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Abstract

Remotely located deepwater fields with challenging environmental conditions are now
being explored and developed because of their good energy resource. This means
technology advancement in marine operations is required to influence the field
development cost. This is hindered by the difficulty in estimating the added mass and
damping parameters which are important influencing factors in the installation process

of subsea structures required for the field development.

These issues are addressed by developing an analytical calculation and Fluent
simulation method to estimate the hydrodynamic coefficients of complicated subsea
structures far from boundaries and in close proximity to the seabed at different KC
numbers. The analytical method is developed from standard hydrodynamic theory, and
the CFD analysis is based on estimating the hydrodynamic force on the structure and
then splitting the force into its added mass component, while the equivalent linearized
damping is derived from the sinusoidal varying force over a time record by fitting a
line that touches the peak of these forces. The results from the analytical method and
CFD analysis were found to be satisfactory after validating with existing literature and

through numerical flow visualisation.

The added mass and damping of the structure show KC dependency. As KC increases,
the flow field around the vertically oscillating structure and the vortex shedding pattern
changes. The increase in KC leads to an independent and interactive vortex shedding

regime for the different heights above seabed.

The installation analysis performed, showed increasing response of the subsea
protective structure at different KC as it progresses to the seabed, which is useful in
understanding the influence of submergence on the added mass and damping of subsea

structures oscillating in heave direction at various KC number.

Xviii



1 Introduction

1.1  Background

The increasing demand for energy over the years has led to companies increase
investment in the energy sector. Over the years, companies have moved into deeper
waters due to the depleted onshore and shallow water reserves. One of the challenges
faced by the industry is the security of supply which has led to an increase in
exploration activities in much deeper waters but after June 2014, the International
Energy Agency reported oil and gas supply was greater than its demand leading to a
continuous price drop which still did not affect demand as shown in Figure 1.1-1 with

a long-term forecast predicting global energy demand to increase by one-third in 2035.
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Figure 1.1-1 World primary energy demand by fuel (International Energy Agency, 2013)

As a result of this, there has been a cut down in exploration activities and oil field
developments, hence the need for cost effective solutions to harness this form of

energy.

The energy industry comprises of several activities carried out offshore which could

be in either shallow water or deepwater environments and it is made up of different



sectors such as: the oil and gas sector, the wind energy sector, tidal and wave energy

sector which are involved in subsea installation operations in these environments.

There are peculiar operational methods associated with each sector but these sectors
all rely on an effective marine operation for their successful operation and the basic

principles in marine hydrodynamics underpin the analysis of these operations.

1.2 Installation of Subsea Structures and Analysis Approach

A typical conventional installation method uses a drilling riser through a moon-pool
or an A-frame vessel where the structure is over boarded at the stern of the vessel.
When lowered below the waterline, the fully immersed subsea structure undergoes
acceleration due to the motion at the crane tip. These top end excitations impact on the
subsea structure and produce a net hydrodynamic force on the structure that is
associated with the energy possessed by the structure due to its motion in water. The
structure moves water in its path thereby experiencing a dissipation of its energy as a
result of viscosity in the boundary of the fluid and structure and the pressure drag. The
mass of the accelerated fluid is called the added mass while the effect of the dissipative
process, loss of energy due to oscillatory motion of the structure that leads to decay of
amplitudes, is known as the damping. The added mass and damping loads are steady-
state hydrodynamic forces and moments due to forced harmonic rigid body motions
which results in oscillating fluid pressures on the surface of the structure (Faltinsen,
1990).

Installation covers a wide range of methods used in placing offshore structures such as
oil and gas structures, renewable energy structures and other structures. These
structures are used for harnessing energy or other operations conducted in the offshore
environment. In this thesis, installation deals with the lowering of subsea oil and gas
structures used for drilling and production purposes while retrieval of these structures
after their service life or during operation and maintenance activities is the reversal of
the lowering process. The objectives of this thesis is not only limited to oil and gas
structures and can be extended to other offshore sectors.



The challenges faced during such operations can be categorised into challenges from
environmental conditions and from system properties. From the two categories, the
structure’s properties which lies within the system properties influence, to an extent,
what installation or retrieval technique should be applied. Offshore structures could
range from several linear structures to wide complex shaped geometrical structures,

which explain why not one installation technique fits all.

These challenges pose a risk to the installed structure and could lead to technical
failures such as loss of the subsea structure during lowering, damage to the subsea
structure, and injuries to on-board personnel. Zhou, et al. (2015) presented similar
consequences for a subsea jumber with high risk failure modes such as fatigue or wear
of rigging or ropes, installation vessel’s collision with jumper and sudden change of
sea state. The project delivery time can be affected as a result of such failures or by
simply underestimating or not taking accurate account of environmental factors such
as the influence of sea waves or inaccuracy of weather forecast as reported by Zhou,

et al. (2005), etc and hardware properties.

A brief description of the challenges from both environmental conditions and system
properties associated with subsea installation is outlined below. These conditions take
into account all water depths with emphasis on deepwater. There is no clear distinction
between shallow, deepwater and ultra-deepwater depths. Deepwater is defined as
depths greater than or equal to 500m and ultra-deepwater depths are those water depths
greater than or equal to 1500m (Howes et al., 2008). With advancing technologies in
this area and the industry goes deeper, this definition is bound to change.

Water Depth

The influence of water depth on deepwater offshore installation activities is significant
when looking at the cost drivers during field development. The transition from shallow
water to deepwater results in an increase in the number of technical challenges where
conventional operational methods and equipment might not work (Rowe, et al., 2001)
or be more expensive if applied, thereby increasing the operational risks associated

with such operations, setting limitations for the vessel, the lowering line and the



installation technique. Increased water depth would result to longer exposure time of
the structure to the dynamic excitation from the installation vessel, which would

increase installation fatigue.

Strong current

The shape of the lifting line can be forced into a lateral catenary shape as a result of
strong currents experienced in deepwater regions (Rowe, et al., 2001). Not only does
this affect the lifting line, Rowe et al. (2001) further explained how relatively small
currents introduces large offsets between the surface vessel and the subsea structure.
Due to horizontal current variations the submerged structure’s control and positioning
becomes an issue in this case as it needs to be landed on the seabed safely taking into
consideration the tight tolerance limit influenced by the field architecture and the water
depth. As a result of the horizontal current loading on the structure, the structure tends
to have a greater response compared to the deployment line because of its large surface
area and both systems could move in same direction or in completely different
directions due to the influence of multidirectional current. If this is the case, then the
stresses at hook, the attachment point between the line and structure will be increased

as the line tries to bring the structure back to its original position.

Wave Intensity

The response of the floating unit is partly due to the wave loading. Offshore waves are
characterised by their period and height which have a significant influence on the
subsea structure as a result of the motion transferred to it by the surface vessel. During
lowering to the seabed, the subsea structure could experience resonance and snap
loading for certain combinations of wave heights and periods. The wave properties are
critical for a preliminary design through to detailed design of offshore structures. They
are required in deriving the controlling parameters to have an idea on the limiting sea
states. According to Bunnik and Buchner (2004) offshore structures experience
excessive loading in the splash zone and this is the highest loading a structure will
experience during the installation phases or when retrieved to deck and they also
pointed out the difficulty in estimating the hydrodynamic loads in this zone. At this
stage the lifting line undergoes excessive vibrations due to its stiffness and coupled
response of the entire system.



Seabed Characteristics

After going through the water column, the structure has to be landed safely on the
seabed at a tight tolerance limit. The challenges involved in such an operation are
landing equipment with a large footprint area on uneven seabed topography (Example:
The slide area of the Ormen Lange gas field and its uneven seabed topography) and a
low bearing soil capacity. These challenges affect the structure’s in situ stability and

fluid flow within it.

System Properties

Offshore installation systems are equipment used during an installation campaign.
They are the on-board equipment, the subsea module, the rigging, crane, tuggers and
lowering line. The subjects of interest are the properties of the lowering line and the
subsea module which are susceptible to environmental forces. In deepwater, the
submerged weight of the line is important. According to Caley (2019), “At 3,000
meters the weight of a 5 wire rope is about the same as its 170t payload at a depth of
about 6,000 meters the safe working load (SWL) of the steel wire rope is entirely used
up by its self-weight, leaving zero payload capacity.” This is not the case for synthetic
ropes which have been developed to tackle this challenge. Substituting steel with
synthetic ropes, which are wholly or partly buoyant when submerged in deepwater,
can be of great advantage by carrying higher loads and still retaining their deepwater
installation capacity, and freeing up useful deck space (DSM Dyneema Press Releases,
2010).

Deep water subsea modules are made large to reduce subsurface tieback. Safety is
paramount when carrying out a marine operation. Large structures could pose a threat
to personnel safety and on board equipment when lifted off a deck as a result of its
response to environmental excitations (IMCA, 2007). The forces associated with
lifting in-air, splash zone and submerged phases should be well accounted for during
design. Another challenge is the time it takes to flood a submerged module to mitigate
implosion. Water entry time increases with an increased module size and this needs to

be taken into account.



Another challenge is the issue of resonance and snap loading caused by the dynamic
excitations of the offshore construction vessel due to the wave loads. This should be
well accounted for during the design stage and can be avoided by changing the

system’s parameters at particular depths.

1.2.1 Analysis Approach
There are several approaches that are adopted in carrying out installation analysis.

Each approach is described in this section and they all depend on cost, time and quality.

Numerical Approach

A detailed analysis of the installation process is carried out during the final design
stage in order to capture the nonlinearities which arise during the lowering operation.
Several software packages are available for this purpose however the most widely used
software is OrcaFlex which is a time domain software programme developed by
Orcina Limited in Cumbria, UK. The dynamic behaviour of the structure and the
lowering line that is attached to the winch is represented in OrcaFlex with the imposed
vessel motions at the crane tip.

Analytical Approach

The analytical approach to the installation of subsea structures can easily be achieved
by representing the system as a linearised single degree of freedom system. This
method was adopted by Niedzwecki and Thampi (1991). Niedzwecki and Thampi used
this simplified analytical method to investigate the possiblity of snap loading occuring
during the lowering process of the subsea structure. The simplified method was also
useful in identifying the controlling parameters and how to reduce the effects of snap
loading. Snap loading is one of the deepwater installation challenges and it is one of
the design conditions that more attention should be paid to if or when it occurs. The
regular wave design model was applied in this case and the assumption of a massless
lowering line/cable with stiffeness was applied. The continuous lowering method,
explained in Section 1.4.3, is not possible with the analytical approach because the
winch payout connot be incorporated which means the installation analysis is carried

out at key stages through the water column.



Experimental Approach

This is a more reliable approach although time consuming and expensive. Model tests
are important when there is no available literature on previous work carried out on that
particular model. With the experimental approach, the specific depth, staged and
continuous lowering installation analysis techniques can be carried out. This approach
will still be dependent on either the analytical or numerical analysis in order to validate

the results obtained.

1.3 The Installation Process and Analysis Techniques
The subsea installation process may be categorised as a process for line structures and
equipment with robust geometry. Line structures are installed using a lay vessel while

large equipment is installed with an installation vessel, crane barge or a drill rig.

A typical installation process after the subsea equipment has been transported to the
target location and properly rigged would involve lifting the equipment off the deck of
the installation vessel which could be fitted with a crane of sufficient capacity. At this
stage, the uncontrolled motion of the structure can be prevented by on board personnel.
The structure is then lowered through the splash zone, also known as the air-sea
interface, where it is susceptible to wave forces. Figure 1.3-1 adopted from DNV-RP-
H103 (2011) shows the associated hydrodynamic loads on the subsea structure while
passing through the water surface. After this phase, the structure is lowered through
the water column until it is between 3 — 10 m above the seabed and lowering is stopped
to prepare for final set down. Heave compensation is applied at this stage to reduce the
vertical motions of the structure as it approaches the seabed with reduced lowering
speed as compared to the speed when lowered through the water column. The seabed
landing phase is the last phase of the installation process and care must be taken to
avoid seabed impact which could damage the structure. Remotely Operated Vehicles
are use used to monitor the subsea equipment as it progresses to the seabed. See
Appendix A.4 for more details on the various phases of the installation process and
Figures 1.3-2 — 1.3-8 show the description of the installation process (Snapshots from

animated videos of a subsea template by Tjeerd Braun and CM Labs).



After the equipment has been safely landed on the seabed, the lowering line is the
retrieved. Retrieval is also a delicate operation because at this stage the equipment
which produces a constant tension is no longer attached to the line thereby leaving the
line to flex freely underwater. This could pose a threat to the installed equipment or

already existing infrastructure in the event of a collision.
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Figure 1.3-1 Subsea protective structure with associated hydrodynamic loads while
passing through the water surface

Figure 1.3-2 Subsea template at target location (Braun, 2013)



Figure 1.3-3 Subsea template lifted off deck of installation vessel (Braun, 2013)

Figure 1.3-4 Subsea template over boarded and ready for lowering (Braun, 2013)



Figure 1.3-6 Subsea template lowering through splash zone (aerial view) (Braun, 2013)
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Figure 1.3-7 Subsea template lowered through water column to near-seabed (CM Labs,
2011)

Figure 1.3-8 Subsea template landed on seabed (CM Labs, 2011)

Installation analysis is either done analytically or numerically depending on work
scope requirements. Sections 1.3-1 — 1.3.3 covers the analysis techniques used for the
installation or retrieval of subsea structures in deepwater. At the beginning of any

simulation, analytical or numerical, the length of the lowering line has to be fixed

11



making it impossible to increase the line length during the course of the simulation.
To make line length addition possible, the numerical software, Orcaflex, is equipped
with the winch payout option which pays out additional finite line elements and
assumes the paid out line increases the line length thereby changing the line’s axial
stiffness and damping. The paid out line is represented as a spring and damper system
rather than by the finite line element method because the associated mass,
hydrodynamic mass and normal drag forces are ignored.

1.3.1 Specific Depth Analysis

The specific depth analysis takes into consideration key stages in the lowering process.
There is lowering line payout and the structure is suspended at a specific depth through
the entire duration of analysis. This method has the advantage of focusing on the
critical phases of the installation process but the drawback is that the line payout effects
is ignored and unexpected events at certain depths may be missed since it is onerous

to consider the entire water depth so only the key stages are considered.

1.3.2 Staged Analysis

This is only applicable to numerical analysis where lowering is done is stages. In this
method, the lowering operation is stopped at intervals to allow for the replacement of
paid-out line by dynamic line elements then the lowering simulation is restarted. The
approach is most likely to provide more realistic results compared to the specific depth
analysis since continuous lowering is achieved but in stages and the model is close to
a real-life scenario. The only disadvantage here is that the modelling process is
cumbersome and it will take a very long time to simulate the entire lowering process

if the entire process is to be simulated as a requirement.

1.3.3 Continuous Lowering Analysis

The analysis method is the most realistic. It represents the real-life scenario of the
lowering process by making use of the winch payout option to pay out line at a specific
speed. The drawback in this numerical method is that there is no update on the mass
of the lowering line as the length increases, the added mass and drag, and is only valid
for light weight lines and when the system dynamics are determined by those of the

subsea structure rather than those of the lowering line.
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1.4 The Importance of Installation Analysis

It is paramount to have knowledge on the subsea structure’s behaviour and the entire
system’s response beforehand. This is because limiting conditions and operable
weather windows would have been defined to eliminate or mitigate the technical risks
associated with the execution phase and ensure a smooth project delivery. In some
cases the visual performance of the structure would be relevant to engineers to see the
actual effect of the top end excitation on the subsea structure to justify the final results.

Looking at the importance of installation analysis, not from the project delivery point
of view, but from the research perspective, installation analysis could actually be
useful during the design of oil and gas structures. Design optimization to improve the
response of the structure which would involve making it more hydrodynamic. Hence
the need for accuracy in the derivation of added mass and damping of the subsea

structure.

It helps in selecting suitable cost effective materials and equipment required to carry
out the installation. These materials or equipment are the lowering line or rigging, the

crane or winch system, and the vessel.

To conclude, the importance of good understanding of installation is that it helps
engineers respond, adapt and accept new challenges that arise in the course of the
analysis, which in turn will push them in developing new installation methods.

1.5  The Difficulty in Carrying Out Accurate Installation Analysis
Due to the need for accuracy, installation engineers continually strive to overcome the
difficulties faced while carrying out installation analysis. Some of the difficulties

associated with the process are:

1. The difficulty in deriving accurate dynamic loads for all stages of the
installation process.
2. Difficulty in deriving accurate hydrodynamic coefficients of the structure for

all stages of the installation process.
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3. The governing equation for the structure’s response is comprised of many
parameters that influence the calculated response.

4. The installation analysis requirements are quite challenging due to the need for
accuracy. The installation analysis should be carried out over a range of wave
heights, wave periods and directions, and accuracy must be maintained, with
analysis run times that are still acceptable, by the selection of a suitable time

step size.

1.6 Aim and Objectives
The aim and objectives of this research are presented in this chapter to give a clear
purpose of study and an understanding on why this research was conducted. The

objectives cover the industry needs in the area of subsea installation analysis.

1.6.1 Research Aim

This research is aimed at providing the industry with knowledge and solutions to the
problems involving the hydrodynamics of offshore structures with a focus on subsea
structures, and installation of these structures away from the surface and the seabed

and in close proximity to the seabed.

1.6.2 Research Objectives
Based on the intent of this research, the following objectives listed below have been
developed to look into the existing problems.

1. To better understand the flow field around vertically oscillating complex
subsea structures well away from surface and seabed and close to seabed using
Computational Fluid Dynamics.

2. To understand the influence of submergence on the added mass and damping
of subsea structures oscillating in heave direction at various Keulegan
Carpenter number.

3. Develop an analytical method to estimate the added mass and damping of
subsea structures far from boundaries and in close proximity to the seabed.

4. Carry out a case of study to validate the numerical method and analytical

method proposed in point 1 and 3.
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1.7 Thesis Outline

The thesis is made up of eight chapters. The first two chapters look at the background
of the research and present the existing problems faced by the offshore industry,
outline a list of objectives of this study and present a review on offshore installation
techniques, challenges and hydrodynamics of subsea structures. The solutions to these
challenges faced by the industry as highlighted in the list of objectives are spread
through three chapters, chapters three to five with chapter six presenting the
installation analysis of the subsea protective structure using the derived hydrodynamic
coefficients of the Fluent simulation and approximate methods. The last chapters,
chapters seven and eight present the contributions to industry, conclusion and
recommendations for further research work. A brief summary of these chapters is

given below.

Chapter 1: This is the introductory chapter that gives an overview of the background
of the research with a focus on subsea structures installation and analysis approach,
and the installation process and analysis techniques. The difficulties in carrying out

installation analysis and concludes with the aim and objectives of the research.

Chapter 2: This chapter presents the literature review by considering other works
related to this research. The research gap is discussed in this chapter, which is the
motive for carrying out this research.

Chapter 3: This chapter looks at one of the main objectives of the research. It presents
the development of an analytical calculation method for the vertical added mass and
damping coefficients away from surface and seabed and in close proximity to the

seabed.

Chapter 4: This chapter presents a Fluent simulation method using a user defined
function, to determine vertical added mass and damping of a suction-can away from
surface and seabed and in close proximity to the seabed and validates the results with

previous publications.

Chapter 5: Chapter five presents the application of the Fluent simulation method to
calculating the hydrodynamic coefficients of the subsea protective structure well away

from surface and seabed, and in close proximity to seabed.
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Chapter 6: This chapter presents the installation analysis of the subsea protective
structure using the hydrodynamic coefficients obtained from the approximate method
and CFD analysis.

Chapter 7: Chapter 8 discusses the research contribution.

Chapter 8: The research conclusions are drawn in this chapter and recommendations

for further works are outlined.
Appendices: The appendices are made up of four sections, Appendix A, B, C and D.

Appendix A presents the vortex shedding from the edge of a disc forced to oscillate

vertically and the vortex generation around a disc for different critical KC values.

Appendix B shows contours of velocity magnitude of the suction-can well away from
surface and seabed, and in close proximity to seabed. The figures of the numerical

flow visualisation were from the CFD analysis of the suction-can.

Appendix C presents the analytical calculation of added mass and damping of the
subsea protective structure, and motion calculation of the subsea protective structure
using Mathcad.

Appendix D presents the response of the subsea protective structure far from
boundaries and close to the seabed using results of added mass and damping from the

approximate and Fluent simulation method.
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2 Literature Review

2.1 Literature Review

The hydrodynamic added mass and damping are important parameters in the design of
offshore structures. This has made these parameters a subject of interest over the years
in offshore engineering. Many offshore structures are designed from tubular members
because they exhibit a high structural strength and low fluid loading compared to other
members. Complex structures are often fabricated from the combination of these
members. This is why an extensive study on the hydrodynamics around circular

cylinders has been carried out over the years.

One of objectives of this thesis is the study of the hydrodynamic properties of a subsea
intergrated structure. The structure is made up of suction-cans and circular cylinders
and there exists a vast amount of literature on the hydrodynamics of circular cylinders
compared to suction-cans. Potential flow theory is an analytic method applied to
calculating the added mass and damping of bodies based on the incompressibility,
irrotational and inviscid conditions of the fluid. It serves as an approximation of the
solution to the problem. Several authors such as Lamb (1945), Birkhoff (1960) and
Yih (1969) have contributed to the study of the added mass by developing a theoretical
approach to estimation of the added mass coefficients of simple geometries while for
complicated geometries, it is quite difficult to estimate these properties and it is
important to note that the motion of the body in a certain direction could result in the

deveopment of added mass forces in another direction.

The boundary value problem was solved by Ursell (1949). Ursell formulated the
problem for a partially immersed heaving circular cylinder for the linearised free
surface model by representing the potential function as a sum of an infinite set of
mulitpoles, each multipole satisfying the free surface condition and each being
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multiplied by a coefficient that is determined by requiring the series to satisfy the

kinematic boundary condition at a number of points located on the cylinder.

The approach adopted by Ursell was futher applied by Grim (1953), Tasai (1959) and
Porter (1960). Grim solved the problem by conformal mapping the two parameter
Lewis form cylinders onto a circle by variation of the Ursell method. Tasai (1959) and
Porter (1960) derived the added mass and damping for oscillating contours mappable

onto a circle by the more general Theodorsen transformation (Frank, 2007).

As at 1779, Du Buat (Du Buat, 1779) was the first to come up with the theory of added
mass. He conducted a series of experiments on spheres oscillating in water and his
conclusion was the basis of the definition of added mass. He established that the inertia
force was proportional to the acceleration of the structure. For an object of mass, M
with uniform acceleration, a, another mass, Ma will be introduced and added to account

for the forces expressed as,
F=(M+M,)a Equation 2.1-1

Since then, experiments conducted to determine the added mass have reported
inconsistent and varying results of larger values for the added mass when measured.
Results of tests carried out in 1949 on circular disks were reported by Luneau (1949)
which showed values of the added mass in a range of three to nine times the theoretical
values. This was as a result of the wake induced mass not being accounted for during
the test. This mass is dependent on the shape of the accelerating body and the wake
volume together with the rates of change. The added mass does not relate to the
displacement of a body wholly or partially immersed in a fluid but it is dependent on
the motion time history which was concluded later on by lverson and Balent (1951)
that added mass is not a constant as shown by previous studies of potential flow and it

is a variable dependent on the state of motion.

Sarpkaya and Isaacson (1981) showed that the added mass could be expressed in many
ways by examining the various forms for two and three dimensional bodies. In an
infinite fluid domain with irrotational flow, the hydrodynamic coefficients are derived

from the forces and moments acting on the body through the use of a potential function.
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Marintek (Marintek, 2003), in a review on deepwater marine operations looked at the
transition of oil and gas activities beyond water depths of 1000 metres and they
identified the requirement of installation contractors to perform subsea installations in
a safe and efficient manner which was the ability to estimate and regulate the dynamic
motions necessary for the close to seabed condition. A model similar to the one used
in this research showed an increase in the hydrodynamic mass and a sharp increase in
the hydrodynamic damping of the bucket foundation of the subsea protective structure
as it approached the seabed. One of their objectives was to develop a cost-effective
method of installing subsea structures in deep and ultra-deepwater without employing

costly heavy crane vessels.

The TTA group (TTA Group, 2008) discussed cost effective installation methods in
deepwater, alongside the need for a reliable weather forecast for such operations. They
concluded that more work needed to be done on the design of subsea structures and
equipment such as a lightweight deployment system which was already successfully
applied in a water depth of 1000 metres. Operable weather windows could be
determined from these forecasts if the system’s dynamic response is accurately
determined, hence the need for a quick and accurate method to derive the

hydrodynamic parameters of the subsea structure.

In terms of cost saving and reduction in the dynamic response of subsea structures in
deepwater, a Subsea Deployment System (SDS), a method of installing large subsea
structures without a heavy lift vessel (HLV) was developed by Subsea Deployment
Systems Limited in the United Kingdom (Subsea Deployment Systems Ltd, 2013).
The dynamic response of the Subsea Deployment Vessel (SDV) and the subsea
structure (SDV houses the subsea structure) which make up the payload will be lower
than the response of the installation vessel (see Figure 2.1-1) during the landing phase.
The vertical motions of the installation vessel would cause minimal dynamic response
of the SDV because the control chains suspended from the installation vessel and
responsible for final set-down are not directly connected to the SDV and only rests
within the chain tower, which means the installation vessel and SDV can move

independently (Subsea Deployment Systems Ltd., 2013).

19



NTTTN
i

SDV E VESSEL

SL

Figure 2.1-1 Comparison of response of subsea deployment vessel and surface vessel
(Installation Vessel) (Courtesy: Subsea Deployment Systems Ltd.)

The installation analysis for the SDS method is dependent on accurate estimation of
the added mass and damping of the entire structure which is composed of the SDV and
the subsea structure. With this method, the structure is susceptible to environmental
loading thereby reducing its fatigue life as a result of longer periods of exposure to
these loads during transportation to target location.

The importance of the hydrodynamic properties does not only relate to the heave
motion of the subsea structure but to other translational and rotational motions such as
the horizontal motions in the x and y direction. Chen et al. (2017) concluded in this
regard that the horizontal offsets of the subsea structure were highest in the x direction,
higher than the offset in the vertical direction (heave). They also highlighted the
importance and difficulty in obtaining the added mass and damping, and they
suggested that extensive tests and analysis must be carried out to determine these
coefficients. These coefficients affect the complicated installation process and the
response, as a result these coefficients would be of great value in engineering design
(Yunxia, et al., 2016).

With the added mass and damping parameters identified as important influencing
factors in the installation process of subsea strctures, several experiments and analyses
have been conducted to accurately determine these parameters and show their
influence on the dynamic response of subsea structures during installation. Gu et al.
(2018) noted that unerstanding the hydrodynamic properties and response of a subsea
structure, in this case a Mid Water Arch (MWA), to environmental conditions is relied
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upon in the design of the structure. The hydrodynamic properties were investigated by
Gu et. al (2018) through numerical simulations using CFD and experimental model
scale testing, and results for the drag in the x and y direction and a 6 by 6 added mass
matrix were obtained for each wave frequency. Garrido-Mendoza, Thiagarajan, Souto-
Iglesias, Colagrossi and Bouscasse (2015) also carried out a numerical study to look
at the flow characteristics around a heave plate oscillating close to the seabed. The
results showed that the added mass and damping parameters increased continuosly as
the structure moved closer to the seafloor. The parameters showed linear variation with
the KC number which is the ratio of the amplitude of oscillation of the structure, n to
its diameter, D given as: 2mm /D, and this trend was broken when a certain critical KC

value was reached.

These show the need for accurate estimation of the hydrodynamic parameters of subsea
subsea structures in all phases of the installation process since the parameters vary for
the different stages. The gap effect results of the added mass and damping by Garrido-
Mendoza et al. (2015) were similar to the results of Wadhwa, Krishnamoorthy and
Thiagarajan, (2010) who conducted forced oscillation experiments on a solid disc at
various elevations of the seabed. Their numerical study concluded that the
hydrodynamic parameters increase monotonically and as the disc gets closer to the

seabed, the slope of the added mass curve plotted against the KC number decreases.

Morrison and Cermelli (2003) identified the hydrodynamic paramaters of the subsea
structure and the wire rope damping as the contributing factors to the gentle response
of the structure. They pointed out that, the internal damping in a very long offshore
wire rope is a source of significant damping in the system and it helps reduce resonance
effects. They determined the hydrodynamic added mass and damping by applying a
sinusoidal fit to the displacement and force signals at each time step for a duration of
ten consecutive periods. The extrapolation method by Nam, Kim and Hong (2017) was
used to determine the added mass of a subsea manifold. This method was based on the
structure’s perforation value, while the drag coefficient of the manifold was calculated
using CFD. They reported the difficulty in estimating the added mass and damping
coefficients and also stated their significance in the dynamic response of the lifted

structure.
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Numerical and experimenal studies on the added mass and damping of subsea
structures, like horizontally submerged and perforated rectangular plates, were
conducted by An and Faltinsen (2013). Perforated subsea structures are used offshore
as protective covers against dropped objects. According to An et al. (2013), when the
structure is fully submerged, the numerically and experimentally predicted and
measured hydrodynamic parameters respectively, show strong dependence on the
Keulegan Carpenter number rather than on the frequency.

In relation to suction-cans, lreland, Macfarlane and Drobyshevski (2007), Roe,
Macfarlane and Drobysheski (2008), and Zoontjes, Siegersma and Ottens (2009) have
carried out studies to address the issue of an accurate estimate of the hydrodynamic

coefficients.

Ireland et al. (2007) conducted model tests in order to determine the added mass and
damping of a suction can more accurately when well away from the surface and the
seabed. It was observed that small changes in the geometry of the subsea structure may
significantly affect the structure’s hydrodynamic properties. They recommended that
these changes should be thoroughly examined and taken into consideration if accurate

results of the subsea installation analysis are desired.

Roe et al. (2008) conducted model tests to quantify the effect of the seabed on the
added mass and damping of a suction can. The tests showed that the hydrodynamic
parameters increased as the gap between the structure and the seabed reduced. They
reported that the added mass increase in this region (close to seabed) was 20% of its
deepwater value. Both coefficients increased gradually as the bottom clearance

reduces. This incremental trend was also observed as the KC numbers increased.

Zoontjes et al. (2009) used CFD to determine the added mass and damping of a subsea
structure far from boundaries and at various heights above seabed. They applied the
oscillating flow and dynamic fluid body interaction method to derive the parameters
and concluded that the oscillating flow method produced very good results well away
from the surface and seabed. The oscillating flow method could not be applied to the
seabed proximity condition because of insufficient space between the base of the
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suction can and the seabed, which made the dynamic fluid body interaction method

used in simulating a decay test the only suitable option in this case.

2.2  Motivation for Research Study

Accurate prediction of added mass and damping is very important in analysing the
motion response of subsea structures. The parameters if predicted accurately would
help the installation process. Subsequent chapters presented in this research are
concerned with estimating the added mass and damping of subsea structures well away
from surface and seabed and in close proximity to seabed in deepwater.

From the literature, there is a need to accurately estimate the added mass and damping
of complicated subsea structures rather than simplifying the complicated geometry to
standard shapes and underestimating or overestimating the response of the
complicated structure. The change in added mass and damping of simple geometries
like a disc from deepwater to close-to-seabed has been predicted rather than for
complicated geometries. It would be beneficial to the installation process if this change
is also estimated for complicated geometries since the landing phase is critical during

the installation process.

Subsea structures can be fabricated from various standard members with their added
mass and drag coefficients readily available in Det Norske Veritas (DNV-RP-H103).
For quick estimation of the hydrodynamic coefficients of subsea structures, Det
Norske Veritas has proposed formulas and values of added mass and drag coefficients
of standard structural members and also proposed an analytical method to estimate the
added mass of a suction-can well away from the surface and seabed. There is a gap
that exists in the need for an approximate analytical method that can be applied in
estimating the hydrodynamic coefficients for various Keulegan Carpenter number at
various heights above the seabed for complex geometries. In the case of the subsea
protective structure considered in this research, which is made up of various members
including a suction-can where standard hydrodynamic theory can be applied in

estimating the suction-can’s added mass and damping.
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Model tests are preferred to analytical and numerical methods in estimating the
hydrodynamic coefficients of subsea structures, but they require large amount of
resources such as time and cost when compared to analytical and numerical methods.
Conducting model tests for several subsea structures of different geometries is not
economically feasible for installation operations during subsea field development.
Hence analytical and numerical calculations would be beneficial for installation
analysis, where the actual hydrodynamic force experienced by the complicated subsea

structure can be quantified by the latter method.
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3 Hydrodynamics of Offshore Structures:
Estimation of Added Mass and Damping for
Disk or Vertical Cylinder near Seabed

3.1 Introduction

The hydrodynamic coefficient estimation is difficult because there is limited data, the
steady flow behaviour is complicated and the oscillating structure considerably
complicates and increases the heave added mass and drag coefficients. An attempt is
made here to build up the coefficients from their component parts and, whilst this
provides some useful insights, particularly for the effects of oscillation and friction,
the final equations can only be regarded as empirical. Fitting equations that have some
physical basis have the advantage that they are likely to work better outside the range
for which they have been checked. In this case the complexity of the flow is such that
for any real installation, detailed CFD and model tests should still be undertaken to
demonstrate the proposed installation methodology. Nevertheless, a starting point is
needed for design and the approach used here does provide a relatively simple way of
assessing the likely behaviour of a structure with suction cans as they approach the
seabed. The method is also useful for assessing the likely effect of frictional damping,
which, owing to Reynolds number effects, may be much greater in a model test than

at full scale.

3.2 Theoretical Formulation of Added Mass of Suction-Can
The calculation method presented is an approximate first principles calculation of the
heave added mass for a thin cylinder that is used with linear interpolation to the case

where the seabed has little influence.

The analysis calculates the radial flow velocity, U(r) and then estimates the added mass
taking into account that: The added mass is proportional to the mass of water moving

times its movement squared. For sinusoidal motion the calculation can be based on
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displacement, velocity or acceleration as displacement and velocity are proportional

to acceleration, here velocity is used.

Disc velocity: W

Disc

Radial fluid
flow velocity U

Seabed

Figure 3.2-1 Cylinder of water between the disc and the seabed

1) Calculation of radial flow velocity at radius ‘r’ from annulus ‘a’

2'mra*V-da=2'm-r-h-dU

Therefore

Equation 3.2-1

2) Integrate over all annuli inside ‘r’

sy =Y ) Loy
=5 f“—m 2=
0

Equation 3.2-2
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3) Contribution of fluid mass to added mass proportional to velocity squared

This is demonstrated by a bar (Figure 3.2-2) with a mass at one end and forces
applied at the other end. The top, where the force is applied and the acceleration is
measured and represents the disc, and F/a is the 'apparent’ mass that the force

appears to be accelerating.

Weightless bar

F = applied force at top leneth = 14k
ength =

a = acceleration attop %

Hinge

a, = acceleration of mass «— = F, = force accelerating mass
= ka =F/k

Figure 3.2-2 Bar with applied forces

Considering a lever system, when balanced, F;k = F, and this implies that F, = F/k.

The velocity ratio of the lever system is

a _ kb
a 0
Therefore,
a; = ak
From Figure 3.2-2,
F, = Ma;
This implies
F = (Mk®)a
Therefore
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Mapparent = Mk? Equation 3.2-3

That is, for an element volume of the fluid between the disc and the seabed, its
contribution to the added mass or virtual mass, also termed apparent mass in Equation
3.2-3 will be its

Actual mass X (Fluid velocity/ Disc velocity)? Equation 3.2-4

Mass is a second order tensor quantity and transforms differently because it is a ratio
of two vectors (Force and acceleration). The force required to accelerate the position
of the force application is proportional to the square of the lever arms (whereas simple
forces would be proportional to the lever arm itself). This idea is often important when
analysing structural and mechanical systems. E.g. the moment of inertia of an item (or
its damping) attached to the output of a gearbox appears to have (gearbox ratio

squared) times the inertia (or damping) when measured on the input shaft.

4) Calculation of vertical added mass

The added mass of a vertically oscillating disc is expressed as the sum of

Ma: added mass of water in the cylinder between disc and seabed,

Mb: added mass of ring of fluid (radius R) outside a,

Mc: added mass from vertical movement of fluid between plate and seabed, and

Md: added mass of fluid above the disc.

4a) Ma: added mass of water in the cylinder between disc and seabed.
Integrate

pU?dvolume (between disc and seabed)
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R

R VZ,rZ
Ma-VZ=p-fU(r)2-2-1T-r-hdr=p-fZ-n-r-h-4_h2 dr
0 0
— i VZ 3d
=P T r3dr
0
Therefore
Ma=T.p.y2. K
a=g'P h

Equation 3.2-5

4b) Mb: added mass of ring of fluid (radius R) outside ‘a’.

Figure 3.2-3 was developed in order to derive an expression for the added mass around
the disc. Ring cross section assumed to be a quarter circle of radius h. This assumption
is reasonable for a h>>R because it is correct for the fluid on one side of a long narrow

plate when the seabed is treated as a plane of symmetry.

Dise Additional added mass

«~ Assumed quarter circle
in crass section

Seabed

Figure 3.2-3 Representation of added mass of ring of fluid (radius R) outside a

<
=

1 - h?
4

Mb=p-UR)?:-2-m-R-

UR) = =

Mb-v2 = o (R o r . (TR
“ P\ T 4

=x

Therefore,

2
TT
Mb=§'p'V2'R3

Equation 3.2-6
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4c) Mc: added mass from vertical movement of fluid between plate and seabed.

Assuming the velocity varies linearly from V to zero over height ‘h’.

V(z)=v-§

h
MC'VZZfV(Z)Z'p"IT'RZdZZVZ'
0

3

3-h?

'p'Tt'R2

Therefore
TC
Mc=§-p-V2-h-R2

Equation 3.2-7

4d) Md: added mass of fluid above the disc.

This is assumed to be half Mo: the added mass for a disc in an unbounded fluid.

Therefore

Equation 3.2-8

Hence, the added mass is the ratio of the added mass near seabed, Mnsb to added

mass in unbounded fluid, Mo

o)+ (5 0m) s Gonw)+oen)

%'p-R3

Equation 3.2-9

30



c _Mnsb_(S-n R>+ 3 - m? +(n h>+1
2 Mo \62 h 64 8 R/ T2

Equation 3.2-10

5) Data from Garrido-Mendoza et al. (2015) paper for Stationary Disc.

Results of the added mass coefficient were compared with data from Garrido-
Mendoza’s paper, where numerical simulations were performed using the finite
volume open-source solver OpenFOAM. Mendoza looked at the hydrodynamic
coefficients around heave plates by conducting simulations on a solid circular disc of
diameter 200 mm and 2 mm thickness, oscillating vertically in water at various
elevations (20 — 200 mm) above seabed for KC 0.03 — 1.5.

The Approximate values of the heave added mass coefficients, Caref at various h/R
for the disc at KC = 0 are presented in Table 3.2-1.

Table 3.2-1 Added mass coefficient at various h/R, KC =0

h/R 0.01 0.05 0.1 0.2 0.3 0.4 05 1 1.5
Caref 12 3.8 2.3 18 15 13 1.2 1.2 1.2
Ca | 15543 | 3.768 | 2303 | 1.579 | 1.344 | 1.228 | 1.16 1 1

As h increases to R then the Ca tends to the unbound value of 1.0. A linear

interpolation formula of
is used to achieve this.
prin = if(priy, < 0,0, pryp)
ih=1..9

where, ih is the number of h/R ratios considered. Therefore, the added mass

coefficient
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Ca=<.—-—+—+—-—+0.5>-pr+1-(1—pr)

Equation 3.2-11

Note:
f<h>1> C 1
1|= a=
R
100
°
8 10 p
[ J
®
$
¢
1 o H H
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
h/R
®Ca @ Caref

Figure 3.2-4 Comparison between Ca of approximate method (present work) and Caref
of Garrido-Mendoza et al. (2015) for different h/R

This calculation is reasonable for small KC. KC = m - uz/R, where the vertical motion

amplitude, uz « h.

From Garrido-Mendoza et al. (2015), as KC increases the Ca increases until KC is
approximately h/D, when Ca drops considerably. The increased KC leads to some kind
of vortices generated from the two edges of the plate with one vortex pair formed
below or above the plate per oscillation cycle as shown in Figure 3.2-5. Evident in
Graham (1980), who talked about the pattern of vortex shedding from a single isolated

edge which consists of one vortex pair shed per cycle, and Tao and Thiagarajan (2003)
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showed the positive and negative vortices shed from the edges of a disc, as seen in
Appendix A.1.

Plate maoves dawn
Plate moves up
ta

L BT

Segbed — Seabed -

Figure 3.2-5 Vortices above plate, and between plate and seabed

Velocities and vortices are less strong above plate than in gap between plate and
seabed. The vortices synchronized with plate acceleration increase added mass as KC
increases — for half cycle, as the plate accelerate upwards, vortices will be generated
simultaneously at the bottom of the plate, and the strength of these vortices generated
at the plate bottom increase as KC increases. The drop in added mass could be as a
result of the breakdown of vortex between plate and seabed when it is sufficiently
large. It will breakdown into several vortices that are no longer synchronized with the
acceleration. Same happens to vortices above plate but at much larger plate movement.

The damping is also increased by vortices that are synchronized with the motion.

The sufficiently large vortex is formed at KC number just over the critical KC when
the plate oscillates at this critical KC value. This causes the vortices from previous
cycles to be trapped between the plate bottom and seabed, and it influences the
shedding pattern (vortex breakdown), thereby altering the added mass on the disc.
Figure A.2-1 of Appendix A by Garrido-Mendoza et al. (2015) explains this

phenomenon.
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6) Empirical fit to Garrido-Mendoza et al. (2015) Figure 4: Ca curves for KC
from 0 to 2

Empirical formula for added mass, Ca curves: The added mass, Caal defines the
curves from KC = 0 for different h/R, Ca includes the vertical cut offs.

(h—ffh ~0.5)

Caalia,ih = Caih + 3

+0.5 |-7.3] ap,,

Equation 3.2-12

Cajaih = “Limit increase in Ca to 1.1h/R”
hip

if KCi, < 1.1-—

1 1a R

Caaia,ih « Caalia,ih

“For peak drop back towards Caa for h/R = 1 with empirical slope of -10R/h”

“R/h multiplier needed to steepen slope for very small h/R values”

. hjp
ifKCj, > 1.1 -%

C Caal 102 (KC 11 h“‘)

aaj,ijn < Caaly,;y — 10 - ——- ia—1.1-—
ia,ih ia,ih (hih) ia R

“When curve meets Caa for h/R = 1, it follows that curve”

Caajy g < max(Caajap, Caaliyo)

Caai.in

Na, is the number of oscillation amplitudes to consider. In this case, Na = 64, while
ia=1..Na

To define KC,

ap,, = 0.005- (ia—1) ap, = 0.001 aj, =ap_-D KC=2-m-ap

1a
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Where, ‘a’ is the amplitude of oscillation. Writing the equation for Caa as a function
of a and h by incorporating the previous equations (except the downward slope) into

one equation:

Caf(a, h) = if Im 1.1 -E,
D R

R_
0,0,1—3)+1-(1—if(1—5<0,0,1—2))+<<w+0.5>-7.3>-
R R R 3

1
211+ <<(1-5 0'5)+o.5> : 7.3) 2
D 3 D

3t R 3m?
(.o

1 h ) h
64 h 64+§'E+0'5)'lf(1_ﬁ<

Equation 3.2-13

Therefore, the added mass, A33 of the disc in terms of amplitude, ‘a’ and height

above seabed, ‘h’ is

8
A33(a, h) = Caf(a, h) 3P R3

Equation 3.2-14

Equation 3.2-13 was developed by defining the added mass curves of Figure 4 of
Garrido-Mendoza et al. (2015) for KC 0 to 2 through an empirical fit to develop
Equation 3.2-12 and then limiting the increase in the added mass coefficient to 1.1h/R.
Equation 3.2-13 is expressed in terms of amplitude of oscillation of the disc and the

ratio of height above seabed to radius of disc, h/R.
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7) Plot of Ca against KC: approximation to Garrido-Mendoza et al. (2015)
Figure 4

2.5
) / ......... h/R=0.2
S A " _
1.5 ---,/‘:,I".'\ 4./ ----- h/R=0.3
S~ SPs ~ — —h/R=0.4
o P
1 — —h/R=0.5
— - -h/R=1
0.5 ———h/R=1.5
0
0 0.5 1 1.5 2 2.5

KC

Figure 3.2-6 Comparison of added mass coefficient at different heights above seabed
using approximate method

8) Plot of Ca against KC Approximation to Garrido-Mendoza et al. (2015)
Figure 4 with Ca for smaller h/R included

8
7
6
5
S 4
:\
T
- "‘,-\
2 (Y
1
0
0 0.2 0.4 0.6 0.8 1 1.2
KC
--------- h/R=0.01 ==---h/R=0.05- - -=h/R=0.1 == h/R=0.2 ——h/R=0.3
----- h/R=0.4 ++++---h/R=05 = = -=h/R=1 h/R=1.5

Figure 3.2-7 Comparison of added mass coefficient at different heights above seabed,
with Ca for smaller h/R included, using approximate method
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The approximate method (present work) and the simplified method of DNV (Det
Norske Veritas, 2011) used in calculating the heave added mass in Section 3.3 of a
suction-can moving vertically in infinite water depth at a high frequency of oscillation,
would produce the same results, except for suction-cans with radiuses, R greater than
gap to seabed, h (h/R < 1), because both methods are based on the derivation of

added mass of a flat circular plate.

To derive the heave added mass of a suction-can, the added mass of the disc derived
from the approximate method can be multiplied by 1.57 plus the mass of the water
volume inside the suction-can, m;,, only if the diameter and height of the suction-can
are equal (Det Norske Veritas, 2011). Alternatively, the disc’s added mass could be

multiplied by the expression for height variation of Equation 3.3-1.

Results of the approximate method are in good agreement with CFD analysis and
model test results by Zoontjes et al. (2009) and Roe et al. (2008). Zoontjes et al. (2009)
presented CFD analysis results for 0.2 and 0.4 water depth ratios while Roe et al.
(2008) conducted model tests for the three water depth ratios of 0.2, 0.4 and 1.2. The
approximate formula developed considered the heave added mass for gap ratios equal
or greater than 1.0, and gap ratios less than 1.0, where the previous represents the case
of a suction-can well away from the boundaries, and the latter represents the case
where the suction-can was close to the seabed. This is evident in Table 3.2-1, where
the added mass coefficient obtained from model test results at a gap ratio of 1.2 is
equal to or approximately the added mass coefficient of the suction-can far from the

boundaries.

Table 3.2-2 Comparison between added mass coefficients of suction-cans at gap ratios
0.2,04and 1.2, KC=0.1

Diameter Added Mass Coefficient, Ca
/ Height

(m) Approximate method

CFD Analysis/Model Test (Zoontjes, et
al., 2009)
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h—02 h—04 h—12 h—OZ h—04 h—12
D " |D | D D D D
1.92 (Decay) | 1.72 (Decay)
1.70 1.61
6/6 1.799 1.68 1.648 (Diffraction) | (Diffraction) 1.65
1.75 1.65
(Model test) | (Model test)

3.3 Basis of DNV’s Method for Calculating Added Mass of Suction-Can

DNV can be used to estimate the heave added mass of a suction-can and it based its
derivation of added mass of a suction-can far from boundaries on a flat plate’s added
mass with a shape equal to the horizontal projected area of the object in Kilogrammes
(Det Norske Veritas, 2011). According to DNV, the added mass in heave for a body

with vertical sides is

_x2
A33 z!: 1 + i :- . A330
2(1+2A2)|/

- Equation 3.3-1
™S

. Expression for variation of
height of suction can

where, A53, is the added mass for a flat plate (see Figure A.3-1 of Appendix A) with
a shape equal to the horizontal projected area of the object, mathematically expressed
in DNV-RP-H103 as

Equation 3.3-2

38



and A is equal to

/A

N

Equation 3.3-3

Where, A, is the projected area of the flat plate and h is the height of the suction-can.

This means if the height of the suction-can is zero, then, A;; = Ass,.

Comparison between the added mass coefficient of the approximate method and that
of DNV for the suction-can far from boundaries showed the approximate method
was in good agreement with the DNV method. Table 3.4-1 presents the heave added
mass coefficient of both methods.

Table 3.3-1 Comparison between added mass coefficient of proposed approximate
method and DNV of suction-can far from boundaries

Ca
Approximate Method DNV’s Method
1.65 1.65

3.4  Added mass of Suction Can Very Close to the Seabed

It was stated earlier that the heave added mass increases when the suction-can
approaches the seabed. This statement was further investigated and presented in Figure
3.5-1 which shows the added mass coefficient of a suction-can of height, 6 meters and
diameter, 6 meters. As h/D, the ratio of height above seabed to diameter of suction-
can increases, Ca reduces until it reaches the value for Ca of the suction-can well away

from the surface and seabed.

As the vertical distance of the structure from the seabed reduces during the lowering
of the structure, this distance approaches and eventually becomes smaller than the
uncontrolled amplitude of motion of the oscillating structure until it gets to zero, when

the structure rests on the seabed. Without some sort of motion control of the subsea
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structure, in reality it will hit the seabed when this distance is less than the motion

amplitude.

It should be noted that the rate of change of added mass with distance to seabed is also
important because the hydrodynamic force related to added mass can be considered

as:
F = d/dt(mv) = mdv/dt + vdm/dt Equation 3.4-1

The mdv/dt term is the ordinary added mass loading term that applies when the added
mass is constant. The vdm/dt term also applies when the added mass is changing and

this might have an effect on landing on the seabed.

2.5
2
1.5
©
(@]
1 —0—Ca
0.5
0
0 0.1 0.2 0.3 0.4 0.5 0.6
h/D

Figure 3.4-1 Added mass coefficient of suction-can at different h/D ratios

3.5  Estimation of Damping

This section presents the development of an analytical method to estimate the damping
of a suction-can for various h/R ratios by taking into consideration the following
components: a) friction on side of suction-can, b) frictional drag from flow between
suction-can bottom and seabed, and c) pressure losses. The disc damping is added to
account primarily for the form drag and frictional resistance. The orifice and plate
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normal-to-flow drag is largely caused by flow separation while the flow parallel to a

surface is largely frictional.

Data from I.E. Idel'chick, 1966, Handbook of hydraulic resistance was used to account
for the directional change of the flow which will result in a drag force, and the case of
an exhaust vent also from LE. Idel'chick, 1966 was used to check the equivalent
quadratic drag coefficient to represent the orifice effect on the disc, Co and the pressure
lost to rotate the flow from vertical motion of disc to horizontal flow through the orifice

which will result in a drag force, Cro.

a) Frictional drag on side of suction-can
For water temperature at 4 degree Celsius, kinematic viscosity, v = 1.432 - 107°

Velocities for the calculationare: iv=1...6 V, = 20

Reynolds number, Rn="V" D/v Equation 3.5-1

ITTC Frictional coefficient (ITTC, 2002)

0075
~ (log(Rn) — 2)?

Equation 3.5-2
Area of cylinder, Ac=2'm-R-L
Area of end, Ae = 1+ R?
where, R is the radius of the cylinder and L is the height of the cylinder.

Therefore, the frictional quadratic drag coefficient for the cylinder side is

Ac

CfSiV = Cfiv . E

Equation 3.5-3
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b) Frictional drag from flow between suction-can bottom and seabed

As r/h becomes small then velocity over bottom of structure and seabed will become

higher and lead to a pumping frictional force from radial velocity in gap of:

o < fd_v v
r) = h a a_r-h > = 7h (from above)
0

Equation 3.5-4

The frictional power loss is calculated and used to determine the contribution to the

vertical Cd.

R 2T 3 R 2T
P = .f (1 Cf U? ) Uudod _1 Cf (V> f f 4ded
= 2 p r I‘—2 p oh r r
r=006=0 r=006=0
5

R
“lerp(3) on [rrar=tcrp(3) 2n]
= p m |T r—2 p h T z

N

Equation 3.5-5

Equate with power lost to drag force from moving cylinder with drag coefficient Cfb

1 1 V\?
_. .n-1r-R2.yY3 = _. n-l—) . [—).R5
S CibpemR2-V 2Cfp<h) (ZO)R

Therefore,

Equation 3.5-6

Cfb is the bottom friction drag coefficient, to be used with the vertical velocity and can
cross sectional area, per horizontal surface (seabed and, if applicable, can bottom)

Account could be taken here of seabed roughness which would increase Cf for the

seabed and hence Cfb.
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Cfb is now calculated for each vertical velocity and gap to seabed.

The velocity U for frictional calculation across bottom of the can in terms of the

vertical velocity of the can for each gap (h) and velocity is

R

Viy - 2

Ufiv, ih 2. hiv

Equation 3.5-7
The Reynolds number is given as
D
Ufiv, ih "5
Rnejy, jh = .

Equation 3.5-8

The local drag coefficient,

Ctbl; iv, ih = 0.075

/(log(RnelV 1h) — 2)

Equation 3.5-9
Effective contribution to drag coefficient on the can
Chbiy, in = = Ctbliy, in - (£>3
’ 20 ' hi,
Equation 3.5-10
c) Orifice drag coefficient

As the disc drops to the seabed water is pushed out from underneath it through the
water cylinder of radius R and height h (from seabed to disc). The cylinder is treated
as an orifice. The orifice drag coefficient is largely caused by flow separation.

Area of orifice Aoj, =m-D-hy Equation 3.5-11

Flow velocity
S Viy - - R? _Vw-R
iv, ih 2'1'['R'hih Zlhih
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Orifice head loss, H (Webber, 1965)

1 1 e 181

— 0612 g H H = .
u=06 8 0612 2g 2'3'g

Equation 3.5-12

Pressure drop

Ap=pgH=soip-U2
p=pgi=5"2"p
Equation 3.5-13
Power loss (Force multiplied by velocity)
P—1 8 U%-Ao-U
—2'3°°P ©

Equation 3.5-14
Power loss for equivalent cylinder drag coefficient, Co

P=1/2-p-Co-Ae-V3 Equation 3.5-15

Equation 3.5-16

But Ao/Ae = V/U, therefore, equivalent quadratic drag coefficient to represent the

orifice effect on the disc is

8 /Ao\’ 8 R \?
C°=§'(A—() or C°ih=§'(- )

Equation 3.5-17
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d) Pressure loss to rotate the flow from vertical motion of disc to horizontal
flow through the orifice

p=1/2-%-p-V? Equation 3.5-18

The flow from under the suction-can is horizontal-radial but the suction-can is moving
vertically. This requires the flow to change direction which will result in a drag force.
To estimate the effect, data from Diagrams 3-4 and 11-6 of Sections Il and XI
respectively of I.E. Idel'chick, 1966, Handbook of hydraulic resistance, translated from
Russian, USAES/NSF/IPST is used.

Diagram 3-4 of Section 111 shows the damping ratios for flow into a smooth converging
bellmouth made by an arc of a circle, with flat end wall and with a screen while
Diagram 11-6 of Section XI shows the damping ratio for discharge from a straight

stretch with rounded edges against a baffle.

Note that the flow in the opposite direction (Diagram 11-6, Section XI) has very
different drag coefficients from into a pipe (Diagram 3-4, Section Ill), however the
vortices formed in the reverse flow case (flow into pipe) are in the pipe, which is not
likely in the case of the lowered can (flow out of pipe), so the outflow case, where the
vortices are primarily in the gap between the can and the seabed is assumed the best
estimate for both directions of motion.

The data for the smallest bellmouth radius (0.2D - which is still substantial and likely
to lead to lower drag) is taken (see Table 3.5-1).

Table 3.5-1 Damping ratio for smallest bellmouth radius (I.E. Idel'chick, 1966)

ép 0.8 0.45 0.19 0.12 0.09 0.07 0.06 0.05 0.045

hpp | 0.125 | 0.5 0.2 0.25 03 0.4 05 0.6 038

A fifth order polynomial is now fitted to the bellmouth data. Note that the coefficients
are forced to be positive because otherwise the polynomial fits the data better in the

range of the data but gives a physically implausible fit outside the range of the data.
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Powersto beused: pf:=6 pe:=5 pd:=4 pc:=3 pb:=2 pa:=1
And the function to be fitted
F(x,a,b,c,d,e, f) = |f|xPT + |e|xP® + |d|xP? + |c|xP¢ + |b|xPP + |a]

Guessed starting values of a to f for 'genfit’ fitting function are 0.01. Curve fitis to D/h
rather than h/D.

0.01
0.01
0.01
0.01
0.01
0.01

Rfit = genfit| Dy, &p,

—0.033
0.01
5.225-107*
7.139-1077
1.609-10*
—3.742-10713

Rfit =

Results used to define a to f

af := |Rfit;| b:=|Rfit,| c:=|Rfits| d:=|Rfity| e:=|Rfits| f :=|Rfits]

pd

R T e s

Note: af rather than a is used as a is the amplitude of oscillation.
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h/D

Figure 3.5-1 Graph showing original inflow data (black — &p vs hopr) and fitted equation
(red — &fit vs h/D)

Therefore
Cr = &fit
Equation 3.5-19
Now fitting outflow data, since this seems more sensitive to the /D this is (roughly)

extrapolated by assuming the difference between r/D = 0.5 and r/D = 0.2 is the

same as fromr/D = 0.2tor/D = 0.

Table 3.5-2 Damping ratio for outflow data (I.E. Idel’chick, 1966)

hg, 0.07 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.5 0.6 1.0

§2 2.3 0.9 052 | 051 | 062 | 075 | 082 | 0.85 | 0.86 | 0.85 | 0.85

&5 1.3 063 | 044 | 041 | 049 | 058 | 065 | 0.71 | 0.76 | 0.87 | 0.78

§0 = &2 + (§2 - &5)

€0 3.3 1.17 0.6 061 | 075 | 092 | 099 | 099 | 096 | 0.83 | 0.92
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E,(x,a,b,c,d,e, f) := fxPT + exP® + dxP? + cxP¢ + bxP? + a

1.00
-0.11
0.01
0.01

\ 0.01
0.01

Rfito = genfit| Dy, §0,

0.523
0.51
—0.184
0.022
—8.982-107*
1.176 - 1075

Rfito =

af := Rfito; b:=Rfito, c:=Rfitoz d:=Rfito, e:=Rfitos f := Rfitog

Note that for a slightly better fit, by eye, coefficient d was increased by 0.5%.

o=t @ oo s (B (v

10
9
8
7
6
w 5
— =0
4 .
o eeeeeeees gﬁto
3 /.,/
2 'l
. e
= _ﬁ'\"u-—r"“‘
0
0 5 10 15 20
Dho,
D/h

Figure 3.5-2 Graph showing comparison between damping ratios of Garrido-Mendoza
et al. (2015) (black — £0 vs Dho) and approximate method (red — &fito vs D/h)
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Figure 3.5-3 Graph showing comparison between damping ratios of Garrido-Mendoza
et al. (2015) (black — &0 vs Dho) and approximate method (red — &fito vs h/D)

Therefore
Cro = &fito

Equation 3.5-20

To cross-check the Co and Cro results, the case for an exhaust vent (Diagram 11-14,
Section XI) from L.E. Idel'chick, 1966, was also considered. Diagram 11-14 showed
the resistance coefficient of straight rectangular exhaust vents for various openings.

Note that the f column (flow area through outlets / duct area) appears to be incorrect
and the first 4 values should read 0.36, 0.72, 1.08 and 1.44.

The four opening, 4th case has a resistance coefficient of 2.2. The equivalent h/D, for
the same ratio of outlet area to duct area = 0.25 and assuming the duct combines the
orifice and flow turning effects (Co + Cro) the coefficient would be 0.61 + 0.8 =
1.41 which is significantly lower than the 2.2 for the four opening exhaust vent.
However, the 4-opening vent does have 4 substantial support columns, which will
introduce additional drag so the results may be compatible.

49



Effect of oscillating motion

So far only steady flow cases have been considered. However, Graham (1980) reported
(see below) experiments and calculated the effect of oscillatory flow on a sharp-edged
plate and showed that the vortices generated substantially changed the drag coefficient
and that for a flat plate that Cd was theoretically proportional to KC~/3 providing the

Reynolds number was sufficiently high that inviscid analysis was satisfactory.

Figure 3.5-4 Drag coefficient at low Keulegan-Carpenter numbers. +, Flat plate (Singh,
1979); 0, square cylinder (Singh, 1979); O, circular cylinder (Sarpkaya, 1975; Singh,
1979) (Courtesy: Graham, 1980)

The general form of Cd = const x KC™1/3 is assumed valid, as a further multiplier on
the drag coefficient for the can. The constant is the drag coefficient at KC = 1. This, to

be consistent with the Cb results presented by Garrido-Mendoza et al. (2015), is set at
DCd.kcl = 7.8

The steady flow drag coefficient is: SCd = 1.14
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Note that their own paper (figs C5 and C6) suggests the Cd for KC = 1 should be 7. It
IS not clear what causes the inconsistency.

1
Cdk;, = DCd. kel - KC;, 73

Equation 3.5-21

45
40
35
30
25
20

Cdk

15 N
10 — —

0 0.5 1 1.5 2 2.5
KC

——Cdk

A KC correction to the steady flow drag coefficient SCd can now be estimated.

1
DCd. kel - KCj, 3
scd

Correction;, =

Equation 3.5-22
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40

35

30

o
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Correction

0 0.5 1 15 2 2.5
KC

Correction

In this case, ivl = 1,andp = 1.

By interpolation and application of limiting KC value,

. hip
pPraiq in = if (KCl-a <13 Tﬁ ,prih,O)
Equation 3.5-23
ivl = 5and Ns = 1.
Quadratic Ct

(Half steady flow circular plate Cd interpolated with h/D to Steady flow circular plate
Cd) x KC correction + Orifice Cd + Corner Cd + Friction Cd

-1 1
scd DCd. kel - KC;, 3
Ctfpl;, jih = T " praj, 'ihp + SCd - (1 — praia,ihp) . Scd

+ ((Coih + Crih) ' Praja ,ihp) + (Cfsivl + Cfbivl ih” NS) 1

Equation 3.5-24
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-1 _l
DCd. kel - KC;, 73

Scd

SCd
Ctfp1oj, jn = ( —— Praja P + SCd - (1 — praj, ;P)

2
+ ((Coih + Croih) ' Praja ,ihp) + (Cfsivl + Cfbivl ih ° NS) -1

Equation 3.5-25

Conversion from quadratic drag coefficient to linear damping coefficient:
Quadratic damping power dissipation

Pq=>-Cd-p-A-lv]-v-v Equation 3.5-26
Linear damping power dissipation

Pl=B-v-v Equation 3.5-27

where, v =V - sin(0)

For the Pq = Pl over a complete cycle

2Tt

2Tt
1
B=J E-Cd-p-A-IVI-V-VdG/f V-Vvde
0

0

1 2T 2T
=5 Cd-p-A-V- f |sin(8)] - sin(B)? de/f sin(0)? d6
0 0

Equation 3.5-28

Since
2Tt 2Tt
J |sin(8)] - sin(B)? de/f sin(0)? d6 = 0.848826
0 0
and
8
—— = (0.848826
3'm
Then
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Cd-p-A-V

N| =

B - 8
T 3-7

Equation 3.5-29

And Cb as defined by Garrido-Mendoza et al. (2015):

cb=8/v0. 0 Equation 3.5-30
where

Mo =1/3-p-D3 Equation 3.5-31
and

w=V/a Equation 3.5-32

8 .
Cp=3'n

Equation 3.5-33

Results using coefficients for flow into a pipe:

Aig
CPia in = Ctfplig in "D

Equation 3.5-34
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Figure 3.5-5 Cp for different h/R for flow into a pipe

This calculation leads to coefficients that are not too far from those shown by Mendoza
etal. (2015) but the trend with increasing h/R is slightly downwards instead of slightly
upwards from Mendoza et al. (2015).

Results using coefficients for flow from a pipe:

dja
Cpia in = Ctfploj, jp )

Equation 3.5-35
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2.5

Figure 3.5-6 Cp for different h/R for flow from a pipe

These results are not too different to those obtained using the inflow coefficients, the

trend is still down, when it should be up, with increasing h/R.
Alternatively, the quadratic Ct can be expressed as

(Half steady flow circular plate Cd + Orifice Cd + Corner Cd interpolated with h/D to
Steady flow circular plate Cd) x KC correction + Friction Cd

SCd

Ctfp2;, inh = ((T) + (Coj + Crih)> - praj, i” + SCd - (1 — praj, ,ihp)

1
DCd.kcl - KC;, 3

SCd

+ (CfSivl + Cfbivl ih NS) -1

Equation 3.5-36
Cpia in = Ctfp2;, i1 - ap,,

Equation 3.5-37
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Figure 3.5-7 Cp for different h/R for flow from a pipe

Multiplying the internal flow losses by the dynamic correction factor makes the

agreement worse.
Or,

(Half steady flow circular plate Cd + empirical allowance for internal flow interpolated

with h/D to Steady flow circular plate Cd) x KC correction + Friction Cd

scd Ae \%7
Ct;, ih = (T) +10.9- (m) +1 * pra;, 'ihp + SCd
i

1
DCd. kcl - KC;, 3
) (1 — praj, ,ihp) : Scd

+ (CfSivl + Cfbivl jih " NS) -1
Equation 3.5-38

Aja

CPia ih = Ctig in - D

Equation 3.5-39
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2.5

Figure 3.5-8 Cp for different h/R (internal flow losses included)

The empirical allowance for the internal flow is determined to give the correct trend

2.5
........... h/R =0.05
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1.5
X h/R=0.3
()
1 — — h/R=0.4
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0.5 TR
——h/R=1.5
0
KC

Figure 3.5-9 Cp for different h/R (internal flow losses included)

To make any time history analysis more stable, the curves are now slightly adjusted to

put a specified gradient on the curve as it drops back to the curve for h/R = 1.5.

58



CPiajn := “Limit increase in Cp to 1.3h/R”
hj,

if KCj; < 1.3-—

1 1a R

CpPiain < Cppliain
“For peak drop back towards Cpp for h/R = 1 with empirical slope of -10R/h”

“R/h multiplier needed to steepen slope for very small h/R values”

. hip
if KCj, = 1.3 -?

C Cppl 102 (Kc 1.3 hih)
. . @ . . — ' — . — . " —
ppla,lh pp ia,ih (hih) ia R

“When curve meets Cpp for h/R = 1, it follows that curve”

CPPiain < Max(Cppiain, CPPliao)

CpPia,in
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Figure 3.5-10 Cp for different h/R

_ CPiain
Ctigin=—"—
aDia
Equation 3.5-40
120
100 G
E e h/R=0.2
3
o . h/R=0.3
- ———h/R=0.4
o
— . —h/R=05
o h/R=1
h/R=1.5
0
0 0.5 1 1.5 2 2.5
KC

Figure 3.5-11 Ct for different h/R
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The influence of friction can be seen.

[l

Scale =

Ac
Cdfiin = (Cio S+ Cfbiy - Ns) 1

Equation 3.5-41

1000

100

10

Cdf
[N

0.1

0.01

0.001

Sccaaa

\~—-—

C o e — —

1 2 3 4

V,,(m/s)

- = — - Cdfiv,2
— - — Cdfiv,3

Cdfiv,9

Figure 3.5-12 Influence of friction on damping

For 20 sec waves and an oscillation amplitude of 2m, It appears that frictional effects

only become important at h/D about 0.025 (for D = 5m, 125mm from the seabed), so

friction will not affect the oscillation before touch down or impact with the seabed.

Since Ct is
scd Ae 7
Ctia jih = (T) +10.9- (AO-h) +1 ' praj, ,ihp + SCd
i
DCd. kel - KCy, 3

+ (Cfsivl + Cfbivl Jih NS) 1
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Substituting into the above expression the previous equations so that Ct becomes a

function of variables a and h only.

caam=( (%) + (09 () +1)

'f(z'"'a<13 h'f<1 h 001 h) 0)+sca
l D . R’l R ) ) R’

1 'f(z'"'a<13h'f<1 h 001 h) o)
l D . Rll R 1 ) RI

s 0.075 DL 1
(log ({232 —2)" wB ¥
0.075 R\3

D D ZI(H) ‘Ns |1
og((228) 2] _,

Equation 3.5-42
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Comparison of Ct and Ct1:
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Figure 3.5-13 Comparison between Ct (above) and Ct1 (below)
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3.6  Summary of Proposed Approximate Method

The hydrodynamic coefficients of a disc or cylinder well away from the surface and
seabed and in close proximity to the seabed was presented in this chapter. The location
of the structure in water is important, because it determines the approach to be adopted.
Straight forward analytical formulas can be applied to structures located at depths far
away from or unaffected by the free surface or seabed. This formula becomes more

complicated when these structures are located very close to the seabed.

The vertical added mass of a structure located mid water can be derived on the basis
of the surrounding fluid, not rigidly connected to the body, but formed as the structure
oscillates in the fluid. The surrounding fluid formed in most cases is in the form of

common shapes with known added mass derivations.

To calculate the vertical added mass of a subsea structure, in this case a cylinder,
firstly, determine if seabed influence exist. For complex structures, this can be done
for each component member, by checking if each member’s radius, projected on the
horizontal plane is less than, equal to, or greater than the gap to seabed, h. Equation
3.2-14 can then be applied. This equation estimates the heave added mass for various
suction-can sizes and seabed gaps. For complicated subsea structures with component
members other than suction-cans, their hydrodynamic added mass can be obtained

from known formulas.

The damping can be calculated if the drag coefficient of the structure is known. There
exists literature with known drag coefficients of simple shapes. The damping is
estimated from the quadratic drag of Equation 3.5-42. The quadratic drag should be
derived first by identifying the various components of damping. In this case the
components of damping considered were: friction on side of suction-can, frictional
drag from flow between suction-can bottom and seabed, and pressure losses, which
included the orifice drag coefficient and pressure loss to rotate the flow from vertical

motion of disc to horizontal flow through the orifice.
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4 CFD Simulation for Suction-Can

4.1 Introduction

Suction-can structures are widely used by the offshore industry for underwater
foundations. They were introduced to the industry in 1980 in the Gorm field but then
the experience gained with the installation for a loading buoy by a Heavy Lift VVessel
(HLV) did not merit its usage until it was considered again after 10 years (Tjelta 2001).
Their dynamics while submerged during installation is greatly affected by the added
mass and damping. The added mass of the can with a closed top is amplified (many
times the weight of the can in air) as a result of entrapped water within the suction-can
(Bai and Bai, 2012). This chapter deals with the CFD analysis of a suction-can with
the aim of deriving its hydrodynamic properties. The suction-can in this case was
chosen based on previous studies that have been conducted numerically and backed
by experimental results. The analysis was conducted for two cases — when the suction-
can was well away from surface and seabed, and at varying proximities to the seabed
(close to seabed). The model took into account a situation where the lowering or lifting
was stopped mid water, and close to the seabed in order to activate active heave
compensation or constant tension to reduce the risk of impact with the seafloor. This
was achieved using the CFD software Fluent and the computational mesh was

produced using Gambit.

4.2  Computational Fluid Dynamics

Computational fluid dynamics is a branch of fluid mechanics that provides an often
time consuming way of simulating marine operations numerically by simulating the
actual velocity fields. The CFD method solves the Navier Stokes equation and includes
essential parameters such as turbulence, free surface, submerged bodies and bodies
with a prescribed motion. Computational fluid dynamics is aimed at providing

solutions to fluid flow problems making use of inputs such as the model enclosed in
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the fluid domain in the case of external flows and the fluid properties with predefined
values. The equations associated with the fluid flow problem which form a set of
partial differential equations are the continuity and Navier-Stokes equations which

represent the conservation of momentum.

CFD is a useful tool in simulating marine operations, where its application in marine
operations would be to compute and study both hydrodynamic and aerodynamic
coefficients care must be taken when choosing the methodology so that it fits in with
the project schedule.

4.3  Numerical Determination of Vertical Added Mass and Damping of
Suction-Can

The numerical determination of heave added mass and damping in this section
involved simulating the developed 3D model of the suction can in the commercial
software Fluent to determine the hydrodynamic forces acting on the body as it

oscillates in the fluid domain by applying the dynamic fluid body interaction method.

The aim of this section is to estimate the added mass and damping of a suction-can
which is a part of a subsea protective structure using CFD and comparing results with

already existing experimental results.

This section begins with a description of the geometry and the simulation domain in
Fluent followed by the material model and a mesh sensitivity study of the suction can
in an unsteady flow. A discussion of the user defined external function is presented
and a detailed explanation of the numerical algorithm applied in the unsteady flow
problem to determine fluid force. Numerical results of the fluid forces obtained are
presented for the structure away from surface and seabed, and in close proximity to
seabed scenarios and finally the total forces are separated into the inertial and drag

components.

Finally, results are presented alongside model test results of Roe et al. (2008) and
Ireland et al. (2007), backed up with calculations using the developed analytical

calculation method. The heave added mass and damping by Zoontjes et al. (2009) in
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mid water and in close proximity to seabed were derived using the oscillatory flow and
dynamic fluid body interaction methods. Both methods gave good results for a suction
can well away from the surface and seabed with all the hatches closed. The dynamic
fluid body interaction method was applied while simulating a decay test to quantify
the floor effects instead of moving the fluid while the body is stationary and this same
method was applied in this research but eliminating the use of a fixed mesh as adopted
by Zoontjes et al. (2009), where the solid floor was modelled as a very dense and
viscous fluid because the motion of the body may generate waves on the interface
between the two phases, therefore the density and viscosity of the “floor fluid” have
to be as high as possible to limit this effect. A well-defined mesh between the interface

of the body and the floor with a wall boundary condition was sufficient in this case.

4.3.1 Model and Simulation Domain

The suction can was modelled using a pre-processing tool, Gambit. Gambit, a
geometry and mesh building tool was developed by ANSYS Fluent. Gambit is widely
used in creating simple geometries. It can also be used in creating more complex
geometries but this is time consuming so other standard CAD software may be used.
The geometry was created using the “Bottom-up” approach where points or vertices
were created and these vertices were connected to form edges. These edges or lines
were then connected to create the required faces and final volume created by joining
the faces. The suction can geometry was created and enclosed within a 10D by 10D
by 40D bounded box (see Figure 4.3-1) where D represented the diameter of the
suction can in meters. The Can was then subtracted from this box to create the fluid
domain and the structure with boundary condition type set as “wall”. The wall
boundary type is usually useful in most rigid body fluid structure interaction problems

for turbulent flows where the wall boundary requires special treatment.

Selection of a suitable domain was based on results obtained after running a domain
size sensitivity study based on a basic setup of the problem to obtain the total force
report for each domain size. It was observed that there was a difference in the force
values presented in Figure 4.3-2 for the three different domains as the height of the
initial domain was changed from 60D to 40D and 80D, where D is the diameter of the

Can in meters.
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Figure 4.3-1 Simulation domain
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Figure 4.3-2 Total force for 40D (domainl), 60D (domain2) and 80D (domain3) domain
sizes

The wall and symmetry boundary conditions were later assigned to the developed

model. The wall boundary condition was assigned to the structure and the symmetry
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boundary condition was assigned to all external faces, with large enough spacing from
the structure, required to model an infinite fluid. This depicted the structure in
deepwater far away from free surface effects and seabed interactions.

The simulated fluid was specified as “water-liquid” which was selected from the
Fluent database with a density of 1025 kg/m?®. In this case, seawater was specified as
the material model because the dimensionless heave added mass coefficient was

dependent on this value, while other parameters remained constant (ANSY'S, 2009).

Table 4.3-1 Main characteristics of suction-can

Description Units Value
Height m 6.000
Diameter m 6.000
Thickness m 0.020

4.3.2 Mesh Generation

The three-dimensional computational grid was developed with unstructured
tetrahedral meshes. The cell sizes very close to the wall boundary were reduced using
the Gambit size function and to control the growth rate until it blended into the
neighbouring volume mesh. The size function details are presented in Table 4.3-2
below which shows values for the minimum and maximum cell sizes and the growth

rate used in creating the final volume mesh.

Table 4.3-2 Size function parameters

Description Values
Minimum size 0.001m
Maximum size 10m

Growth rate 1.05

Type Curvature
Source Faces
Attachment Faces
Angle 10
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Figures 4.3-3 and 4.3-4 show cell size transition away from the wall boundary

(suction-can).
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Figure 4.3-3 Cell size transition away from wall boundary of suction-can on horizontal
plane (XY plane)
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Figure 4.3-4 Cell size transition away from wall boundary of suction-can at h/D = 0.2 on
vertical plane (ZX plane)
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The size function was introduced to control the size of mesh intervals for the volume.
The final result greatly depends on the mesh quality therefore before the mesh was
exported to Fluent, it was examined to determine if it fell within the acceptable range
documented by (ANSYS 17.0, 2016). The computational grid had 161,692 cells.
Comparing this value with the number of cells of Zoontjes et al. (2009), this was much
higher because the full structure was taken into consideration. The density of the mesh
adjacent to the wall was high and fine to capture the significant flow features and
resolve the flow around the wall bounday, the examined mesh skewness value was

below 0.90 which is a requirement for a good quaity mesh.

Skewness is a measure of symmetry, or more precisely, the lack of symmetry (National
Institute of Standards and Technology, 2003). This measurement can be carried out by
applying the EquiAngle Skew, 6,5, the EquiSize Skew, 655 and the MidAngle
Skew, 8,,45 method presented in the Gambit 2.4 Documentation (Sharcnet, 2009).

The EquiAngle Skew, 64 method was applied in this research to report the quality
of the volume mesh. The quality of these volume meshes fell within the region of 0.75
and 0.9. This region as shown in Table 4.3-3 is categorised as “Poor” but there was a
trade-off that arose during the modelling of the structure. The idea of a more realistic
model with low quality or a less realistic model with high quality bearing in mind that

three-dimensional volume meshes’ quality is lower than two dimensional meshes.

Table 4.3-3 EquiAngle Skew, Bg4s Vs. Mesh Quality (Sharcnet, 2009)

EquiAngle Skew, Og4s Quality
Opas =0 Equilateral (Perfect)
0 < Bgys < 0.25 Excellent
0.25 < Oy < 0.5 Good
0.5 < Ogys < 0.75 Fair
0.75 < 05,45 <09 Poor
09 <0pus<1 Very poor
Opas =1 Degenerated
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4.3.3 Mesh Sensitivity

A total of three meshes were selected for the sensitivity study on the suction can. The
three cases were expected to be in good agreement with model tests carried out by Roe
et al. (2008) on a suction-can with same parameters. The number of cells for each mesh
is shown in Table 4.3-4. The initial mesh, Mesh 3, was constructed with an
unstructured tetrahedral mesh having 153,102 cells as indicated in Table 4.3-4. There
was no set guideline during this process to follow but the aim was to produce a volume
mesh of adequate density to capture all significant flow features and of good quality
with a skewness value less than 0.90. With Mesh 3 as base, subsequent meshes with
different minimum cell sizes and cell numbers were constructed. The volume mesh for
Mesh 1 and 5 could not be constructed from the face meshes as a result of a too coarse
and a too dense grid respectively.

Table 4.3-4 Number of cells for mesh sensitivity study

Mesh Number 1 2 3 4 5

Number of cells - 143,232 153,102 161,692 -
Minimum Size (m) 0.10 0.01 0.005 0.001 0.0001

Skewness - 0.90 0.87 0.85 -

The hydrodynamic coefficients obtained from the force reports of Mesh Number 3 and
4 were similar compared to the result obtained from Mesh Number 2 due to good
quality grid (skewness less than 0.90). The heave added mass and equivalent damping
results obtained from Mesh number 4 with 161,692 cells were in good agreement with
past experiments and numerical simulations, therefore, 161,692 cells was selected for

use in further studies.

Check for Asymptotic Range of Convergence

The accuracy is determined using the GCI method outlined in Roache (1998), to fulfil

the asymptotic condition. In this case, the GClI is calculated using three grid levels with
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heave added mass coefficients of approximately 1.569, 1.565 and 1.550 at a time step

of 0.05 seconds.
Calculation:

Table 4.3-5 Added mass coefficients for various levels of the computational grid

No. Number of cells Added Mass Coefficient, Ca
1 161,692 1.569
2 153,102 1.565
3 143,232 1.550

The theoretical order of convergence is

In[(1.55 — 1.565)/(1.565 — 1.569)]/
Pgal = In(2

=1.91
)

Applying Richardson extrapolation using the finest two grids, would result to
Pry—o = 1.569 + (1.569 — 1.565) /(2'°! —1) = 1.57

The grid convergence index for the fine grid solution will be computed with a factor

of safety, Fs = 1.25 since three grid levels were used to estimate Pry,_.
The GCI for grids 1 and 2 is

GCly, = [1.25|(1.569 — 1.565) /1.569|/(2°1 — 1)]100% = 0.116%
The GCI for grids 2 and 3 is

GCl,5 = [1.25|(1.565 — 1.55)/1.565|/(21°1 — 1)]100% = 0.434%
Check for asymptotic range of convergence,

0.434/(2%91 x 0.116) = 0.996

This shows that the solutions are within the asymptotic range of convergence.

The result shows that the heave added mass coefficient for the suction-can is estimated
to be Ca = 1.570 with an error band of 0.116% or 0.00116.
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4.3.4 Time Step Sensitivity

Simulations were performed for the sensitivity of the time step on the suction-can
using the kw-sst turbulence model (Refer to Section 4.3.5: Selection of turbulence
model) and the selected mesh number from Section 4.3.3. Results of the heave added
mass coefficients for various time step sizes are shown in Table 4.3-5 for KC number
0.10 and were estimated following the procedure (see Equations 4.3-1 and 4.3-2) of
Zoontjes et al. (2009) which was based on the applicatiion of Fourier analysis to the
force time history.

mg

Ca—p—V

Equation 4.3-1

where, p is the fluid density, V is the volume of the suction-can and

2T
1 :
m, = _m]_a)f F(t) sin(wt)dt — —A,
0
Equation 4.3-2
where, F is the hydrodynamic force, w is the frequency, 7 is the amplitude of motion

of the suction-can and A, is the suction-can displacement.

The equivalent damping ratio is derived from the sinusoidal varying force over a time
record by fitting a line that touches the peak of these forces (see Figure 4.3-5). This

line is formed by calculating the force magnitude expressed as

mag F = Fyze Be¥t + A
Equation 4.3-3

where, F33is the amplitude of force in the heave direction, B, is the equivalent damping

ratio, w is the frequency of oscillation and A is a constant.
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Figure 4.3-5 Force report of oscillating suction-can far from boundaries

Table 4.3-6 Added mass coefficients and equivalent damping ratios for time step
sensitivity study for the suction-can away from surface and seabed with 161,692 cells,
and percentage change of parameters relative to shortest time step at KC = 0.1

Time step size
0.001 0.002 0.01 0.04975 0.05
(seconds)
Added Mass

Coefficient

1.550 1.551 1.558 1.566 1.569

Equivalent
) ) 0.018 0.018 0.020 0.021 0.021
Damping Ratios

Change Relative to
Shortest Time Step
for Added Mass
Coefficient (%)

- 0.065 0.516 1.032 1.226

Change Relative to
Shortest Time Step
. - - 10.00 14.286 14.286
for Equivalent

Damping (%o)

Equivalent
Damping Ratio —
Error (%): 0.00 0.00 11.11 16.67 16.67
CFD/Roe et al.
(2008)
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The k-omega SST model was applied. The results show an increase in the heave added
mass coefficient as the time step size increases. There was no significant difference in
the numerical error between a time step size of 0.05 and 0.04975 seconds. The decision
to use a time step size of 0.04975 seconds was to check if the very small change from
0.05 sec would have caused a significant difference in the results — which might have
indicated an instability in the numerical solution — but it did not. The calculated
difference was less than 1% (0.192%). Between time step size of 0.05 and 0.001
seconds there was a difference of 1.226%. This was adequate for the calculation of
heave added mass. The damping results were not as good at the longer time steps, the
damping ratio increased by 14% with an increase from 0.001 to 0.05 seconds time step.
Although 0.002 sec would have given a converged damping ratio, the extra
computational effort was difficult to justify for the 14% damping accuracy benefit,
corresponding to a maximum error of 1-11.14%% = 7% in random sea conditions;

therefore, the time step size of 0.05 seconds was adopted for the study.

The equivalent damping ratio, Be at KC number 0.1 obtained with a time step size of
0.001 seconds (See Table 4.3-6) was compared to an approximate model test result of
Roe et al. (2008) (Be = 0.018) with an estimated error of 0.00%. A 16.67% error
would be obtained with a time step size of 0.05 seconds when the equivalent damping

ratio, Be at KC number 0.1 is compared to model test result of Roe et al. (2008).

The estimated errors between equivalent damping ratios of Roe et al. and the CFD
analysis were 0.00 and 16.67% for time step sizes of 0.001 and 0.05 seconds
respectively, where the equivalent damping ratio of the CFD analysis was equal and
slightly higher than that of Roe’s damping as time step size increased. Roe’s low
damping might be due to the accuracy of the measurements, possibly the

overestimation of support equipment damping.

4.3.5 Turbulence Modelling

According to ANSYS FLUENT 12.0 User's Guide (2009), there is no single
universally accepted turbulence model being superior for all classes of problems.
Turbulence modelling has been one of the difficult aspects in fluid dynamics. It still
remains a complicated phenomenon in today’s engineering applications due to the

violent nature of fluid flow covering a wide range of scales in space and time. Various
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turbulence models have been developed for different flow problems. This study is
concerned with three-dimensional flow and the idea is to solve the governing equations
by averaging these equations over either a time or space scale so that the resulting
equations would describe the sinusoidal varying motion of the structure (Garrido-
Mendoza, 2015)

The Reynolds-averaged Navier-Stokes turbulence model selected for this study was
the k-omega SST (Shear-Stress Transport) turbulence model. This was selected after
a turbulence model selection process was carried out on several models. The other
turbulence models applied were the SST Transition and k-e model. Numerical analyses
for all three models were carried out on the suction-can. The most suitable model was
the k-omega SST model (justified in Table 4.3-7). The k-omega SST model was
appropriate because its results agreed with available data of Ireland et al. (2007).

Figure 4.3-6 shows the hydrodynamic force obtained from various turbulence models.

The k-omega SST model is a two-equation model developed to combine the k-omega
model and the k-epsilon model, and used to compute the turbulent eddy viscosity, u;
required to close the momentum equations in the Reynolds-averaged Navier-Stokes
model (see Equation 4.3-4) as expressed in ANSY'S Fluent 12.0 User's Guide.

(o) + 5 (o) = '
gt P T gy WU = ax; ' ox; 3 Uoxl

op 0 <6ui ou;j 2 8u1>l 0

+ 6_x] (—pu’lu]’)

Equation 4.3-4

where, u; is the mean fluctuating velocity component (i = 1,2,3), and —pu;u; are the
Reynolds stresses which must be modelled in order to close Equation 4.3-4 according
to ANSYS Fluent 12.0 User’s Guide.

Developed to take into account the near wall viscous region, the k-omega turbulence
model was able to predict from the onset, separation of the fluid flow from the surface
of the structure and the amount of separation of the fluid flow later on, as the suction-

can experiences vertical oscillations as a result of the external force exerted.

The k-omega SST model was developed due to the free-stream dependence on the k-

omega model. Since the k-epsilon model is not susceptible to the free-stream values
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of turbulence it is applied far away from the wall in free-stream where there is no
influence of small changes in k-omega, while the k-omega model is applied very close
to the wall because it gives a very good prediction of the skin friction. The boundary
between these two models is called the blending region. The idea of using a blending
between the two models is the basis of the k-omega SST model. The two-equation

model according to Langley Research Center (NASA, 2021) is expressed as:

a(k)+a( k)=P—p" P (u+ )ak
a¢ PR+ 5 k) = B pw o, |1 Obe) 5

Equation 4.3-5

d(pw) N d(pujw)

PO, 0k dw

=1P—,8 w2+i( + O lht)
it ral (CRL AT

091 L 20— F)
ax] L

Equation 4.3-6

where, Equations 4.3-5 and 4.3-6 represent the turbulent kinetic energy and specific
turbulence dissipation rate respectively, and the blending function F; is equal to one
in the near-wall region and zero far from the wall, p is the density, v, is the turbulent

kinematic viscosity expressed as u;/p, u is the molecular dynamic viscosity, P =

aui
6X]'

(z;;) and the turbulent eddy viscosity

pak

He = max(a,w, QF,)

Equation 4.3-7

where, Q is the vorticity magnitude, F, is the blending function, and y, 8, 8%, a, and
o,, are constants (expressions for these terms are presented in the turbulence modelling
resource of NASA (NASA, 2021)).

Equations 4.3-5 and 4.3-6 were derived by multiplying both the standard k-omega
model and the transformed k-epsilon model (Menter, 1994). by the blending function,
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F; and both models were added together. The blending function is required to switch

between the k-omega and k-epsilon models.

When F; = 0, the k-epsilon model is activated and when F; = 1, the k-omega model

is activated.

500
400
300
200
100

Force (KN)

-100
-200
-300
-400

------ k-epsilon

Time (secs)

12

k-omega SST = «eeeeeeeeee Transition SST

Figure 4.3-6 Force time history for k-epsilon, k-omega SST and SST Transition

turbulence models

The calculated heave added mass coefficient and equivalent damping ratio from the

total force of the heaving suction-can for the different turbulence models at a time step

size of 0.01 seconds are shown in Table 4.3-7.

Table 4.3-7 Added mass coefficient and equivalent damping ratio for various turbulence
models at time step 0.01 secs (KC =0.1)

Turbulence Model k-epsilon k-omega SST SST Transition
Added Mass Coefficient 1.489 1.558 1.558
Equivalent Damping Ratio 0.03 0.021 0.021

It was observed that the results obtained from the k-epsilon model varied from both
the k-omega SST and SST Transition model. The SST Transition and k-omega SST

models gave the same results because the SST Transition model being a four equation
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turbulence model is built on the coupling of the transport equations of the k-omega
SST with two other transport equations where one equation is for the near transition to
turbulence and the other for the fully developed turbulence. The SST Transition is
computationally expensive for industrial applications, analyses require more

computational time and hence the k-omega SST model was adopted.

Both the k-epsilon and the SST Transition models encompass the enhanced wall
treatment function used for comparison along with the k-omega SST model. This
allowed for the wall function to be used for the near wall region which takes into

consideration the viscous sub-layer, buffer layer and the fully turbulent region.

4.3.6 Dynamic Mesh

The dynamic mesh model was activated to model the unsteady flow as the fluid domain
changes with respect to time as a result of the motion of the vertical oscillation of the
suction-can. The volume mesh was updated automatically at each time step by ANSYS
Fluent by taking into consideration the new positions of the structure’s boundary after
the vertical velocity was prescribed about the centre of gravity of the structure using a
User-Defined Function (UDF).

The motion of the structure was specified on the wall boundary in the dynamic mesh
zones during the solution set up and this zone was considered as a rigid body where
the motion UDF was then dynamically linked to the motion attributes in Fluent. The
UDF was developed in a C-programming language and compiled in Fluent using the

following procedure highlighted below.

I.  After setting up the solution and writing the Case and Date file in Fluent, go to
“Define” select “User-Defined”, then select “Functions” and Compiled.
ii.  Add the Developed UDF source code to the working directory.
iii.  Create the UDF by clicking the build tab and
iv.  Load the library.
v. UDFs are external functions required as inputs due, in this case, to the

limitation of the Fluent solver not being able to move the solid boundary.
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Figure 4.3-7 Contours of velocity magnitude of suction-can well away from surface and
seabed for one oscillation

Figure 4.3-7 shows the velocity contours of the suction-can at various phase angles, @.
The downward motion of the suction-can from the crest (¢ = —m) results in the
formation of vortices at the bottom of the can due the pressure exerted on the fluid
within the suction-can. This stream discharge continues with increasing vortex
formations until the suction-can approaches the trough position (@ = 0) and then
followed by an upward movement. Here, the increasing velocity until the structure
approaches the crest (@ = m) was as a result of the fluid discharge within the suction-
can due to the suction-can’s upward motion and no downward pressure exerted on the

fluid by the suction-can.

The downstroke and upstroke do not produce the same effects on the flow because of
the closed top of the suction-can. This causes different flow circulation values to be
produced in both downstroke and upstroke. A net lift force is thus obtained over each
cycle as a result of this.

4.3.7 Solver Settings
A further set up of the CFD simulation required setting up the solvers which entailed
specifying the solution methods. Since this analysis was a transient simulation, the

PISO (Pressure-Implicit with Splitting of Operators) scheme, an algorithm by Issa
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(Issa, 1985) was selected for the pressure-velocity coupling. This algorithm with
neighbour correction is a highly recommended algorithm for all transient flow analysis
(ANSYS, 2009) because: it takes less computational time and gives more stable results
than the SIMPLE and SIMPLEC schemes; it is fitted with the ability to perform the
skewness and neighbour correction to improve on the limitation of the SIMPLE and
SIMPLEC schemes where after the pressure-correction equation is computed, the
accompanying fluxes do not meet the requirement of the momentum balance; and it
accommodates the use of large time steps for problems which normally require small

time step sizes.

Under Relaxation Factors, URF

The under-relaxation factors applied in the numerical simulation were significant
because they were used to reduce the change in the variables (pressure, density, body
forces and momentum) produced during each iteration. Each variable represents an
equation the solver, Fluent is trying to solve with the result (approximate solution) of
the next iteration getting closer to the real solution thereby reducing the discretization

error (convergence).

The under-relaxation factors shown in Table 4.3-8 were set to 1.0 for density and body
forces, 0.80 for turbulence kinetic energy, and 0.3 and 0.7 to sum to 1.0 for both
pressure and momentum respectively because only the PISO skewness correction was

applied since the meshes were highly distorted.

Table 4.3-8 Under-Relaxation Factors

Parameters Under-Relaxation Factors
Pressure 0.3
Density 1.0
Body Forces 1.0
Momentum 0.7
Turbulent Kinetic Energy 0.8
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For this case, the value of the new pressure variable, P, within the cell from the
iteration depends on the value of the old pressure variable, P,,_; within the previous

cell. Under-relaxation of this pressure variable is mathematically represented as

P,=P,_1+03(P,—P,_1)
Equation 4.3-8

where, (B, — P,_,) is the change in pressure variable.

The under-relaxation factors were selected based on the User Guide of ANSY'S Fluent
6.3 Documentation (ANSYS, 2006). The under-relaxation values of Table 4.3-8 are
default values set by Fluent, and they were suitable for the numerical analysis since

there was no increase in the residuals after the first 5 iterations.

The second order solver was assigned to the momentum, turbulent kinetic energy and
the specific dissipation rate equations since this scheme (Second-Order Upwind
scheme) produced more accurate results because it is an improvement on the spatial
accuracy of the First-Order Upwind scheme and it makes use of 3 data points for
computation instead of 2 data points. The justification for applying the Second-Order
Upwind scheme was because it provided stability and accuracy for poor quality
meshes, and it accommodates the use of large time steps.

The First-Order Implicit scheme was selected for the transient formulation. This was
the only option available because the dynamic mesh option was activated earlier during
the solution set-up in Fluent for the numerical analysis. Its advantages are: it is easy to
converge, it is less accurate but stable when compared to a higher order scheme, and
it is sufficient for most problems (ANSYS, 2011)

The body-force weighted scheme was also used during the solution setup since the
problem involved large body forces (ANSY'S, 2006).
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Figure 4.3-8 describes the solution set-up used for the CFD analysis, and Figures 4.3-
9 to 4.3-12 show results of the pressure contour of the suction-can at KC number 0.9
for different h/D ratios, where h is the height above seabed and D is the diameter of
the suction-can.
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Figure 4.3-9 Pressure contour of suction-can well away from surface and seabed
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Figure 4.3-10 Pressure contour of suction-can at h/D = 1.2
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Figure 4.3-11 Pressure contour of suction-can at h/D = 0.6
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Figure 4.3-12 Pressure contour of suction-can at h/D = 0.2

Figures 4.3-9 to 4.3-12 show the pressure distribution around the suction-can. The
pressure force increases due to the suction-can’s closeness to seabed. The pressure
acting at the bottom of the suction-can represents the downward motion of the structure
in the stationary fluid. The net pressure in the upward direction is the drag force
pushing the suction-can upwards. This contribution to the drag force due to the
pressure is the form drag because of the low pressure region at the top of the suction-
can due to the separation. The friction or the viscous shear at the wall which acts in
the tangential direction also contributes to the drag and makes up the total force

reported by Fluent.

The oscillating suction-can exhibits varying pressure at each point due to varying
velocity and the increase in the velocity of the structure means there would be an
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increase in displacement of the fluid particles, therefore increasing the added mass of
the suction-can in the heave direction. The increase in pressure would increase the net
hydrodynamic force on the structure thereby leading to an increase in the drag force.
The formation of vortices at the bottom of the suction-can contributes to the damping
of the structure. It can be seen from the figures that the formation increases as the

suction-can approaches the seabed.

4.4  Hydrodynamic Properties of Suction-Can

Results of the heave added mass and damping of the suction-can are presented in this
section. Current offshore engineering practices may simplify the geometry of the
suction-can to a standard shape with known hydrodynamic coefficients making such
results conservative for installation analysis. Model tests and CFD analyses are the
preferred analyses techniques, where the latter was employed in this thesis. The
numerical analysis was carried out with an oscillation period of 1.75 seconds for all
cases. 1.75 seconds was chosen for analyses because it was in line with reference
(Zoontjes, et al., 2009) used for calculation. A typical range of period for installing
subsea structures would depend on the installation analyses results, where this range

is determined based on operable sea states.

The results showed the dependency of the added mass and damping on the Keulegan-
Carpenter number — Ratio of amplitude of oscillation, n to diameter of structure, D
given as: 2mm/D. Two scenarios were considered to represent the installation of a
subsea work package. The first was the far from boundaries condition which
represented the subsea module in a stationary position and the second was the close to
seabed condition with two water depth ratios (h/D) of 0.40 and 0.20 from the seabed.
This fell within the range of the close-to-seabed installation process where either active
heave compensation or a constant tension approach is adopted for the final set down
of the subsea module from a distance of 3 meters above the seabed.

The KC and frequency dependent hydrodynamic force from CFD analyses consisted
of pressure and viscous forces with the viscous force less dominant when velocity was

minimum (crest and trough position of Figure 4.3-7), and more dominant at maximum
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velocity (@ = —m/2 of Figure 4.3-7) as a result of the shear stresses developed
between boundary layer of the oscillating body and fluid known as skin friction. The
pressure or form drag was associated with the pressure force which also resulted in the
formation of vortices at the bottom edge of the suction-can.

There was noticeable reduction in the amplitude of force over time until it got to a
stage where there was no significant change in the reduction of successive amplitudes.
At this stage, the numerical analysis was stable and was stopped in order to reduce

computational time.

The estimated hydrodynamic coefficients of the suction-can were lower when the
structure was well way from the surface and seabed compared to when it was close to
the seabed. This was as a result of the structure placed far away from the free surface
and seabed which led to no interaction effect due to increase in the fluid particle
motion, shear stresses between particles and between particles and structure. Figure
4.3-12 shows the contours of pressure of the suction-can far from the seabed and at
various heights above the seabed. This shows an increase in the pressure due to the
dynamic excitations of the fluid particles beneath the structure as a result of its

closeness to the seabed.

4.4.1 Operation Away from Surface and Seabed

The results shown in this section are based upon the methodology outlined in the
previous sections. The analysis was carried out over a range of KC numbers to show
the dependency of the hydrodynamic coefficients. The results of the CFD analyses
were reported alongside results of model tests by Roe et al. (2008) as a means of

validation of the Fluent simulation method.

The increase in heave added mass coefficient as KC number increased from 0.1 to 0.5
was not pronounced which signifies these coefficients do not overly depend on the
increase in amplitude of motion of the structure in this range. For each increase in the
motion amplitude of the heaving body, there is an incremental mass of fluid added to

the previous mass derived from the preceding amplitude which is nonlinear and can

92



only be determined from experiments, numerical analysis and analytically in the case

of simple geometries. The results showed good agreement with model test results.

The equivalent damping ratios were also reported alongside results of model tests by

Roe et al. (2008). By fitting the data points of the equivalent damping ratios at each

KC number, a line of best fit would be achieved and this can be used in deriving the

linear and quadratic damping ratios. The recommended practice (DNV-RP-H103)

stated that the nonlinear quadratic term should be applied during design for more

accurate results (Det Norske Veritas, 2011). Figure 4.4-2 shows a comparison between

the equivalent damping ratios from the CFD analysis and Roe et al. (2008). Table 4.4-

1 shows a tabular comparison.

Table 4.4-1 Equivalent damping results of CFD analysis and of model test by Roe et al.
of the suction-can away from surface and seabed

KC Equivalent Damping Ratio, Be
number CED Roe et al. Difference: CFD/Roe et Error (%): CFD/Roe et
(2008) al. (2008) al. (2008)

0.1 0.018 0.018 0.00048 2.611
0.2 0.027 0.026 0.00057 2.212
0.3 0.035 0.033 0.00221 6.779
0.4 0.043 0.039 0.00410 10.434
0.5 0.052 0.046 0.00574 12.477
0.6 0.060 0.053 0.00763 14.480
0.7 0.069 0.059 0.00953 16.032
0.8 0.078 0.067 0.01058 15.803
0.9 0.086 0.074 0.01222 16.592
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Figure 4.4-2 Equivalent damping ratio of suction-can away from surface and seabed

Figures 4.4-1 and 4.4-2 show results of the suction-can well away from the surface and
the seabed, free from the influence of the free surface and seabed. It was observed from
the results of Figures 4.4-1 and 4.4-2 that the hydrodynamic coefficients increased
with an increase in KC number. From KC = 0.4, the added mass and damping
coefficients become less accurate due to the transition of the flow from laminar to

turbulent. This can be observed in Appendix A, Figure A.1-1, which shows increase
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in the magnitude of velocity from KC 0.1 — 0.9 of the suction-can at maximum velocity

as it moves downwards.

The numerical flow visualization demonstrates in detail the mechanism of vortex
shedding at the bottom edge of the suction-can at various amplitudes of oscillation.
For KC = 0.1, the vortices move through a very short distance before being diffused
away. The distance moved by the vortices increase as the amplitude of oscillation of
the suction-can increases. This is noticeable between KC 0.1 and 0.5 (See Appendix
A.1-1 and A.2-1). There is no interaction between the vortices shed from the bottom

edge (the circumference) of the suction-can observed.

At higher KC, from KC = 0.6, the vortices move over a longer distance and diffuse
away slowly. There is noticeable interaction between the vortices shed from the bottom
edge of the structure observed. There is no noticeable movement of flow away from
the suction-can in the horizontal direction due the movement of vortices around the
bottom edge of the suction-can and particles of the flow above the suction-can as a

result of increase in amplitude of oscillation structure.

4.4.2 Operations Close to Seabed

An adjustment to the boundary conditions was made for the proximity to seabed
condition and was maintained for all h/D ratios. The suction-can was placed above the
seabed at a gap ratio (h/D) of 0.40 and 0.20 (See Figure 4.4-3). A wall boundary was
then assigned to the seafloor due to its closeness to the structure and the mesh density
of the volume mesh was much higher at the interface between the seafloor and

structure.

']
4

Figure 4.4-3 Suction-can at h/D = 0.4 (figure above) and h/D = 0.2 (figure below) above
seabed
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A parametric study had to be conducted on the time step size to ensure the initial time
step size selected when the suction can was away from surface and seabed was still
relevant. Since the fluid region of concern is close to, and shares a boundary with the
sea bottom, a reduction in the height of the computational grid above the top of the
suction can would reduce the number of cells needed for the numerical analysis and
hence save computational time. A final domain size height of 30D was selected while
other dimensions remained the same.

Table 4.4-2 Added mass coefficient results for various time step and fluid domain sizes
of suction-can at h/D = 0.40 from seabed

Time Step Size
0.001 0.002 0.01 0.04975 0.05
(seconds)
Ca 1.657 1.658 1.665 1.673 1.676
Domain Size
25D 30D 35D 40D -
(m)
Ca 1.71 1.699 1.699 1.699 -

The numerical simulations were run at a time step size of 0.04975 seconds for the
domain size sensitivity study. The results presented in Figures 4.4-7 to 4.4-10 show
the heave added mass coefficients and equivalent damping ratios of the Fluent
simulation method compared with model tests by Roe et al. (2008) for both gap ratios

of 0.40 and 0.20 respectively.

Iterations were performed within each time step. Figure 4.4-4 shows a consistent trend
in the decreasing residuals. The sawtooth pattern of the residuals indicates the unsteady
flow and each spike in the residual plot represents a new time step of the simulation.
The successive peaks of most residuals were of the same height. The continuity
residual did not drop as much compared to other residuals but this was sufficient for
the simulation based on comparison with model test result of Roe et al. and the
consistency in the hydrodynamic force report of the CFD analysis as shown in Figure
4.4-5. These were used in judging convergence and also flow patterns presented in

Section 4.3.6 which showed practical sensibility of the simulation.
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Figure 4.4-5 Hydrodynamic force of suction-can at h/D = 0.4
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Figure 4.4-7 Equivalent damping of suction-can at h/D = 0.40 from seabed
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Figure 4.4-8 Added mass coefficient of suction-can at h/D = 0.20 from seabed
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Figure 4.4-9 Equivalent damping of suction-can at h/D = 0.20 from seabed

The results show a consistent increase in the hydrodynamic coefficients of both gap
ratios. The model test results of Roe et al. presented in Figures 4.4-9 and 4.4-10 were
for a Keulegan Carpenter number range of 0.10 — 0.50 and could not be extended to
the highest KC value of 0.9 due to unavailable data from Roe et al. (2008). Although

an extension of these data to KC = 0.9 was achieved by adding a linear trendline drawn
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as a best fit through the data points, which denotes the average in the case of the added

mass coefficients and the equivalent damping ratios.

The curve fitting method was applied to estimate the equivalent damping ratios as
explained in Section 4.3.4. The results of the curve fitting method are influenced by

the accuracy in fitting the curve on the data points (amplitude of force).

As KC increases, the strength of the vortices at the bottom edge of the suction-can
increase (See Appendix B.3). At KC 0.1, the vortices convect slowly but are not being
diffused away fully at maximum velocity — downward motion of structure. This results
in the particles of the flow touching the seabed. This seabed interaction of the particles

of flow increases as KC increases.

45  Chapter Summary

The Fluent simulation method applied to calculate the heave added mass and damping
of the suction-can, involved the introduction of a user defined function, and eliminated
the adjustment of the density and viscosity of the fluid (Zoontjes, et al., 2009), by
concentrating more cells in the region between the bottom of the suction-can and the
seabed (seabed gap), for the cases where the suction-can was close to the seabed. The
results were validated using model test results by Roe et al. (2008) and Ireland et al.
(2007). The objective was to provide a Fluent simulation method that could be applied
in estimating the hydrodynamic coefficients of complicated subsea structures well
away from the surface and seabed and close to the seabed.

Flow visualization showed that vortices formed beneath the suction-can contributed to
the added mass and damping of the structure, and the vortices shed only occurred
during decent of the structure. The hydrodynamic force was dependent on KC and the

interaction of the suction-can’s edge with the fluid, and its size.

The review in Chapter 2 showed there were other methods used in estimating the
hydrodynamic coefficients, but these methods were applied to subsea structures with
geometry different from the one used in this research. Some of the methods were
applied simplified geometries to represent the subsea structure, like in the case of the

subsea manifold which was reduced to a cuboid to simplify the hydrodynamic
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calculation (Chen, et al., 2017). The Fluent simulation method in this chapter was
applied to a suction-can and a slightly simplified subsea protective structure (Chapter
5) which meant the results of the hydrodynamic coefficients were not under or

overestimated as a result of geometry simplification.
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5 CFD Analysis of Complicated Subsea

Protective Structure

51 Introductory Remarks

The aim of this chapter is to apply the Fluent simulation method to complicated subsea
structures far from boundaries and in close proximity to seabed. The subsea structure
(see Figure 5.3-1) chosen for this study is mainly used for subsea oil and gas operations
in areas with increased risk of dropped objects. The foundations are used to support
the upper part of the structure (structure resting on foundation) when impacted by

vertical and horizontal loads (Det Norske Veritas, 2015).

It is a complex shaped structure which makes modelling quite different from the
suction-can which is termed a simple geometry, presented in the Chapter 4. The
procedure in developing the computational mesh will be discussed together with the
selection of suitable boundary types because the model was divided into four parts due

to symmetry in order to reduce computational time.

Finally, the results derived from the CFD analyses are presented.

5.2  The Subsea Structure

The subsea structure is an integrated structure used in the offshore industry especially
in oil and gas production. It rests on the seabed encompassing either a subsea manifold
or tree and anchored to the seabed by embedding its suction-cans with its top hatch
used to protect the housed unit. Figure 5.3-1 shows a model of the structure with its
dimensions reported in Table 5.3-1. The suction-can has an open hatch to allow the
passage of water as its bottom end penetrates the seabed. Due to the small size of the
vent, it was assumed in the proposed approximate method in Chapter 3 that the fluid
flow through the vent is negligible and would not affect the structure’s added mass.

This assumption was taken from the recommended standard of DNV, DNV-RP-HO013.
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A study of the dynamics of this structure to accurately predict its response during
installation is of importance to installation engineers as an installation failure would
pose a great risk to personnel safety and impact negatively on the overall field

development cost.

5.3  Modelling and Meshing of the Subsea Structure

5.3.1 Creating the Model

This was the first and important step required to run the CFD analysis because the
simulation time and results were dependent on the model. The subsea protective
structure is symmetrical in shape therefore one quarter of the model was modelled.
The modelling strategy depended on the degree of complexity of the subsea protective
structure. The strategy adopted was the bottom-top approach for the subsea protective
structure, where either lines or faces were created for each component member before
its volume. This was achieved through the use of Boolean operations to create faces
from lines or to sweep faces to form volumes. Other models may require either a
bottom-up approach or a top-down construction method, or a combination of both
methods. The top-down construction method starts with the creation of volumes which
may be cylindrical structures or bricks, depending on the geometry, and would entail
the application of either the intersect option or the subtract, unite options to these

volumes in order to obtain the final geometry.

The model was produced with the 3D CAD software Gambit. The first element was
created and located on the primary X, y, z axis (0, 0, 0) with subsequent members
further translated to target location and rotated as required. Table 5.3-1 shows the main
characteristics and dimensions of each structural member of the subsea protective

structure.
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Figure 5.3-1 Subsea Protective Structure

The complexity of the subsea protective structure arises from the number of
component members such as: hatch beams close to one another, H-beams located
below hatch beams and resting on central and outer buckets. The interaction of each
component member with the fluid results to a complex flow pattern that is dependent
on KC.

Table 5.3-1 Main characteristics of Subsea Protective Structure

Parameters Units Values
Volume of structure m3 20.237
Displacement of structure N 20743
Outer Buckets
Diameter m 4.000
Thickness m 0.025
Height m 6.500
Perforation diameter m 0.8
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Number of outer buckets 4
Central Bucket
Internal mass kg 77993
Diameter m 1.000
Thickness m 0.025
Height m 3.000
H-Beams
(Placed centre-to-centre on Outer
Buckets)
Length m 24.000
Breadth m 0.300
Height m 0.900
Number of H-Beams 2
Horizontal Beams
Diameter m 0.914
Length m 13.042
Number of horizontal beams 4
Hatch Beams
Diameter m 0.170
Length m 10.900
Number of hatch beams 35
Inclined Beams
Diameter m 0.914
Length of inclined beams m 5.600
Inclination of inclined beams deg 60
Number of inclined beams 4

Estimating the hydrodynamic coefficients of subsea protective structures using CFD

is an external flow problem, therefore, after creating the final volume (the geometry),

it was subtracted from an enclosed domain. After subtraction, the final volume

(domain) had a hollow space which takes the shape of the subsea structure (the

geometry). Before creating the volume mesh, the domain should was decomposed into

smaller volumes, but this might not be necessary for a simple subsea structure.
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Splitting the domain into subdomains will allow for a better control of the meshing

process and will control the cell transition in the domain.

The model was further discretized into smaller volumes as shown in Figure 5.3-2 due
to the difficulty in producing the final volume mesh as a result of Gambit’s inability
to handle a huge number of cells. This was also advantageous because the meshing
procedure was controlled manually since each volume had to be meshed separately by
following a hierarchical manner which starts from meshing the edges, then the faces
produced from the edges and then advance to the volume. This process ensured the
mesh quality was maintained below the recommended value for all stages where a
quality with a skewness of less than 0.50 was acceptable for a face mesh and a
skewness of less than 0.90 was acceptable for a volume mesh (Refer to Section 4.3.2).
The size function parameters (Refer to Section 4.3.2) selected for the suction-can in
Chapter 4 were applied in this case with a total number of 6746481 tetrahedral cells.

Figure 5.3-2 Showing quarter model of subsea protective structure, simulation domain
and discretized domain
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5.3.2 Meshing

The meshing process was the next step after creating the model, and decomposing the
domain, if necessary. The mesh method in this case was dependent on the model
complexity and the nature of the problem, for example, moving boundaries were
required to simulate the heave motion of the structure, therefore, an unstructured mesh
with tetrahedral cells was applied. Choosing an appropriate mesh type would depend
on the nature of the problem and the geometry. Estimating the hydrodynamic
coefficients for a stationary structure in a fluid might require a hexahedral mesh
(structured mesh) for both simple and complex geometries, but on the other hand,
tetrahedral meshes (unstructured mesh) are much better compared to hexahedral
meshes because they fit better in complex geometries. The meshing process in this
thesis can be applied to other simple and complicated geometries. The process
involved the creation of the final volume mesh made up of tetrahedral cells. Since the
domain was split into subdomains, creating the mesh for the subdomains farther away
from the structure was quite straightforward (direct meshing of the volumes). This was
not the case for the subdomains that had parts of the geometry within them because
the mesh had to be controlled in this case, a fine grid had to be created and the cell
sizes had to change gradually which was defined by a growth rate. It is recommended
that the maximum change in the grid spacing between two neighbouring cells should
be less than 20% (ANSYS 17.0, 2016).

That is

Equation 5.3-1

The growth rate in this case was kept at 1.05 because a higher rate would have
compromised the quality of the final volume mesh which resulted in a skewness of
over 0.85.
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After achieving the final mesh, its quality should be checked. If the quality is below
the acceptable value as explained in Section 4.3.2, mesh refinement should be carried
out. Refinement is carried out in order to obtain an acceptable mesh quality and to

investigate the dependence of the solution or results on the mesh size.

There are two refinement options available in CFD, manual and automatic. In the
latter, there is an option to locally refine the mesh by selecting nodes, lines, or

elements, or the option of globally refining the mesh by selecting all elements.

Simple geometries can benefit from global refinement, like the case of the suction-can
which is not the case for complicated geometries such as the subsea protective
structure. Local mesh refinement by manually adjusting the mesh in regions of poor
quality was conducted because global refinement was not adequate since the mesh
needed to be refined in areas of interest or areas that were considered would improve

the overall mesh quality.

Normally, mesh refinement is conducted after producing the first domain mesh which
would be coarse. Refinement should be carried out until there is no significant
difference between the results of the current mesh and the previous mesh or previous

meshes.

As stated in the mesh sensitivity study (Section 4.3.3), there may be instances where
it is impossible to create the volume mesh due to either a too coarse or too dense grid.
This means there is an extent to which mesh refinement will no longer be acceptable

in the refinement process.
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Figure 5.3-3 Mesh of subsea protective structure far from boundaries

5.3.3 Challenges and Difficulties in the Numerical Modelling

The numerical modelling consisted of the modelling and the numerical method. The
physical representation of the model considered if it was appropriate to estimate the
hydrodynamic coefficients of each component member or the whole geometry. The
latter was considered to be more appropriate because of interaction effect from
structural members. Therefore, in order to reduce the computational time of the CFD
simulation, symmetry was applied and a challenge faced but not related to the
modelling software, although it had a significant impact on the calculated properties
of the structure, was the simplification of the original geometry. Although it is
advantageous in cutting down on simulation time due to the ease of the Fluent
programme in calculating the nonlinear equations, on the other hand over-

simplification could lead to inaccurate estimation of the properties of the structure, and

109



will result in the inaccurate response of the structure in the installation analysis. In this
case, insignificant parts or members of the structure were eliminated, especially parts
or members that were shielded by other members.

It was observed in the end, after producing the volume mesh that the difficulties
encountered favoured the meshing process because: based on the knowledge of the
software, a proper plan on how to create the geometry and the mesh was set out before
the start of the model development; the software granted full control of the meshing
process, which meant the mesh quality was improved manually through the bottom-
to-top approach, by meshing the lines, then the faces and then the volume, which
makes it possible to concentrate more cells at corner points or wall boundaries, and it
was fully compatible with Fluent because there were no issues when the mesh was

exported and imported to and from Fluent.

A difficulty was the discretization of the domain to fit the meshing strategy. The fluid
domain was continually discretized into smaller volumes until the final volume mesh
was achieved, and as a result of a very low t/D ratio, thickness to diameter of outer

bucket (0.0063), the recommended volume mesh quality was difficult to achieve.

The dynamic mesh setup which is different from a steady flow problem with

predefined velocity could lead to divergence of the solution due to a moving boundary.

The calculation times for running the model was too long even with the application of

symmetry and simplifying the geometry.

5.4  Boundary Conditions and Exporting the Mesh

Appropriate boundary conditions should be assigned to the domain after meshing. The
flow characteristics determine what boundary condition is needed for each face while

for external flows, the wall boundary condition is most times assigned to the geometry.

The boundary selection was carried out after the mesh process. Due to the
discretization of the volume, an interior boundary was assigned to the internal faces
produced. This selection was made based on the interior faces located in the fluid area

and not having any function or effect on the fluid particle motion. Other boundaries,
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such as the wall and symmetry boundaries were selected based on the selection of
Chapter 4. This was done for both conditions (structure far from boundaries and close
to seabed). The number of cells produced in both conditions is reported in Table 5.4-
1.

Table 5.4-1 Number of cells produced away from surface and seabed, and close to seabed
condition

Condition Number of tetrahedral cells
Away From Surface and Seabed 6746481
Close to Seabed (h/D = 0.40) 6947764
Close to Seabed (h/D = 0.20) 7006107

The number of cells of the volume mesh for both cases of the seabed proximity
condition was higher than that of the far from boundaries condition because more cells
were needed in the region between the base of the structure and the seabed in order to
obtain an overall good quality volume mesh. The number of cells required increased
with a reduction in the water depth ratio. Figure 5.4-1 is an illustration of the seabed

proximity condition.

The next step would be to define the zones. For the fully submerged subsea structure
in this case, oscillating in a fluid, a single zone was applied which was defined as
“fluid”, known to be “water-liquid”. Other external flow problems might require the

definition of two or more zones depending on the model.

The 3D mesh is now ready to be exported to Fluent from Gambit after creation. For
other CFD software and new versions of Ansys Fluent, modelling, meshing, solution

setup, etc are all done in the same graphical user interface, GUI.
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Figure 5.4-1 Views of subsea structure and seabed for seabed proximity condition

55 Turbulence Model Selection

Selecting an appropriate turbulence model for CFD analysis is quite difficult because
each case might differ, therefore it depends on the need to reduce cost and
computational time. As applied in this thesis, choosing the right turbulence model for
the external flow problem was dependent on, an understanding of the fluid interaction
with the structure, and running a turbulence model sensitivity study to verify that the

result or results are in line with experimental data.

If the turbulence model results match with experimental data related to the specific

case, the same model can then be applied to other geometries.

For cases related to a suction can and subsea protective structure, the k-w SST

turbulence model can be applied.

5.6  Time Step, Courant Number and Maximum Iterations

The influence of time step size on the hydrodynamic coefficients should be
investigated. An initial selection should be based on engineering judgement or on

previously conducted numerical analysis. A selection should be based on comparison
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of results of several time step sizes with experimental data. An appropriate time step
size can also be obtained from the Courant number. This is not always the case because
there is no restriction on the time step (CFL < 1) if the implicit time discretization is
applied instead of the explicit scheme which puts a restriction on the time step size.

Equation 5.6-1 is an expression for the Courant number (Courant, et al., 1928).

The pressure-based solver, which is an implicit solver, should be applied to problems
that require the estimation of hydrodynamic coefficients of subsea structures because
of no CFL restrictions which allows for results comparison with experimental data
from a time step sensitivity study.

Pressure based solvers are for incompressible flows while density-based solvers are

recommended for compressible flows.
dt
CFL=U—<1
dx
Equation 5.6-1

where, U is the magnitude of velocity, dt is the time step and dx is the length between

two neighbouring mesh elements.

For maximum iteration, a sensitivity study would be ideal in order to see its effect on

the results.

5.7  CFD Analyses Results

The added mass and damping coefficients of the subsea protective structure are
presented in this section. The equivalent diameter of the structure used in calculating
KC was 13 m, which is the distance from the outer edge of the outer bucket to the
centre of the central bucket. The KC number is dependent on the amplitude of motion
of the structure and defines the value of the hydrodynamic coefficients.
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Figure 5.7-1 Pressure contour of subsea protective structure far from boundaries at KC
0.02

The vortices shed at the bottom edge of the outer bucket as shown in Figure 5.7-1 are
detached. There is no interaction between vortices at KC 0.02. At KC 0.02 the vortices
convect through a short distance and gradually diffuse away. Same condition applies
to vortices shed at the bottom edge of the central bucket. There was no interaction with
closest structural member, the H-beam. Due to the descent of the structure, there is a

small vortex generated at the top edge of the outer bucket, as a result of low KC.
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Figure 5.7-2 Pressure contour of subsea protective structure far from boundaries at KC
0.21

As KC increases, the velocity of the structure increases, with increasing curled fluid
motion at the bottom edge of the outer bucket which increases the dynamic pressure
at the edge of the bucket. Figure 5.7-2 shows the subsea protective structure at KC
0.21. The hydrodynamic force in this case is increased compared to the force at KC
0.02. Before the vortices shed at the bottom edge of the outer bucket diffuse away,
they convect through a greater distance as compared to the case of KC 0.02. At KC
0.21, the vortices shed eventually interact, and the vortex formed at the top edge of the

bucket is seen to have an increased formation when compared to KC 0.02.
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Figure 5.7-3 Pressure contour of subsea protective structure at h/D = 0.4, KC 0.02
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Figure 5.7-4 Pressure contour of subsea protective structure at h/D = 0.2, KC 0.02
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At low KC, KC 0.02, for both h/D = 0.4 and 0.2, the vortices formed at the bottom
edge of the outer bucket interact. This is as a result of the bottom edge’s closeness to
the seabed. The particles of the flow from the structure move a short distance before

touching the seabed.
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Figure 5.7-5 Added mass coefficient of subsea protective structure far from boundaries
and close to seabed

119



0.090

>

0.080 A

A
0.070 A °
°
0.060 A °
0.050 A ) ]

Be
| 4
[ ]

0.040 °

0.030
0.020
0.010

0.000
0 0.05 0.1 0.15 0.2 0.25

KC

® Far from boundaries @®h/D=04 Ah/D=0.2

Figure 5.7-6 Equivalent linearized damping of subsea protective structure far from
boundaries and close to seabed

Figures 5.7-5 and 5.7-6 show the influence of KC on the heave added mass coefficient
and the equivalent linearized damping ratio respectively of the subsea structure far
from boundaries and at various heights above the seabed. There was a gradual increase
in the added mass coefficients for all water depth ratios as the Keulegan Carpenter
number increased as a result of increase in the motion amplitude. The trace of the
added mass coefficients for the far-from-boundaries condition showed a slightly linear
trend between KC 0.02 and 0.21 (Figure 5.7-5), while this linear trend was not that
pronounced in the other two conditions, h/D = 0.4 and 0.2. The equivalent linearized
damping also increased with an increase in the Keulegan Carpenter number for all
conditions. The equivalent linearized damping values of the structure well away from
surface and seabed, when compared with those of water depth ratio 0.4 were almost
indistinguishable from each other. This was attributed to reduced influence of the
seafloor’s presence on the motion of the fluid particles in the region between the
structure and the seabed. This influence increases with a reduction in the water depth
ratio. See Figure 5.7-6, which shows the equivalent linearized damping of the structure

at h/D = 0.2 increasing with an increase in KC.
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In the case of the suction-can and subsea protective structure, the KC number was used
to estimate the damping ratio, although it is not the only relevant parameter that could
be applied to do so, since there are other parameters such as the drag coefficients,

2 __ pD? 133 ¢ . (Kaneko, et al., 2014)

which can be applied in the formula &35 = Py —
S a33

and also the Borgman drag linearization. The drag coefficient is estimated from the

Reynolds number which is dependent on the diameter of the structure.

Table 5.7-1 Equivalent linearized damping ratio of subsea protective structure

Equivalent Linearized Damping Ratio, Be
Ke Far from boundaries h/D =0.4 h/D =0.2
0.02 0.03 0.036 0.043
0.05 0.04 0.039 0.05
0.07 0.045 0.045 0.055
0.09 0.047 0.05 0.06
0.12 0.05 0.052 0.065
0.14 0.055 0.055 0.07
0.16 0.064 0.06 0.075
0.18 0.067 0.065 0.081
0.21 0.07 0.077 0.085

5.8  Chapter Summary

This chapter presented the application of the Fluent simulation method in calculating
the hydrodynamic coefficients of the subsea protective structure, and it was observed
from results that the vertical added mass and damping ratios far from boundaries and
in close proximity to seabed increased as KC increased. The Ca results for all h/D
ratios considered were quite close (see Figure 5.7-4), because the seabed influence
affected only the outer-bucket due to its closeness to the seabed.

From numerical flow visualization of the subsea protective structure, it can be seen
that at high KC, the particles of flow of each component member of the structure
interact with neighbouring members. This justifies the importance of visualizing the

flow which can also serve as a means of validation of the CFD analysis.
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6 Case Study: Installation Analysis Using the

Hydrodynamic Coefficients

6.1 Introduction

This chapter discusses the installation analysis of the subsea protective structure using
the hydrodynamic coefficients obtained from the approximate method and CFD
analysis. The heave response of the subsea protective structure and line tension are
derived using Orcaflex. The objective is to show the effect of the added mass and
damping derived from both methods on the heave response and line tension using steel
wire rope as the lowering line. The analysis method requires the top end excitation
(amplitude of motion) at the crane tip of the installation vessel, the vessel motions in
the form of RAOs at the crane tip, and the environmental conditions such as the design
wave height and period which are specified with a selected vessel heading. These
parameters can be obtained from a particular seastate. For the Orcaflex analysis, other
parameters listed below would be determined, and are useful for determining the
dynamic amplification factor (DAF). The dynamic amplification factor expression of
Equation 6.1-1 from DNV-RP-H103 is used in determining the occurrence of snap

loading.

Tetaric + T,
DAF = -Static ~ max line tension DAF

Tstatic

Equation 6.1-1

where, Ty;q:ic 18 the static tension which represents the structure’s weight in water and
is given by Tgiutic = (Mg — pV) g, M is the structure’s mass in air, p is the density of
water, V is the structure’s displaced volume and g is the acceleration due to gravity.
Tmax 1S maximum component of the dynamic tension and Tgqtic + Tmax 1S the

maximum total line tension.

T+ 7
DAF = w motion DAF
ct
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Equation 6.1-2

where, Zgiatic + Zmax 1S the maximum total vertical motion, Zsatic iS the static
displacement of the structure from its equilibrium position, Zmax is the maximum
component of the dynamic motion and Z. is the corresponding maximum

displacement of the crane tip which is the top end of the lowering line.

The dynamic amplification factor for either the line tension or the structure’s motion

should be less than 2.0 if snap loading is to be avoided.

6.2  Comparison between Hydrodynamic Coefficients of CFD Analysis and
Approximate Method

The comparison between the CFD analysis and the approximate method for calculating
the vertical added mass and damping of the subsea protective structure is presented.
The approximate method will only consider the suction-can in the case of the subsea
protective structure, while other known formulas from existing literature will be

applied to calculate the coefficients for the other members of the complicated structure.

The subsea protective structure is made up of six types of members: Outer Bucket,
Central Bucket, H-Beam, Horizontal Beam, Hatch Beam and an Inclined Beam. Due
to shielding of the Inclined Beam by the Outer Bucket, calculating the added mass for

the Inclined Beam was ignored.

When the structure is well away from the surface and the seabed, the approximate
method will be applied to both the Outer Bucket and Central Bucket. For the other
three members (H-Beam, Horizontal Beam and Hatch Beam), their added mass
coefficients would be 1.0 due to the fact that their L/r ratio was infinite (stated in
DNV-RP-H103), where, L is the length of the horizontal cylinder and r is its radius.

For h/D = 0.4, the added mass coefficients for all members would be 1.0 since the
distance of the closest member’s (Outer Bucket) bottom to the seabed was greater than

the radius of the outer bucket.
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For h/D = 0.2, the added mass coefficients were 1.0 for all members except for the

Outer Bucket since the seabed clearance was less than the radius Bucket.

Figures 6.2-1(a — c) and 6.2-2 (a — c) show the comparison between the added mass
and damping coefficients of the approximate method and CFD analysis of the subsea

protective structure respectively for KC 0.02 — 0.21.
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Figure 6.2-1(a — c) Added mass coefficient of subsea protective structure at different
heights above seabed
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Figure 6.2-2 Damping ratio of subsea protective structure at different heights above
seabed

The results show increasing added mass and damping as KC increases for all h/D
ratios. The estimated added mass coefficients of the CFD analyses were higher than
results obtained using the approximate method because of interaction of particles of
the flow with structural members. The CFD analysis took into consideration the
opening at the top of the outer-bucket while the approximate method considered the

top as fully closed. Results of added mass coefficient obtained using CFD for the
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different h/D ratios considered where still higher than results obtained from the
approximate method regardless of the opening at the top of the outer-bucket, which
was meant to reduce the added mass due to the open hatch but in this case it did not
because of the presence of other structural members. Roe et al. (2008) reported the

reduction in added mass due to opening at the top of the suction-can (outer-bucket).

From the figures (Figure 6.2-1) representing the added mass coefficient, it was
observed that the added mass coefficient in all cases showed less dependency on KC
while the damping ratios for the different h/D and KC considered (Figure 6.2-2),
showed a higher dependency on KC. Figures 6.2-2(a), (b) and (c) show a point of
intersection between the data of the approximate method and CFD analysis, which
occurs between KC 0.1 and 0.15 for (a) and (b), and between KC 0.5 and 0.15 for (c).
There is a gradual increase of the damping ratios of the CFD results from these points
of intersection which might have resulted from the increase in particle interaction with
the seabed as a result of increased velocity of the oscillating subsea protective
structure. Particles of the flow from the structural members with bottoms very close to
the seabed such as the central and outer buckets, where the entrapped fluid within them

is pushed out through the bottom of the buckets during descent.

6.3 Installation Analysis of Subsea Protective Structure

Installation analysis of the subsea protective structure using the hydrodynamic
coefficients derived from CFD analysis and the approximate method will be carried
out with the finite element programme, Orcaflex which allows for static and dynamic
analysis. Carrying out installation analysis using Orcaflex involves knowing
beforehand the hydrodynamic properties of the subsea protective structure, the vessel
characteristics, the properties of the lowering line such as its size, material type, etc,

and the environment where the structure would be installed.
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6.4  Modelling the Subsea Protective Structure in Orcaflex

Spar-type 6D Buoy
Spar-type 6D Buoy

Spar-type 6D Buoy

<—— Spar-type 6D Buoy

5 4 .
Spar-type 6D Buoy .

Spar-type 6D Buoy

Figure 6.4-1 Subsea protective structure

The decision to model each component member of the subsea protective structure was
made over representing the entire structure as a single buoy since accuracy was of the
essence. A fast approach would be to represent the entire structure as a buoy since the
structure was fully submerged in water (Orcina, 2019). In this case, each component
member was modelled with a spar-type 6D buoy because it was suitable for modelling
cylindrical structures, and structural members with little or no influence on the

hydrodynamic performance of the structure were modelled as new shapes.

A master object, master buoy with dimensions: 16.97m by 16.97m by 11.93m was
used to enclose the structure. Component members of the structure were connected to
the master buoy and some results such as static deflection and dynamic motion of the
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structure were read from the master buoy since it served as a reference object. The

actual OrcaFlex model of the structure is shown in Figure 6.4-2.

Figure 6.4-2 OrcaFlex model of subsea protective structure

6.5  Size of Lowering Line

The size of the lowering line was determined based on safe working load which was
initially chosen by multiplying the weight of the subsea structure, W's by a safety factor
of 3.5. The rope size selection based on this method could be a useful starting point,
but in practice the rope selection will probably need to be updated on the basis of the
analysis results. The weight of the subsea structure in this case was the minimum
breaking load of the lowering line. The line diameter which corresponds to the derived
safe working load can be selected using a rope catalogue. In this case the OrcaFlex
line wizard was used to select the line size by gradually adjusting the rope diameter
until the minimum breaking load (MBL = Ws X SF) was attained. SF is the factor of
safety and 1, is the weight of the subsea structure. The rope size (diameter) varies for
the same MBS of each rope manufacturer. An increase in the factor of safety would
lower the response of the subsea structure because it increases the required rope size
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at a specific water depth. The required parameters for the installation analysis are

shown in Table 6.5-1.

Table 6.5-1 Input parameters for numerical analysis

Model

Value

Lowering Line

Type

6 by 19 wire with wire core

Modulus of elasticity (N/m?)

0.85E11

Diameter (m)

0.18 (nominal)

Cross sectional area (m?) 0.016
Weight in air (te/m) 0.129
Weight in water (te/m) 0.113
Minimum Breaking Load (te) 2092.540 (20.521E3KN)
Subsea Protective Structure

Density of water (kg/m?) 1,025
Density of steel (kg/m?) 7,850

Mass in air (kg) 629,294
Mass displacement (kg) 82,169.011
Submerged mass of structure (kg) 547,124.989
Volume (md) 80.164
Projected area (z) (m?) 171.52
Installation vessel

Length (m) 103

Mass (te) 9017.95

6.5.1 Lowering Line Stiffness

The line stiffness can affect the calculated response of the structure. This can be

beneficial to installation engineers if other low-weight line materials such as fibre

ropes are selected for installation. Fibre ropes have a lower stiffness than steel ropes.
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The sizes of both lines can be fixed for comparison. Based on the rope catalogues for
the two types of line, the rope sizes associated with the same minimum breaking
strength were different. Refer to the wire rope hand book of Usha Martin (Usha Martin,
2014) for steel rope and the product catalogue of Hendrik Veder Group (Hendrik
Veder, 2013) for fibre rope.

It would be unrealistic to fix the sizes of both line types because a 0.18 m diameter
fibre rope would have a minimum breaking load, MBL of 5523.12KN (536.20te),
which is close to the submerged weight of the protective structure (5367.29KN) and
less than the safe working load, SWL of 18.77E3KN using a factor of safety of 3.5.
Therefore, the size of the line (fibre rope) was increased and its properties are presented
in Table 6.5-2.

Table 6.5-2 Fibre rope properties

Parameter Value
Rope type Polyester (8-strand Multiplait)
Rope nominal diameter (m) 0.34
Minimum Breaking Load (KN) 19.71E3 (2009.45te)
Axial stiffness (KN) 126E3
Weight in air (te/m) 0.09223 (0.90442KN/m)
Displacement (te/m) 0.06883 (0.67498KN/m)
Weight in water (te/m) 0.0234 (0.22945KN/m)
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Figure 6.5-1 Comparison between DAF (Tmax/WT) of steel and fibre rope

For the same minimum breaking strength of steel and fibre rope when compared in the
rope catalogue, the rope diameter for steel was lesser than that of fibre rope. This is
because steel ropes have higher modulus but weigh more than fibre rope in water.
Figure 6.5-1 compares the performance of steel and fibre ropes when subjected to the

same conditions.

Since the KC considered (0.02 — 0.21) contributed to the increase in the calculated
response of the subsea protective structure as it responded to the motion at the crane
tip. Further studies beyond this range of values should be considered to see if there

would be a change in the trend.

6.6  Time Step Sensitivity

A time step sensitivity study was carried out in order to observe if there were
significant changes in the results. The numerical analysis was run at several time step
sizes in order to observe the effect on the results. A time step size of 0.1 seconds was
selected for further analysis. The selection was based on the convergence of the results
of the dynamic tension and the slight difference in the results of the crane tip motions

at the various time step sizes (See Table 6.6-1).
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Table 6.6-1 Maximum effective tension in lowering line, crane tip and subsea structure
motion at various time steps

Wave direction (deg) = 0.00 H; =4m T,=6s Pierson-Moskowitz
Spectrum
Static T.;; = 5365.8667KN
Time step
size (secs) 0.001 0.005 0.01 0.05 0.1 0.2
Crane tip
motion (m) 5.3831 5.7276 5.7275 5.7274 5.7273 5.7219
Dynamic
motion of
subsea 7.2665 7.0245 7.0242 7.0162 6.9989 6.9595
structure,
Z 4y (M)
Maximum
effective
tension, 10073.8574 | 10373.5556 | 10374.1525 | 10375.8661 | 10376.141 | 10359.9758
Teffmax)
(KN)

The response reported in Table 6.6-1 for each time step size was large for installation

and not necessarily a realistic installation condition. The time step sensitivity study

was carried out for testing purposes.

6.7

Comparison between the implicit and explicit integration scheme

The result of the dynamic tension and motion of the subsea structure obtained from

the implicit integration scheme was compared with result obtained from the explicit

scheme in order to be certain that there was no significant difference between results

from the former and those from latter.
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Table 6.7-1 Comparison between the implicit and explicit integration scheme

Integration scheme

Maximum effective tension

Dynamic motion of subsea structure, Zg,,,

(KN) (m)
Implicit 10376.7014 6.9958
Explicit 10366.0339 7.0817

The explicit integration scheme implemented by Orcaflex is the semi-implicit Euler

with a constant time step, which at the start of the dynamic analysis the static analysis

results such as initial positions and orientations of all objects in the model, including

all nodes in all lines, are known. OrcaFlex uses the generalised-a integration scheme

for the implicit integration as described by (Chung & Hulbert, 1993). The forces,

moments, damping, mass etc. are calculated in the same way as for the explicit scheme.

Then the system equation of motion is solved at the end of the time step (Orcina, 2018).

Table 6.7-2 Input parameters for explicit integration scheme

Parameter Value Condition
Inner time step should not be greater than
Inner time step 0.00196 1/10th to 1/20th of the shortest natural
(sec) period of motion for any degree of
freedom in the model (Orcina, 2019).
Time step should not be more than 30
Outer time step 0,058 times the inner time step, and in addition
(sec) should not be more than 1/, ... of the
wave period (Orcina, 2019).

Wave period (s) = 6
Shortest natural period (s) = 0.0196
Inner time step (s) = 0.0196 x 0.1 = 0.00196
Outer time step (s) = 30 X 0.00196 = 0.0588
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Table 6.7-3 Influence of lowering line segmentation on dynamic effective tension and
motion in lowering line and on subsea structure respectively for various time steps

Wave direction (deg) = 0.00 H, =4 T,=6 Pierson-Moskowitz
Spectrum
Static T ;; = 5365.8667KN
) Dynamic motion
Time step Target segment Number of Mfmmum ] of Subsea
(sec) length segments effective Tension Structure, Zgyn
(m) (KN)
(m)
50 30 10373.5277 7.0143
20 75 10374.2983 7.0285
15 100 10373.7613 7.0166
oot 10 150 10374.1525 7.0242
5 300 10377.3487 7.0278
2 751 10431.8622 7.0605
50 30 10375.3021 7.0106
20 75 10376.0725 7.02
15 100 10375.6283 7.0097
0.05 10 150 10375.8661 7.0162
5 300 10385.534 7.0209
2 751 10451.735 7.051
50 30 10376.6191 7.0049
20 75 10376.2958 6.9995
15 100 10376.7014 6.9958
o 10 150 10376.141 6.9989
5 300 10373.1163 7.0085
2 751 10386.0786 7.0359

Reducing the target segment length or increasing the number of segments of the

lowering line resulted in increased simulation time. The sensitivity study was

conducted to ensure there was no significant influence on the results at various time

steps.
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6.8 Installation Acceptance Criteria
DNV-RP-H103 outlines two installation criteria to be considered. These criteria are:

1. The amplitude of the dynamic tension should not exceed the static tension.
Slack cable will occur if this happens.

2. The absolute difference between the motion of the subsea structure and the
crane tip motion should not be greater than the static stretch of the cable,

otherwise slack cable will occur.

6.9  Static Analysis
Static analysis is carried out before dynamic analysis in order to determine the initial

equilibrium position of the entire system.

The static stretch of the lowering line was determined from the static analysis. Other
results such as the static displacement of the structure, effective tension, etc can also
be determined from static analysis. The lowering line was stretched from its original
length of 1501m to a new length of 1507.8328m, known as the stretched length of the
line. The difference, 6.8328m is known as the static stretch of the line. The end of the
line, End B, connected to the shackle, modelled in Orcaflex, was located 1482.5m
below surface, before static analysis, and later located at 1488.8328m below surface
level, after static analysis.

Analytical derivation of the static stretch from DNV-RP-H103 is shown in Equation
6.12-1.

[(VvssuL) + (% WlineLz)]/

Nst =Ls—L = EA Equation 6.9-1

where, L, is the stretch length of lowering line, W, is the submerged weight of the
subsea protective structure, w;;,. is the subsea weight of the lowering line per meter
length of line, E is the modulus of elasticity of the line and A is the cross-sectional area

of the line. The static stretch obtained from the analytical method was 6.716m.
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6.10 Dynamic Analysis: Far from Boundaries

The dynamic response of the structure and the varying tension in the line in deep water
arise due to environmental loading experienced by the installation vessel, and it is
analysed with respect to time. These time dependent parameters are also influenced by
the properties of the system such as line stiffness, added mass and damping of the
subsea structure. Far from boundaries is one of the phases of the installation process
whereby the structure may experience resonance at some point in the lowering process.
1500 m below the sea surface was considered as far-from-boundaries in this case to
study the performance of the structure by comparing the response and line tension
results obtained using input data (added mass and damping) from approximate method

and CFD analysis.

6.11 Dynamic Analysis: Close to Seabed

In this phase, the properties of the subsea structure and line length influence the
dynamic response of the subsea structure resulting to limited operable sea states.
Clearly the motions calculated above will be too large as the structure approaches the

seabed.

The motion of the subsea structure close to the seabed should not exceed the seabed
gap. In the event of exceedance, the risk of damage to the structure as a result of impact
on the seabed could impact negatively on the field development project hence such

unfavourable motions should be mitigated.

6.12 Installation analysis Results

The results presented in this section are installation analysis results of the subsea
protective when installed with steel rope far from boundaries and close to the seabed.
The analysis was carried out at 135 degrees wave heading, 6 seconds wave period and

at various wave heights.
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Figure 6.12-1 Response ratio of subsea protective structure far from boundaries
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Figure 6.12-2 Response ratio of subsea protective structure at h/D = 0.2
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Figure 6.12-3 Non-dimensional line tension far from boundaries
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Figure 6.12-4 Non-dimensional line tension at h/D = 0.2

There is a noticeable trend of increasing response as KC increases for both methods.
The calculated response of the subsea protective structure far from boundaries using
hydrodynamic data of the approximate method agreed with results obtained using CFD
(Figure 6.12-1). In Figure 6.12-2, there is a noticeable difference between both
methods. The response derived using hydrodynamic data of the approximate method

was higher than the response derived using data of the CFD analysis, because added
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mass and damping derived using CFD were higher. It is observed that an increase in
the hydrodynamic coefficients of a subsea protective structure would reduce its
response as it approached the seabed, due to increased interaction of particles of flow

within the structure and the seabed.

Figure 6.12-3 shows the tension in the line derived using hydrodynamic coefficients
of both methods. The tension in the line increased as KC increased and there was no
noticeable difference in the line tension results, while there was a noticeable difference
in the results of Figure 6.12-4 as the structure was close to the seabed. The line tension
determined using hydrodynamic coefficients of the CFD analysis was lower than the
line tension derived using data of the approximate method because the response of the
subsea protective structure was lower as a result of the estimated added mass and
damping using CFD were higher than the estimated added mass and damping of the

approximate method.

The line tension DAF (Figures 6.12-5 and 6.12-6) derived using the hydrodynamic
coefficients of the approximate and Fluent simulation methods showed that at all
heights above seabed for the range of KC (0.02 -0.21) considered, snap loading did

not occur since the dynamic tension was lower than the static tension in all cases.
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Figure 6.12-5 Line tension DAF of subsea protective structure far from boundaries
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Figure 6.12-6 Line tension DAF of subsea protective structure at h/D = 0.2

Another factor to consider during installation is seabed impact. In this case, impact
will occur if the heave amplitude of motion of the subsea structure is greater than the
gap between the seabed and the lowest part of the structure. At h/D = 0.2, Table D.1-
2 shows that impact at the different KC numbers considered will only occur at KC 0.18
and 0.21 using the hydrodynamic coefficients of the approximate method.

6.13 Chapter Summary

This chapter discussed the installation analysis of the subsea protective structure using
the hydrodynamic coefficients derived from the approximate method and Fluent
simulation method. The comparison between hydrodynamic coefficients of the
approximate method and Fluent simulation method was presented. This was done for
different KC numbers and heights above the seabed. It was reported that the trend in
the results of both methods showed increasing values of the hydrodynamic coefficients
as KC increases, and the hydrodynamic coefficients of the Fluent simulation method

were higher than the coefficients obtained from the approximate method.

Installation analysis using Orcaflex was discussed based on the requirements to carry

out analysis of the subsea protective structure, where static and dynamic analyses were
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presented. The response of the subsea protective structure and line tension were lower
when using the hydrodynamic coefficients of the Fluent simulation method. The
results also showed that the response of a subsea protective structure can be lowered

by increasing its added mass and damping.
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7 Research Contribution

7.1 Introduction

The research focused on the hydrodynamic properties of subsea structures and their
effect on installation analysis. Due to the difficulty experienced in estimating these
parameters, the main focus was on the heave added mass and damping. The objective
was to determine, using simple methods, existing data and CFD, the added mass and
damping of a complicated subsea structure at various water depths and study the effect

of these results on installation analysis.

7.2 Research Contribution

The present study produced the following outcomes which are beneficial to both

academics and the offshore industry:

1. This research has provided a better understanding of the flow field around
vertically oscillating suction-cans and subsea protective structures well away
from surface and seabed and close to seabed using Computational Fluid
Dynamics. Numerical flow visualization was presented in this case for the
suction-can and subsea protective structure which showed fluid interaction
with these structures and vortex shedding regimes.

2. This research has proffered to the industry an analytical method to estimate the
added mass and damping of subsea structures such as suction-cans and subsea
protective structures far from boundaries and in close proximity to the seabed.

3. Thisresearch has demonstrated the usefulness of the analytical method in terms
of saving cost and time in running CFD simulations, particularly in the early
stages of design, when comparative results are needed quickly and some

approximations are acceptable.
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The research presented a Fluent simulation method that was used in deriving
the added mass and damping of a suction-can and subsea protective structure
at various heights above seabed.

This research has shown the effect of using simplified analysis rather than CFD
on the calculated response of a subsea protective structure.

This research has provided a method used in estimating the equivalent
linearized damping, derived from the sinusoidal varying force over a time
record by fitting a line that touches the peak of these forces. This line is formed
by calculating the force magnitude expressed as magF = Fyze 5@t + A,
The installation analysis performed, showed increasing response of the subsea
protective structure at different KC as it progresses to the seabed, which is
useful in understanding the influence of submergence on the added mass and
damping of subsea structures oscillating in heave direction at various Keulegan

Carpenter number.
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8 Conclusion and Recommendations for
Further Study

In this thesis, methods employed to calculate and use hydrodynamic coefficients for
simple and complicated subsea structures such as the suction-can and subsea protective
structure respectively, far from boundaries and in close proximity to the seabed were
investigated and discussed, thereby leading to the following conclusions and some
recommendations for further research highlighted in the following sections.

8.1  Conclusion

The objective of this thesis was the estimation of the hydrodynamic properties of
subsea structures and its influence on the dynamic response of the structures well away
from the surface and seabed and in close proximity to the seabed. Literature review
demonstrated a lack of data for performing installation analysis. CFD and simplified
analysis techniques were developed for these two main phases in the installation

process. The main conclusions for this research are summarized below:

1. Asimplified analysis model was developed to provide an understanding of the
important phenomena when a flat-bottomed structure (circular disc) is
oscillating near the seabed. Although circular discs are common in offshore
engineering practice, the analytical analysis can be applied to other flat-
bottomed shapes to estimate their added mass and damping well away from
surface and seabed and close to seabed.

2. A method for simplified analysis was proposed for a subsea protective
structure. The proposed method was used in estimating the added mass and
damping of the protective structure at various heights above seabed. The

method considered the flow in and out of the suction-can, a component member
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of the protective structure, and can be applied to other subsea structures similar
to those used in this thesis.

3. CFD analysis of the suction-can was performed and it was observed from flow
visualisation that the downstroke and upstroke do not produce the same effects
on the flow because of the closed top of the suction-can. This causes different
flow circulation values to be produced in both downstroke and upstroke. A net
lift force is thus obtained over each cycle as a result of this.

4. Flow visualisation shows that the flow and vortex shedding pattern are
dependent on structure’s geometry and KC.

5. The mass of the entrapped water within the suction-can has an influence on the
added mass of the suction-can.

6. The response of the subsea structure can be altered to suit installation by
changing the added mass and damping values. It was shown that increasing the
added and damping would lower the response.

7. CFD requires care if satisfactory results for installation analysis are to be

obtained.

8.2 Recommendations for Further Work

A few areas were identified that needed further investigation. These would be
beneficial to the industry because of their relevance in installation analysis. This
research has contributed to the development of analysis techniques for calculating the
hydrodynamic coefficients of subsea structures and studied the impact of these
parameters on the calculated response of the structure, but due to time constraint, other
important areas and topics relating to subsea installation could not be looked into.
Some of these areas/topics are:

1. More work is needed to be done in the estimation of the hydrodynamic
coefficients to cover a wide range of subsea structures.

2. The influence of the Keulegan Carpenter number on the hydrodynamic
coefficients should be extended beyond 1.0 for the case of the suction-can and
0.21 for the case of the subsea protective structure.
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3. The Fluent simulation and analytical methods should be extended to calculate
the magnitude of the added mass and damping in other directions of motion of
the subsea structure and the cross terms (e.g. between sway and roll) should be
identified. Results of analyses including sway and roll would give the overall
motion of the structure which is important during the final set down of the

structure.
4. The effect of v dm/ 4t term and non-linear damping are important and should

be investigated because they can significantly change the calculated response

of the subsea protective structure.
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Appendix A

A.l  Vortex shedding from edge of disc

The flow around a disc of 0.609 m diameter and 0.0254 m thick attached to the bottom
of a surface-piercing cylinder is presented in Figure A.1-1. The disc was forced to
oscillate vertically at KC = 0.197. The dashed lines according to Tao et al. (2003)
indicate negative vorticity, and the photographs to the right show the flow from the
experiment performed by Thiagarajan (1993).
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Figure A.1- 1 Vortex shedding from edges of disc for one cycle of oscillation (Tao et al.
2003)

A.2  Vortex Generation around Disc for different Critical KC Values

Figures A.2-1(a), (b) and (c) from Garrido-Mendoza et al. (2015) show the vortex
generated around the disc for three cases — KC numbers just under (KC/KC,.; = 0.96),
equal to (KC/KC.4 = 1.00), and just over the critical KC (KC/KC.y = 1.04)
respectively. The blue lines represent negative vorticity and initial condition in this
case is the Top Dead Center. The results show the disc oscillation for one cycle. From
observation of Figures A.2-1(a) and (b), entrapment of vortices by the seabed from

previous cycles does not occur compared to Figure A.2-1(c).
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Figure A.2- 1 Vortex generation around disc at different KC to critical KC ratios
Garrido-Mendoza et al. (2015)
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A.3 Added Mass Coefficients for Three-Dimensional Bodies

Figure A.3-1 was extracted from Det Norske Veritas, DNV-RP-H103 — Modelling and
analysis of marine operations. A recommended Practice that shows the hydrodynamic

added mass coefficients for various flat plates in infinite fluid.

Table A-2 Analytical added mass coefficient for three-dimensional bodies in infinite fluid (far from boundaries).
Added mass isAprCAVR [kg] where Vp [m?] is reference volume
Divection of .
Body shape n(:;ff:m f Cy Ve
Circular disc
| 71 Vertical 2 L
-y ;
o ) bla Cy bia Cy
Elliptical disc - 1000 | 50 0.952
l o 14.3 0.991 4.0 0933 |, .
D) /e Vertical 128 | 0989 | 3.0 0.900 |—a'b
Sy 10.0 0.984 2.0 0826 |6
70 0.972 1.5 0.758
6.0 0.964 1.0 0.637
Flat plates bia Cy bia Cy
Rectangular plates 1.00 0.579 317 0.840
1.25 0.642 4.00 0.872
! 77 Vertical 150 |0690 | 500 | 0897 |F
g 1.59 0.704 6.25 0.917 4
Ay 200 0757 800 | 0934
2.50 0.801 10.00 0.947
3.00 0.830 s 1.000
Triangular plates
1 Vertical 1 an g2 L
- N ;

Figure A.3- 1 Analytical added mass coefficient for three-dimensional bodies far from
boundaries

A.4  Subsea Structure Installation Phases

In-Air Lift from Deck

This is the initial stage where the structure is lifted off the deck of either an offshore
construction vessel or a supply boat. A crane with sufficient capacity is used in lifting
the structure with bumper frames and tugger lines attached to it to control its pendulum
motion due to movement at the crane tip during over boarding. The dynamic forces

quantified at this stage exerted on the structure are due to wind loading directly exerted
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on the structure and wave loads exerted on the vessel and causing motion that is

transmitted to the structure.

Load deployment with an offshore crane vessel at this phase can either be carried out
on the same side as the crane which is suitable for very wide offshore structures and
line structures or on opposite side as the crane, usually suitable for piles and spools.
Deploying from same side as crane is most common as it saves time but extra care

must be taken whilst rotating the structure with the crane and its tuggers.

The flexibility of slings may have an important effect on dynamic impact forces at this

stage.

Passage through the Splash Zone

Also known as the air-sea interface, there is a great threat of damage to the structure
and the installation vessel. During lowering, waves with high wave heights and high
winds can create a lurch pendulum motion of the structure allowing it to swing
uncontrollably with the potential of hitting the vessel. This operation is monitored by
on board computers which display the loads at the main hook, auxiliary hook, sling
hook and the outreach distance of the lifting crane. As explained by Kopsov and
Sandvik (1995) as the structure is exposed to extreme direct wave loading, its
hydrodynamic properties are sensitive to oscillation frequency and are immersion
dependent due to the change in the displaced volume and parts of the structure. This
zone has an associated hydrodynamic force known as slamming force that acts
abruptly when the structure hits the water surface. The slamming force is a short-term
force applied in the lifting analysis, which must be accounted for in order to determine
the limiting sea states. The recommended practice according to DNV-RP-H103 (2011)

expresses this force as:
Foam = 0.5pC,A v Equation A.4- 1

where, p is the density of sea water, C; is the slamming coefficient which is dependent
of the shape of the structure and usually determined empirically or theoretically, Ay is
the slamming area and v, is the slamming impact velocity expressed in DNV’s
recommended practice (DNV-RP-H103) by:
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Vs = v, +VE + V2 Equation A.4- 2

where, v, is the lowering velocity of the hook; v, is the amplitude of velocity at the

crane tip in the heave direction and v,,, the vertical water particle velocity.

This assumes that the vt and vy are separate maximum values that are unlikely to occur

together. Otherwise, a vector addition should be used.

The lowering velocity varies for each installation phase. Caution is applied during
lowering through the splash zone with lowering speeds less than the deepwater phase
where the structure is no longer susceptible to surface waves. The slamming impact
velocity expressed in Equation A.4-2 is different for a suction-can due to excitations
of the entrapped water enclosed in the can which in turn leads to an increased velocity

calculated by:
Vs = U, + V4 + V2 k2 Equation A.4- 3
where, k represents the amplification factor (Det Norske Veritas, 2011).

According to DNV-RP-H103 (2011), the characteristics hydrodynamic force on a
structure passing through the wave zone is a time dependent function of the

hydrodynamic force expressed in the simplified method by the equation:

Fryaro = J(FD + Fgam)? + (FM + F;))z Equation A.4- 4

Where, Fj, is the hydrodynamic drag force; Fg;.n, IS the slamming force; F, is the

hydrodynamic mass force and, F, the varying buoyancy force.

The characteristic hydrodynamic force on the structure when lowered through the
wave zone also depends on its geometry and determines the number of load cases. A
spool piece which differs from a protection structure will have a lesser number of load
cases compared to the protection structure which may be divided into four load cases
to account for its roof, suction buckets, either perforated or closed and structural beams
which have little significance on the final result. The following figure below illustrates
load cases for a subsea protective structure when lowered through the water surface

with associated hydrodynamic force.
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Deepwater Lowering

The deepwater lowering stage of subsea modules constitutes most of the lowering
time. This time is dependent on water depth and winch speed. The hydrodynamic
properties of the subsea module are constant due to the absence of free surface effects.
Although as a result of the crane tip motion, the structure experiences a dynamic
loading when it oscillates through the water column. Immediately after the air-sea
interface, when fully submerged, lowering is stopped to allow flooding and
disconnection of tugger wires by a remotely operated vehicle. Depending on the
installation technique the lowering could be stopped to alter the system properties in

order to avoid resonance.

Resonance may occur when the frequency of the surface waves generates crane tip
motions which correspond to the frequency of the lowering system. The lowering
system in this case is the wire and the structure: the vertical motion may then create
resonance movements in the subsea load and wire. Large dynamic forces caused by
resonance in the lowering system in deepwater may not be able to be avoided as the
structure is lowered to the seabed due to the change in axial stiffness of the lowering
line and the (usually fixed) payload properties. The elastic modulus is a material
property also responsible for change in line stiffness. This elastic modulus varies for
various materials such as steel and fibre ropes. Fibre ropes are the preferred choice for
deepwater applications not only for their wholly or partly buoyant characteristic but
their very low stiffness compared to steel wire ropes. After a safe passage of the
structure through this zone with one or several stops it gets to the next stage where
lowering comes to a halt for final set down. Once a large length of lifting wire is payed
out the sling flexibility becomes unimportant, due to their short lengths thereby not

having any significant impact on the system.

Near Seabed Location: 3 — 10 m Above

Lowering is stopped at this stage to prepare the structure for final set down while
remotely operated vehicles carry out final surveys of the landing area. In order to
minimize the dynamic response of the structure due to excitations from the surface
vessel, either a constant tension is activated or a heave compensator is applied which

could be active or passive.
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In the case of constant tension, the offshore operator sets the required constant force.
And this is approximately maintained, often by a system of hydraulic rams and an

accumulator

Alternatively, the tension can be controlled by an active heave compensator: the
procedure involves a rapid adjustment of the line tension using the measured force
from a load cell that is observed by the control system to ensure the actual value does
not differ significantly from the initial set value. If this value differs, the winch then
pays in or out wire rope depending on the response of the structure to maintain the
initial set value. For an active heave compensator system there is a lot of paying in and
paying out of the cable carried out by the winch system to keep the structure held at a
constant tension. This tension adjustment assists with safely landing of the structure
on the seabed by reducing to a great extent the influence of the surface vessel motions

on the subsea structure and preventing the cable from slacking.

Instead of the preset tension for the constant tension method, heave compensators can
be applied to the lowered structures position making the structure less sensitive to the
vessel motions. The Active Heave Compensation system is used in controlling the
relative position of the structure to the seabed and this is made possible by a control
system in conjunction with sensors that determine the position of the structure.

Seabed Landing

This is a critical phase in the installation process as the motions of subsea structure
influenced by the surface waves could be amplified if proper mitigation measures to
reduce its response are not applied because the hydrodynamic properties of the
structure are influenced by the its proximity to the seabed. Care must be taken in
choosing the right lowering speed at this stage as high speeds may erode the seabed
surface as a result of water escaping from underneath the heaving structure causing an

uneven seabed and also damage to the structure if it impacts the seabed too hard.
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Appendix B

B.1  Contour of Velocity Magnitude of Suction-Can Well Away from Surface
and Seabed
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Figure B.1- 1 Contours of velocity magnitude of suction-can well away from surface and
seabed for KC 0.1-0.9

B.2  Contours of Vorticity Magnitude of Suction-Can Well Away from
Surface and Seabed
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B.3  Contours of Velocity Magnitude of Suction-Can at h/D = 0.4
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Figure B.3- 1 Contours of velocity magnitude of suction-can for KC =0.1-0.8 at h/D =
0.4
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APPENDIX C

C.1  Calculation of Added Mass and Damping of Subsea Protective Structure

The analytical calculation of the hydrodynamic coefficient of the subsea protective
structure is presented in this section. The same procedure could be applied to other
subsea structures of similar geometries. The dimensions of the subsea protective

structure are presented in Table 5.3-1.

Outer Bucket: The added mass and damping of the outer bucket are presented in
Table C.1-1. There is a gradual increase in the coefficients as KC increases. KC

estimated with an equivalent diameter of 4.0 m.
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Table C.1- 1 Added mass and damping of outer bucket

KC
Parameter Seabed clearance
0.08 0.15 0.23 0.30 0.38 0.45 0.53 0.60 0.67
Far from boundaries | 119598 122359 124567 127327 130087 132847 135055 137816 140576
Added mass (kg) h/D=0.4 120798 124759 127927 131887 135847 139808 142976 146936 147800
h/D =0.2 126619 132380 136988 142748 134119 137720 140600 144200 147800
Far from boundaries | 1.428 1.461 1.488 1.521 1.554 1.587 1.613 1.646 1.679
Added mass
h/D =0.4 1.443 1.49 1.528 1.575 1.623 1.67 1.708 1.755 1.765
Coefficient
h/D =0.2 1.512 1.581 1.636 1.705 1.602 1.645 1.679 1.722 1.765
Far from boundaries 4519 7176 8983 11014 12872 14606 15921 17494 18999
Damping (Ns/m)
h/D =0.4 4519 7176 8983 11014 12872 14606 15922 17494 18999
h/D =0.2 6454 10248 12828 15727 18380 14606 15921 17494 18999
Far from boundaries | 0.362 0.575 0.719 0.882 1.031 1.17 1.275 1.401 1.522
Damping ratio h/D =0.4 0.362 0.575 0.719 0.882 1.031 1.17 1.275 1.401 1.522
h/D=0.2 0.517 0.821 1.027 1.26 1.472 1.17 1.275 1.401 1.522
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Central Bucket:

KC estimated with an equivalent diameter of 1.0 m.

Table C.1- 2 Added mass and damping of central bucket

KC
Parameter Seabed clearance
0.30 0.60 0.90 1.20 1.50 1.80 2.10 2.40 2.70
Far from boundaries 2873 3014 3155 3297 3445 3586 3728 3869 4010
Added mass (kg) h/D =0.4 2891 3051 3210 3370 3538 3697 3857 4016 4724
h/D=0.2 2919 3106 3293 3480 3844 4064 4284 4504 4724
Far from boundaries 1.19 1.248 1.307 1.365 1.427 1.485 1.544 1.602 1.661
Added mass
h/D =0.4 1.197 1.263 1.33 1.396 1.465 1.531 1.597 1.663 1.956
Coefficient
h/D =0.2 1.209 1.286 1.364 1.441 1.592 1.683 1.774 1.865 1.956
Far from boundaries 172 274 360 436 510 576 638 697 754
Damping (Ns/m)
h/D =0.4 172 274 360 436 510 576 638 697 754
h/D =0.2 172 274 360 436 510 576 638 697 754
Far from boundaries 0.885 1.407 1.846 2.238 2.617 2.953 3.272 3.576 3.868
Damping ratio h/D =0.4 0.885 1.407 1.846 2.238 2.617 2.953 3.272 3.576 3.868
h/D =0.2 0.885 1.407 1.846 2.238 2.617 2.953 3.272 3.576 3.868

183



H-Beam:

Since the position of the H-Beam is not affected by the seabed, the calculation will be

based on the structure well away from the surface and the seabed.
The added mass of the H-beam far from boundaries = 0.5pmr?L = 724.85,

The estimated drag, Cq = 2.27. Derived from the drag force of two-dimensional

profiles in DNV RP H103, and based on the expressions:
Cq = Cgpcosa+ Cyy sina
Cq = —Cgqysina+ Cy, cos a

Therefore, damping at various KC numbers, estimated with an equivalent diameter of
24 m:

Table C.1- 3 Damping of H-Beam at various KC numbers

KC 0.01 0.03 0.04 0.05 0.06 0.08 0.09 0.10 0.11
Damping

1926 | 3852 | 5778 | 7704 9630 11556 | 13482 | 15408 | 17334
(Ns/m)
Damping

0.005 | 0.010 | 0.016 | 0.021 | 0.026 0.031 | 0.037 | 0.042 0.047
Ratio

Horizontal Beam:
The added mass of the Horizontal Beam far from boundaries = pmr?L = 8771.01

The drag coefficient in this case varies with Reynolds number. The drag coefficients
for the various KC numbers used in deriving the Reynolds number together with the
diameter of the cylinder was obtained (Munson, et al., 2009) and presented in Table
C.1-4. Table C.1-4 also contains the damping at various KC numbers, estimated with

an equivalent diameter of 13.04 m.
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Table C.1- 4 Drag coefficient and damping of Horizontal beam at various KC numbers

KC 0.02 0.05 0.07 0.09 0.12 0.14 0.16 0.18 0.21
Cy 1.2 0.59 0.29 0.35 0.38 0.40 0.42 0.47 0.50
Damping
2129 2094 1543 2484 3371 | 4258 | 5217 6672 7985
(Ns/m)

The added mass and damping for seabed clearance h/D = 0.4 and h/D = 0.2 would be

equal to the values obtained for the far-from-boundaries case since there is no seabed

influence.

Hatch Beam:

The added mass of the Hatch Beam when well away from the surface and seabed
= pmr?L = 253.59

The added mass and damping for seabed clearance h/D = 0.4 and h/D = 0.2 would be

equal to the values obtained for the far-from-boundaries case since there is no seabed

influence.

The drag coefficient and damping are presented in Table C.1-5 at different KC

numbers, estimated with an equivalent diameter of 10.9 m.

Table C.1- 5 Drag coefficient and damping of Hatch beam at various KC numbers

KC 0.03 0.06 0.08 0.11 0.14 0.17 0.19 0.22 0.25
Cy 1.2 1.2 1.2 1.2 1.2 1.2 1.13 1.00 | 0.80
Damping
2129 4258 6388 8517 10646 | 12776 | 14035 | 14195 | 12775
(Ns/m)

Inclined Beam:

The added mass of the Inclined Beam far from boundaries = pmr?L = 3766.61

The drag coefficient in this case varies with Reynolds number. The drag coefficients

for the various KC numbers used in deriving the Reynolds number together with the
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diameter of the cylinder was obtained (Munson, et al., 2009) and presented in Table
C.1-6. Table C.1-6 also contains the damping at various KC numbers, estimated with
an equivalent diameter of 5.6 m.

Table C.1- 6 Drag coefficient and damping of inclined beam at various KC numbers

KC 0.05 | 011 | 0.16 0.21 0.27 0.32 0.37 0.43 0.48
Cy 1.2 059 | 0.29 0.35 0.38 0.40 0.42 0.47 0.50
Damping
1008 | 986 728 1169 1589 2005 2458 3141 3757
(Ns/m)

The added mass and damping for seabed clearance h/D = 0.4 and h/D = 0.2 would be
equal to the values obtained for the far-from-boundaries case since there is no seabed

influence.

Total added mass and damping of structure well away from surface and seabed and

close to seabed:

Ma =
2-MappeamtMacentalbucket 4" Mahorizontalbeam 4" Maoguterbucket+35-Mahatchbeam +4"Mainclinedbeam
4

— Ma
Ca= / p-V
C=
2:Chpeam*Ccentalbucket T4 Chorizontalbeam 4 Couterbucket+35 Chatchbeam 4 Cinclinedbeam
4
Eaw = C/
w 2Mw

Presented in Table C.1-6:

186



Table C.1- 7 Added mass and damping of subsea protective structure

KC
Parameter Seabed clearance
0.02 0.05 0.07 0.09 0.12 0.14 0.16 0.18 0.21
Far from boundaries 541740 537859 546832 558014 569202 580383 589357 600542 611723
Added mass (kg) h/D =0.4 546558 562562 575393 591393 607401 623404 636236 652235 656399
h/D =0.2 569870 593101 611720 634947 600795 615419 627159 641779 656399
Far from boundaries 1.372 1.400 1.423 1.451 1.479 1.508 1.530 1.559 1.587
Added mass
h/D =0.4 1.384 1.424 1.457 1.497 1.538 1.578 1.611 1.651 1.662
Coefficient
h/D =0.2 1.443 1.502 1.549 1.608 1.521 1.558 1.588 1.625 1.662
Far from boundaries 109172 198049 280508 372613 463721 554312 613225 637569 605531
Damping (Ns/m)
h/D =0.4 109172 198049 280508 372613 463721 554312 613229 637569 605531
h/D =0.2 116912 210337 295888 391465 485753 554312 613225 637569 605531
Far from boundaries 0.013 0.024 0.033 0.043 0.054 0.063 0.070 0.072 0.068
Damping ratio h/D =0.4 0.013 0.023 0.032 0.042 0.052 0.061 0.067 0.069 0.065
h/D =0.2 0.014 0.024 0.033 0.043 0.055 0.062 0.068 0.070 0.065
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Table C.1- 8 Added mass and damping contribution from each member of the subsea
protective structure, initial KC for each member

Subsea Protective Outer Central Horizontal Hatch Inclined
H-Beam
Structure Member Bucket Bucket Beam Beam Beam
Ma (kg) | 119598 2873 724.85 8771.01 253.59 3766.61
Ca33 1.428 1.19 0.50 1.0 1.0 1.0
Far From
C 1008
Boundaries 4519 172 1926.02 2129.27
(Ns/m) 2129.27
3 0.362 0.885 0.005 1.2 1.2 1.2
Ma (kg) | 120798 2891 724.85 8771.01 253.59 3766.61
Ca33 1.443 1.197 0.50 1.0 1.0 1.0
h/D=0.4 C 1008
172 1926.02 2129.27
(Ns/m) 4519 2129.27
3 0.362 0.885 0.005 1.2 1.2 1.2
Ma (kg) | 126619 2919 724.85 8771.01 253.59 3766.61
Cu33 1.512 1.209 0.50 1.0 1.0 1.0
h/D=0.2 C 1008
172 1926.02 2129.27
(Ns/m) 6454 2129.27
g 0.517 0.885 0.005 1.2 1.2 1.2

Table C.1- 9 Comparison between added mass and damping coefficient of approximate
method and CFD analysis of the subsea protective structure

Far From Boundaries

KC Added mass coefficient, Ca Damping ratio, &
Approximate method CFD Approximate method CFD
0.02 1.372 1.591 0.013 0.030
0.05 1.400 1.595 0.024 0.040
0.07 1.423 1.601 0.033 0.045
0.09 1.451 1.609 0.043 0.047
0.12 1.479 1.618 0.054 0.050
0.14 1.508 1.629 0.063 0.055
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0.16 1.530 1.642 0.070 0.064
0.18 1.559 1.657 0.072 0.067
0.21 1.587 1.673 0.068 0.070
h/D =0.4
KC Added mass coefficient, Ca Damping ratio, §
Approximate method CFD Approximate method CFD
0.02 1.384 1.660 0.013 0.036
0.05 1.424 1.667 0.023 0.039
0.07 1.457 1.678 0.032 0.045
0.09 1.497 1.696 0.042 0.050
0.12 1.538 1.715 0.052 0.052
0.14 1.578 1.736 0.061 0.055
0.16 1.611 1.761 0.067 0.060
0.18 1.651 1.784 0.069 0.065
0.21 1.662 1.810 0.065 0.077
h/D =0.2
KC Added mass coefficient, Ca Damping ratio, &
Approximate method CFD Approximate method CFD
0.02 1.443 1.757 0.033 0.043
0.05 1.502 1.772 0.043 0.050
0.07 1.549 1.794 0.055 0.055
0.09 1.608 1.823 0.062 0.060
0.12 1.521 1.856 0.068 0.065
0.14 1.558 1.801 0.070 0.070
0.16 1.588 1.928 0.065 0.075
0.18 1.625 1.965 0.069 0.081
0.21 1.662 2.003 0.065 0.085
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APPENDIX D

D.1  Response of Subsea Protective Structure

The response of the subsea protective structure using the derived added mass and
damping from the approximate method and CFD analysis is presented in this section.
Orcaflex is used in calculating the response of the subsea protective structure at
different amplitudes of motion at the crane tip of the installation vessel.

Table D.1- 1 Response of subsea protective structure far from boundaries

Response Ratio (Z4yn/Z )
“C Approximate Method CFD
0.02 4.13E-04 3.00E-04
0.05 6.60E-04 5.20E-04
0.07 8.53E-04 7.20E-04
0.09 9.93E-04 9.33E-04
0.12 1.11E-03 1.11E-03
0.14 1.21E-03 1.27E-03
0.16 1.33E-03 1.36E-03
0.18 1.49E-03 1.51E-03
0.21 1.71E-03 1.65E-03
Zs4: Distance between bottom of structure and seabed = 1500 m

Table D.1- 2 Response of subsea protective structure at h/D = 0.2

Response Ratio (Zgyn/Z )
“c Approximate Method CFD
0.02 0.45 0.20
0.05 0.62 0.35
0.07 0.73 0.48
0.09 0.78 0.58

190



0.12 0.83 0.67
0.14 0.88 0.74
0.16 0.94 0.80
0.18 1.03 0.85
0.21 1.21 0.90

Z_sg: Distance between bottom of structure and seabed = 1.2 m

Table D.1- 3 Line tension far from boundaries

Effective Tension (T gynamic/ T static)
“c Approximate Method CFD
0.02 1.07 1.05
0.05 1.11 1.09
0.07 1.14 1.12
0.09 1.17 1.16
0.12 1.20 1.20
0.14 1.23 1.23
0.16 1.26 1.26
0.18 1.30 1.30
0.21 1.34 1.33
Tstatic = 5366 KN

Table D.1- 4 Line tension at h/D =0.2

Effective Tension (T gynamic/ T static)
“C Approximate Method CFD
0.02 1.04 1.02
0.05 1.06 1.04
0.07 1.08 1.06
0.09 1.09 1.08
0.12 111 1.10
0.14 1.13 1.12
0.16 1.14 1.14
0.18 1.16 1.15
0.21 1.18 1.17
Tstatic = 5366 KN
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D.2  Theory related to the ORCAFLEX analyses

Line Theory

The numerical analysis uses a finite element model (see Figure D.2-1) for the line
which is made up of a series of line segments. The line segments are modelled as
massless segments with a node at each end of the segment. This makes possible
modelling deepwater multicomponent lines such as multicomponent mooring lines

with segments comprising of chain and wire/rope.

Actual Line Discretised Model

End A
MNode 1

Segment 1 Segment 1
/ — MNode 2
Segment 2 Segment 2

\

Segment 3 Segment 3

lEndB

Figure D.2- 1 Numerical line model (Source: Orcina)

The model segments are considered massless since their properties such as mass,

weight and buoyancy are lumped to the nodes. Figure D.2-1 shows each node as a rode
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short in length and has the combined properties of half on one segment to the left of
the node and the properties of half of the other segment the right of the node except
for end nodes which have only the properties of only one half of the segment next to

them.

The model segments are straight massless element that models just the axial and
torsional properties of the line (Orcina, 2018). Figure D.2-2 shows in detail the line

model.

Torsion spring

/@\ + damper

=
Axial spring ~

+ damper

Bending springs
+ dampers

End B

/

Figure D.2- 1 Showing a single mid-line node and the segments either side of it, and
various spring-dampers
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Winch Theory

Installation analysis would require specifying either the length or tension in the winch
control mode while conducting a static analysis. The tension in the wire, Tw can be
equated to the winch drive force, Fw and expressed in terms of the wire stiffness, K
and the strain. Mathematically expressed as

T, = E, = Ke Equation D.2- 1

where, ¢ is the wire strain given as (I — [y) /1o, | is the total length of the wire and lo is
the unstretched length of the paid out wire which is set to the specified length for the
static analysis. In this case the tension and the winch drive force are derived from the

specified length.

If the control mode is set to the specified tension, that is the tension, Twand the winch
drive force, Fw set to the specified tension for the static analysis, then the unstretched
length paid out would be derived from these known parameters by applying the

equation above.

For the dynamic analysis, the winch control described in the OrcaFlex documentation
by Orcina may take a number of different forms (Orcina, 2018): “it may be given for
the whole simulation or individually for each stage; it can define constant values,
change in value or rate of change; and it may be constant, time-varying or defined by
external function”. The documentation also pointed out that “In all cases, however, at
any one time the winch is either length-controlled or tension-controlled, and its
properties can be calculated accordingly”. See OrcaFlex documentation (Orcina, 2018)

for more on winch theory.
Wave Theory

Ocean waves are best described by their height, length, speed and direction of
propagation, and by their occurrence (irregular) and mode of occurrence (randomness).
The random and irregular shape of ocean waves best describes a real sea state,
categorised into two wave models which are a linear random wave model and a non-
linear wave model (DNV-RP-C205).
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Table D.2-1 presents the characteristics of waves and the following figure shows a

graphical representation of the wave parameters.

Table D.2- 1 Definition of wave parameters with formulas

Parameter Definition and formula Units
Wave length | Denoted by 4, is the distance between successive crests. m
Wave period | Denoted by T, is the time interval between successive

crests as they pass a fixed point >
Phase velocity | The phase velocity, ¢ also known as the wave speed or
celerity is the propagation velocity of the wave where, m/s
c=A1/T.
Wave The wave frequency is simply the inverse of the wave Hy
frequency period denoted by
Wave number | The wave number, k = 2t /A. m?
Wave angular | The wave angular frequency, w = 2t /T.
frequency rads/sec
Surface Distance measured from the still water level to the wave
elevation surface given by z = n(x, y, t). "
Wave crest Distance from the still water level to the crest, denoted
height by Ac "
Wave trough | Distance from the still water level to the trough, denoted
depth by At "
Wave height | This is the vertical distance from the trough to the crest
andisgivenby H = A, + Ay m

Various wave theories for regular linear and nonlinear waves: Airy, Dean, Stokes’ 5"
or Sinusoidal wave theories. The regular wave theory is the simplest type of theory
where the wave crest height is equal in magnitude to the wave trough depth. DNV-RP-
C205 gives full details of these wave theories with the recommended Dean’s nonlinear

wave theory suitable for all regular waves. The Airy wave theory is a simple form of
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the linear wave theory but only suitable for small waves where the wave height is much
smaller than the wave length and water depth unlike the sinusoidal wave theory which
is only suitable for long waves in a shallow water environment, and the Stoke’s 5%

wave theory suitable for short waves in deepwater environments.

Wave speed,c lz
m\\jj7'\ -
L . 7

Wave period, T=A/c d
Surface elevation
shown at t=0

r_
&

Figure D.2- 2 Regular travelling wave properties (Source: DNV-RP-H103)

In the case of a more realistic sea state representation, irregular waves known as
random waves may be applied which is the summation of several sinusoidal or regular
wave components. DN-RP-H103 stated that the simplest of form of this wave model

is the linear long-crested wave model given by:
11 () = XN_, n cos(wyt + @p) Equation D.2- 2

where, the random phases distributed uniformly between 0 and 2r are denoted by ¢,
and according to the recommended practice, DN-RP-H103, “mutually independent of
each other and of the random amplitudes which are taken to be Rayleigh distributed

with mean square value”
E[nk?] = 25(wp)Awy, Equation D.2- 3

where, S(wy) is the wave spectrum which describes short term stationary random sea

states and Awy = (Wyyq1 — Wr—1)/2.
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There are several wave spectra such as the Pierson-Moskowitz and JONSWAP spectra,
which is mostly applied for wind seas and as explained in DN-RP-H103, the Pierson-
Moskowitz spectrum was originally for fully developed seas while the JONSWAP
spectrum is an extension of the Pierson-Moskowitz spectrum to include fetch seas. The
JONSWAP (Joint North Sea Wave Project) spectrum is suitable for numerical analysis
of deepwater installation processes since it describes conditions such as wind sea
conditions that frequently occur for the most severe sea-state
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