg.m2)

Figure 3.6 Imetrum cameras

Figure 3.7 Test model

3.4.2 Limitation
The size of the wave tank facility generated reflected waves from the wall of the tank,
(backward). This affected the force parameters which include the added mass and damping, but
not necessarily the motion parameters, generated from the height and frequency of the waves. As
we will observe from Figure 3.1, the experimental setup developed in MARIN for extracting the
vortex induced motion (flow current), the backward hydrodynamic reflection for the side wall was
not taken into account.
3.4.3 Test
The digital image capturing calibrator records motions referenced from a black background. A
dark board with white dots was therefore attached to one end of the hull model, as shown in Figure
3.8. Two high powering lamps where focused on the area of concentration to help increase
accuracy.
Table 3.3 presents the wave calibration adopted for this study. The wave frequency (fw) was
varied between 1Hz and 0.5Hz, for estimated wave amplitude of 0.040m.
Table 3.3 Wave calibration
T (s)
1

𝑓𝑤 (Hz)
1
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0.9
0.8
0.7
0.6
0.5

1.11
1.25
1.43
1.67
2

The paddles were engaged for about 120 seconds, and the time was slowly reduced to 25
seconds, and no effect was recorded on the maximum hull displacement for any of the degrees of
freedoms.

Figure 3.8 Data Collection
3.4.4 Post-processing: Result analysis
Results from the experimental test showed a decreasing relationship between the motion
response and the wave oscillating frequencies for both heave and surge degree of freedoms. Low
wave frequencies (below 0.6Hz) showed more influence on the heave response than the surge
response. It is speculated that a further reduction in the wave frequency (sea state condition) will
lead to a wider disparity between the heave and surge motions. The surge motion experienced a
gradual and proportional decrease between 0.5Hz and 1Hz, but was not necessarily the case for
the heave motion. Table 3.4 showed that increase in wave frequency leads to a corresponding
increase in the hull oscillating frequency, but a decrease in the displaced amplitude; both in the
heave and surge degrees of freedom. The oscillation observed for some wave frequencies is
nonlinear. A careful analysis of the process (surge response for 0.9H fw) showed different range of
amplitude for every 5s; 0.00618m and 0.00705m. This observation demanded we increase the time
limit to 180, and the phenomenon was evident all through. A visual study on the video recordings
confirmed our observation. This was taken into account in the development out numerical model.
Time series analysis was carried out for a wide range of wave frequencies (from ocean conditions),
with little interval between them. A summary of the results for maximum displaced amplitude in
presented in Table 3.4.
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Table 3.4 Result summary for maximum displaced amplitude
Wave Parameters

Maximum Displacement

𝑓𝑤 (Hz)

T (s)

Heave (m)

Surge (m)

0.5

2

0.0484

0.01609

0.6

1.67

0.0281

0.0140

0.7

1.43

0.00018

0.01136

0.8

1.25

0.0025

0.00943

0.9

1.11

0.0027

0.0071

1.0

1

0.00215

0.00483

3.5 Chapter Summary
Experimental studies on the motion characteristics of a paired column semisubmersible hull
system have been presented. Two types of motion analysis where studied; vortex induced motion
generated by resonance phenomenon from reciprocating shed vortexes, and wave induced motion,
which is as result of the dynamism of the wave properties. Results presented for current induced
motion are from experiments carried out in U.C and MARIN, while the motions from
hydrodynamic loads were investigated at the Lancaster University wave tank. We can conclude
that PC-Semi has a better VIM response when compared with conventional deep draft
semisubmersibles because it has smaller reciprocating amplitude. This is can be due to the
combination of different reasons which include the geometric properties of the columns and the
manner they are arranged. Results from the wave induced motions showed low response under
regular wave, and the heave motion was observed to be inversely proportional to the draft size.
It is important to mention that the results obtained from the experiment carried out that the
Lancaster University wave tank was only used for validation purpose.
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CHAPTER 4
HIGHLIGHTS


Motion Characterization



AWQA Utilizes Boundary Element Method



Mathematical Resolution of Wave Potential Problems, Applying Diffraction and
Radiation Theories.



Forces and Moment Formulation, Introducing Perturbation Formulation; Linearizing the
Scattered Wave properties.



Development of Drift Wave.



Response Formulation in Time Domain, from Motion Equation



RAOs Relationships with Draft Size.



Current Effect on RAOs and Forces.



Maximum Offset Study, for Survival and Extreme Conditions.
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Chapter 4 Numerical Simulation of Hydrodynamic
Loading on a PC-Semi for Motion Characterization
4.1 Introduction
The design and recommendation of paired column semisubmersible hull formation for a
floating production system (FPS) in the Gulf of Mexico is as a result of its favourable motion
characteristics in the vertical plane. The configuration of conventional semisubmersible hull
system into pc-semi involved the incorporation of additional components and the modification of
the already existing ones such as pontoon modification into a centralized system, draft size, use of
slender rectangular columns and the introduction of inner columns. The extent to which these
parameters affect the global performance is not known, as a result design standards have not been
developed for this hull formation for motion characterization. Early study of motion
characteristics from hydrodynamic loading on conventional semisubmersible is recorded in [89]
[90]. The effect of mooring lines and damping coefficient investigated on the structural response
of eight column semisubmersible arrange in-line (two pairs; four in each pair) with one another.
The results showed over 40% reduction in hull surge motion from mooring integration, but no
significant reduction (below 7%) for extreme and irregular wave conditions. [49]advanced the
study in regular waves by analysing the internal forces of the hull from hydrodynamic loading. The
mooring lines were discovered to be negligible in analysing the amplitude response of the hull for
wave period of 18s and above, despite the regular nature of the waves. From these studies, it can
be said that irregular wave study of the motion response of semisubmersible provide almost the
same result for free floating state and structural attachments (moorings and risers). Since the
inception of conventional deep-draft semisubmersibles there have been different studies on its
motion properties.
[51]investigated the second order resonant heave, roll and pitch motions of deep-draft
semisubmersible platforms using Petrobras 52 as a case study. Results from hydrodynamic
approximations in WAMIT where checked with that of a test model scaled to 1:100 of P-52. It
was observed that the selected approximations (Newman’s approximations, White-nose
approximations and QTF approximations) showed reduced computational time and cost, in
estimating the second order heave, roll and pitch motions. The results from the numerical setup
were also checked for different levels of damping. The heave spectrum for 1.5%, 2%, and 2.5%
viscous damping showed a gradual reduction in maximum spectral values, for the same natural
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oscillating period (23.7s). The average pitch rotation from different degree of freedoms obtained
from experimental model was also checked with results from numerical studies for different
percentage of vicious damping (3%, 3.5%, and 4%), and precise agreement with the experimental
result was observed for viscous damping slightly below 3.5%. Details of other results obtained
from this study can be found in the report. Our major interest in this study is the correlation
obtained between the experimental and numerical setups for the heave and pitch/row DOF. This
finding was useful in the development of our numerical setup.
[52]presented the results obtained also from experimental and numerical study of the
hydrodynamic behaviour of a new concept of deep-draft semisubmersible that has a suppressed
heave and VIM amplitude. The compared the result with that of conventional deep-draft semis.
The hydrodynamic response study was also developed in WAMIT, the VIM check was build using
CFD codes in StarCCM+ and MLTSIM, and the model test was built for 1, 10, and 100year wave
return periods. (In this chapter, we will only be discussing the result form the model test and the
WAMIT model. The CFD study is out of the scope of this chapter). The result showed almost
20% reduction in heave amplitude (2.5m and 2.1m), and an increase in maximum rotation (40 and
3.30) for the new semisubmersible concept when compared to conventional deep-draft
semisubmersibles. The effect of mooring damage (one line and two lines) was also investigated for
both cases, (for a set of 12 mooring lines; 3 at each end of the hull), and the same relationship was
recorded for both cases. I line damage had to effect in heave amplitude, for 100-years wave return
period for both hull forms, but 2 line damages had about 40% reduction in heave and pitch DOF
for 10-year wave return period. These results were also important to our study at the newly develop
Heave and Vortex Suppressed semisubmersible hull (HVS) is have the ability tom perform similar
task in deep water as PC-Semi.
The prerequisite of the analysis that was carried out in this chapter is documented in [5]. In the
report, the dynamic response of a paired column semisubmersible hull system (with tensioners
arranged in ram-style) was analysed in post-Katrina irregular sea conditions. Results presented
showed that the heave motion for 1000s time series is very small when compared to the tensioner
stroke limits. Structural response were discovered to be negligible for extreme conditions if the
hull satisfies the response for survival conditions (1000 years return), as set in [50]. The limitation
of this study is that it was done for a particular sea condition, for a particular riser application and
a particular semisubmersible hull application (floating production system). This limits the
knowledge of the motion characteristics of the unique and novel hull system. In this study we have
carried out investigations on the hull performance in its free floating state, and have developed
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relationships between motion characteristics and the geometric properties on which its
configuration was done.
In this chapter we have discussed issues relating with the motion response and general global
performance of a pc-semi, and the structural design parameters to which they depend.
Recommendations (on draft size, column size and column spacing) where postulated for future
application of this hull structure for MODU, support structures and floating wind turbines.
Mathematical models for basic consideration for design standards were also formulated in this
chapter. At the end of this chapter, we will be able to make conclusions on the following;
i.

The relationship between the draft size and the motion response of a typical paired

column semisubmersible hull system,
ii.

The first and second order forces acting on the hull during extreme and survival

weather conditions
iii.

The current effect on the response amplitude operator (RAO) plots, and how this

vary with the flow orientation,
iv.

Make suggestion for the application of this hull system for drilling unit considering

recommended standards.
v.

Compare the motion response of conventional deep draft semisubmersible

floating system to deep-draft paired column semisubmersible hull, and make conclusions
based on our findings.
vi.

Develop correlations between the surface wave parameters and the hull response

for different weather conditions.
vii.

Understand the factors affecting the maximum hull offset.

4.2 Methodology: Theory Formulation
In solving the complication associated with the motion condition of floating systems, [91]
employed the use of a three dimensional system in calculating the forces and motions of a floating
marine vehicle in waves. We have adopted similar method in this study. Two coordinate systems
(Cartesian) were defined; the first is at the cut-water plane level, and the other at the centre of
gravity of the hull. The first coordinate is define in relation with the space in which the body
occupies, and is measured from the centre of the hull ‘O’, in three dimensions; x, y, z; with z been
the axis normal to the water surface. The second coordinate is measured in relation with the mass
of the hull located at the centre of gravity (COG), which enables us to measure the mass properties
of the hull during wave loading. With these coordinated, the relative diffraction of the flow
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properties can be calculated. Different AQWA packages employed to perform this task. The
AQWA codes employ the use of Boundary Element Method (BEM) in resolving diffraction
problems. The complex integral and differential equations developed around the sea and structural
boundaries as a result of the unsteady behaviour of the flow are solved numerically.

4.2.1 Wave Kinematics
4.2.1.1 Definition of Surface Wave
The wave (regular and irregular) elevation creates an angle on the XY plane. This angle is
generally referred to as the ‘wave direction’ (see Figure 4.1)
Wave surface view
Wave propagating
direction (θ )

Z
X

𝜃 = 00

Underwater view
Wave elevation. (𝜁)

Figure 4.1 Wave definition
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Where θ is the wave propagating direction, α is the wave phase and 𝜁 is the wave elevation
which changes with time along the X and Y axis. Equation [4-1] shows the relationship between
the wave elevation and the wave amplitude.
𝜁 (𝑥; 𝑦; 𝑡) = 𝐴𝑤 cos(−𝜔𝑡 + 𝛼)
𝐴𝑤

[4-1]

is the wave amplitude. For regular waves (Airy theory), 𝜁 is calculated as
𝜁 = 𝐴𝑤 𝑒 𝑖[𝐾(𝑥𝑐𝑜𝑠 𝜃+𝑦𝑠𝑖𝑛 𝜃)− 𝜔𝑡+ 𝛼]

[42]

4.2.1.2 Boundary Conditions: Boundary Value Problem
With the sea condition as the external boundary condition of the hull, the density of the fluid,
its motion and viscosity will need to be analysed for this coordinate systems to be valid. Some
assumptions were made in solving these problems, which led to the introduction of fluid potential
theory.
i. The fluid is considered to be irrotational, incompressible and inviscid
ii. The hull is considered to be impermeable and rigid
iii. In equilibrium, both planes (the sea surface and the sea bed) are parallel to each other.
The movement of the fluid can therefore be expressed in Laplace formation as;
𝛻u = 0

[4-3]

Where 𝛻 is the Laplace grad operator and u is the flow velocity. Equation 4-3 can be written as
∇2 𝜙 =
𝜙

𝜕2𝜙 𝜕2𝜙 𝜕2𝜙
+
+
=0
𝜕𝑥 2
𝜕𝑦 2
𝜕𝑧 2

[4-4]

is the velocity potential of the flow.

In resolving Equation [4-4], two conditions were considered; the conditions at the seabed, and
the conditions at the free surface. At the seabed, it is assumed that a change in the velocity potential
is zero, i.e., not permeable.
𝜕𝜙
= 0
𝜕𝑧

for 𝑧 = 𝑠𝑒𝑎𝑏𝑒𝑑

[4-5]

Considering the boundary conditions at the free surface, [92] assumed the pressure at the
surface equals the atmospheric pressure and the water particles do not leave the surface, satisfying
Bernoulli’s equation
𝜕𝜙 1
+ (∇ϕ ∗ ∇ϕ) + 𝑔𝑧 = 0
𝜕𝑡
2
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4.2.1.3 Diffraction and Radiation
The wave experiences two changes as it travels around the hull. It changes its behaviour when
it reaches the hull and when it goes out of the hull. In deep waters; where the seabed has no effect
on the properties of the travelling wave, the forces on the hull as a result of the flow can be
calculated with these changes (diffraction and radiation). The potential of the wave can therefore
be calculated by adding whatever alteration occurred as a result of its diffraction, and radiation.
The initial potential is referred to as the incidence wave potential (𝜙𝐼 ), while the other two are
referred to as the diffraction and radiation wave potentials respectively (𝜙𝐷 , 𝜙𝑅 ).
𝜙 = 𝜙𝐼 + 𝜙𝐷 + 𝜙𝑅

[4-7]

On the hull, the normal component of the diffraction and radiation component are always the
same; Equation 4-8
[4-8]

𝜕𝜙𝐷
𝜕𝜙𝑅
=−
𝜕𝑛
𝜕𝑛

Evaluating the radiation potential can be a little bit more complex as compared to the incident
and diffraction wave potentials because of the motion of the body, which include added mass and
damping parameters. Considering the motion of the body, the radiation potential in each DOF is
therefore the product of the unit amplitude of displace in the DOF, and the wave potential in the
DOF. That is;
𝑠𝑢𝑟𝑔𝑒

𝜙𝑅

= 𝐴𝑠𝑢𝑟𝑔𝑒 ∗ 𝜙𝑠𝑢𝑟𝑔𝑒

[4-9]

Where 𝐴𝑖 is the unit amplitude; therefore,
6

𝜙 𝑅 = ∑ 𝐴 𝑖 𝜙𝑖

[4-10]

𝑖=1

On the hull, 𝐴𝑖 exist in a complex form, because of the motion behaviour. It is the change of
𝜙𝑖

in the normal direction;
[4-11]

𝜕𝜙𝑖
= 𝑖𝜔𝑛𝑖
𝜕𝑛

The total velocity potential defined in Equation
6

𝜙 = 𝜙 𝐼 + 𝜙𝐷 + ∑ 𝐴 𝑖 𝜙𝑖

[4-12]

𝑖=1

4.2.1.4 Regular Wave Potential (Linear and Stokes 2nd order theories)
In solving the equation of Laplace formation of the flow domain, we solved for the velocity
potential; as defined in Equation 4-4. From linear wave theory (Airy wave),
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𝜙(𝑥⃗; 𝑡) = 𝜙(𝑥⃗)𝑒 −𝑖𝜔𝑡

[4-13]

[93]derived the regular wave potential from linear theory as
𝜙= −

𝑖𝑔𝐴𝑤 cosh[𝑘(𝑧 + ℎ)] 𝑖(𝑘𝑥𝑐𝑜𝑠𝜃+𝑘𝑦𝑠𝑖𝑛𝜃−𝜔𝑡)
𝑒
ωcosh(𝑘ℎ)

[4-14]

𝑖𝑔𝐴𝑤 cosh[𝑘(𝑧 + ℎ)] 𝑖(𝑘𝑥−𝜔𝑡)
𝑒
ωcosh(𝑘ℎ)

[4-15]

For 𝜃 = 0, 𝜙 is
𝜙= −

K is the wave number which can be expressed as 2π/L, where L is the wavelength and 𝜔 is the
wave frequency.
Equation 4-15 is only used in scenarios where linear waves are considered. Ocean waves are
known for their nonlinear behaviour in which case the correlations for wave potential postulated
from Stokes 2nd wave was adopted. The wave is considered to progressively change from a steady
to an unsteady state. [94-96] recorded the mathematical derivation of wave potential from Stokes
2nd order wave theory. The wave potential is presented as;
𝜙= −

3𝜔𝐴2𝑤 cosh 2𝑘 (𝑧 + ℎ) 𝑖(𝑘𝑥𝑐𝑜𝑠𝜃+𝑘𝑦𝑠𝑖𝑛𝜃−𝜔𝑡)
𝑒
8sinh4 kh

[4-16]

4.2.2 Hydrodynamic Forces
The motion of the hull transfers energy to the water, (which leads to the motion of the water),
which in turn varies the pressure around the hull, generating reaction forces. The effect of these
forces on the deformation of the hull will be discussed in chapter 6 of this thesis. This chapter will
only address the hull motions. The motion response of the hull is as a result of the movement
generated on the water surface, which in turn exerts hydrodynamic pressure forces on the wetted
surface and reaction/restoring forces. The forces in each of the degree of freedom or mode of
deformation can been resolved by integrating the pressure around the submerged or wetted surface
[97].
.

𝐹𝑗 = − ∫ 𝑝𝑛𝑗 𝑑𝑠

[4-17]

𝑠𝑤

Where 𝑃 is the fluid pressure, 𝑠𝑤 wetted surface, 𝐹 is the hydrodynamic force and n is the cosine
function of the direction
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4.2.2.1 First Order Wave Exciting Forces (from linear wave potential)
The motion of the body is relative to 𝑠𝑤 as the hull oscillates the submerged area/surface
changes, and also experiences a level of deformation as illustrated in [98]. The force on the wetted
surface can therefore be estimated from the summation of the pressure due to the average wetted
surface area 𝑠𝑎𝑣𝑔 and the change created due to the motion 𝛿𝑠𝑎𝑣𝑔 .
.

.

.

𝐹𝑗 = −ρ𝑔 ∬ 𝑝𝑛𝑗 𝑑𝑠 = −ρ𝑔 [ ∬ 𝑝𝑛𝑗 𝑑𝑠 + ∬ 𝑝𝑛𝑗 𝑑𝑠]
𝑠𝑤

𝑠𝑎𝑣𝑔

[4-18]

𝛿𝑠𝑎𝑣𝑔

Bernoulli’s equation is a generally accepted representation of the fluid pressure exerted on a
floating body. For a hull system, this pressure can be expressed in terms of the flow total velocity
filed, and the fluctuating hydrostatic and dynamic pressure. [99] defined the pressure for unsteady
𝑃 = −𝜌(

[4-19]

𝜕𝜙
1
1
+ |∇ϕ|2 − 𝑢2 + 𝑔𝑧)
𝜕𝑡
2
2

Integrating the pressure;
.

𝐹⃗𝑗1 ;

⃗⃗⃗𝑗1
𝑀

.

= −𝜌𝑔 ∬ 𝑧𝑛𝑗 𝑑𝑠 − 𝑖𝜌𝜔𝐴𝑖𝑗 𝑒
𝑠𝑤

−𝜔𝑡

.

∬ 𝜙𝑗 𝑛𝑗 𝑑𝑠 − 𝑖𝜌𝜔𝐴𝑤 𝑒
𝑠𝑤

−𝜔𝑡

∬(𝜙𝐼 + 𝜙𝐷 )𝑛𝑗 𝑑𝑠

[4-20]

𝑠𝑤

For the translational components, j=1, 2, 3, n =𝑛1 , 𝑛2 , 𝑛3 . For rotational components; j = 4, 5, 6,
n =(𝑟4 x 𝑛4 ),(𝑟5 x 𝑛5 ), and (𝑟6 x 𝑛6 ). Aij is the displaced amplitude of the body, which can be either
translational or rotational.
The third component of Equation 4-20 represents the exciting force component. It is a function
of the incidence and diffraction wave potentials. The first term of Equation 4-20 represent
restoring force, due to hydrostatic pressure Physt = -𝜌𝑔𝑧, where z is the draft size of the hull
(submerged part). This is generally calculated from the cut-water plane stiffness and the amplitude
of displacement (−|𝐾|𝐴𝑖𝑗 ). Details of this parameter will be discussed in the chapter 6 of this study.
The middle term is the force contribution due to radiation, which is a function of the motion of
the body. The summation of all three components is termed first order force.
ℎ𝑦𝑠𝑡
𝐹⃗𝑗1 = 𝐹𝑗
+ 𝐹𝑗𝑑 + 𝐹𝑗𝑤

[4-21]

4.2.2.2 Second Order Pressure Forces (from nonlinear wave potential)
These forces are further integrated around the submerged part of the hull from the cut-water
plane (wetted surface), incorporating the acceleration and momentum parameters into equation.
The velocity potential defined in Equation 4-8 can therefore be expressed in steady and unsteady
state;
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[4-22]

𝜙 = 𝜙𝑠𝑡 + 𝜙𝑢𝑛𝑠𝑡

From basic Bernoulli’s equation fluid pressure due to unsteady waves can be calculated as
[4-23]

𝜕𝜙𝑢𝑛𝑠𝑡 1 2
𝑃 = −𝜌 [
+ 𝑣 + 𝑔ℎ]
𝜕𝑡
2

Where the velocity is expressed relative to the fluid velocity potential in Laplace form as 𝛻ϕ,
[4-24]

𝜕𝜙𝑢𝑛𝑠𝑡 1
𝑃 = −𝜌 [
+ 𝛻𝜙𝑢𝑛𝑠𝑡 ∗ 𝛻𝜙𝑢𝑛𝑠𝑡 + 𝑔ℎ]
𝜕𝑡
2

If we compute for pressure in respect to its static, velocity and acceleration components,
Equation 4-24 can be more complex.
[4-25]

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑠𝑡 + 𝑃𝑣𝑒𝑙 + 𝑃𝑎𝑐𝑐
𝑃𝑆𝑡 = − 𝜌𝑔ℎ
𝑃𝑣𝑒𝑙 = −𝜌[𝜌𝑔ℎ1 + 𝜙𝑡1 ]
𝑃𝑎𝑐𝑐 =

1

−𝜌 [ |𝛻𝜙𝑡1 |2
2

1

+ ℎ ∗

𝛻𝜙𝑡1

+

(𝜙𝑡2 )

[4-26]
2

+ 𝑔ℎ ]

From basic integration of pressure over the wetted surface as presented in Equation 4-18, the
second order force is derived.
It is important to mention that the second force derivation is carried out with respect of the
average wetted surface during the hull oscillation 𝑠𝑎𝑣𝑔 and the part that is depended on the change
experienced during the oscillation so. After integration, the second order force is
.

.

.

.

𝑠𝑜

𝑠𝑜

𝑠𝑜

1
1
⃗⃗⃗2 = − 𝜌𝑔 ∮ 𝜁 2 𝑛⃗⃗𝑑𝑙 + 𝜌 ∬(∇𝜙 (1)2 ) 𝑛⃗⃗𝑑𝑠 + 𝜌 ∬(ℎ1 ∗ ∇𝜙𝑡1 ) 𝑛⃗⃗𝑑𝑠 + 𝛿⃗ ∗ 𝐹⃗1 + 𝜌 ∬ 𝜙𝑡2 𝑛⃗⃗𝑑𝑠
𝐹⃗ 2 ; 𝑀
2
2
𝐿

[4-27]

The moment component of the moment equation is a direct representation the force equation
with the normal component 𝑛⃗⃗ replaced by(𝑥⃗ ∗ 𝑛⃗⃗).
4.2.2.3 Drift Forces
The technique used for estimating the second order drift forces is based on two groups of
regular waves, travelling with different phase angles, amplitudes, directions and frequencies (See
[100-102]. The resolution of the forces in the far-field due to the drift between the wave phases
result to a set of second order forces.
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The drift second order wave forces were generated in respect to the two groups of regular
waves generating different amplitudes (𝐴𝑖 and 𝐴𝑗 ), frequencies, damping and phase angles. Their
resulting forces are therefore different.
𝐹𝑑𝑓𝑡 = 𝐴𝑖 𝐴𝑗 𝑃𝑖𝑗 cos(𝜔𝑖 − 𝜔𝑗 )𝑡 + 𝐴𝑖 𝐴𝑗 𝑄𝑖𝑗 sin(𝜔𝑖 − 𝜔𝑗 )𝑡

[4-28]

4.2.2.3 Motion Equation
Basic equation of motion of a moving body is F = ma, where ‘a’ is the acceleration of the body.
For a body with 6DOF,
6

𝐹𝑗 = ∑ 𝑀𝑗 𝐴𝑗̈

[4-29]

𝑗=6

With the inclusion of the stiffness and damping parameters;
[4-30]

= |𝑀|𝐴𝑗̈ + |𝐶|𝐴𝑗̇ + |𝐾|𝐴𝑗

C and K are the damping and the stiffness of the body, and M is the mass parameter of the
body, defined by a 6 X 6 matrix:
 m
 0

 0
[𝑀] = 
 0
 mz g

 my g

0
m
0
 mz g
0
mx g

0
0
m
my g
 mx g
0

0
 mz g
my g
I 44
I 54
I 64

mz g
0
 mx g
I 45
I 55
I 65

 my g 
 mx 
0 

I 46 
I 56 

I 66 

[4-31]

The mass of the body is generally calculated from the density of the volume of the displaced or
submerged part. Steel material was used in the analysis; with a density of 7850kg/m3.
Mathematically, m is
.

∭ 𝜌𝑏 𝑑𝑉

[4-32]

𝑣

Where 𝜌𝑏 is the density of the hull

4.2.3 Response Formulation
The response of the hull is formulated from the unit amplitude parameter 𝐴𝑖 and the wave
elevation 𝜁 described in section 4.2.2 above.
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The response of the hull can be calculated using a time-response analysis for equation of
motion. Equation 4-30 can further be
[𝑀 + 𝑀𝑎 ]𝐴̈ 𝑖 (𝑡) + 𝐶𝐴̇ 𝑖 (𝑡) + 𝐾𝐴𝑖 = 𝐹 (𝑡)

[4-33]

For regular wave study, the amplitude and degrees of response were computed directly from
Equation 4-33. The value of Ai is computed using basic linear wave theories.
If we are to investigate the response of the hull for irregular wave scenarios, we have to develop
a relationship between the frequencies of the different groups. This is conventionally done by
comparing the frequencies of the different groups; representing them in a spectrum. Equation 433 further becomes
[−𝜔2 M − i𝜔C + K]𝐴𝑖 = 𝐹𝑖

[4-34]

K is the hydrostatic stiffness. We can rewrite Equation 4-34 as;
{−𝜔2 [𝑀 + 𝑀𝑎 (𝜔)] + 𝑖ωC + 𝐾}𝐴𝑖 = 𝐹 (𝜔)
𝐹𝑖 (𝜔)
= 𝐴𝑖
{−𝜔 2 [𝑀 + 𝑀𝑎 (𝜔)] − 𝑖ωC + 𝐾}
𝐴𝑖 = 𝐹𝑖 (𝜔){−𝜔2 [𝑀 + 𝑀𝑎 (𝜔)] − 𝑖ωC + 𝐾}−1

[4-35]
[4-36]

[4-37]

The response amplitude 𝐴𝑖 exists in a complex form; and it’s a function of the wave amplitude.

4.2.4 Hydrodynamic Approximations
Second order motions in irregular waves were computed based on the wave drift force 𝐹𝑑 .
𝑛

𝑛

𝐹𝑑 = ∑ ∑ 𝐴𝑖 𝐴𝑗 𝑃𝑖𝑗 cos(𝜔𝑖 − 𝜔𝑗 )𝑡 + 𝐴𝑖 𝐴𝑗 𝑄𝑖𝑗 sin(𝜔𝑖 − 𝜔𝑗 )𝑡

[4-38]

𝑖=1 𝑗=1

Where 𝑃𝑖𝑗 and 𝑄𝑖𝑗 are the resultant forces computed in phase with the wave groups and out of
phase with the wave groups respectively. The complexities associated with irregular wave
formulation makes it difficult to compute for these forces. [101] assumed negligible forces for long
crested waves, making the wave group a function of the drift forces. This assumption also
eliminated the contribution of high wave frequencies, assuming sole contribution from low frequency
motions. I.e., 𝜔𝑛 ≈ 𝜔𝑖 , and 𝜔𝑖 ≈ 𝜔.
𝑛

𝑛

𝐹𝑑𝑓𝑡 = ∑ ∑ 𝐴𝑖 𝐴𝑗 𝑃𝑖𝑗 cos(𝜔𝑖 − 𝜔𝑗 )𝑡
𝑖=1 𝑗=1
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The application of this approximation is mostly valid for cases were the structure is operating
in deep waters because for the shallow waters, the relative amplitudes (𝐴𝑖 and 𝐴𝑗 ) of the
superposed waves are distinctively different from each other.

4.3 Model Description
PC-Semi has a simple hull system, with a complex column arrangement; as discussed in the
chapter two of this thesis. Because of this, it will be difficult to describe / characterize the entire
hydrodynamic behaviour of this hull with a single model (a single approach), because of the
multiple behaviours of the flow within and outside the hull. Flow behaviours such as shear,
separation, wave elevation, backward flow, vortex formation, solid interactions, all take place
within and outside this hull. The boundary element method employed in this study can effectively
predict the effect of the wave parameters on the response of this hull. The model used for this
study where therefore developed in-line with this.

4.3.1 Definition of Case Study
The cases were defined relative to the hull draft size and the sea current velocity, as shown in
Table 4.1. The requirements for motion characterization for semisubmersibles are different
depending on their functionality. The motion requirement of a conventional deep draft
semisubmersible for a floating production system with subsea well-heads is different from that
with top-deck well-heads integration. A semisubmersible MODU system has its own unique
standard for motion response, same goes to a semisubmersible suspending an offshore wind
turbine. The cases studied in this thesis have been based on the application of these hull concept
requirements in deep waters for drilling unit, production system and support systems (wind turbine
foundation). Figure 4.2 shows the geometry adopted for this study, and it was extracted from [4].
Figure 4.3 shows the definition of flow angle used in this study
Table 4.1 Case study
Case

Draft Size

Exposed column

Submerged Column

𝑯𝒆𝒄

𝑯𝒔𝒄

Position

1

44.65m

36.73m

36.73m

Mid surface

2

49.0m

32.38m

41.08m

Intermediate

3

53.34m

28.02m

45.42m

Base case (deep-draft)
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50.3m

115.36m

67.56m

95.98m
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Figure 4.2 Hull Dimensions
900 flow angle

450 flow angle

1350 angle

00 flow angle

Figure 4.3 Definition of flow angles

4.3.2 Hydrodynamic Model
The model was developed in ANSYS AWQA and validated with results obtained from series
of experimental studies presented in chapter 3. The full-scale model dimension was extracted from
(RPESA, 2009) with little alteration for the column height and edges, to help increase result
accuracy. ANSYS AWQA utilized diffraction/radiation methods in resolving the threedimensional problem associated with floating bodies. This is a generally acceptable method in
ocean engineering, as it eliminates the complexity associated with the water viscosity, flow
separation, and circulation. There is an extensive report documentation in the use of this method
for resolving the behaviour of large floating bodies some of which include [61], [103], [104], [105],
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and [106]. Apart from this method, offshore engineers sometimes employ experimental and
analytical methods. These methods are restricted.

Figure 4.5 Front view

Figure 4.4 Mesh size 1.15m

The hull was designed to operate in water depth up to about 3000m. For realistic estimations,
we have adopted a water depth of 2400m in this study. The X and Y direction of the sea were
represented by 7000m wide to replicate a fully developed flow as shown to in Figure 4.6.

Sea level

Structure

Seabed

Figure 4.6 Model ocean view

4.3.3 Hydrostatics
The hydrostatics of the hull described the effect of fluid on the structure in its static position,
which is relative to the area of the submerged part. The hull hydrostatics forces are therefore
computed in relation to the fluid pressure and the area of the submerged part. Table 4.2 shows the
effect of hull’s geometric properties and its hydrostatic parameters (buoyancy force), assuming the
density of sea water; 1025kg/m3.
Table 4.2 Buoyancy force
Case 1

Case 2
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Area (m2)

28485.29

30168.44

31847.72

(m3)

83656.63

89334.82

94999.96

Displaced mass (Kg)

84640 x 103

90500 x 103

96500 x 103

Buoyancy force (N)

8.3233 x 108

8.8879 x 108

9.4511 x 108

Volume

4.3.3.1 Centre of Gravity and Centre of Buoyancy (COG and COB)
The relationship between these two points in the hull describes how stable this hull will be
under static and combine loadings. As sited in chapter 2, the idea of deep-draft semisubmersible
is to keep the centre of gravity below the centre of buoyancy to guarantee stability at both operating
and extreme conditions. For the fact that the surface area of the submerged part is a direct function
of its hydrostatics, the gravity and buoyancy centres are therefore affected by this parameter. The
study of hull heeling and trimming is based on these points. These parameters (COG and COG)
were studied for all fours cases assuming free-floating conditions, and case 4 was observed to be
the only that has its COG below its COB without the incorporation of the topside or any other
structural attachments. The relative masses incorporated on this hull were analysed and estimated
to determine an acceptable COG of each of the cases. Since buoyancy is directly related to volume,
the buoyancy centre is therefore the centre of area of the draft. On the other hand, the centre of
gravity is the centre of mass of the hull. This is determined by different components;
i.

Mass of the hull plate

ii.

Mass of reinforcement within the hull

iii.

Position of ballast liquid

iv.

Arrangement of the topside facilities

Different components of the hull were designed and their masses were estimated considering
what is obtainable in the industry (as will be discussed in chapter 6 of this thesis), and the COG
of the entire hull was reported for the different cases as shown in Table 4.3. The weight of risers
carrying liquids was considered for production platforms, which is applicable for cases 1, 2 and 3,
for the COG adopted for this study. Drilling rigs do not necessarily have this advantage, as it is
more complex to increase the level of the COG of a drilling rig. Therefore case 1 might not really
be applicable for a drilling rig.
The application of the design system presented in Table 4.3 in the optimization of this hull
system will be discussed in the later stage of this thesis. The effect of the parameters presented in
Table 4.2 and Table 4.3 is presented in Table 4.4. The area of the submerged part of the hull (for
a specific draft size) amounts to a given displaced volume. The product of the volume and the
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density of water amounts to the mass of the hull displaced; as presented in Table 4.2. This mass
alongside the added mass parameters (which is relative to the area) is used to derive the natural
frequencies (periods) using Equation 2-3 and Equation 2-4. K in the equations represents the
hydrostatic stiffness of a floating body in the vertical plane (heave, roll and pitch), as described in
Table 2.3. Details of the derivation of this stiffness are discussed in chapter 6. The natural
oscillating periods for the three cases are presented in Table 4.4.
Table 4.3 Centre of gravity and buoyancy
Cases

Submerged
volume
Centre of gravity
Centre of
buoyancy

One

Two

Three

83656.63m3

89334.82 m3

94999.96 m3

≤ -27m

≤ -31.3m

≤ -35m

-27.96m

-30.34m

-32.52m

Applicable for

Applicable for

MODU and

MODU and

FPS study

FPS study

Applicable for
FPS as the risers

Comment

carries heavy
liquid

Table 4.4 Hull natural frequencies and periods
Case 1

Case 2

Case 3

𝜔n (Hz)

Tn (s)

𝜔n (Hz)

Tn (s)

𝜔n (Hz)

Tn (s)

Heave

0.0472

21.20

0.0463

21.60

0.0454

22.01

Roll

0.0388

25.79

0.0383

26.11

0.0372

26.89

Pitch

0.0388

25.79

0.0383

26.11

0.0372

26.89
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4.3.3.2 Hydrostatic Equilibrium
During fluid motion, the frequency and time-dependent parameters are calculated with
reference to positions where the summation of all the applied and reactions forces sums to zero.
This is defined as the ‘hydrostatic equilibrium position’ of the hull. The stability of the hull can be
estimated with these parameters [107]. The criteria for equilibrium is that the summation of all the
weight in and around the hull equals the buoyancy force Fb generated from the submerged volume;
the resultant of the forces at the cut-water plane equals zero, as shown in Equation 4-40.
[4-40]

𝐹⃗ℎ𝑦𝑠𝑡 − 𝑔 ∑ 𝑀𝑡𝑜𝑡𝑎𝑙 = 0

Where 𝑀𝑡𝑜𝑡𝑎𝑙 is the summation of the all the masses on the hull and Fhyst is the hydrostatic
which include the buoyancy parameter. It is important to mention that for this study, the
hydrostatic equilibrium was measured from the cut-water plane.
The stability of the hull was tested in all three cases and stable conditions were recorded in
survival, extreme and hurricane weather conditions.
Table 4.5 Parameters for small angle stability
Cases
One

Two

Three

C.O.G to C.O.B

1m

1m

2.26m

Metacentric height

23.89m

24.17

24.09m

C.O.B to metacentre

24.79m

23.21m

21.83m

Restoring moment

3.47x108 N.m/0

3.75x108 N.m/0

3.97x108 N.m/0

4.3.4 Response Model
The models for calculating the hull offset were developed in [139] and Orcaflex. Mathematical
formations used by the solvers are described in section 4.2.3. The offset of the hull was studied
with a time series analysis computed from the solution of the hydrodynamic diffraction analysis
(free floating hull). Risers and mooring integration were developed for validation purpose (Figure
4.7 and Figure 4.9).
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Figure 4.7 Complete View (Orcaflex model)
Image of the Orcaflex model for time-response analysis is shown Figure 4.7 developed for a
sea depth of 2400m, and 16 mooring lines of steel-polyester-steel configuration. In the diagram,
the orange line represents the seabed while the blue line is the sea surface developed for the x and
y coordinate. The coordinate system for the mooring points on the seabed is different; this will be
discussed during the analysis of the mooring dynamics.

Figure 4.8 Orcaflex model for free response study
For our case study, the equation was developed with respect to the external forces created by
wave, current, and wind, which varies with the position of the structure, its velocity, and
acceleration. For free-floating state condition as shown in Figure 4.8, only the hydrodynamic
damping was considered for ‘C’ during computation. External damping offered by the moorings
and risers are considered for subsequent analysis.

Figure 4.9 Orcaflex model for response study; with mooring. (Underwater view)
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4.4 Environmental Conditions
This study was carried out using recommended standards for environmental loading conditions
on offshore structures, and with a close study of weather buoys, some of which include [47, 50,
55]. Different regions of the same ocean (Atlantic) recorded different weather conditions. For the
Gulf of Mexico, API standard [50] presented conditions for west (between 97.50 and 950), westcentral (between 940 and 90.50), central (between 89.50 and 86.50) and east (between 85.50 and
82.50). The variation between values recorded played a significant role in our selection process for
estimating values for our weather conditions. Conventional designs are studied for different load
conditions depending on what standard are adopted. The conditions include survival, extreme,
severe, damage, tow, accident, and operating. Our decision is based on the conclusion made from
literature reviews and company reports that maximum values for structural response are recorded for
these two cases. Table 4.6 shows the design values adopted for this study; after careful
consideration of the four regions presented in [50] and other available standards. Values for
survival conditions are the wave data for 1000-years return period while the extreme conditions
are wave data for 100-years return period.
Table 4.6 Parameters for survival and extreme conditions
Parameters

Survival condition

Extreme condition

Significant wave height (m)

16.4

13.1

Maximum wave height (m)

30.1

24.2

Peak spectral period (s)

16.7

15.1

Period of maximum wave (s)

15.1

13.6

NB: γ = 2.2

4.4.1 Regular Wave
Results for the global analysis presented in this thesis are for irregular wave conditions because
floating bodies’ response more in irregular waves, but the model validation, experimental setup
and current effect of hull response were all studied for regular wave conditions. For the effect of
ocean current, the regular wave conditions were calibrated using a forward current speed range
from 0.5m/s to 2.5m/s for wave heights less than 34.9meters. The calibrations were done based
on 1000 years, and the periods were estimated from weather buoys statistics.
4.4.2 Irregular Waves
As this hull application was for open deep waters, the idealization of a complete developed
wave spectrum was adopted, for this reason; JONSWAP spectrum was used to study the behaviour
of the hull in irregular waves.
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[4-41]

The spectrum plot was studied for four different case as shown in Figure 4.7; Hs = 16.8m,
16.4m, 13.1m and 12.6m; and Tp = 15.6, 16.7s, 15.1s and 14.0s.
Table 4.7 Cases for irregular waves
Study
A
B
C
D

Hs (m)
16.8
16.4
13.1
12.6

Tz (s)
15.6
16.7
15.1
14.0

3
H16.8 T15.6
2.5

H16.4 T16.7
H13.1 T15.1

m2/s

2

H12.6 T14

1.5

1
0.5
0
0

5

10

15

20

25

30

35

Time (s)

Figure 4.10 Spectrum study
Table 4.7 and Figure 4.10 show the different spectral studies that were considered in the
analysis. Studies ‘A’ and ‘D’ are the case studies for 1000-years and 100-years wave return period
adopted in [5] for survival and extreme conditions respectively. These spectrum studies were used
to compare results from our model and [5]. Study B and study C are the cases for 1000-years and
100-years wave return periods adopted for this (as presented in Table 4.7). It is the average range
of all four weather conditions presented in [50]
4.4.3 Current Calibration
The effect of sea current on the hull has been discussed in the previous chapter; its velocity
affects the reciprocating frequencies of the shed vortexes as the flow travels through the hull.
These velocities also affect the response of the structure, and they’ve been calibrated to
recommended standards. Current varies with the sea depth, and eventually amount to zero at the
seabed. Its vertical profile for irregular wave scenario is calculated based on this premise. Table 4.8
show the current data adopted in this study.
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Table 4.8 Current parameters
Extreme condition

Survival condition

Velocity (m/s)

Depth (m)

Velocity(m/s)

Depth (m)

2.4

0

3

0

1.8

50.4

2.25

63

0

100.8

0

126

0

2400

0

2400

It is important to calibrate the current velocities because the interaction between the wave and
current on the sea-surface is a fundamental criterion to which the diffraction properties depend
on. The current effect on the RAO plots is presented in the discussion section of this chapter.
4.4.4 Wind Load
The speed of sea wind is a highly changing parameter and therefore the standards are measured
in minutes and hours; as presented in Table 4.9. Calibrating wind parameters (speed, direction, and
height) is done by coagulating results from satellite data and developing models to predict wind
performance. The wind speed used in this study were extracted from API standards.
Table 4.9 Mean wind speed (m/s)
Time

Extreme

Survival

1min

62.8

81.6

10min

54.5

69.5

1hr

48

60

4.5 Validation
The numerical model used in this study was developed in-line with the experimental results
presented in chapter 3 of this thesis. RPSEA experimental setup was modelled in ANSYS AQWA
for the same conditions and the result were compared with findings obtained. Models were also
developed with the results obtained from experimental response analysis carried out in this in this
study. A mesh study was also done during this process.
4.5.1 Mesh Study
Despite the validation of our numerical model from experimental results discussed in chapter
3, a mesh/grid independence study was carried out to understand the relationship between the
mesh size and results obtained. For the effectiveness of mesh density and tolerance, the element
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size was varied between 2 and 1.15 and the effects on the maximum values obtained on the
response amplitude operator (RAO) curve at 00 incidences for Z direction were recorded. No mesh
refinement was done; uniform mesh distribution around all faces as shown in Figures 4.3 and 4.4.
The results in Table 4.10 showed no significant variation in the RAO value for heave motion at 00
flow angle for the same range of wave frequencies. This indicates that the degree of mesh
refinement does not have a significant effect on results from hydrodynamic diffraction study.
Table 4.10 Heave RAO Study
Element size (m)

No. of elements

No. of nodes

Max. RAO (m/m)

2.0

8948

9058

1.747

1.8

11252

11374

1.738

1.6

13925

14061

1.740

1.4

18061

18215

1.736

1.2

24055

24237

1.731

1.15

25861

26045

1.711

Max. Heave RAO (m/m)

2

1.6

1.2

0.8

0.4

0
1

1.2

1.4

1.6

1.8

2

2.2

Element Size

Figure 4.11 Hydrodynamic Mesh Study
Figure 4.11 shows the graphical representation of the element and maximum heave RAO
represented in Table 4.10.
4.5.2 Validation with Experimental Study by RPSEA
The accuracy of this model in prediction the motion characteristic of this unique hull was also
checked with the result presented in [4], as shown in Table 4.11. The maximum rotation was
recorded as 7.750 at a flow incidence angle of 1350, for survival weather conditions. The maximum
downward vertical motion was reported as 5.69m for 00 or 1800 flow angle. The response model
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described in section 4.3.4 was used to predict these parameters, for the same weather conditions,
and structural attachments, as shown in Figure 4.9.
The results from our model showed agreement with that of the experimental data.
Table 4.11 Validation with [4]
Studies
[4]
Current study

Conditions

Max. downward

Max. Rotation

Wave parameters : Hs =19.8m, Tp = 17.2s,
With mooring integration.


5.69m

7.75deg

4.601m

7.23deg

4.5.3 Validation with Model Test
The study for the global performance carried out at the Lancaster University wave tank was
performed for three draft sizes, assuming free-floating conditions, while [4] documented the effect
of mooring lines. A hydrodynamic model was setup in ANSYS AQWA for the same conditions
obtained at the Lancaster University wave tank (as described in chapter 3, section 3.4), to compare
results from both analysis. A frequency range of 1.1Hz and 0.2Hz was adopted for maximum and
minimum values respectively, and motion tests were carried out for 0.05Hz intervals. The wave
frequency range in the AQWA solver was set with this parameter. The effect of reflected waves
from the edges of the wave tank was studied using a set of wave gauges and significant
contributions were observed. The experimental setup was therefore used strictly for model
validation. Table 4.11 show the results of the time response analysis of both cases. For wave
frequencies, 0.8Hz, 0.9Hz, and 1Hz, the results obtained for both cases were almost the same.
Table 4.12 Comparing experimental and numerical results
Wave Parameters

Maximum Displacement
Heave (m)

Surge (m)

𝒇𝒘 (Hz)

T (s)

Experimental

Numerical

Experimental

Numerical

0.5

2

0.0484

0.03958

0.01609

0.01617

0.6

1.67

0.0281

0.01956

0.0140

0.01402

0.7

1.43

0.00018

0.00059

0.01136

0.001181

0.8

1.25

0.0025

0.0025

0.00943

0.00947

0.9

1.11

0.0027

0.00273

0.0071

0.007095

1.0

1

0.00215

0.00225

0.00483

0.00480

4.5.4 Comparing numerical models
[5]recorded 4.572m for maximum heave offset (downward displacement), 5.30deg for
maximum roll rotation, and 5.06deg for maximum pitch rotation for a 16.8m significant wave
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height and 15.6s period, as shown in Table 4.13. Similar results were obtained from the model
developed in this study, considering same weather conditions.
Table 4.13 Comparing model with [5]
Studies
[5]

Weather conditions
Hs =16.8m, Tp = 15.6s, Vc = 2.3m/s

Current study



Max. heave

Max. roll

Max. pitch

4.572m

5.30deg

5.06deg

4.601m

5.31deg

5.06deg

The maximum surface current velocity is donated as ‘Vc’.

4.6 Results and Discussion
4.6.1 Response Amplitude Operator (RAO)
The RAO of the hull was investigated for 00 wave orientation and a dominant response was
observed for the heave, surge and pitch degree of freedoms. The sea depth was kept constant at
about 2400m with weather conditions as presented in Tables 4.6, 4.7, 4.8, and 4.9. The study was
done for regular and irregular waves, extreme and survival conditions, free response; and results
were recorded for hurricane conditions, as they depict the worst case scenarios.
Figure 4.12, Figure 4.13, and Figure 4.14 shows the RAO for the heave, surge and pitch motions
respectively, for free-floating condition. The results were recorded for irregular wave, for a wave
frequency range of 0.033Hz to 0.417Hz. [4]reported the surge, heave and pitch RAOs for the first
designed PC-Semi. The results were presented in relation to the wave spectral curve for 100-years
wave return period. The RAO curves were checked for 53.34m draft size; with and without riser
integration. The natural periods were plotted against the spectral density and the RAO(s). The
results showed significant riser effect (reduced with riser) on the heave RAO at resonance period,
and no much effect was recorded for the surge and pitch RAOs. In this study, we have studied the
effect of the draft size on a free-floating PC-Semi by plotting RAO(s) against the wave frequencies,
with no riser integration; since maximum heave RAO from [4] was recorded without riser system.
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Figure 4.12 Heave RAO for free floating hull
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Figure 4.13 Pitch RAO for free floating hull

77

0.14

Design of Paired Column Semisubmersible Hull

30

53.34m
25

49.0m

Pitch RAO (0/m)

44.65m
20

15

10

5

0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Frequency (Hz)

Figure 4.14 Surge RAO for free floating hull
The results from the heave motions showed that the draft size is inversely proportional to the
RAO behaviour of the hull (see Figure 4.12). This behaviour was observed for all weather
conditions and column geometries. The reason for this can be explained by understanding the
effect of added mass on the response of a submerged body. As the submerged part (draft)
increases, the weight (acts vertically downwards) helps to reduce the movement in the Z plane, in
addition to the central pontoon plate-like system. [108] came up with similar findings on an
investigation of heave response and excitation forces of a semisubmersible hull system. For all
three draft cases, no significant motion was observed on the hull for high-frequency waves (low
periods), as shown in Figure 4.12. Maximum motions were observed at the heave natural periods
(between 21.2s and 22s). The hull motions for very low wave frequencies (below resonance
frequencies), were observed to be independent of the draft size. The wave frequency was observed
to have less effect on the maximum RAO for surge motions, when compared with the heave
motions as the experimental results earlier suggested. Figure 4.13 showed that lesser RAO values,
when compared with Figure 4.12, despite the fact that the hull has no hydrostatic stiffness on this
plane; free to move (zero natural frequency), in its free floating state. The variation observed at
resonance frequency range for surge RAO showed an increase in surge motions for deep-draft
condition (case 3), for the low-frequency response, although this behaviour changes for wave
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frequencies outside resonance range. There is uniformity in the plots outside this range, suggesting
that the draft size might have little or no significant effect on the surge response. Surge motions
tend to damp away at a higher frequency when compared with heave motions. This unique surge
motion response will a deterministic factor in estimating the draft size during the recommendation
of this hull system for drilling unit and support systems in ocean engineering.
Apart from the surge and heave RAOs, a significant response was also recorded for pitch
motions. The variation experienced on the pitch RAO plot is unique. 49m hull draft had the lowest
response at the resonance frequency, which indicates a nonlinear curve for draft effect on pitch
motion. A further investigation into this behaviour will give a better understanding.

4.6.2 Wave Forces
4.6.2.1 First order forces
The first order wave forces were computed for three draft sizes for the same sea conditions
used in computing for the RAOs recorded in section 4.6.1. The surge, heave and pitch forces were
observed to have different relationships with the wave frequencies. Figure 4.15 shows that at low
wave frequency, the first order surge force increases with the draft size. But as the wave frequency
increases, the effect of the draft size gradually becomes negligible, reducing the overall value of
the surge force.
The heave studies presented in Figure 4.16 do not show this behaviour. The variation for heave
force recorded took place within the range of wave frequencies; 0.07Hz to 0.225Hz, and the wave
frequency is inversely proportional to the draft size within, unlike for surge forces. As a result of
this increase in heave force observed for shallow draft, a corresponding motion increase can be
suggested. A confirmation of this phenomenon will be discussed during its motion test, which
might result to design alteration of this hull for shallow and moderate draft application. Figure
4.17 presents the relationship between the first order pitch moment and the hull draft size. As
suggested by the pitch RAO presented in Figure 4.14, the relationship between the draft size and
its pitch behaviour is non-linear. As expected, the pitch moment was observed to be of high values,
with the least values recorded for shallow draft.
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Figure 4.15 First order surge force
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Figure 4.16 First-order heave forces
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Figure 4.17 First order pitch moment

4.6.2.2 Second Order Drift Forces
The drift forces were studied using the near-field method, and the results have been presented
from Figure 4.18 to Figure 4.23. Drift forces were observed to be least for sway DOF, with little
or no force for high wave frequencies (Figure 4.20). Forces from resonating motions for three
draft sizes were observed to occur for frequencies less than 0.05Hz. For 53.34m draft condition,
the drift force for sway motion is very small, almost negligible. The results recorded for the surge
and sway drift forces are mostly negative values; especially for the surge force. [109] obtained
similar findings in his investigation of drift forces in a double layer of fluid with finite depth. He
discovered negative drift forces for free floating bodies, which was as a result of the long surface
waves created from the interface between the two set of waves. He concluded that if the wave
interface is deeper than the bottom of the structure of the body, the drift force will be negative.
This is exactly the situation that was observed of the cases studied in this thesis. More negative
values were recorded at low frequencies/high periods (long crested waves) for 44.65m draft size
for all DOF, as the reduction in the draft size implies higher effect of the wave interface.
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Figure 4.18 Surge drift forces
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Figure 4.19 Sway drifts force
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Figure 4.20 Heave drifts force
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Figure 4.21 Drift roll moment
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Figure 4.22 Drift pitch moment
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Figure 4.23 Drift yaw moment
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The second order roll and pitch drift moments showed extreme sensitivity with draft size;
Figure 4.21 and Figure 4.22. This result is very important in understanding and predicting the
second order motion behaviour of the future design of PC-Semi. The result for roll moment
presented in Figure 4.22 is in agreement with the experimental investigation on the low frequency
mean roll moment of semisubmersibles presented in [110]. Findings from the experimental setup
for roll investigation on conventional four column semisubmersibles suggested that almost 400%
in roll drift moment for a 13% increase in draft size. The percentage increase observed from Figure
4.21 (between 49m and 53.34m draft sizes) a bit more than what was recorded for conventional
four column semisubmersible. The same phenomenon was recorded for pitch moment (see Figure
4.22). Further experimental investigation on the second order roll behaviour will be required to
understand and circumvent the effect of this behaviour during shallow draft operations.

4.6.3 Added Mass
The effect of added mass on the submerged part of the hull was investigated for irregular wave
condition, at 00 flow angle, and the results are presented from Figures 4.24 to 4.29. At zero degree
flow, the hull formation is symmetrical in the X and Y direction; i.e., the total surface area is the
same. This creates similar hydrodynamic behaviour in the surge and sway directions of the hull.
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Figure 4.24 Surge added mass
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Figure 4.28 Heave added mass

Figure 4.29 Yaw added mass

Figure 4.24 to Figure 4.29 (with the exception of Figure 4.28) shows that an increase in draft
size will lead to a corresponding increase in the added mass (which is expected), but an increase in
wave frequency gradually reduces this behaviour. It is imported to mention that the added mass
component for the rotational components of the surge and sway motions are almost 15 times
greater than their translational components. This parameter might be required to understand the
influence of altering the hull’s natural frequency in the later part of this thesis.

4.6.4 Motion Test (Extreme and Survival Conditions)
We have presented met-ocean criteria for survival and extreme conditions in the G.O.M in
Table 4.7. The standard has been designed with 1000yrs wave return period for survival conditions,
and 100yrs wave return period for extreme conditions to guarantee the safety of the structure for
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extreme conditions. The motion offset study was carried out using time series analysis set up in
[139] and Orcaflex. Both solvers were developed using the basic equation of motion as described
section 4.2.3. The results were studied and compared for both packages and no significant variation
was observed for the maximum values.
4.6.4.1 Heave offset
Figure 4.30 shows a comparison made between the results obtained for heave motion from
both packages for survival conditions, at 00 flow orientation.
8
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Figure 4.30 Comparison between ANSYS and Orcaflex
Both solvers showed agreement for maximum heave offset for a period 500 seconds (6.45m).
Although, the ANSYS solver was observed to have an early developed flow period (<350s), when
compared to the Orcaflex solver, 470s. The Orcaflex solver was more time effective, as compared
to the ANSYS solver, and most of our results were computed using it, for this reason. The heave
offset was studied for 00 flow angle, considering weather conditions for both extreme and survival
cases. The heave study showed a high sensitivity to weather conditions and draft size. The
application of top-tension riser to this hull system is very much dependent on these findings. The
time required for a fully develop heave motion response reduces with a reduction in draft size for
survival condition. But for extreme conditions, it takes almost the same period. For an increase in
weather conditions from H13.1 T15.1, to H16.1 T16.7, the hull attained 3 times its motion
response for all threes drafts conditions. A study of the line plots presented in Figure 4.31 and
Figure 4.32 shows this. For a draft size of 44.65m (case 1), the maximum heave motion increase
from 10m to almost 30m. This result suggests an impossible application of shallow draft for drytrees installations because of the acceptable vertical displacement of TTR in the industry in less
than 10m [67].
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Figure 4.31 Heave offset for survival conditions
For survival conditions (Figure 4.31), the heave offset obtained at 49m draft size is just about
the maximum allowable. This is acceptable for free floating hull design because the vertical
stiffness offered by the incorporation of the mooring and risers will further drop the offset by
20% to 40%, depending on the type and strength of the attachment used.
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Figure 4.32 Heave offset for extreme conditions

4.8.4.2 Surge Offset
Horizontal motions in semisubmersibles are greatly controlled by the slack level offered by the
mooring lines. The mooring study on the VIV response for this hull system recommended taut
mooring system [1]. The extent of the tension exerted on the taut mooring system will, therefore,
be a function of the surge and sway offset. For 00 flow orientation, the sway motion is very small
(almost insignificant), and therefore has been neglected in the analysis.
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Figure 4.33 Surge offset for survival conditions
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Figure 4.34 Surge offset for extreme conditions
The surge offset study presented in Figure 4.33 and Figure 4.34 did not show any significant
difference in surge motion for draft size variation, neither does it show any difference for extreme
and survival conditions. The single recommendation for mooring design can therefore be
applicable for any form of application of PC-Semi; either for a drilling platform with moderate
draft size or as a production platform with deep-draft configuration. Further invest
4.8.4.4 Maximum rotation: pitch and roll offset
The maximum rotation was studied for extreme and survival conditions, and the results are
recorded in Table 4.14. For 5000 seconds, the wave effect was observed not to be symmetrical for
intact position; i.e., the rotation +RY were not always equal to –RY, indicating that the righting
moment is slightly more than the heeling moment in some cases, as shown in Figure 4.35. The
unique feature about the rotational motion of the hull is that the maximum values don’t necessarily
take place at 00 flow angle. Investigating for these parameters, therefore, requires multiple series
of test, considering different flow orientations. [4]recorded maximum rotation for this hull as 7.750
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and 6.660 for survival and extreme conditions, both occurred at 1350 flow orientation. In this study,
we have shown that a reduction in draft size from 53.34m to 49.0m do not have a reducing effect
on the rotation of the hull; as expected, but a further reduction in the draft size showed a significant
reduction for its rotation.
Table 4.14 Maximum offset summary
Draft sizes
53.34m

49.0m

44.49m

Conditions

Max. rotation

Survival

6.120

Extreme

3.490

Survival

6.170

Extreme

4.060

Survival

4.00

Extreme

1.610

Figure 4.35 Snap shot from ANSYS AQWA model for maximum rotation; 1000-years (0)

4.8.5 Current Effect
Recently, reports from weather conditions on floating buoys have shown a significant increase
in sea current velocity. This is as a result of the increase in water level generated from global
warming. This is why it is very important to investigate the effect of this high current velocities on
newly developed structures, (and in some cases on already existing structures) to enable Offshore
Monitoring Systems (OMS) to effectively predict their behaviour. [111] studied the effect of
current velocities on the response of conventional semisubmersible hull system (four columns),
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and documented very useful findings. He recorded that an increase in current velocity leads to a
reduction in surge motion, irrespective of the mooring system. He also recorded a slight increase
in pitch rotation and heave motion for an increase in current velocity from 0.6m/s to 1.2m/s. The
effect of current velocity was investigated for regular wave conditions with forward speeds of
0.5m/s, 1m/s, 1.5m/s, 2m/s and 2.5m/s. The RAOs presented in this section are ordinarily
expected to be different from the RAOs presented in the 4.6.1 because the hull responds
differently for regular and irregular wave. The RAO plots reported in 4.6.1 are the highest possible
response for the defined weather conditions.
4.8.5.1 Effect on RAO
We have investigated the effect of current-wave interaction (regular waves), on this unique hull
system, and the results have been documented for each case study (draft size) with variable current
velocities.

Case 1 (44.65m draft size)
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Figure 4.36 Effect of current velocity on the surge response of a PC-Semi of 44.65m draft size
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Figure 4.37 Effect of current velocities on the heave response of a PC-Semi of 44.65m draft size
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Figure 4.38 Effect of current velocities on the pitch rotation of a PC-Semi of 44.65m draft size

Case 2 (49m draft size)
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Figure 4.39 Effect of current velocities on the surge response of a PC-Semi of 49m draft size
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Figure 4.40 Effect of current velocities on the heave response of a PC-Semi of 49m draft size
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Figure 4.41 Effect of current velocities on the pitch rotation of a PC-Semi of 49m draft size

Case 3 (53.34m draft size)
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Figure 4.42 Effect of current velocity on the surge response of a PC-Semi of 53.34m draft size

60
0.5m/s

Heave RAO (m/m)

50

1m/s

1.5m/s

2m/s

2.5m/s

40
30
20
10
0
-10

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Frequency (Hz)

Figure 4.43 Effect of current velocity on the heave response of a PC-Semi of 53.34m draft size
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Figure 4.44 Effect of current velocities on the pitch rotation of a PC-Semi of 53.34m draft size

The surge RAO for the three draft cases presented in Figure 4.36, Figure 4.38, and Figure 4.41
showed different current effects on the hull. Maximum surge response was observed at 0.5m/s
current velocity for draft size for 44.65m, for case 2 (49m draft size) maximum surge response was
recorded for 1m/s current velocity, while for case 3 (53.34m draft size) maximum surge response
was recorded at maximum current velocity of 2.5m/s. The maximum values for cases 1 and 2 have
a similar relationship with the hull response for other current velocities, but the maximum value
for case 3 (2.5m/s) have a highly significant difference with the response from other current
velocities. Irrespective of these irregularities, maximum surge response for all three cases occurred
at a resonant frequency of 0.039Hz. High current effect on deep draft PC-Semi might need careful
investigation with a detailed FSI model, as the results suggest this. [111] presented a decrease in
surge motion for an increase in current velocity for 0.6m/s to 1.2m/s. Figure 4.38 is in agreement
with this theory. A clearer view of the low-frequency region shows there is a gradual decrease in
surge response from 0.5m/s to 2.5m/s. For current velocity range of 1.5m/s and 2.5m/s, the
decrease became very small. As the draft size increases from 44.56m to 49m, a slight alteration was
observed in the hull response for low current velocities. For current velocities below 0.5m/s, the
hull recorded very low surge response (Figure 4.39). The gradual decrease was recorded for current
velocity range of 1m/s to 2.5m/s. As the draft size further increases from 49m to 53.34m, the
maximum response at resonance frequency becomes very large for very high current velocities.
The contributions from the vortexes generated in the wake formation can be traced to the source
of the phenomenon. Details of this will be discussed in the next chapter of this thesis. For this
draft size, apart from the response at 2.5m/s, all response of the hull for every other current
velocity has a considerably low response. From a general point of view, the hull had a little increase
in surge response from a draft size of 44.65m to 49m, but recorded a drop in surge response for
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53.34m. Figure 4.37, Figure 4.40, and Figure 4.43 presents the effect of current velocities on the
heave response for the different cases. The results recorded for all three cases have no similar
behaviour, unlike that of surge response. Although on the average, the heave response increases
with the increase in draft size. This is opposite to the results presented in Figure 4.12; for irregular
wave study without current and wind contributions, the heave motion was discovered to reduce
with increase in draft size. This is in agreement with previous studies [88].

From the results

presented in all three cases, it is evident that high current velocities have a significant effect on the
motion response of deep-draft PC-Semi. Results obtained for the pitch and surge motions for
53.34m draft establishes this fact
4.9.6.2 Effect on first order forces
The effect of current velocity of the wave forces acting on a floating has previously been studied
in different capacities in ocean engineering.

Case 1 (44.65m draft size)
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Figure 4.45 Effect of current velocities on the first order surge force on a PC-Semi for 44.65m draft size
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Figure 4.46 Effect of current velocity on the first order surge force on a PC-Semi for 44.65m draft size
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Figure 4.47 Effect of current velocities on the first order pitch moment on a PC-Semi for 44.65m draft

Case 2 (49m draft size)
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Figure 4.48 Effect of current velocities on the first order surge forces on a PC-Semi for 49m draft size
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Figure 4.49 Effect of current velocities on the first order heave forces on a PC-Semi for 49m draft size
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Figure 4.50 Effect of current velocities on the first order pitch moment on a PC-Semi for 49m draft

Case 3 (53.34m draft size)
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Figure 4.51 Effect of current velocities on the first order surge forces on a PC-Semi for 53.34m draft size
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Figure 4.52 Effect of current velocities on the first order heave forces on a PC-Semi for 53.34m draft

97

Design of Paired Column Semisubmersible Hull

350
0.5m/s

1m/s

1.5m/s

2m/s

2.5m/s

Pitch (MNm/m)

300

250
200
150
100

50
0
0

0.05

0.1

0.15

0.2
0.25
Frequency (Hz)

0.3

0.35

0.4

0.45

Figure 4.53 Effect of current velocities on the first order pitch moment on a PC-Semi for 53.34m draft

Figure 4.45, Figure 4.48, and Figure 4.51 presents the effect of current velocity on the first
order surge forces on this hull system. For all three cases, the effect of current velocity do not
necessarily have any effect on the relationship between the first order surge forces and wave
frequency; the curve path is the same. This is in agreement with the conclusions made in [112],
where the effect of wave-current interactions on three-dimensional floating bodies was studied.
It was concluded that sea current does not affect the trend of the horizontal and vertical first order
forces. On Figure 4.45 (case 1), between wave frequencies of 0.0333Hz and 0.104Hz, the
relationship between the surge forces and the wave frequencies have a set of normal distribution
curves, with an inversed relationship with the flow current velocity (low current velocity recorded
higher forces). Within this frequency range (0.033Hz and 0.104Hz), maximum forces were
recorded at 0.065Hz for all five velocity case studies. This relationship is opposite to the
observation recorded for wave frequency range of 0.104Hz and 0.122Hz. For this frequency range,
an inverse set of normal distribution curves were observed, which are direct proportionality with
current velocity (increase in current velocity amount to increase in the surge forces). It is important
to mention that the forces are very low for wave frequency range of 0.104Hz and 0.123Hz, when
compared to 0.033Hz and 0.104Hz. Beyond 0.122Hz wave frequency, the wave surge forces
maintain an inverse relationship with the current velocity, and the level/extent of proportionality
varies for different frequencies. This behaviour is peculiar to what was observed for the other two
draft sizes; 49m and 53.34m, but with a slight increase in the wave forces. Figure 4.46, Figure 4.49,
and Figure 4.52 shows the effect of current velocities on the first other heave forces. As compared
to the surge forces (Figure 4.45, Figure 4.48, and Figure 4.51), the effect of current velocity is less
on the heave forces [113]. Figure 4.12 earlier showed that for high wave frequencies (above 0.3Hz),
the heave wave forces (irregular waves) are very small, almost negligible. Similar finding was
recorded for current effect. The effect of resonating references on the current behaviour is very
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evident on the heave forces and it is on the surge forces, but the case of the heave force is more
linear when compared with the horizontal forces. Figure 4.46 shows a significant change in the
effect of current velocity on the heave forces at 0.1035Hz wave frequency. Between 0.0646Hz and
0.1035Hz wave frequencies, an increase in current velocity result to a decrease in the first order
heave forces. For a wave frequency range of 0.1035Hz to 0.148Hz, this behaviour changes to the
opposite; increase in current velocity amount to a corresponding increase in the heave forces. It is
important to mention that the heave force decrease through the frequency range. For higher wave
frequencies (0.15Hz and above), the relationship between the forces and the five current case
studies of current velocities is very irregular. The behaviour for this case study (44.65m draft) is
also peculiar for the other cases (49m and 53.34m draft sizes) as observed for surge forces, but for
heave forces, they are an overall decrease in the first order heave forces with draft size. The results
recorded for pitch moment are of high magnitude, and the line plots are similar to that of surge
forces.

4.7 Chapter Summary
The motion response of the newly developed paired column semisubmersible hull generated
from ocean loadings and hydrodynamic interactions have been studied with numerical simulation,
using diffraction and radiation method. The theories (diffraction and radiation) behind this method
were explained with mathematical models, and their assumptions/limitations were clearly stated.
Three cases were defined, relative to the hull draft size, as applicable for drilling, production, and
support systems. Design standards for ocean conditions adopted were based on recommendations
from the Oil and Gas industry. The selection of weather conditions for extreme, normal, survival
and hurricane cases were based on recommended standards from Det Norske Veritas, American
Petroleum Institute, and America Bureau of Shipping. The accuracy of our numerical model was
verified by comparing our preliminary results with what was obtained from the experimental test.
The comparison showed agreement for the motion response in all degrees of freedom for free
floating hull analysis. The response amplitude operator for the heave, pitch, and surge responses
were studied at 00 flow angle and the draft size was observed to have irregular behaviour for pitch
rotation while a linear behaviour was recorded for heave motions. The hull was observed to
experience about 80% increase in heave response for 8.14% reduction in draft size (from 53.34m
to 49m), and over 450% heave motion increase for 16.26% draft decrease (53.34m to 44.65m).
This excessive increase in heave motion for a shallow draft condition of this hull might restrict the
future application of PC-Semi for deep-draft designs only. Although the behaviour for the pitch
rotation was significantly different; the rotational behaviour for 8.14% reduction in draft size was
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observed to be less. A reduction in draft size led to a higher rotation, but the reduction recorded
between 53.34m draft and 49.0m draft is of important interest. Experimental studies have
previously suggested that roll and pitch motions are mostly influenced by the second order drift
forces, which are sometimes determined by the relationship between the draft size and the
superimposed long crested waves [109]. The surge RAO indicated much-reduced motions in the
horizontal direction when compared to traditional four-column semis. The design for mooring
stiffness of a PC-Semi will therefore be based on its rotational motions (roll and pitch).
Results for the first order wave exciting forces were also presented in this chapter. In respect
to the draft size, the wave oscillating frequencies have more effect on the behaviour of the heave
forces and the pitch moment, when compared to the surges forces. As the wave frequency
resonates with the natural frequencies of the hull (between 0.0450Hz and 0.0475Hz), the hull surge
forces have a linear relationship with the draft size (more draft results to higher surge force). As
the wave frequency further increases, the draft conditions have shown not to have any significant
effect on the first order surge exciting forces. When the wave frequency is at resonance with the
hull’s natural frequency, the draft size the draft size was observed not to have any effect on the
heave exciting forces. For all other wave frequencies, the heave forces were observed to increase
with a reduction in draft size. For wave frequencies greater than 0.2Hz, the heave forces were
observed to be negligible. The hull’s draft size was observed to be an influencing parameter for its
first order pitch moment, and this varies with different wave frequencies. For high wave
frequencies, (between 0.2Hz and 0.42Hz,) the pitch moment increases with the draft sizes, whereas
for very low wave frequencies (with the range of the hull’s natural frequency), the irregular
behaviour observed for pitch RAO was observed, with significant lower moment. This result
suggests very favourable behaviour of pitch moment for resonance behaviour, for a PC-Semi.
The second order drift forces were also calculated for using the near-field method. The results
obtained for roll and pitch moments were comparable with the results from an experimental setup
developed in MARIN. The low frequency second order roll moment was observed to be very
dominate for shallow draft condition, and very low effect for deep draft case for 00 flow angle.
Maximum roll moment was recorded at 900 flow angle; symmetrical to the pitch moment. High
roll/pitch moment was recorded for a wide range of wave frequencies, although maximum values
were recorded at resonance frequency. For wave frequency above 0.08Hz, the drift roll/pitch
moment was observed to increase with the draft size, with very significant values. This behaviour
has influence our decision to optimize the hull performance, altering its weight distribution and
geometric properties to help circumvent its rotational behaviour from drift forces/ improve its
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stability. Details of this study are presented in chapter 7 of this thesis. The effect of the sway drift
force was observed to be negligible. Results for the hull’s added mass for the three cases were
presented, and the added mass for the roll and pitch degrees of freedoms were observed to be the
same for all three cases. As expected, the added mass was observed to increase with an increase in
draft for five degrees of freedoms apart from heave. The heave added mass observed to be
inversely proportional the draft size for low wave frequencies. As the frequency increase further
beyond 0.1Hz, the added mass becomes directly related to the draft size.
The result for the time-response analysis was used to understand peak response of the hull,
over a period of time. Comparison between ANSYS AQWA and Orcaflex showed agreement in
predicting the response of the hull. The results obtained for heave offset showed considerable
motions for all three draft cases for extreme weather conditions. The maximum offset was
recorded as +10.21m for 44.65m draft size. For this weather conditions (extreme), a slight increase
in draft size for our minimum draft case (44.65m) is recommended, to guarantee a safe application
of top-tension risers on the hull. Industrial standard for heave motion/ stroke limit for TTR is
about 9.14m. Different results were obtained for survival conditions; 44.65m draft size recorded
maximum heave offset of -29.89m downward motion. This is over three times of the acceptable
heave offset of this hull. 49m draft has a maximum offset of +10.3m. The acceptable draft size
for this weather condition therefore above 49.0m, which is 54.87% (≈ 55%) of the entire hull size.
The maximum surge response was observed to approximately be the same for all three draft cases,
and for both survival and extreme weather conditions.
The effect of high current velocity on the response of the hull for regular wave case was studied,
and the effect was observed to be dominating in the heave and pitch motions for deep draft case
(53.34m draft size). The reverse case was recorded for the surge motion at the 44.65m draft size,
at the resonance frequency, the hull responded to low current velocity, more than it did for high
current. The effect of current velocity on the first order exciting forces was also studied, and results
were recorded for heave, surge and pitch DOF, for 00 flow direction. The effect was observed to
be dependent on the wave frequencies, for all three draft cases, especially for the heave force and
pitch moment. The effect of the drag contribution of this force parameter is discussed in chapter
five of this thesis.
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CHAPTER 5

HIGHLIGHTS


CFD Model for Vortex Phenomenon on a PC-Semi.



2D Simulation of Drag Effect on Eight Column Arrangement



Relationship Between Current Velocity and Hull Drag



Drag on Individual Columns for Different Flow Orientation
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Chapter 5: Effect of Vortex Shedding on a PC-Semi
Hull Formation
5.1 Introduction
PC-Semi has a high tendency of been exposed to VIM behaviour because of the recently
recoded high current velocities in deep sea. The slenderness ratio of the columns and its deep draft
nature makes it prone to vortex induced movement when sea current passes through it. A further
application of this hull formation for other areas in ocean engineering will require a complete
knowledge of the relationship between the geometric properties and its reciprocating amplitude.
In chapter 3 of this thesis, that relationship was experimentally investigated for PC-Semi. Apart
from reciprocation, the sheared fluid generates other effect such ‘drag’ around the columns. In
this study, we have presented results of the effects of the parameters in which vortex shedding
depends on a paired column semisubmersible hull system. Parameters such as column shape
(rectangular and square), inner/outer column distance, current velocity and flow orientation
(angle) have been studied, and significant contributions were developed in future design of this
hull. The results obtained from the series of experimental investigation on VIM response on a
typical PC-Semi presented in the chapter 3 of this thesis were compared with the results obtained
from our numerical study, and good agreements were recorded. Experimental and numerical
studies recorded in [2, 13, 87] showed that PC-Semi has a reduced VIM amplitude when compared
with conventional deep-draft semisubmersibles. Due to this development, we have only recorded
results relating to the drag effect on the columns, to estimate for the force distribution.
Prerequisite of this study was generated from experimental results presented in [13] and [14,
25]. Background knowledge was also gathered from a wide range of sources, including that of
single floating columns such as spar platforms, and conventional four column deep draft
semisubmersible platforms.
At the end of this chapter we will be able to make conclusions on;
i.

whether a vortex supressing mechanism (such as strakes) will be required for any

of the columns,
ii.

the require spacing between the inner and outer column for reduced VIM for this

hull system,
iii.

the extent of drag contribution to the wave forces based on Morison equation,
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iv.

the tendencies of destructive oscillating amplitudes in the transverse direction, and

the effect of the wave inline motion on this,
v.

the flow effect of the columns on each pair.

5.2 Background Work
The background study was carried in relation with the offshore industry, and with particular
emphasis on semisubmersible platform. Bulk of the literature presented in this chapter is an
extension of what was recorded in [114]. We have presented brief background work on vortex
induced vibration in the offshore industry, on semisubmersibles hull systems, and on particularly
on paired column semisubmersibles. It is important to mention that the effect of VIM on paired
column semisubmersible is limited to few studies which were presented in chapter 3. Because this
hull system is new, there no much studies on this area.
5.2.1 VIM in Offshore Industry
VIM in the offshore industry spreads around structures, risers, mooring lines, tethers and other
components with an elongated geometry. Early conventional spar platforms were faced with this
challenge, and helical strakes were used to reduce the effect of this phenomenon. The strakes were
placed in curved forms around the cylindrical hull, and they helped in altering the wake generated
from the interaction of the hull and the fluid. This altered the frequency of the generated shed
vortexes, preventing it from making resonance with the natural frequency of the hull. The
evolution of truss and cell spars further helped to reduce the effect of vortex shedding on spar
platforms. [115] and [116] explained the motion improvements in these structures. For simplicity,
[86] performed an experimental investigation, using high Reynolds numbers, on the VortexInduced Vibration (VIV) of a cylinder with helical strakes. In their experiment, they compared the
flow parameters and structural movements of a cylinder with and without strakes, from which
significant reductions in VIV amplitude were recorded for the cylinder with strakes. Over the years,
extensive research studies have been conducted on the effect of VIM on marine risers because of
the extent of damage that has been recorded in the oil and gas industry. These movements occur
at certain points during the flow when the vortex shedding frequency equals the natural frequency
of the riser. This phenomenon cannot easily be predicted because the current velocity of flow on
which the vortex shedding is completely dependent changes with the wind speed. The only way to
identify when these movements are likely to occur is to ‘monitor’ the risers during operation. [117]
developed a technique to monitor the extent of fatigue damage on marine risers, caused by VIM.
[118] demonstrated the monitoring of VIV on a riser at Schiehallion, using realistic drilling and
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production conditions. They used different methods in estimating the reduced velocity along
different vibratory modes, and were able to make useful predictions using this tool.
Companies like MARIN, Technip, and Aker Solutions are known for their wide range of
researches on vortex shedding phenomenon on ocean structures. Recommendation for further
investigation on VIM on ocean structures can be found in reports presented by these companies,
because their findings are recent.
5.2.2 VIM in Semisubmersibles
VIM in semisubmersible platforms became evident following the invention of the deep-draft
concept. The design concept was created to help increase the stability of the structure by placing
the centre of gravity below the centre of buoyancy. [119] experimentally investigated the effect of
flow induced vibration on multi column floaters, using single and double pontoon
semisubmersible for illustration. They evaluated the relation between the structural responses and
the wave headings. [14, 26] presented a clearer view to this by considering the effects of surface
waves, external damping and draft conditions. They [14, 26] showed that VIM in the transverse
direction for a four cylinder semisubmersible platform arranged in a square configuration occurred
at a reduced velocity range of 4.0 ≤ 𝑉𝑅 ≤ 14.0, while the maximum amplitude was observed at 7.0
≤ 𝑉𝑅 ≤ 8.0. The enquiry into the effect of surface wave on VIM of offshore structures is very
recent, since past researchers could not identify any significant effect this might cause. It was
concluded that the VIM effect on large semisubmersible platform in regular waves is reduced, with
no motions in the transverse direction, and no energy was dissipated on the natural frequencies in
these nodes. It was also suggested that for this type of structure, VIM amplitude was dependent
of the nature of in-line motions imposed by the incident waves. [24]investigated the motion
response of a deep-draft semisubmersible platform and concluded that VIM was very pronounced
for deep draft semis in irregular waves and the amplitude was larger for smaller waves. The external
damping effects of VIM on semisubmersible structures have also been studied and different results
have shown a reduction of amplitudes in certain directions, with an increase in damping. Structural
attachments on offshore platforms such as risers and mooring lines act as external damping to the
structure. Other recent contributors on surface wave effect include [23, 120, 121]. Most
investigations that have been carried out on semisubmersible column arrangements have been
done relative to their geometric parameters. The range of the oscillating frequency parameter
(Reduced Velocity 𝑉𝑅 ) from the shed vortexes is calculated relative to the distance between the
centres of the columns S, the thickness/width of the columns L, the height of the submerged part
of the columns 𝑯𝒔𝒄 (see Table 4.1), and the height of the pontoon 𝑯𝒑 . Considering examples such
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as [14, 23, 26, 122]. [122] experimentally studied the VIM behaviour of a prototype design of a
multi-column semisubmersible postulated for MODU application. For a draft size and pontoon
thickness of 150ft and 30ft, they observed VIM behaviour within a 𝑉𝑟 range of 2.0 to 15.0. This is
slightly different from was recorded in other studies and the values for 𝑯𝒔𝒄 , 𝑯𝒑 , L, and S were
different. Table 5.1 shows some recent results recorded by academic and industrial researchers on
the correlation between the geometric parameters of semisubmersible platforms and the reduced
velocity. Table 5.1 also includes the obtained 𝑉𝑟 from our research for the specified geometry
shown in Figure 5.1.
Table 5.1 Geometric parameters of semisubmersible platform and 𝑽𝑹
𝑯𝒔𝒄

𝑯𝒔𝒄

𝑳

𝑺
𝑳

𝑯𝒑

[122]

1.74

3.20

4.0

2.0 – 15.0

[23]

1.71

4.04

3.04

5.0 – 9.0

[14, 26]

1.14

3.76

1.98

2.5 – 20.0

2.34 & 2.57

4.95 & 5.42

5.73

2.0 – 10.0

References

Current work (2015)

𝑽𝒓

5.2.3 VIM in Paired Column Semisubmersible.
There are few report that describe VIM of PC-Semis, as the design is relatively new in ocean
engineering, although the deep draft nature, eight columns arrangement and its physical parameters
(slenderness ratio) makes it respond to flow in a vibratory manner. As concluded in [24, 25, 27],
deep-draft semis will experience VIM when they are exposed to high current velocities. The nature
of flow around a paired column semisubmersible platform in relation to the angle of incidence (α )
is characterized by complex wake interference because of its ability to be positioned simultaneously
in in-line and staggered arrangement for a single flow angle; and also because of its varying column
diameters. This exerts an unusual / uneven hydrodynamic force around the hull of the structure
which in turn alters its stability. The available reports on the VIM behaviour of Pc-Semi have
previously been discussed in chapter 3 of this thesis.
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Figure 5.1 Schematic Diagram of a PC-Semi

5.3 Mathematical Formulation
Vortexes are basically formed as a result of instabilities generated from flow separations, as they
travels through the hull. The flow is assumed to be incompressible; i.e., the energy of the vortexes
are allowed to continuously increase or damp away, depending on the situation. The Euler equation
for incompressible flow is presented in Equation 4.1. The CFD study was carried out for
incompressible unsteady flow using continuity equations. The dimensionless vector form of the
continuity equations can be written as
𝜕{𝑢}
1 2
+ {𝑢}. 𝛻{𝑢} + {𝛻𝑝} −
∇ {𝑢} = 0
𝜕𝑡
𝑅𝑒

[5-1]

The Reynold’s number Re is a measure of the flow velocity, the column diameter and the
kinematic viscosity of water. The hydrodynamic drag in the X- direction is calculated as
𝐹𝑑 =

1
𝜌𝐴𝑈 2 𝐶𝑑
2

𝐶𝑑 =

2𝐹𝑑𝑖
𝜌𝐴𝑈 2

[5-2]

[5-3]

However, considering the Keulegan Carpenter number KC= U/fwL, which is a function of the
frequency of the oscillating wave fw, VIM can be measured thereby making surface wave a vital
parameter.

5.4 CFD Model
5.4.1 Description
Computational fluid dynamics is one of the most reliable tool for predicting the effect of vortex
shedding on a set of multiple array of columns. The complexities associated with the flow
separation which eventually leads to recirculation and oscillation in multiple directions can be
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analyse in 2D and 3D cases. For vortex phenomenon; apart from visualization advantage, there is
no significant difference between the results obtained for 2D and 3D simulation [84]. 2D has a
comparative advantage of lesser simulation time. We have carried out simulation for both 2D and
3D in this study, but have recorded most results for the 2D cases. One of the early challenges
faced was how to develop numerical setups with accurate turbulence models and mesh standards
to represent real live scenarios in deep sea. [87]earlier used the results obtained from experimental
test to check the contribution of turbulence model and mesh refinement on this hull, and the
detached eddy simulation technique was discovered to be more effective in predicting the vortex
shedding behaviour when compared to the Reynolds average Navier-Stokes. We have made use
of this finding in carrying out our 3D models.
5.4.2 Case Study
The cases that were studied for VIM were defined relative to the hull’s geometric parameters,
as mentioned in chapter 4. The postulated rectangular columns were studied in comparison with
square columns, which are generally the geometric configuration for deep-draft semisubmersible
platforms. The geometry adopted for the rectangular columns in this study are presented in the
last two previous chapters, while the square columns were designed in relation with the surface
area of the rectangular ones. Early results recorded for VIM amplitude and drag coefficient showed
no comparative advantage of square columns over the rectangular ones. Due to this development,
the results for square columns have not been recorded in this thesis. The flow angle of this hull
system is significantly different from that of a conventional four or six columns arranged in-line
with each other, as the inner and outer columns of this hull are arranged in staggered array at 0 0
flow angle, shown in Figure 5.4. This showed that the characteristic length L (which has previously
been defined as the thickness of the column) is different for the inner and columns, and it gradually
reduced from 00 to 450, as shown in Figure 5.2
L

Current direction

Figure 5.2 Definition of current angle
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The effect of the spacing between the inner and outer columns was also investigated, as
illustrated in Figure 5.3. The outer column was kept in place, while the distance inner column
distance was varied between 12.4m and 32m.
12.4m, 16.8m, 20.4m, 24m, 26m, 28m, and 32m.

Figure 5.3 Definition of inner/outer column spacing
Figure 5.4 shows the direction of the flow the relationship between the direction of flow and
the column arrangement at 00 and 450 flow angles respectively.

Direction

𝟒𝟓𝟎

𝟎𝟎

Figure 5.4 Column numbering
5.4.3 Flow Domain and Setup
The Cartesian coordinate use in creating the flow analysis is based on three coordinates; x, y &
z, as explained in chapter 4. In creating a flow domain, factors such as simulation / computation
time, cost, complexity, and computer type were considered in obtaining accuracy with the results.
The domain is measured relative to the column’s diagonal/characteristic length L. The columns
of a PC-Semi are arranged diagonally; placing the inner columns at angle 450 to the outer column.
Practically, the flow does not make contact with the same cylinder diameter, i.e.; the cylinder
diameter changes at different flow angles, creating an irregular variation of the Reynolds number.
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This phenomenon will be investigated in later studies, but in this case L was considered as the
largest possible length the flow can make with the column; which is the diagonal length of the
outer column (19m). Different researchers have recommended different flow domains for a typical
square configuration of multi cylinder arrangement. [84] recommended a 24L X 24L flow domain
for a four circular cylinder arranged in a square configuration, making the upstream distance as 8L,
while the downstream is 16L, not placing the arrangement at the middle in the horizontal plane.
This is a bit different from the recommendation presented by [123], with a computational domain
of 30L X 20L, with 16L upstream, 14L downstream, while the up and down are 10L respectively.
In this case a mesh study was conducted to help increase the result acurracy. An unstrcutured
triangular mesh was used to increase the posibibilty of analysing the pictorail results from the curvy
edges of the columns. Apart from the simplicity of this type of meshing system, the shear layer
created around the columns takes place from the their curvy edges, which might be too complex
for a quad mesh to resolve.
5.4.4 Mesh Study
A mesh study was conducted for the 2D-case to investigate the effect of the mesh size on the
nature of vortex formation around the array of columns. The mesh was gradually refined using
smooth transition method from the column wall to the edges of the domain.

Figure 5.5 CFD mesh study
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5.4.5 Boundary Conditions
This analysis was carried out on Ansys workbench. Four simple boundaries were selected for
this study;


Inlet



Outflow



Sysmetry



Wall

The domain upstream and downstream edges were designated as ‘inlet and outflow respectively,
while the up and down edges were labelled ‘symentry’. The columns itself were labelled ‘wall’, with
a bit of mess refinement around them to give a clearer contour display of the point of flow
separation during the postprocessing; (see Figure 5.5). For vortex identification, a traiscient based
solver was selected, under a well calculated time step.
5.4.6 Model Validation
The model was validated with experimental results for drag coefficients presented in [1, 13]; as
presented in chapter 3. The relationship between the hull drag and reduced velocity was
investigated for 00 and 450 flow angles. Maximumum hull drag for both flow orientation was
recorded as 1.47 and 0.975 , and occurred at the same reduced velocity; 6.7.

5.5 Drag Study
The drag was studied for current velocities ranging for 0.5m/s to 2.5m/s, as discussed in the
previous chapter, and the results were recorded for 2.4m/s, because it the maximum value for
current velocity recorded in deep sea, in the Gulf of Mexico, for hurricane conditions. The results
presented in this study were recorded in relation with the flow angle. The reason for this is because
numerical simulation has shown that the variation of viscous drag on an array of columns is relative
to the nature of the incidence flow stream and the wake formation from the layers of shed vortexes.
In this study we have assumed that the flow stream is undisturbed before it makes contact with
the columns, which is usually the case in operating conditions. We carried out a preliminary study
on the effect of flow angle on the average drag on the columns for 31.65m spacing between the
inner/outer columns. The columns numbering is presented in Figure 5.4.
Results from experimental studies presented in the chapter 3 of this thesis showed an
improvement in the VIM motion amplitude for PC-Semi, when compared with conventional deep-
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draft semisubmerisbles (Figure 3.2). The preliminaries of this finding is documented in [13], further
investigation and confirmation is documented in [1], and CFD models built using Large Eddy
Simulation technique also confirmed this [87]. The vortex effect on this hull have therfore been
studied in relation with the drag effect on the columns. The recommednation for drilling hull
application for this hull requires knowledge and understanding of the wave forces, and the drag
coeffecient have been recorded to be the major factor of that; from Morison’s Equation [124].
5.5.1 Relationship between average hull drag, current velocity and
inner/outer column spacing.
The test for the relationship between high current velocity and the hull drag was studied, and
an increase in current velocity led to increase in hull drag. Figure 5.6 shows the relstionship
between the column drag and current velocity, for different inner/outer column distance. The
result shows that the average drag around the columns changes with the spacing between the inner
and outer columns.
2.5

Average hull drag

2

1.5

1
12.4m
16.8m

0.5

20.4m
24.6m

0
1.2

1.4

1.6

1.8

2

2.2

2.4

Current Velocity (m/s)

Figure 5.6 Relationship between hull drag and high current velocity
With the hull highest and lowest drag recorded as 20.4m and 16.8m respectively, a non-linear
relationship between the shed vortexes generated in the wake formation and the column spacing
is evident. The extent of the non-linearity on each of the columns will describe the drag force
nature on the hull. As flow travels through the hull, each of the columns has the tendency of
behaving as a single structure, depending on the incident flow angle.
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5.5.2 Relationship between flow angle and average hull drag
Figure 5.7 presents the relationship between flow angle and drag on each of the columns. It is
evident from the curves that the position of the columns greatly affect the level of viscous drag
around them, but the average drag around the entire hull reduces from 00 to 450.
1.4

0deg
15deg

1.1
30deg
Drag

0.8

45deg

0.5

0.2
1

2

3

4

5

6

7

8

Column number

Figure 5.7 Flow angle and column drag
5.5.3 Individual column drag at 00 flow angle: staggered pattern
At 0 degrees flow angle, the front pair columns are in-line with the downstream columns; but
the inner columns are at staggered pattern with each other. The phenomenon of shared layer of
vortexes from the upstream column rapping round the downstream column as described by [84]
does not occur, despite the fact that the rear columns are in-line with the leading ones. The reason
for this can be found in the conclusions made by [125], in an experimental investigation of currentinduced drag on two columns placed at staggered arrangement. It was concluded from the
experiment that the intersection between a layer of shed vortexes from the leading column and a
layer of shed vortexes from the rear column creates a stream of irregular wake. These irregular
wake formations restrain the rear column from developing any form of regular vortex, thereby
reducing the viscous drag effect on it. The extent of this wake collision between the columns in a
pair was observed to be relative to the distance between them. This phenomenon was observed
around the columns at 00 flow angle, as all four inner columns are arranged in staggered
configuration with their outer columns. The distance between the front four columns and the rear
ones will therefore determine the effect of the front irregular wave on the rear columns.
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1.6
1.4
1.2
1
Drag

0.8
0.6

Cl-1
Cl-2
Cl-3
Cl-4
Cl-5

0.4
0.2
24

26

28

30

32

Inner/Outer Column Spacing (m)

Figure 5.8 Column Cd at α = 00
Figure 5.8 shows the drag effect on each column for 00 flow angle. The effect of irregular wake
formation postulated by [125] is evident on columns 1, 3, 6 and 8. The wake disturbance from
column 5 mixes with the flow that impinges on column 1, and reduces the drag on column 1. But
as the distance between the columns (1 and 5) gradually increases from 26m to 32m, the behaviour
changes; column 1 receives more uninterrupted flow from the stream, which increases the amount
of drag on it. Similar behaviour was observed between column 2 and column 6, but in this case
the difference the drag on the columns at any point is much larger than the difference between
column 1 and column 5. With regards to size, column 6 is bigger than column 2, the drag on
column 2 is much higher than column 6 for small inner/outer column spacing. But as the spacing
reduced, the drag on column 6 gradually starts increasing, while the drag on column two drops.
The reason for the drop can be traced to the reduction in the disturbance level created in the wake,
which is originally caused by the presence of column 6 in it (for small inner/outer column
distance). Column 7 and column 3 behave in a similar manner as column 1 and column 5, while
column 4 and column 8 behave like column 2 and column 6.
Apart from the unique nature of the drag pattern around the columns, another every important
observation was recorded for this flow orientation. As the flow/disturbance travels through the
arranged columns, the eight columns shed their vortexes individually. The nature of the
reciprocating vortexes shed by the outer columns is significantly different form the reciprocating
vortexes shed by the inner columns. The cause of this can be traced to the difference in their
characteristic length (the diagonal distance between two corners of each column). The
characteristic length of the inner column is different from that of the outer column. The imbalance
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created as a result of this, might be the cause of the reduced Max. A/D recorded for PC-Semi,
when compared to conventional deep draft semisubmersibles.
5.5.4 Individual column drag at 450 flow angle: diamond pattern
When the columns are arranged in such as a way that the pairs make an angle of 90 0 to each
other, they are said to be in a diamond configuration; ‘diamond’ in the sense that the shape of the
arrangement is in form of placing two triangles together. The inner and outer columns of the
leading and rear pair are in-line with each other, and the pairs are also in-line with each other as
shown in Figure 5.4.
Cl-1
Cl-3
Cl-5
Cl-7

1

Cl-2
Cl-4
Cl-6
Cl-8

0.8

0.6
Drag
0.4

0.2

0
24

26
28
30
Inner/Outer Column Spacing (m)

32

Figure 5.9 Column Cd at α = 450
Figure 5.9 presents the drag effect on the columns at 450 flow angle. Relative to Figure 5.8, the
line plots on Figure 5.9 are widely spread apart. Because of the tangential distance between the
leading pair and side pairs, there is hardly any significant interference between the shed vortexes
generated from the leading pair and the side pairs, even with an increase in inner/outer column
spacing. The drag on each column on the side pairs is therefore independent of the shed vortexes
from the leading pair. From the arrangement of the columns (Figure 5.4), column 1 is just behind
column 5, and column 7 is just behind 3.
As the flow travels through the columns, column 1 is therefore buried in the stream of wake
generated from regular vortexes developed from column 5. This drastically increases the drag force
on column 1. This is also the case with columns 3 and 7. Columns 2, 6, 4 and 8 are the side
columns. They have limited effect on each other. But this effect increases as the distance between
them reduces from 24m to 26m. These observations are in agreement with the conclusion recorded
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in [126] on the nature of drag on columns placed in-line with each other. A better understanding
of this will be discussed in the contour study. A study of the contour plot for the flow pattern
showed that there is a progressive transformation of interference between each pair, which creates
a vortex rotation, exerting drag on the columns. The top and bottom pairs are in cross pattern
with each other, which the front and rear pairs are in-line with each other, creating a high variation
of drag for the columns.
5.5.5 Individual column drag at 150 and 300 flow angles: inclination
We also investigated the nature of flow for two angles (150 and 300) between 00 and 450, and
the results have been presented in Figure 5.10 and Figure 5.11. As α increase from 00 to 300,
columns 2 and 4 get exposed to more direct unaltered flow (without getting contact from the
upstream columns). This direct contact to undisturbed flow helps to gradually reduce the drag on
them. This reduction is not linear because the nature of wake formed from the front pairs when
α is 150 is very unique, it impinges on the rear columns in a manner that exerts high drag on them.
A good understanding of this type of flow can be found in [127].
It is also very important to note the manner in which the flow exerts drag on column 7. In both
cases, (150 & 300), column 7 seem to be the first column that creates contact with the fluid. At 00,
the flow shears at the midpoint of the curved edge of the column, creating an even distribution of
wake on the two inclined edges of the column. But as the structure rotates to make 15 0 flow
incidence angle, the shear point shift downward a bit, (just before the point where the curved edge
begins).
On further rotation, from 150 to 300, the share point moves to the point where curve begins;
creating a fine sweep of wake at the top of the column. This helps to reduce the drag on the
column by over 50%. Although on further rotation, the shear point moves closer to the centre of
the line edge just in front of the flow, re-establishing a sharp flow separation which in turn leads
to huge amount of drag on it. Just as it was with 00 flow incidence, the column drag at 150 and 300
is also affected by the nature of flow interaction in-between each pair.
This flow interaction is controlled by the centre-to-centre distance the inner column makes
with the outer one. The graphs below illustrate that relationship.
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Figure 5.10 Column Cd at α is 150
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Figure 5.11 Column Cd at α is 300
5.5.6 Pair Analysis
Different experimental and numerical studies on the nature of ocean forces on conventional
semisubmerisble hulls have recorded uneven/nonlinear force distribution around the hull for
certain wave and caurrent parametrs [128]. This uneven force distribution phenomenon increases
the instabuility of the hull. Early drag studies presented from Figure 5.7 to Figure 5.11 suggest the
posibility of this on a PC-Semi. We have therefore studied the drag around each corner/paur of
the hull. Table 5.2 shows the pair arrangement. Columns 1 and 5 are denoted as pair 1, 2 and 6 are
pair 2, 3 and 7 is pair 3 while 4 and 8 are pair 4.
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Table 5.2 Pair definition
Pair
Columns

1

2

3

4

1 and 5

2 and 6

3 and 7

4 and 8

Drag
2.6

Drag
1.6

2.4

1.5

2.2

1.4

2

1.3

1.8

1.2

1.6

1.1

1.4

1

1.2
1
24

26

28

Pair-1

Pair-2

Pair-3

Pair-4
30

Pair-1
Pair-2
Pair-3
Pair-4

0.9

32

0.8
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Inner/Outer Column Spacing
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Figure 5.13 Cd on Pairs at α = 450

Figure 5.12 Cd on Pairs at α = 0
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Figure 5.15 Cd on Pairs at α = 300

Figure 5.14 Cd on Pairs at α = 150

Figure 5.12 to Figure 5.15 shows the drag around each pair of the hull for the different cases
of flow angles. From the four plots (Figure 5.12 to Figure 5.15), we can conclude that the drag
force around the hull will be uneven for any inner/outer column spacing. The results showed that
if the flow disturbance between each pair is altered by a certain degree, the drag around the four
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edges (pairs) will gradually balance itself. For the structural dimensions presented in this study, an
inner/outer column spacing between 29.6m to 31.8m is recommended, because at every flow
angle, the hydrodynamic drag around the pairs have a lower gradient. For design recommendation,
a mechanism for circumventing this challenge will need to be developed, especially for the deepdraft application of this hull system. GVA Consultants have previously employed different
methods in eliminating this phenomenon for conventional semisubmersibles. In the optimization
of GVA4000 NCS, a set of cross and horizontal bracing system were used to reduce the possibility
of this uneven drag phenomenon during transit [129]. This will be commended for further studies

5.5.2 Contour Study
The contour plots present a visual descriptive illustration of the flow paths around the columns
and the wake region. The images were extracted from ANSYS FLUENT solver.

Disturbed flow regions

Figure 5.16 Velocity direction for 00 flow heading, 32m inner/outer column spacing,
and 1.8m /s current velocity

Different amplitudes
of shed vortexes

Figure 5.17 Vorticity magnitude for 00 flow heading, 32m inner/outer column spacing,
1.8m/s current velocity
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An example of the flow part for velocity direction is presented in Figure 5.18. From the image,
it is evident why columns 1, 3, 6 and 8 have low drags for 00 flow angle; their incident flows are
significantly affected by the shed vortexes from their leading columns.
Figure 5.19 shows the image of vorticity magnitude (near the columns) of the shed vortexes for
00 flow angle. All eight columns can be observed to have different patterns of shed vortexes; the
very reason why the nature of drag forces exerted on them are different in the first place. Outside
that, a significant observation was recorded; that the amplitude of shed vortexes from the inner
columns is smaller than that from the outer columns. From this observation, we can suggest that
the reduction in vortex shedding amplitude of PC-Semi to deep draft semisubmersibles recorded
in [1] could be as a result of this. To investigate this, a 3D study was carried out for two geometric
configurations for inner and outer columns; circular-rectangular and rectangular-rectangular, and
the observations are presented in Figure 5.20 and Figure 5.21.

Figure 5.18 Rectangular-rectangular

Figure 5.19 Circular-rectangular

The results showed that the amplitude of the shed vortexes from the inner columns are
significantly different from that of the outer columns; as shown in Figure 5.20. The collision of
both vortexes in the far stream generates a set of reciprocating vortexes with reduced amplitude.
When the outer columns are replaced with circular ones (Figure 5.21), the amplitude of the shed
vortexes drops further. A possible recommendation for circular outer columns might be
considered in the later stage of this design process because of the comparative advantages it might
offer in relation with the flow induced motion of this unique hull system. The extraction of the
vortexes in far field (wake region) is based on Q-criterion developed by Hunt, and it identifies the
vortex regions on a flow stream, by extracting the areas with reduced strain and pressure.
Mathematically, it is expressed as;
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Q =

∂U ∂V
∂U ∂V
−
∂x ∂y
∂y ∂x

[5-4]

Figure 5.20 Wake vortex identification at 00 flow angle

Figure 5.21 Wake vortex identification for 450 flow angle
Figure 5.20 and Figure 5.21 shows the reciprocating vortexes generated in the wake, at 00 and
450 flow angles respectively. From the images, it is evident that the reciprocating amplitude of the
vortexes generated from 00 flows is larger than that of 450.

5.6 Summary
A CFD model developed in ANSYS release 16.0 was used to investigate the effect of vortex
shedding on an array of eight columns, arranged in form of the newly developed paired column
semisubmersible hull, and the effect of flow drag (pressure and viscous) on each of the column
was recorded, and presented in this chapter. The Contour plots of the vortex formation were also
studied for different column geometries, and significant findings were recorded. The drag was
studied for a spacing range between 12.4m and 20m, and for 00 flow angle. The drag coefficient
on each column was studied for different inner/outer column spacing, and the results were
recorded accordingly. The result presented in this chapter showed that spacing between the
inner/outer columns is a significant factor in estimating the average drag on the hull, because its
creates a nonlinear relationship with the total hull drag.
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CHAPTER 6
HIGHLIGHTS


Time dependent Finite Element Analysis.



Mass calibration for free floating hull.



APDL finite element model; solid and shell elements.



Formulation of boundary conditions for dynamic load cases.



DNV and ABS standards for stress evaluation of column stabilized semisubmersible.
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Chapter Six: Non-Linear Finite Element Modelling of
PC-Semi for Hull Reinforcement
6.1 Introduction
The unique column arrangement creates flow circulation within the hull structure which in turn
generates an uneven drag force around the hull; as recorded in chapter 5. These circulations
coupled with the hydrodynamic load from high wave amplitude, topside integration, and other
structural attachment, generates an unusual load pattern on the columns and unconventional stress
and deformation profile of the hull. The strength of the hull can, therefore, be guaranteed from
understanding its deformation/buckling tendencies, alongside reinforcement, where required. In
this chapter, we have addressed the nature and effect of fluid interaction from the nonlinear flow
behaviour on the hull structure using finite element approach. The study also described a detailed
understanding of the effect of the wave and topside loadings alongside the effect of the structural
attachments. Most importantly, we have identified areas around the columns where high steel
reinforcement will be required for any application of this hull formation in deep sea, to avoid
failure at any point around the hull. We have also investigated the effect of structural responses
discussed in chapter 4 on the stress distribution and possible buckling tendencies of the columns
and the pontoon section. For future design, the sizing of braces, connections, fairleads, and plate
thickness will be based on recommendations from this study. At the end of the first stage of the
analysis, design engineers will be able to carry out effective selection for stiffener parameters
(spacing, thickness, length and material) for the column reinforcement.
The development of this finite element model involved integrating hydrodynamic loads and the
hull’s mass distribution. This was not a straight-forward process as it involve writing some APDL
codes to couple both set of equations. The formulation of boundary conditions for the different
sea states was also a complex problem that was careful resolved in this chapter. The method
adopted in this chapter is very much recommended to future design engineers.

6.2 Component Description
The hull model presented in Chapter 3, 4 and 5 consist of only two components; columns and
pontoon, because the effect of hydrodynamic loading are controlled by them. Apart from the
columns and pontoon, the hull has other components (see Chapter 1; Figure 1.1 and Figure 1.2),
which include;
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Inner columns brace



Inner/outer column connections



Column/pontoon joints



Topside integration points



Deck truss supports



Deck plates

Figure 6.1 show shows some of those parts. Two cases of topsides was used in this study, as
shown in Figure 6.2. The inclusion of these sub-structures enabled us to introduce other external
loads (mooring loads, riser loads, and top-deck loads).
Deck truss support
Inner-outer column
connection
Inner column braces
Column/pontoon
joint
Deck plate

Figure 6.1 Semisubmersible parts

Case 1 Topside

Case 2 Topside

Figure 6.2 Case definition
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6.3 Load calibration
A typical offshore structure has multiple load sources, but for assessing their strength and
fatigue behaviour, the most critical loading scenarios are investigated on. Literature and industrial
standards on acceptable loading conditions for assessing the strength of offshore platforms are
presented in [15, 47, 130]. The loading system is addressed in their static and dynamic phases. ABS
2004 presented generally acceptable loading conditions for Mobile Offshore Units (MODU) and
Floating Production Installations (FPI). The static and combined loadings are basically required
for MODU, while the normal operation and severe storm scenarios are investigated for FPI; as
presented in Table 6.1.
The dynamic loads are as a result of environmental conditions (wave, current and wind), while
the static loads are defined with the uneven mass distribution around the structure.
Table 6.1 Loading conditions for MODU and FPI
Static

Combined

Normal operation

Severe storm

Forces to be considered

The inclusion of

Considering of all

Loadings from harsh or

include the mass of

environmental loadings

working conditions;

rough weather

hulls structure and the

to static loadings.

inclusion of all possible

conditions. 100 and

operational loads. No

topside loads, live load,

1000 wave return

water motion is

dead loads and all other

period are considered in

considered.

operating loads.

this case.

6.3.1 Mass calibration (Static loads)
The mass calibration was carried out considering two reference points; the centre of gravity and
the buoyancy centre. The gravity centre been the point where the downward forces were computed
from and the centre of buoyancy is where the upward thrust is calculated from. The masses are
categorized into five groups;


Buoyancy mass



Deck mass (Materials and Facilities)



Mass of hull steel (columns, pontoon, and internal reinforcement)



Topside steel



Additional mass
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It is important to mention that at equilibrium (no ocean loading), the summation of the reaction
forces from the mass distribution equals zero at the cut water plane, i.e., the mass of the entire
structure equals the mass of the displaced volume (Archimedes principle).
6.3.1.1 Buoyancy mass
The mass of the displaced volume of water is regarded as the buoyancy mass in this case. It is a
function of the density of sea water (1025kg/m3) and the volume of the submerged hull. The
upward buoyancy force is calculated with this mass. It is denoted as 𝑚𝑏
𝑀𝑏 = 𝜌𝑠𝑤 ∗ 𝑉𝑜𝑙

[6-1]

𝜌𝑠𝑤 is the density of sea water, while 𝑉𝑜𝑙 is the volume of the displaced water.
6.3.1.2 Deck mass (Materials and Facilities)
A conserved analysis was used in this study, with the basic assumption that the weight on the
deck (platform) is evenly distribution at every point in time. This might not necessarily be the case
during operation as the staff working on-board might move equipment around with time, but the
top-deck designers we contacted during this study explained that the design is done to obtain even
weight distribution. The error margin that might result from this is negligible.
A study into existing semisubmersibles was carried out to be able to effectively estimate the
total amount deck mass for this study. The drilling rig and the house quarters are usually the heavy
components associated with the deck mass. Recently developed semisubmersibles used for drilling
purpose were designed for high payload; like Ocean Apex and Ocean Baroness were designed to
accommodate 140 and 138 personnel respectively [131].
6.3.1.3 Mass of hull
The mass of the hull steel is the mass of steel required to build/fabricate the columns, braces,
welds, and pontoon section. This involves the amount of steel plate and internal reinforcement
(scantling) used. It is important to note that the liquid content within the hollow section of the
hull (such as blast liquid and dead oil) are not considered.
6.3.1.4 Topside steel (Deck structure)
The weight of the deck structure was estimated to be between 5.2 x 106Kg and 6.3 x 106Kg.
This estimation was done from the deck type selected. [132] presents the sizes (weight) of the
recently installed offshore structure.
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6.3.1.5 Additional mass
Every other mass that has not been listed in 2.1 to 2.5 above was classified under additional mass.
Materials such as the weight of ballast liquid and riser liquid are considered as an additional mass.
In this study, the value for additional mass was varied, depending on the functionality the hull was
been designed for. In our result analysis, we stated the occasions where additional mass were
included in the analysis. Table 6.2 shows the summary of the mass calibration used in this study.
Table 6.2 Summary of mass calibration
Mass

Component

Magnitude

Mass of the displaced water

96.5 x 106 Kg

Facilities and utilities

(25.1 to 34) x 106 Kg

Columns, pontoon, braces &

26.72 x 106 Kg

Buoyancy
Deck
Hull steel

internal reinforcement
Topside steel
Additional

Truss and plate

9.1 x 106 Kg

Ballast liquid, dead oil,

4.5 -11.0 x 106 Kg

Mooring and Risers

10.1 x 106 Kg

Attachments

6.3.1.6 Steel Properties
The offshore industry recommends between grades 50-80 steel for constructing drilling and
production semisubmersible hull systems. The yield stress of this steel grade range is 350MPa to
550MPa. In this study, we considered the least strength; 350MPa, for safe design. Table 6.3 shows
the properties of the steel material selected for the construction of the hull, for all application,
discussed in this thesis.
Table 6.3 Properties of steel
Particular

Amount

Strength

350MPa

Density

7850Kg/m3

Young’s modulus

201GPa

6.3.2 Environmental load
The data for the environmental load (wind, current and wave) used in this study has been earlier
discussed in Chapter 4, section 4.6. For bending and stress analysis, we have considered only wave
and current loads, the effect of wind loading was assumed not to be significant in
estimating/calculating the strength of the hull for MODU and FPS applications. The vortexes
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generated as a result of the flow current also generate an uneven drag around the hull; as
demonstrated in chapter 5.

6.3.3 Yield Assessment
The material yield was analyse using von Mises stress, as recommended in DNV [16].
2
𝜎𝑒 = √𝜎𝑥2 + 𝜎𝑦2 − 𝜎𝑥 𝜎𝑦 + 3 𝜏𝑥𝑦

[6-2]

𝜎x = Normal stress in the X-direction, 𝜎y = Normal stress in the Y-direction and 𝜏xy = Shear
stress in the XY plane

6.4 Modelling
Finite element analysis was adopted in analysing the strength of the hull during rough sea
weather conditions. Unlike the numerical models used for hydrodynamic response and the vortex
shedding phenomenon, the model used for analysing the strength of this hull has no ‘benchmark
results’ (experimental). The development of the numerical model was done in conjunction with
the hydrodynamic model presented in chapter 4. In carrying out hydrodynamic analysis, the
loading and boundary conditions impose challenges such as fluid separation, radiation, viscosity,
but diffraction helps to simplify the effect of these challenges [61]. Some theories have been
developed over the years to help circumvent the effect of these challenges; as discussed in chapter
4. The hydrodynamic diffraction model creates a set of ocean pressure on each node, as developed
in chapter 4. After hydrodynamic pressures are developed, they were transferred via a script file
into APDL. There is no direct recommended process of transferring hydrodynamic diffraction
loadings for static analysis as it requires developing script files in text formats, and applying the
pressure loading in an ocean environment via FORTRAN language. The study was carried out for
shell thickness range between 0.01m to 0.05m and round fillet edges of radius 2.05m were
introduced to increase the result accuracy and distribute the stresses around the plate. This will be
recommended during the construction stage of this hull.

6.4.1 Description of ANSYS Finite Element Model
The FEA model was developed in ANSYS APDL. It is made up of a shell, 3D-solid, contact,
surface, and target elements. SHELL181 was used for columns and pontoon plate, while SURF154
for surface ocean loading. The braces, inner/outer column connections, fairleads and topside
trusses, were built with SOLID187, while CONTA173 and TARGE170 are used to define the
interface between the bodies to take their deformation into account.
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SHELL181 is a 4-node 3-D element with six degrees of freedom. Its formation is based on the
fundamental thin-wall shell theories recorded in [133-136]. Some researchers have employed the
use of this type of element to analyse the behaviour of plate structures exposed to ocean loadings.
[137] used a 4-node shell element (S4) to investigate the buckling failure mode of semisubmersible
columns under ocean loadings. The numerical set-up was developed in ABACUS, alongside an
experimental study. With the element, they were able to effectively study the buckling mode of a
stiffened semisubmersible column. [138] also made used of elements developed from thin-wall
shell theories to investigate the hydro-elastic behaviour of ships. It also has a unique quality of easy
convergence during simulation and allows easy identification of the effect of pressure distribution,
the reason why it was preferred to other shell elements. The effect of plate thickness can easily be
studied because it allowed alteration during coding. SOLID187 is advantageous for an irregular
grid (mesh); the reason why it was used for this analysis, because of the geometric complexity
experience from the inclusion of the connections, braces, topside-beams, and fairleads. Further
description and functionalities of this element can be found in ANSYS release 16 reference
documentation.
CONTA173 is a 3D element with 3 degrees of freedom. It was used to define the surface
contact between the solid and shell elements, i.e., between shell-to-shell contact, shell-to-beam
contact, and beam-to-beam contact. Figure 6.3 shows the areas around the hull were the contact
elements applies. The contact elements were represented by TARGE170 as shown in Figure 6.4
and Figure 6.5. Figure 6.4 shows surface of shell-to-beam contact; columns and topside /
connections. Quadratic triangular meshes where employed around these regions. For Figure 6.5,
regions are shell-to-shell contacts; columns and pontoon. Linear quadrilateral meshed were used
on these surfaces.

Figure 6.3 CONTA173 Element

Figure 6.4 Quadratic triangular target
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Design of Paired Column Semisubmersible Hull

6.4.2 Developing Boundary Conditions
The stress distribution and concentration are controlled by the nature of boundary conditions
around the hull. Developing the accurate boundary conditions for structural analysis of a semisubmerged free floating structure can be very tricky as there is no basic form of constraint on any
part around the structure apart from the added mass and damping effect on the submerged part
section, and the loadings around the structural component is not the same (static and dynamic
cases). The outer columns receive the mooring loadings at the fairleads and have no direct contact
with the topside (for case 2 topside), while the inner columns have direct loadings from the topside
and no connection with the mooring weight. The ocean loading cuts through the columns 28.04m
from the top at base case configuration (deep-draft), and the wave forces are distributed around
the structure from this plane. The motion in the 6 degrees of freedom and the stiffness in each of
these directions are therefore considered to be the factors responsible for controlling the boundary
condition for an accurate structural analysis.
6.4.2.1 Displacement
We considered the translational and rotational displacement components for dynamic load
condition. The reason for this was that the response analysis showed movements from the cutwater plane and the hull base; explained in chapter 4. The displacement parameters were computed
using time series method carried out in Orcaflex and AQWA, and the results were recorded over
a specific time period. The data was arranged in a tabular form, (as presented in Figure 6.7)
converted to an ‘xml’ file and used as boundary conditions during the build-up of the numerical
model. This form of boundary condition involves motions in all 6DOF, and this replicates the
actual scenario of the structure during environmental loading. Figure 6.6 and Figure 6.7 shows the
setup for displacement measured from the cut-water plane, for 100 seconds, at 00 flow angle. The
motion was extracted from the response analysis computed in ANSYS. Figure 6.8 shows a
snapshot from ANSYS of the horizontal displacement of the hull in the X-direction for 2000
seconds, using a time-step of 0.01 (for which Figure 6.6 was extracted.) From this result, it is
evident that the hull experiences a nonlinear displacement.

X
Y
Z

Figure 6.6 X, Y and Z response for 100 seconds (m)
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Figure 6.7 Nonlinear boundary displacement in X, Y and Z direction for 00 flow angle

Figure 6.8 Displacement in the X-direction; Snapshot from ANSYS time response
analysis (m)

6.4.2.2 Hydrostatic Stiffness: Cut-Water Plane, COG, and Column Base
The cut water plane stiffness shows the resultant relationship between the structural load and
the weight generated from its displacement (also known as buoyancy) to the motion characteristics
(heave, roll and pitch) from the centre plane to which all the forces act. It is derived from the early
analytical formulation of the equation of motions governing a single degree of freedom system.
For a rigid body motion analysis, the stiffness is a fundamental property which is required as a
boundary condition around the affected area. The resultant equation is made of a 3 X 3 matrix,
derived from a 6 X 6 matrix, as shown in Equation 6.2 [139]. The zero elements recorded in the
surge, sway and yaw (1, 2 and 6) describe the hydrostatic stiffness on the horizontal plane of a free
floating body.
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0
0

0
𝐾ℎ𝑦𝑠 = 
0
0

0

0 0
0 0
0 K 33
0 K 43
0 K 53
0 0

0
0
K 34
K 44
K 54
0

0
0
K 35
K 45
K 55
0

0 
0 
0 

K 46 
K 56 

0 

[6-3]

For a free floating hull system, when the stiffness is completely due to the hydrostatics (no
mooring or riser system), 𝐾46 and 𝐾56 are equal to zero. Equation 6-3 reduced to Equation 6-4.

𝐾ℎ𝑦𝑠 =

 K 33
K
 43
 K 53

K 35 
K 45 
K 55 

K 34
K 44
K 54

𝑧
𝐾33 = 𝜌 ∗ 𝑔 ∗ 𝐴𝑤𝑠

[6-4]

[6-5]

Where 𝐾33 is the stiffness in heave degree of freedom and 𝐴𝑤𝑠 is the area of the submerged part
of the hull (see chapter 4 Table 4.3)
𝑦

𝐾34 = 𝜌 ∗ 𝑔 ∗ 𝐴𝑤𝑠 ∗ 𝛿𝑦

[6-6]

Where δ y is the distance between the mid-point of the cut water plane and the centre of gravity
in the Y-direction.
𝑥
𝐾35 = 𝜌 ∗ 𝑔 ∗ 𝐴𝑤𝑠
∗ 𝛿𝑥

[6-7]

δ x is the distance between the water plane mid-point and the centre of gravity in the X-direction.
𝐾43 = 𝐾34

[6-8]
[6-9]

.

𝐾44 = 𝜌𝑔 [( ∫ 𝑦 2 𝑑𝐴) + (𝛿𝑧𝑐𝑔 ∗ 𝑉𝑜𝑙. )]
𝐴𝑤𝑠

Where 𝛿𝑧𝑐𝑔 is the Z-distance from the centre of gravity to the cut-water-plane and vol. is the
volume of the displaced hull.
.

𝐾45 = 𝜌𝑔 ∫ 𝑥𝑦 𝑑𝐴

[6-10]

𝐴𝑤𝑠

𝑦

𝑥
It is important to note 𝐴𝑤𝑠
is equal to𝐴𝑤𝑠 , and represented as 𝐴𝑤𝑠 in Equation 6-10.

𝐾53 = 𝐾35
𝐾54 = 𝐾45
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For a symmetric hull,

[6-13]

𝐾55 = 𝐾44

K46 and K56 are the stiffness components offered by external components such as moorings
and risers. Free-floating hull conditions have been considered in this study, the- effect of K46 and
K56 were therefore neglected. [4]modelled the cut-water plane stiffness on the heel of the columns.
At the time of this research, we don’t believe this is correct. The reason for this is because the
hydrostatic stiffness at the cut-water level is different from the hydrostatic stiffness at the heel of
the columns; from Equation 6-2 to Equation 6-11. The value for 𝛿𝑥 , 𝛿𝑦 and 𝛿𝑧𝑐𝑔 are different for
both planes. The stiffness at the heel of the columns was calculated, and the results are shown in
Table 6.4.
The disadvantage of using stiffness method is that excessive deformation is experienced around
the pontoon plate, because reinforcement was considered as distributed load (dead load) at this
stage. The reason for this is that the set-up for this analysis was created to identify areas where
high reinforcement will be needed and adequate material selection for it. For column analysis (were
the effect of the pontoon is neglected), the stiffness was modelled at the heel of the columns as
recommended by [4]. We compared the results obtained using this method and the displacement
method (for column analysis), and the results were the same. But the advantage of using this
method is that it takes less computational time when compared with the displacement method.
We also considered the stiffness from the centre-of-gravity.

6.4.3 Joint Design
The 2014 DNV certification of PC-Semi for dry-trees installation in deep waters specified
‘column-pontoon joint sizing’ as a design phase that requires further investigation, because of the
slenderness ratio of the columns. In our FE analysis, we have considered bonded-interface for the
joints around the hull; no form of separation between them. The normal stiffness factor of the
sort of contact type is generally determined by the weld type and strength. At the time of this
study, no information was available on this. ANSYS 17.0 recommended a factor of 10 for normal
stiffness for bonded contact, and we have adopted this value for our analysis.
Table 6.4 Stiffness matrixes
Heave

Roll

Pitch

Cut- Water Plane
Heave

12977894N/m

-0.034764N/0

-0.7288118N/0

Roll

-1.9918276N.m/m

-180024000N.m/0

52.457371N.m/0

Pitch

-42.757839N.m/m

52.457371N.m/0

-180024000N.m/0

Centre of Gravity
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Heave

12977894N/m

-0.034764N/0

-0.7288118N/0

Roll

-1.9918276N.m/m

347826000N.m/0

52.457371N.m/0

Pitch

-42.757839N.m/m

52.457371N.m/0

347826000N.m/0

Heel of Columns
Heave

12977894N/m

-0.034764N/0

12977894N/m

Roll

-1.9918276N.m/m

569193000N.m/0

-1.9918276N.m/m

Pitch

-42.757839N.m/m

52.457371N.m/0

569193000N.m/0

6.4.4 Mesh Study
The mesh study was developed to understand its effect on the result quality. The same element
size was used for all the columns (Figure 6.9). The mesh size was gradually reduced from 1.15m
to 0.25m, for a 0.15 interval, an recorded in Table 6.5. A variation in the maximum equivalent
stress of 129MPa and 155MPa was recorded for static analysis, and the value of maximum
equivalent stress gradually increased from 218MPa to 256 MPa for dynamic case. Table 6.5 shows
a summary of the mesh study carried out for dynamic analysis. During the mesh refinement, the
column elements were studied to ensure smoot transission around the curved edges and the joint
areas. There is a densed element concentration on the columns from 1.15m element size to 0.25m
element size, as presented in Figure 6.10 and Figure 6.11.

Figure 6.9 Hull mesh

Figure 6.11 Element size; 0.25m

Figure 6.10 Element size 1.15m

134

Design of Paired Column Semisubmersible Hull

Table 6.5 Column mesh study for dynamic analysis
Ekement size

No. of Nodes

No. of Elements

Max. Skewness

1.15

48481

38507

0.8314

1.00

55618

45630

218

0.85

75672

65667

223

0.70

104297

94327

228

0.55

161912

151962

233

0.40

297197

287252

241

0.25

717390

707601

𝝈𝒆𝒎𝒂𝒙 (MPa)
221

0.78329

256

Table 6.5 is graphically represented in Figure 6.12. The graph shows a steady small growth in
maximum stress between one hundred thousand and seven hundred thousand elements. The range
falls between 220MPa and 260MPa. A further increase in the number of elements will lead to
significant increase in computation time and cost, with little effect on the maximum equivalent
stress. The average value for mesh size (0.7m) was therefore adopted for this study, to help
eliminate the excesses of further refinement.
3

Max. Stress (MPa)

2.5

2
1.5
1
0.5
0
0

100
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700

Number of Elements (x 1000)

Figure 6.12 Column mesh study
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6.5 Loads on Columns
As earlier cited, the columns are hollow structures. The internal space is often partitioned into
different sections, and is used for liquid storage (ballast liquid, drilling mud, dead oil,). The stresses
on the columns are therefore due to the internal and external forces. In this study, we have
considered only the external forces, as the standard for designing semisubmersible hull in deep
waters, recommends only the external loadings.
Figure 6.13 and Figure 6.14 shows schematic representations of the external loadings on the
inner and outer columns respectively. The weld connections at the top and bottom of the columns
were modelled differently. Ideally, the weld connection at the top ought to be modelled with the
weld stiffness, at that joint. This again is relative to the type of topside used. For a truss-topside
(where beams are used to construct truss frames between columns), there might be no centralized
joint at the top of the columns. To circumvent for this complexity, a flexible approach was
adopted. A bonded-interface was established between the bottom steel plate of the topside and
the column top; for both topside cases. This implies that the columns and the topside act as a
single unit at the top.
(6) Weight of topside
(5) Force from wave elevation

(4) Forces from flow interactions

(2) Flow pressure force

(1) Force from riser weight

(3) Buoyancy force

Figure 6.13 External force illustration on inner columns
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(7) Mooring weight
Column/topside weld connection

Cut-water line

Traveling wave

Column/pontoon weld connection

Figure 6.14 External force illustration on outer columns
This wasn’t the case for the weld between the pontoon and the column. Further studies have
previously been recommended in [1, 4] on sizing this joint, because of the slenderness ratio of
these columns, as wave loading will create significant bending on them, which will exert high
stresses on this joint. As at the time of this research, there is nothing in the public domain that
suggests the thickness and properties of this joint. Conventionally, design engineers try to relate
the properties of the joint to the hydrostatic stiffness, because it is submerged in water. This is a
very realistic approach; as the mass properties of an object in space is different from when it is in
water. In this study, we developed the hydrostatic stiffness of the hull at that point (45.42m below
the water plane; the result is presented in Table 6.4), and modelled the joint with it. The columns
are fabricated from steel plates and are therefore represented as shell structures. Emphasis is placed
on yielding and buckling stresses in calculating and estimating stability and failure modes.

6.6 Stress Assessment: Working Stress Design (WSD)
The offshore industry has different recommended methods for developing acceptable stress
profile around a typical semisubmersible platform, to understand and assess its strength. [16]
presented the Working Stress Design (WSD) method, where the stress generated at different load
conditions are expected to be smaller than the product of the strength of the material and some
usage factors which are basically a function of the material strength, it loadings and the buckling
mode of deformation. The load resistance factor design approach (LRFD) is also a generally
accepted method for determining the stress level on offshore structures. This method assesses
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the level of safety of a structure by comparing the effect of the loadings and the structural
resistance. The structure is categorized as ‘safe’ if the load effect is less than the structural resistance
[140]. The Working Stress Design method was adopted for this study, because of the nature of the
loading conditions considered. The permissible usage factor is obtained from the product of the
basic usage factor presented in Table 6.6, and a range of coefficient as presented in Table 6.7.
[6-14]

𝜂 𝑝 = 𝛽 ∗ 𝜂0

Five loading condition were defined in [16] when considering the Working Stress Design
method.
L1st: Function loads
L2nd: Environmental loads and functional loads; environmental loads are defined in chapter 4
L3rd: Accidental loads and functional loads
L4th: Highest value of L2nd and L3rd per calendar year
L5th: L4th for heeling and flooding conditions
Table 6.6 Basic usage factors
Load Conditions
Loads

L1st

L2nd

L3rd

L4th

L5th

𝜼𝟎

0.60

0.80

1.00

1.00

1.00

Table 6.7 β for shell buckling as presented in [16]
λ ≤ 0.5

Type of Structure

0.5 < λ < 1.0

λ ≥ 1.0

Girders, beams stiffeners on shells

1.0

1.0

1.0

Shell of single curvature (cylindrical shells, conical shells)

1.0

1.2 – 0.4λ

0.8

Spherical shells

0.8

0.96 – 0.32λ

0.64

Where λ is the slenderness parameter, which is the ratio of minimum yield stress (fY) and the
elastic buckling stress (fE) for a particular mode.
𝜆=

𝑓𝑌
𝑓𝐸
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On the buckling of the columns, an eigenvalue analysis is recommended to estimate the topside
load effect on their failure mode. A complete hull scantling and reinforcement are required before
buckling analysis can be carried out, and at the time of this research, ANSYS do not have the
capacity to perform FEA on a completely reinforced PC-Semi. After the column reinforcement,
the buckling stresses are less likely to exceed the specified minimum yield stress of the steel.
Therefore, for this study, we have assumed that λ ≥ 1.0; β is therefore equal to 0.8.

6.7 Analysis and Description of the Hull Structure Finite
Element Models: Column Stresses
6.7.1 Case 1 Hull Type
The columns were checked for yielding to identify areas where high reinforcement will be
required. Maximum stresses (𝜎𝑒 ) were observed around the pontoon section for this topside case;
as shown in Figure 6.15. Some operating deep-draft semisubmersibles in deep waters are designed
with this topside formation (Petrobras 55,). Results from this study have shown that for a PCSemi (during ocean loading conditions), more stresses are concentrated on the pontoon section
for this topside design. Figure 6.15 showed that the columns do not necessarily achieve any
reduction in stress level. Apart from the large topside associated with this topside type, the close
distribution of stresses around the entire eight columns is also a significant advantage of this hull
type, as suggested by Figure 6.15. Again, the round fillet edge was observed to be very helpful in
distributing the stress on the plate. Similar behaviour can be observed for the rear edges of the
outer columns. Another important finding is the stress pattern at the base of the inner columns.
The effect of mesh refinement on the stress distribution on these areas was checked (Figure 6.16,
Figure 17 and Figure 18), and some changes were observed on the stress pattern on the columns.
As the mesh size gradually reduced (from 1.15m to 0.25m), the high-stress distribution observed
at the base of the inner columns (case 1 topside) gradually concentrated around its edges. The
mesh refinement around these areas showed very fine and smooth grid progression around the
regions. It is important to mention that for a 0.05m plate thickness, and an overall topside weight
of 26500metric tonnes, the maximum stress around the columns where observed to be below the
steel strength, before the application of the WSD check, as recommend by [16]. This is the best
possible situation, though, as the thickness of the steel plate used for construction does not exceed
0.05m.
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A

B
Figure 6.15 Column stress study for case 1 topside

Figure 6.16 1.15m Mesh Size

Figure 6.17 0.70 Mesh Size

Figure 6.18 0.25 Mesh Size

6.7.2 Case 2 Hull Type
From the recommendations in [4], there is an inclusion of braces, introduction of inner/outer
column connection, and a reduction in the topside operating area. Case 2 hull was built on that
premise.
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High stress concentration

Figure 6.19 Hull stress distribution from case 2 topside
The results obtained from this study showed a significant reduction in the overall stress
distribution around the eight columns, when compared with the previous analysis presented in
Figure 6.15. Findings from this study have shown that these recommendations will lead to highstress concentration on the pontoon section below the outer columns (see Figure 6.19). From
series of visual/video studies, the bending and twisting created on the inner columns are
transferred to the outer one through the connections, in turn creating high stresses underneath
them.

6.8 Column Stress Assessment
The maximum equivalent stresses obtained on the columns from the mesh study for static
analysis (Lst load case) ranges between 129MPa and 155MPa, while it falls within 218MPa and
256MPa for L2nd load case. Their working stress is presented in Table 6.8
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Table 6.8 Working stresses for static and dynamic load cases.
For load case L1st, 𝜂0 is 0.6. For 𝛽 as 0.8, the permissible usage factor is 0.6 x 0.8 = 0.48
Considering the steel strength as presented in Table 6.3, the working stress for static
analysis is expected to be ≤ 0.48 x 350 x 106 = 168MPa.
For load case L2nd, 𝜂0 is 0.8. For 𝛽 as 0.8, the permissible usage factor is 0.8 x 0.8 = 0.64.
Working stress is ≤ 350 x 0.64= 224MPa
For load case L3rd, L4th and L5th, 𝜂0 is 1.0. For 𝛽 as 0.8, the permissible usage factor is 1 x
0.8 = 0.8. Working stress is ≤ 350 x 0.8= 280MPa
The stress distribution on the columns exceeds the permissible stress level from environmental
loading, for WSD assessment. Scantling will significantly reduce the level of stress around the
columns.

6.9 Chapter Summary
A nonlinear finite element analysis has been presented in this chapter, to assess the strength of
a PC-Semi under hydrodynamic and static operating loads. The amount of scantling and column
reinforcement required will be estimated from the results obtained from this analysis.
The numerical model was developed with shell and solid elements, and CONTA173 and
CONTA174 were used to model the surface contact between bodies. Novel boundary
formulations that represent real life scenarios of offshore floating hulls were employed in this
study. This involves the inclusion of the hydrostatic and hydrodynamics behaviours, of the hull
during FE-analysis. The hydrostatic stiffness on the cut-water plane, the centre of gravity and the
column heel, where modelled accordingly, and modelled on their respective plane. The hull
response developed from time-response analysis was also included, to understand the effect of
hydrodynamic response on the stress distribution of a PC-Semi.
The result showed a comparative advantage of small truss topside design to a fully covered
design. The inclusion of braces and connections between the columns also helped to distribute the
stresses around the structure. Apart from distribution, there was a significant reduction in the
stress level on the columns for smaller topside than a bigger one, irrespective of the advantages
(wider operating area) offered by the bigger topside. The less stress on the columns has suggested
a reduced amount of steel will be required for reinforcement during scantling. Maximum stress
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concentration was observed on the inner column for both topside cases, with extra reinforcement
needed around the top and bottom sections, depending on the type of joint adopted during
construction.
The Working Stress Design method was employed to assess the level of stress level on the hull
as recommended by DNV. Apart from static load case where only the operating loads are
considered, the stress distributions obtained around the hull for all other load condition indicated
the need for adequate hull reinforcement. It also enabled us to highlight the regions were high steel
reinforcements will be required.
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Chapter Seven: Recommendations for Design
Improvement
7.1 Introduction
The design of paired column semisubmersible hull as presented by Houston Offshore
Technology and Research Partnership to Secure Energy for America, cannot be used for sea
depths below 2000 meters, and cannot be applied as foundation system to offshore floating
structures such as wind turbine. But from the results presented in chapters 3, 4, 5 and 6, we might
be able to recommend the draft design for these applications, as a more detailed description of its
dynamics and operation has been studied. Furthermore, this project also involves ways of
achieving weight reduction with semisubmersible hull formations. Offshore conventional practice
applies the use of composite materials for the design of superstructures and topside facilities in
achieving weight and maintenance reduction. Because the hull columns are load-carryingstructures, there is less possibility of replacing their steel plates with composite ones. A more
realistic way of reducing the column weight is by 'using a light weight material for hull
reinforcement (scantling)' during construction. The results recorded in chapter 6 can be used for
such recommendation.
In this chapter, we have discussed future designs of PC-Semis with the results obtained from
this study. Ways to improve its heeling moment (stability) for shallow draft scenarios have been
highlighted, alongside its translational heave motions. Designs for scantling, joints, and topside
weight were also discussed.

7.2 Improving Stability
The stability requirement for floating hull systems as recommended by HSE, ABS, IMO and
DNV cited a positive metacentric height for all cases of hydrodynamic action on the hull, alongside
a level of rotation (Figure 7.1 shows s description of the angle of rotation). These two parameters
are controlled by the hull’s translational motions in the X, Y, and Z directions, and the rotational
behaviour around these directions. Results obtained from these motions have been presented in
chapter 4 of this thesis. Table 7.1 shows a summary of that study.
Table 7.1 Summary of global performance
Survival
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Case 1
Maximum heave
displacement
Maximum rotation

30.43m

11.18m

4.00

1.610

Case 2
Maximum heave
displacement
Maximum rotation

11.15m

4.85m

6.170

4.060

Case 3
Maximum heave
6.33m
2.22m
displacement
6.120
3.490
Maximum rotation
Effect of wave-current interactions
o Non-uniform effect for hull RAO for all draft sizes; between
0.5m/s and 2.5m/s current velocities
o At resonance, heave response increases with draft size for wave
(regular) - current interaction. Although this was observed to
occur at different current velocities, for different draft sizes.

𝜃

Figure 7.1 Calculating for rotation
7.2.1 Design alteration for roll improvement
Key observations;


Motion increases between 00 and 900, with maximum values recorded at 900.



RAO moment has nonlinear relationship with draft size.



Satisfies HSE and DNV stability standard for heeling moment for intact condition.

High roll motions can lead to significant heeling angles, which can result in an overturning of
the hull. [141]. For us to guarantee the stability of the hull under roll motion, we have investigated
the parameters on which the roll motions depend. The first study conducted was the relationship
between the roll RAO and the flow angle, it was observed that for low frequency wave motions
(resonance frequency), roll moment increase from 00 to 900, as illustrated in Figure 7.2. This is not
necessarily the case for higher wave frequencies, but the extent of roll moments recorded at such
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frequencies was observed not to be significant in estimating the stability of the hull. The symmetric
nature of the hull geometry around its four corners generated an inverse relationship between the
roll and pitch motions for one-fourth of the entire flow angle (900). At 900, the roll motions are
the same as the pitch motion recorded at 00 flow angles. The inclusion of structural attachments
such as moorings and riser might alter these dynamics but the alteration is expected to be small.
Nonetheless, design engineers are advised to investigate the extent/effect of structural attachments
on for any particular application of this hull, before proceeding to construction. From
experimental and numerical investigations of low-frequency row motions of conventional four
column semisubmersible, [110] concluded that roll angle is generated by the mean drift moment,
and this has a linear relationship between 15m and 17m draft conditions; as the draft increases the
roll moment reduced. This study has suggested that the case is not always linear for a PC-Semi, as
discussed in chapter 4 of this thesis. Figure 7.4 shows the relationship between the Roll RAO for
the three draft cases defined in chapter 4.
14
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Figure 7.2 Relationship between flow angles and roll motion for 53.34m draft size
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Figure 7.3 Drift roll-moment at 900 flow angle
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Figure 7.4 Draft effect on roll RAO for 900 flow angle.
From Figure 7.3, it is evident that maximum roll moment does not occur for smaller draft size
for all wave frequencies. Specifically, the maximum moment only occurs for smaller draft size at
the resonance frequency; and very low wave frequencies (below resonance). For all other wave
frequencies, smaller draft size is likely to have lesser roll moment. Reconfiguration for roll
optimization is therefore done only for resonance frequency, and low-frequency wave responses,
despite the fact that the hull is designed to operate outside the resonance frequency range.
After a careful study of the roll motions for different draft sizes, flow orientations and wave
frequency range, it is confirmed that the roll performance of a Pc-Semi is highly favourable, when
compared to any other form semisubmersible. Although in applications where roll improve is
required, some recommendations have been postulated in this study.
i.

Load redistribution can significantly improve the roll performance of a PC-Semi.

ii.

The alteration of the draft size can also help to improve the roll performance of this hull.
7.2.2 Design alteration for heave improvement

The results presented in this thesis (including other reports on this hull) have shown that
reduced heave motion is obtained on a PC-Semi because of its dynamic behaviour from ocean
loads. In reality, this is not actually the case for all draft sizes. To be specific, low heave
displacement on a PC-Semi hull can only be obtained in its base-case or deep-draft configuration.
Immediately the draft is altered, the response gradually becomes what is obtainable in conventional
deep-draft semis. A summary of the results discussed in chapter 4 section 4.6.4, is presented in
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Figure 7.5. Further reconfiguration or design alteration might, therefore, be required if it is to be
applied for sea depths below 2000m, or for foundation systems.

Displacement (m)

100yr hurricane
1000yrs hurricane
40
30
20
10
0
53.34

49

44.65

Draft size (m)

Figure 7.5 Heave offset study for hurricane conditions; extreme and survival conditions
Figure 7.5 shown 11.142m heave displacement for 1000-years hurricane weather conditions
when the draft size is reduced from 53.34m to 49.0m. This value exceeds the stroke limit of toptension risers. With this amount of downward displacement, the issue of deck slamming is of
concern. Further reduction in heave motion on this hull can be achieved from the following;
I.

Column design recommended by [3]

[3]presented a novel method for optimizing the weight and heave motion of a semisubmersible
floating production unit, by altering the column geometric properties. The conventional straight
column was sub-divided into 10 parts as shown in Figure 7.6. They estimated the size of each part
for a set of mathematical relations, which they developed.

Figure 7.6 Column design presented by [3]
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The report suggested that an increase in hull weight from column alteration can lead to a
reduction in heave motion. As can be observed in Figure 7.6, the upper, middle and lower parts
of the column are of different geometry. This will redistribute the added mass parameter around
the submerged section, which will eventually create more mass/weight below the region of the
submerged section. This method may be applied during the construction of PC-Semi.
II.

Pontoon plate enlargement

Apart from column alteration, another way to achieve heave reduction on a Pc-Semi is by
improving the added mass parameters on the submerged part of the hull; i.e., pontoon
enlargement. The discussions on drag effect on the hull presented in chapter 3 and chapter 5 cited
the pontoon section to be responsible for one-third of the entire drag on the hull. The centralized
nature of the pontoon system can remain the same with a slight increase in its top section. This
can lead to a small increase on the columns/pontoon drag ratio, increase the plate-like behaviour
of the pontoon, in turn, decreases the entire heave response of the hull.
At the time of this study, this is speculated as a recommendation from the results obtained for
drag relationships. Further investigation will be required before any form of conclusive
recommendation can be drawn from this.

7.3 Strength Improvement
The columns have the ability to behave like independent structures from their uniaxial
compressive loading conditions. This will reduce the overall strenght of the hull. Jun Zou
introduced inner column braces and connections between the inner and outer columns to help
improve its strength (see Figure 7.7 and Figure 7.8). The FE analysis presented in chapter 6 showed
that these inclusions can be very effective, although specifications for their design and construction
have not been recommeded in previous studies. In this study, we have adopted hollow steel circular
tubes have been used for both reinforcements. It is more economical in terms of materials.
Figure 7.8 shows the stress study on the inner column braces. Stress concentration was recorded
around the contact surface between the columns and the brace, for all four edges.
Recommendation for material thickness is therefore required for this connection depending the
payload adopted.
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Figure 7.7 Hull frame

Figure 7.8 Connections and braces

Figure 7.9 Stress on inner columns braces
7.3.1 Design for Columns under Uniaxial Compressive Loads
Recommendations for the redesign of the columns have been postulated to reduce heave
response for draft variation (reduction), to help proliferate the application of PC-Semi. The stress
on the columns for the original design presented in chapter 6 was studied. In chapter 6, it was
mentioned that maximum equivalent stress was observed on the inner columns for both topside
cases. Figure 7.10 and Figure 7.11 shows their independent von-Mises stress evaluation for
dynamic load case, for a topside deck mass of 34 x 106Kg. It is important to mention that for this
particular comparison, a very refined mesh was used, with element size 0.2m.
There is a slight difference between the maximum stresses on both columns, which is as a result
of the high compressive stress concentration at the edge of the column for case 2 topside,
represented in Figure 7.11. Apart from that, there is a lesser stress distribution around the column
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for case 2 topside, which signifies it will receive less material for scantling and reinforcement, as
compared to the on Figure 7.10.

Figure 7.10 Inner column stress from case 1
topside

Figure 7.11 Inner column stress from case 2
topside

7.3.2 Joint Assessment and Recommendation
Sizing the different joints around the structure is of key interest in assessing the strength of the
hull also depends on this. The column-pontoon connection and the connection at the inner
column braces were considered to be of outmost importance in our analysis. This results obtained
from column stress for case 1 topside (Figure 7.8 and Figure 7.9) can be used to select the most
realistic joint and weld type suitable for the connection. Early studies presented in RPSEA 2009
first stage report suggested a slot-in type of connection with a sub-section protruding from the
pontoon, creating little gap for welding (Tee-fillet weld); as described in Figure 7.12. A more
effective joint type has been recommended from this study.
From the results obtained so far, the weld around the column-pontoon connection is likely to
have very high-stress concentration, as high stresses have been obtained at the base of the columns.
[142] presented recommended standards for developing joint/weld connections for floating hull
systems. The standard cited a limit of 3mm for tee-fillet joints on floating hulls. The standard
presented in [143] is equally to this effect. This is far less than the thickness of the column/pontoon
plates, and also less than the spacing created between them. Considering the stress level recorded
at the column base for both topside cases, the above joint type might not be valid. A tee-butt joint
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(weld) has been recommended for this hull type. Figure 7.13 and Figure 7.14 shows the distinct
difference between the two joints.

Weld space

Figure 7.12 Column-pontoon assembly postulated by [4]. Tee-fillet joint

Figure 7.13 [4] recommended joint

Figure 7.14 Recommended joint from current

design

study

7.4 Recommendation for Payload
All floating systems are designed for their payloads, which is the amount of weight that can be
put on them while they maintain their stability. From basic principle of floating bodies, the payload
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is always a function of the displace mass. Table 4.2 in chapter 4 reported a mass of 96500 x 103Kg
as the displaced mass of the hull for a draft size of 53.34m. Table 6.2 in chapter 6 shows how this
mass was calibrated/allocated for different structural components of the. This mass allocation
determines where the hull’s centre of gravity will be located, which is responsible for the response
and stability of the entire system. This implies that the amount of mass that can be allocated on
the deck (facilities and utilities) will be reduced. After reviewing the payload / displaced mass ratio
of 56 existing semisubmersibles in deep waters, we decided the most accurate deck mass for PCSemi that would keep the centre of gravity around the point which we have presented in Table 4.3
should be between the ranges of 25.1 x 106 Kg to 34.0 x 106 Kg, and earlier presented in Table 6.2.
(Some of the semisubmersibles studied can be found in [144]and [145]. Therefore, we’ve
investigated the column stresses for different deck mass. Table 7.2 shows the effect on the topside
mass on the stress distribution on the columns. For this stress study, we have considered the hull
type described in case 1 and a coarse mesh, with element size 1.15, because it is more time effective.
The relationship will be the same for a more refined mesh and for case 2 topside; irrespective of
the value of stress level that will be recorded.
Table 7.2 Effect of topside weight on maximum stress on columns
Mass

Weight

(x 106 Kg)

(x 106N)

Static Load Case
𝝈𝒆𝒎𝒂𝒙 (MPa)

Dynamic Load Case
𝝈𝒆𝒎𝒂𝒙 (MPa)

25.1

246.23

147.24

201.92

26.0

255.06

153.52

205.50

28.0

274.68

164.25

213.46

30.0

294.30

175.98

221.45

32.0

313.92

184.71

229.38

34.0

333.54

191.34

237.32

Table 7.2 shows the effect of the topside weight on the maximum stresses (von-Misses) around
the columns. A gradual progressive increase in 𝜎𝑒𝑚𝑎𝑥 was observed for both load cases. The wave
and current loads were observed to have over 25% increase in the stress level on the columns.
Figure 7.15 showed the linear relationship between the deck-mass and the maximum stress.
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Figure 7.15 Effect of topside weight on the maximum stress on columns

7.5 Postulated Reinforcement
Hull scantling (including braces and flange design) is often the most critical stage in the design
of floating hulls, to guarantee their strength in rough weather. The results presented in chapter 6
and the recommendations from this chapter can be used to postulate the internal reinforcement
for the columns.
Previous company reports recommends uniformly distributed internal reinforcement for
semisubmersible columns. From our results, non-uniform column reinforcement will significantly
reduce the materials required for reinforcement, since there is a high disparity between the stresses
recorded around them. An illustration has been reported in this study.
A set of ring and I stiffeners have been recommended for reinforcing the inner columns during
scantling. This recommendation is based on (ABS, 2004) and (ABS, 2014) documentations. A set
of 17 ring stiffeners (Figure 7.17) were designed for reinforcing the inner columns; as illustrated
in Figure 7.16. From the top, the first five rings have a spacing of 2.81m, while the other 12 rings
are 4.93m spaced. The formulation for spacing is due to the premise that the level of stress
concentration is higher around the upper region of the column as reported in Figure 7.11.
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Figure 7.16 Reinforcement for inner columns

Figure 7.17 Ring and straight stiffeners

7.6 Applications
One of the main objectives of this research is to be able to recommend the hull formation of a
PC-Semi for different applications in ocean engineering. From our wide range of results presented
in chapters 3, 4, 5, 6 and 7, we can give key recommendations for PC-Semis application for drilling,
production, and support units.
7.6.1 Application for Support Systems; Accommodation and Luxury Cruise
From the results obtained from this study, we can conclude that the numerous advantages of a
PC-Semi will be better exploited when used to construct the hull of a support vessel where the
high payload is required. The results for its motion characteristics presented in chapter 4 of this
thesis showed very low rotational and translational response at base case configuration for 1000years wave return period, for hurricane situation in the GOM. For normal operating condition,
this will be over 10times lower. Result summary presented in Table 3.1 is evidence to this fact.). If
these motion characteristics are compared to the size of the possible payload integration presented
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in chapter 7, the size of the top-deck accommodation design can be very massive. For this reason,
PC-Semi is highly recommended for any future design of floating accommodations and cruise
vessels to operate in rough sea weather.
7.6.1 Application for FPS (Floating Production System)
Another very useful application of this hull is the design of production platforms in deep waters.
This is the function for which it was initially invented. The series of reports presented by RPSEA
already showed how that design should be achieved. Achieving a positive metacentric height (as
required by regulatory bodies for stability) for the hull is easy when it’s used for production
platform design. A positive metacentric height means the centre of gravity must always be below
the metacentre. The additional weight integration offered by the production risers helps to place
the centre of gravity further below the cut water plane. This advantage is only peculiar with
production platforms, because drilling rigs only have 3 to 4 risers, while production platforms can
operate with over 30 steel centenary risers, alongside over 40 top-tension risers.
7.6.2 Application for Foundation System
For wind turbine foundation system, we still require a detailed knowledge of the regulatory
policies in developing foundations systems for a wind turbine in different regions. As much as we
know, the only functional semisubmersible foundation system used for wind turbines is the Dutch
Tri-Floater. If the policy supports the application of other semisubmersibles outside the tri-floater,
an experimental investigation still need to be carried out. Investigation on the effect of wind and
maximum turbine rotation strength of a PC-Semi needs to be carried out before any form of
recommendation can be made. In relation with the hull response, favourable response and turbine
weight are compatible with PC-Semi for foundation system application.
7.6.3 Application for Drilling Rig
This study has shown that although a PC-Semi can easily be used to develop production
platforms for deep-water operations, same cannot be easily achieved for a drilling rig. The reason
is that without the weight provision of production facilities (risers and umbilicals), achieving a
lower centre of gravity will be restricted to the hull’s weight distribution. From this study, a
recommendation for hull design alteration (columns and pontoon) is required to attain the level
of stability needed for a safe drilling operation. Further studies are required to come to any sort of
precise conclusion on this.
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7.7 Chapter Summary
A detailed review of the results from hydrodynamics analysis and strength assessment presented
in chapters 3, 4, 5, and 6, have been used to recommend design alterations to help improve the
performace of the hull. These recommendations were discussed in this chapter.
A different form of column design was recomended to improve the heave motion for shallow
and transient draft conditions. It involves increasing the area of the submerged part. An increase
in pontoon surface area was also greatly encouraged, to help increase the vertical added mass
parameter for dynamic cases. For roll and pitch improvement, weight redistribution was
recommended for the outer columns, which will depend on the application of the hull. This
concept is not particular to this study. Some reseachers have previously recommended this sort of
design to improve the roll behaviour of semisubmersible MODUs. The uniqueness of the case of
a PC-Semi is that it meets the rotational criteria for intact condition required from floating
structures for all draft cases. If there will any concern for roll improvement, it can only be the
possible degree of rotation around the resonance frequencies, and the hull is designed to operate
outside this range. In which case, no permanent mechanism is required for roll improvement. For
extreme damage cases and for applications where rotation is required to significantly go below the
required standard, weight redistribution can improve the roll performance of this hull.
Ways of improving the strength of this hull were also discussed in this chapter. The effect of
inner columns braces and connections between inner/outer columns on the stress distribution was
studied. The effect of hydrodynamic loads on the stress distribution on the columns was observed
to be less with the inclusion there braces and connections.
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Chapter Eight: Conclusions and Recommendations
for Future Studies
8.1 Conclusion
The conceptualization of this project is anchored on harnessing the advantages of a paired
column semisubmersible hull system in the design and construction of floating platforms used for
support vessels, drilling platforms and foundation systems, alongside production platforms for
which it was initially designed. The research was structured in-line with industrial standards for
designing offshore floating hulls, and prerequisite was taken from reports on the first PC-Semi
design by presented H.O.E and RPSEA.
The most challenging aspect of this research is the process of coupling different numerical
models, as the effect of the load; response and strength were developed differently. To numerically
investigate the effect of wave in-line motions on the VIM response of the hull as recommended
by [14], we had to integrate hydrodynamic model with CFD model. To evaluate its strength, we
had to design for all load conditions, which means we had to integrate the hydrodynamic and CFD
models to the FE-model.
A systematic literature review of the dynamics and functionalities of semisubmersible hulls in
the offshore industry was carried out, alongside the origin and idealization for Pc-Semi. The review
cited the flexibility of semisubmersibles and the series of optimizations that has been achieved as
reasons for its high demand in the growing oil and gas industry. Structural attachments (such as
mooring and risers) were discussed and the comparative advantages of semisubmersible hull over
TLP with respect to these attachments were also discussed. In light of payload integration, the
advantages of semisubmersible hull over Spar platforms were also cited. The review also discussed
the recent demand of column stabilized semisubmersible hull in the design of mini floating island
and cruise vessels. The review showed a significant knowledge gap in achieving high payload for
floating semisubmersibles and less motion response, and some progress has been achieved on this
over the years. The constant search for crude oil deposit in remote sea areas and the extreme
weather conditions recorded as a result of global warming/increase in sea level demands novelties
for motion reduction for semisubmersible hulls to meet regulatory standards. Conclusions from
the review suggested that the vertical plane (heave, roll, and pitch) motion reduction for dry-trees
compatibility achieved from the idealization of PC-Semi can be extremely useful in filling that
knowledge gap. Further research was therefore required to understand the complete dynamics of
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this hull, alongside a complete knowledge of its strength under combined loading. Considering
industrial standards, this required us to develop series of numerical models to investigate and
interpret before setting standards and recommending it for specific designs/applications.
Given the complex flow pattern associated with the unique PC-Semi column arrangement, an
experimental setup was put together to investigate the motion response and hydrodynamic
loadings of the hull in its free floating state. This was carried out alongside a numerical setup
modelled on diffraction and radiation theories. The relationship between the flow angle and its
hull motion amplitude was observed to be opposite to the conventional relationship for four
column semisubmersibles operating in deep waters. Useful findings from previous studies were
considered in developing the numerical setup. Some conclusions were made from the results
obtained from the motion study;
i.

Low frequency heave response for PC-Semi was observed to be extremely favourable for
deep-draft (base-case configuration) designs when compared to survival and tows draft
cases; as the slender nature of the rectangular columns makes it unfavourable in such
situations. Considering the standards for semisubmersible stability as set by the regulatory
bodies and the requirement of stroke limit for top tension risers, the stability of this hull
type/compatibility with top-deck well head installation for survival and extreme weather
conditions can only be guaranteed in its deep-draft state. Again, this restricts its application
to only deep-draft designs

ii.

There is an inverse relationship between the pitch and roll behaviour for 0 0 and 900 flow
angles because of the symmetric nature of the hull, future operators of PC-Semis must
take note of this. This hull type easily gains stability as required by recommended standards
(IMO, API, DNV: 70 for intact state, and 170 for damage condition), irrespective of the
draft condition, this was not the case for damage conditions. Although, this is not the case
for the translational motions, for which its attachments (moorings, risers, and umbilicals)
depends on. An overall hull reconfiguration might be required (specifically for heave
reduction) for some future applications of this hull. Conventional four columns deep-draft
semisubmersibles do not have this behaviour; reduced draft size normally leads to increase
in hull rotation.

iii.

The effect of wave-current interactions on a PC-Semi is significantly different from what
is obtained in conventional floating structures; this research has been able to establish that.
Wave-current interactions will generate extremely high/destructive heave amplitude on
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this hull for base-case configuration, at resonance frequency. A further investigation is
required to gain a complete understanding of the parameters in which this unique
behaviour depend on.
The drag effect of the flow on the hull was also investigated. An important reason for this
investigation is its usefulness in industrial applications. A conserved approach is mostly adopted
in industries for calculating and estimating the flow/wave forces on floating bodies; in which case,
Morison’s equation is applied (Equation 2-1 and Equation 2-2). The results recorded for drag
coefficients; as present in chapter five can be applied to calculate for wave forces in situations
where the 3D BEM is not available. It can also be used to estimates the effect of vortex formation
on the hull. Useful conclusions on PC-Semi hull were obtained from the CFD model some of
which includes;
i.

Maximum drag and vortex shedding amplitude have been observed to occur at 0 0 flow
angle. Future operators of structures suspended on PC-Semi hull have to take note of this
during installation and operations.

ii.

The spacing between the inner and outer column on each pair controls the flow drag
(force) on the entire hull. This parameter has a unique nonlinear effect because of the
superimposition of the wake transition behaviour around multiple arranged columns. For
a PC-Semi hull design, the relationship will need to be investigated for all flow angles to
select the most effective spacing for minimum drag distribution around the columns. In
this study, we observed that the formation of irregular wake around the columns
significantly reduces the level of drag around the hull.

iii.

A highly uneven drag force relationship was recorded for the four pairs for different innerouter column spacing. This is an indication of the level of instability that can arise if the
spacing between the columns is not appropriately selected. Since maximum response
amplitudes and drag coefficients have been recorded for 00 flow angle, offshore engineers
will be recommended to operate the hull for 450 current flow. For this flow orientation, a
minimum of two times the length of the outer column is required for the spacing between
the outer and inner column to effectively reduce the margin of the disparity between the
drag on the each pair. This recommendation has to be strictly adhered to for any design of
PC-Semi to obtain the required level of stability required for column stabilized unit.
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iv.

A study of the vortex formation from the column boundary layer for different geometric
configuration showed that despite the advantages offered by the rectangular columns, the
design can be improved. A combination of circular outer columns and square inner
columns is likely to be more favourable to design a vortex suppressed PC-Semi. Further
research is required to gain a complete understanding of this unique combination.

The strength of the hull under combined loading was assessed with a finite element model. The
result showed the advantages of smaller deck over a larger one. The inner column braces and load
distribution by the inner/outer column connections helped to reduce the overall stress level
around the columns. Less material will therefore be required for hull scantling, with the possibility
of applying composite stiffeners and girders.

8.2 Recommendation for Future Studies
8.2.1 Effect of fluid-structure interaction on column stress profile and hull
deformation
The set of flow equations used in estimating the hydrodynamic properties of the hull, presented
in chapter 4, functions on single phase flow assumption. Figure 4.1 and Equation 4-1 clearly cited
this. Due to this development, we were unable to predict the effect of backward-hydrodynamics
and multi-phase flow scenarios on the stress and flexural properties on the hull. To gain a complete
understanding of sloshing effect around the centralized area of the hull, a multi-phase
hydrodynamic model will need to be developed. This will further aid material selection in the
construction stage of this hull.
8.2.2 Design and sizing of Tee-Butt joint for column-pontoon connection
The results presented on the stress distribution on the columns showed high stress
concentration around the column-pontoon connection, and a joint type has been postulated to
that regards. Further research is therefore required to effectively size this recommended joint, for
different amount of payload and weather conditions. The FE-model presented in this study is
capable of carrying out this task, but further improvement and company weld stiffness will be
needed to advance the progress of this study
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8.2.3 Design and development of PC-Semi for wind turbine foundation
system
The motion response of a Pc-Semi characterized in this study has shown high weight to motion
response ratio for PC-Semi hull. This advantage can be very useful in designing foundation systems
in the fast growing renewable energy industry. It is therefore recommended that the effect of wind
turbine installation should be investigated on a PC-Semi hull. This will require the application of
new set of standards. The motion and strength assessment presented in this thesis might not be
valid for this application.
8.2.4 Hull Scantling
The recommendations postulated for hull scantling in chapter 7 need to be investigated on.
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