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Abstract

Climate change and energy security are key issues motivating the
development of Tidal Current Energy (TCE) technology. Small scale model
testing of TCE devices is a major challenge facing the technology due to
turbulent flow in tidal currents environment and scaling is a fundamental
engineering procedure for prototype development and optimisation for cost
effectiveness. This thesis presents the outcome from investigating
Dimensional Scale Effects (DSE) and Turbulence Scale Effects (TSE) of a
monopile support structure using Computational Fluid Dynamics (CFD).

Scale models dimensioned according to the Froude scaling criterion was
used for the DSE investigation whereas real time turbulent velocity profile
sampled from the Firth of Forth, Scotland was used for the TSE
investigation. The real time turbulent velocity profile is influenced by waves,
channel sidewalls, seabed roughness and other natural, physical and
biological processes occurring in the estuary.

The following observations were made:
1) For the DSE, the drag coefficient of scale models within the subcritical
flow regime varies as a function of a non-dimensional length and
velocity scale. Equations for estimating the scale effects are presented.

2) The TSE investigation demonstrates a novel application of Acoustic
Doppler Current Profiler (ADCP) data from a real site to generate
significant upstream turbulence structures suitable for testing tidal
current energy devices. The results show that, significant increase in
turbulence in terms of maximum vorticity magnitude, by a factor more
than 4, can be achieved in an empty channel and seabed drag
coefficient is significantly reduced when compared with simulations
done by specifying theoretical velocity profiles in a Large Eddy
Simulation (LES).

3) Ambient turbulent flow around a monopile support structure causes a
significant reduction in drag coefficient compared with simulations done
by specifying the uniform and the 1/7" power law velocity profiles.

The simulation results further demonstrate the possibility of representing a
large scale prototype with a small scale nhumerical simulation domain that
captures ambient vortex structures in real sites and that, the use of uniform
flow and 1/7th power law velocity profiles in numerical simulations would
lead to overestimation of hydrodynamic forces acting on an energy device
and underestimation of available energy for extraction due to lower seabed
drag coefficient.

Further work is recommended to investigate effect of ambient turbulent
structures on hydrodynamic loading and performance of a turbine
undergoing sea trials using the methodology proposed in this study. The
methodology has potential application to oil and gas subsea structures.
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Chapter 1.0
General Introduction

1.1 Background

In response to the growing need for sustainable energy and climate change,
fundamentally driven by the Kyoto protocol (1) and the Renewable
Obligation (RO) order (2), tidal current energy technology has been
identified as a viable option among the energy mix portfolio. Tidal currents
energy resource in the UK has been estimated by several sources (3) that
include (4-6) but with differing estimates resulting from the analysis
method. Also, the World Offshore Renewable Energy Report (7), released by
the Department of Trade and Industry, suggests that 3000GW of tidal

energy is estimated to be available.

A target has been set to generate 15% of electricity from renewable energy
sources by 2015 (8). A recent publication by the Department of Trade and
Industry (9) underpins the RO order with current target set to generate
20% of electricity from Renewable sources by 2020. Technological
development of tidal currents energy is underway to facilitate achieving the

set target.
1.2 Tides and energy extraction

Tide is caused by the effect of the gravitational pull between the sun and
the moon acting on the oceans of the rotating earth. Tidal currents are the
horizontal movement of water associated with the periodic change of the
surface level of water (10). They are rotary currents in the open ocean
because they are not restricted by any barrier. They become flood and ebb
near the shore signified by oncoming and the receding tide respectively.
Between the ebb and flood is a flow reversal period when there is no current
called slack water. Tidal currents occur in rivers, estuaries as well as in the

sea or ocean (11).
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The energy in the tide had been tapped as far back as AD 1100, using tide
mills driven by the rise and fall of the tides. These mills were disadvantaged
because of tidal surge, expensive labour and workers reluctance to work
during odd hours as dictated by the tides. Several tidal mills are spread
across Europe (12). The tidal mills are the predecessors of modern tidal
barrages. The later include the use of several sluice gates that allows the
filling of a water reservoir and make use of low head water turbines to
extract energy instead of water wheels as opposed to tidal mills however,
they are disadvantaged due to high civil infrastructural cost and potential
negative environmental impact. Despite the drawbacks, the la Rance (13)
tidal barrage has been harvesting tidal energy since the 1960’s and has the
capacity to generate 240 MW of electricity. The challenges associated with
tidal barrages stimulated interest in energy extraction directly from tidal
current using the tidal stream or Tidal Current Energy (TCE) technology

thus evading the need to constrain tidal flow by building barrages.

Several devices/technologies for harnessing the available resource are
currently being developed and tested. The progress made so far is
significant with some commercial test prototype currently connected to the

grid for example, the Marine Current Turbines (12).

1.3 General description of a TCE system.

Extracted energy
ultimately
converted to

Kinetic energy in

tidal currents

electricty by a
generator

Figure 1.1: An illustration of a TCE conversion system.
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TCE systems are designed to extract kinetic energy from fast flowing
current constrained by the sides of a channel created by two land masses
The block diagram in Figure 1.1 illustrates a TCE conversion process. A TCE
installation generally includes a turbine on a fixed supporting or anchoring
structure that is required to withstand turbulent loading in the environment.
The turbine is positioned to extract kinetic energy from the flow of tidal
currents and converts it to mechanical energy. The mechanical energy is
further converted into electrical energy using a generator incorporated into
the system. The power generated is transported and distributed for
consumption. The energy extracted by a turbine submerged in a tidal
current channel, is a function of the cube of the current velocity, water
density and the cross sectional area swept by the turbine blades exposed to
the incoming flow. A database of some known TCE technologies/devices can
be found in (14). The devices are at different development stages. A few

examples are illustrated in what follows.
1.4 Categories of TCE Devices
Tidal current energy devices can be categorised into four types namely;
e Horizontal axis turbine
e Vertical axis turbine
e Oscillating devices
e Venturi effect devices.
1.4.1 Horizontal axis turbine

A horizontal axis tidal turbine has its blades rotating about a horizontal axis
parallel to the streamwise direction. An example of a horizontal axis tidal
current turbine is the Seagen in Figure 1.2 (12). It is operated by the

Marine Current Turbine (MCT) and has a power production capacity of 1.2
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megawatts. It consists of two 16m diameter rotors mounted on a beam

across a monopile support structure. The Seagen machine is currently

Figure 1.2: Seagen turbine

installed at Strangford Lough in Northern Island and is the first commercial
scale tidal current turbine that can generate electricity for up to 1140
homes (12). The history of the development and testing of Seagen is
published in (15).

The TidEI® turbine (12,16) shown in Figure 1.3 below is another example of

=3 L
i

Figure 1.3: The TidEI® turbine
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a horizontal axis turbine consisting of a 500 kW contra-rotating twin
turbine with rotors of 15m diameter that freely changes direction with the
tide. The twin turbine is mounted on a single cross beam and tethered to
the seabedwith mooring chains. The SMD Hydrovision of Tyne and Wear
based in the UK conceived and developed the TidEL® concepts. A 1:10 scale

model has been tested in the laboratory.
1.4.2 Vertical axis devices

Vertical axis turbines have their axis perpendicular to the streamwise
direction. An example is the Gorlov Helical Turbine (GHT) (17) shown in

Figure 1.4.

Figure 1.4: Gorlov helical turbine

It is developed by GCK Technology Inc in USA based on the Darrieus
Windmill concept. It consists of helical blades twisted about the axis to
benefit from every possible angle of attack. It is at the proof of concept

stage.
1.4.3 Oscillating devices

The oscillating hydrofoil (16,18) in Figure 1.5 below known as the Stingray
is a tidal energy converter developed by the Engineering Business Limited in
the UK. The stingray makes use of tidal stream over a hydroplane to
produce an oscillating motion which operates hydraulic cylinders to drive a

motor that drives a generator to produce electricity.
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Figure 1.5: Reciprocating hydrofoil

A 150 kW prototype was tested in 2002 in the Yell Sound in UK, but the

development was stalled (19) owing to poor cost competitiveness.
1.4.4 Venturi effect devices.

The Rotech Tidal Turbine (RTT) shown in Figure 1.6 (20) is an example of a
device that uses the venturi effect. It is a horizontal axis ducted turbine
operated by Lunar Energy Limited based in UK. It is 1MW directional turbine
with a duct diameter of 15m, duct length of 19.2 m and rotor diameter of

11.5m. A venturi effect is caused when the flow is concentrated through a

The removable cassette

The turbine

The gravity base The duct

1MW RTT UNIT
Duct Diameter
15 metres

Duct Length
19.2 metres
Turbine Diameter
11.5 Metres

Figure 1.6: Rotech tidal turbine

funnel-like shape. The RTT is a bi-symmetric turbine housed in a venturi
that has removable cassette for easy maintenance. The RTT is mounted on

a gravity base support structure.
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1.5 Classification of tidal current turbine support

structures

Tidal current energy technology is rapidly developing and a variety of tidal

turbine support structures are currently considered in the industry. They

include, but not limited to;
e Monopile and multi-leg support structure.
e Sea snail support structure.
e Gravity based support structure.
e Flexible or fixed anchoring support structures.
1.5.1 Monopile and multi leg pile support structure

Monopile support structures are made of steel tubes which can be drilled,
vibrated or hammered to a secured fit on the sea bed. The Seagen tidal
turbine shown in Figure 1.2 is supported on a monopile. A multi leg pile

structure consists of more than one pile.

1.5.2 Sea snail support structure

The Sea-snail shown in Figure 1.7, patented by (21) is a hydrofoil inducing

Figure 1.7: The sea snail support structure
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force support structure. It consists of an array of symmetrical hydrofoil
sections supported on pin jointed tubular steel structures. The Sea snail is
required to generate sufficient down force to resist over turning moment
generated by hydrodynamic forces acting on it and any turbine mounted on
it.

1.5.3 Gravity base support structure

The Rotech Tidal Turbine unit shown in Figure 1.6 above is an example of a
gravity base support structure. Gravity base support structures could be
made of a huge mass of concrete or steel structures attached to its base to

achieve and maintain stability.
1.5.4Flexible or fixed anchoring support structures.

Fixed or flexible anchoring support structures are used for floating energy
extraction devices, for example the TidEl turbine was supported by chains

moored to the seabed.

A tidal current turbine and its support structure submerged within flow in
tidal currents channel are subject to fluctuating loads. The current
generating the loads is influenced by waves, channel walls, bottom wall
bathymetry and other physical, natural and biological processes occurring in
tidal flow environment. The flow within tidal currents is generally described
as turbulent. A turbulent flow is random and consists of coherent

structures.

1.6 Statements of the challenges facing the TCE

industry.

There is a growing need to maximise the use of kinetic energy resources in
tidal current channels within the reasonable extractable limit suggested in
(22) and (6). This will reflect a favourable reduction in the unit cost of
energy while providing opportunity to meet the 20% target to produce

electricity from renewable energy sources by 2020. In view of this, energy
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devices are undergoing numerous testing required to move forward, but
effect of ambient turbulence inherent in tidal current channel environment
needs to be tackled and incorporated in the development and optimisation

of energy devices.

1.6.1Tidal current energy device testing methods and their

implications.

There are generally accepted methods for testing tidal current energy
devices: small scale laboratory testing, numerical modelling and field

testing.
a) Laboratory testing facilities

Small scale laboratory testing methods involves the use of a tow tank or a
water circulating channel where the device to be tested is towed or fixed
respectively. A laboratory tow tank consists of a facility that contains a large
volume of still water with an overhead carriage for transporting the device
to be tested. It is not possible to reproduce a real tidal current velocity
profile in a tow tank because the water is not in motion. Ambient turbulence
level in tow tanks has been assumed to be zero (23). Since local turbulence
is generated in the vicinity of a towed device during testing, tow tanks can
be assumed to have negligible turbulence which is unrepresentative of that

encountered in real tidal current flows.

A water circulating tank consists of a testing facility with moving water. The
flow of water is predominantly one directional with evidence of a sheared
velocity profile from previous experiments conducted at Chilworth research
laboratory (24) and Ifremer (23) water circulating tanks. In terms of
turbulence, it is an improvement over a tow tank facility because turbulence
involves movement of fluid associated with shear stresses (25). However
reproducing turbulent velocity profiles resembling those in tidal current is
still difficult.
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Team members of SuperGen Marine work package eleven (26), in
establishing and assessing a suitable laboratory testing procedures for tidal
current energy devices, set out to identify guidelines and to establish the
limits to laboratory scale model testing. The output from the work stream
demonstrated that there are differences between measured forces when
device are towed in water and when devices are fixed in flowing water
resulting from turbulence and flow shear. Despite the laboratory testing
limitations, these testing facilities are widely used for energy device studies
(27-31).

b) Relationship between the testing methods

Laboratory testing, sea trials and numerical simulation are viewed as
complementary methods for dealing with a complex flow regime such as
flow around any device submerged in a stream of tidal currents. Field
measurements or sea trials provide the best data but it is the most
expensive. Also, natural turbulence conditions make data interpretation
more difficult. Small scale laboratory testing and numerical modelling are
relatively cheaper than sea trials because their input conditions are more
easily controlled and can be varied systematically to study their effects.
Laboratory physical modelling in turn is more expensive than numerical
modelling. According to Versteeg (32), the investment cost of
Computational Fluid Dynamics (CFD) is high but the total expense is not
normally as great as the cost of a high quality experimental facility.
Furthermore, the cost associated with new designs and parametric studies
are avoided in numerical modelling. The advantages of numerical modelling
however, do not prevent the use of physical models, instead progress has
been made with them. In some cases results from a physical model are
used as input conditions to a numerical model and vice-versa. Also,
physical models provide calibration and verification data for numerical

data/results.
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c) Challenges with numerical modelling of tidal current energy

devices.

In computational fluid dynamics of TCE devices, theoretical velocity profiles
are commonly specified as inlet boundary conditions. For example, Doherty
(27) specified the uniform flow boundary condition; in (33) and (34) the
1/7™ power law velocity profile was specified at the inlet of a simulation
domain for modelling tidal current turbines. Although, the 1/7"" power law
profile is a good approximation to turbulent velocity profiles (35),
theoretical profiles do not contain evidence of turbulent fluctuations
inherent in natural flows due to the averaging process used in generating
theoretical profiles. The popular use of theoretical profiles for turbulence
modelling is largely attributed to the scarcity of real tidal current velocity
profiles or perhaps the logistics and the associated cost of acquiring real

current profiles.

Furthermore, it is customary to compare numerical simulation results with
laboratory experimental results. Reasonable accuracy and agreement can
be achieved on the premise that the already known flow parameters of the
laboratory test facility are specified as boundary conditions in the numerical
domain. For example, O'Doherty (27) replicated the known and well defined
uniform velocity profile of 1m/s velocity and turbulent intensity of 5%
typical of the laboratory test facility into a numerical simulation model.
Results showed good correlation in torque and power curve. The agreement
between the numerical model results and the laboratory results underpin
the importance of specifying real sea conditions in a numerical model to
achieve credible results for satisfactory prediction of behaviour of
prototypes. McCann (36) highlighted the criticality of using site data in the
prediction of loading and performance of a tidal stream device. Williams
(37) demonstrated the significance of using data measured at site to
develop CFD models for tidal stream devices. Also, the common use of the

averaged Navier Stokes equation in CFD modelling undermines the
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contribution of the large scale turbulent eddies to numerical simulation

results.

In this present study, numerical modelling techniques were used to
investigate scale effects in tidal current energy device testing. The word
scale or scaling is generic so it is necessary to clarify the meaning in the
context of this research. Scale has a dual meaning: dimensional scale or
turbulence scale. Dimensional scale refers to geometric dimensions of a
physical model or prototype while turbulent scale refers to sizes of eddies or
vortices contained in a turbulent flow. Dimensional and turbulent scales

have implications during device testing.

1.6.2 Dimensional scale effect.

In physical model testing of TCE devices, relationship between prototype
and scale model are traditionally achieved using the Froude scaling
criterion. This practice is known to result to scale effects and it is therefore
important to understand scale effects in device testing. Norvak (38)
underpin the importance of investigating scale effects in physical model
testing, by stating that “...If we cannot quantify the error, at least we must
be aware in which direction it acts and be able to answer the question -
does it contribute to safety or does it diminish the safety factor? Only then
can we modify the saying “models are to be used but not believed into

models are to be used, sometimes believed but always understood”.

Numerical modelling techniques have been employed in this study to
investigate similitude between different sizes of a generic support structure
within the critical flow regime. This investigation is based on the premise
that devices occupying the same flow regime should have the same
dimensionless force coefficients and that maintaining the same mesh
density for every scale model within the same flow regime should produce
equivalent force coefficients. The results from this investigation illustrated

the significance of representing a prototype by a particular scale model size.
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1.6.3 Turbulence scale effect

Turbulent flow is generally regarded as a challenge facing the energy
industry. Turbulence is a three dimensional, unsteady, unpredictable flow
with strong vorticity and has a range of scale that increases with Reynolds
number. Three identifiable turbulent scales have been used to characterise
the turbulent energy spectrum: The integral length scale, the Taylor length
scale and the Kolmogorov scale. The present study is concerned with the
energetic, integral length scale of turbulence where the anisotropy of
turbulence resides in the energy containing coherent structures. More

information on coherent structures is presented in chapter 5.

Large scale turbulence is known to play a key role in hydrodynamic loading
of structures and may result to premature structural fatigue and subsequent
failure of devices due to its fluctuating nature. TCE technology draws
analogy from the wind energy technology and it is known in wind energy
generation that, significant departures from steady operating loads
conditions occur in gusty conditions according to Harrison (39). One method
used to simulate turbulence effects in wind energy systems is the Von
Karman Spectra (VKS). However, it is known that the Von Karman spectra
do not represent turbulence near the bottom topography adequately
enough. An investigation of the suitability of the Von Karman spectrum on a
complex terrain (40) confirms that intense topography effect cannot be
model adequately by the Von Karman formulation. Nevertheless, the Von
Karman spectrum is still commonly used because of consistency with the
analytical expression for the correlations (41). To avoid or mitigate
turbulence generated by the bottom topography in wind systems, wind
turbine towers are built sufficiently high enough, amongst all other design

considerations (39).

Conversely, in real operation, a tidal current energy conversion system is
bounded by a free water surface which does not allow the freedom of space
possible with wind energy systems also, the channel side walls and bottom

bathymetry will induce unavoidable turbulence in the environment. It is
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anticipated that the energetic large scale eddies associated with turbulence
may have structural implication for a tidal current energy device when they
interact. Therefore it is important to account or discount for the effect of
large scale turbulent structures in device dynamic loading and performance
during testing. Figure 1.8 illustrates an eddy interacting with a generic tidal

turbine supporting monopile structure.

]\ \/ A generic TCE
. device
J

Figure 1.8: Eddy interacting with a structure

The need to understand the effect of ambient turbulence during model
testing was highlighted by Bearman, (42) in wind tunnel experiments. He
emphasised that turbulence should be accounted for before satisfactory
scale model results are extrapolated and applied to prototypes. During the
development of tidal current energy device performance protocol (43) the
effect of turbulence on device performance and survivability was highlighted
as a knowledge gap that could become a major issue with device
performance and survivability. It is widely accepted that turbulence be
accounted for in model testing of TCE device so that its effect can be
incorporated in design and optimisation of energy device because it has the
potential to progressively reduce the strength of material which could lead

to device failure.
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1.7 Relationship between dimensional and turbulence

scale effects

The scale effect is related to basic engineering theories as illustrated in the

Venn diagram in Figure 1.9 below.

+ Dimensional i :
i analysis (Froude v i Theory of turbulent
| scaled models) v structures

_________________________

i Numerical
' testing
methods

]
]
:
'
______________________ Y .

(RANS and LES)

_____________________________________________

The NS equations and its modelling

Figure 1.9:Venn diagram illustrating Scale effects.

Dimensional and turbulent scale effects are linked by the Navier-Stokes
(NS) equations. The dimensional scale effects was investigated based on
Froude scaled virtual models by solving the Reynolds Averaged Navier-
Stokes (RANS) equations while the turbulence scale effect was investigated
based on simulating the large scale turbulent eddies using the Large Eddy
Simulation (LES) with real turbulent velocity profiles specified at domain

inlet by solving the filtered NS equations.
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1.8 Previous studies in the use of RANS and LES

modelling technique.

Turbulence modelling using RANS approach had been the object of
numerous studies. The k-epsilon (k —¢ ) turbulence model is a very popular
and widely used turbulence model largely because, it is computationally
economical with ability to obtain reasonable and accurate solutions with the

available computer power in limited class of flows (44).

A majority of turbulence research has been a case by case examination and
validation of existing turbulence models for specific problems. The k—-&
model has been used by Sangsan (45) in predicting aerodynamic force on a
square cylinder when investigating the performance of conventional k-¢&
models. The findings suggest that the k-¢ model successfully reproduced
unsteady force coefficients without piling up turbulent kinetic energy near

the forward stagnation.

In a validation study Doherty (27), used different RANS turbulence closure
models to predict the torque and power generated by a turbine. The results
showed that good correlation was achieved between the measured data and
the CFD results in terms of trend. One of the models employed in the
comparative studies was the Reynolds Stress Models (RSM) with anisotropic
abilities. It was observed that RSM and the realisable k—& turbulence

models compared best globally with flume experiment results.

In a comparative study between LES and RANS models of turbulent air flow
past a surface mounted cube by Rodi (46), it was evident that, the
turbulent fluctuations were severely under predicted in all RANS
calculations, the low values were attributed to the low frequency variations
of the shedding motion due to 3D effect. LES picked up motions from the
3D effect, and in general gave a better simulation of the flow details with a

higher computational cost in terms of time.
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Turbulence is a three dimensional phenomenon that cannot be credibly
accounted for in RANS calculation (47).The ability of LES to pick up 3D
effect suggests a reason for its use in investigating the effect of turbulent
coherent structures in this present study. The lower cost RANS methodology
was used to determine mean force coefficients in investigating dimensional

scale effect because it is suitable to predict some mean flow quantities.
1.9 Research Aims and Objectives

As a consequence of the challenges expressed in section 1.6, the research
aim to investigate scale effects resulting from testing a monopile support
structure using CFD and ADCP instrument for site data acquisition based on

the following enumerated objectives.
Objectives

Specifically, five objectives are logically outlined to achieve the overall aim

of the project.

1 Investigate dimensional scale effect based on four virtual Froude

scaled models using RANS numerical simulation.

2. Deploy an Acoustic Doppler Current Profile (ADCP) instrument at the
Firth of Forth, Scotland UK to acquire tidal current velocity profiles

required for input to numerical simulation domain.

3. Analyse the data acquired with the ADCP from the Firth of Forth
Scotland, UK.

4. Simulate and study turbulent structures in an empty open channel
with the aid of the acquired ADCP data using LES.

b

Investigate the effect of large scale turbulent structures on a monopile

rigidly fixed to the bottom of an open channel with a flat bed.
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1.10 Thesis overview

Chapter 1.0

Chapter 1 contains an overview of the fundamental drivers of renewable
energy, set targets to produce electricity from renewable energy sources,
examples of currently considered tidal current energy devices, support
structures and testing methods with their inherent challenges. Justification
for the method employed in the present study and the project objectives

are also included.
Chapter 2.0

The general methodology for investigating the listed objectives in chapter 1
is presented. It begins with a flow chart describing the process used to
achieve the project objectives. It includes a summary of numerical
modelling techniques and the experimental set up for acquiring turbulent

velocity profiles from the Firth of Forth using the ADCP.
Chapter 3.0

This chapter reports the results from investigating similarity between
Froude scaled models occupying the subcritical flow regime. It explains the
significance of dimensional scale effect and the justification for numerically
investigating scale effect in tidal current energy devices. It presents the
scaling strategy used to evaluate the model dimensions with a description of
the computational domain. The meshing strategies, including the size
functions are explicit. Description of the boundary conditions and solution
method are included. Empirical equations derived from investigating
dimensional scale effects are presented. The use of the equations is limited
to flows within the subcritical flow regime. A technical paper published from

this study is attached as appendix B.
Chapter 4.0

This chapter reports the analysis of the ADCP data acquired from the Firth
of Forth. The ADCP data were quality checked before analysis. Mean velocity
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profiles and single realisations velocity profiles representing the flow at the
Forth estuary were compared with theoretical velocity profiles. Some of the
analysed ADCP data is included in the publications in appendix C and D.

Chapter 5.0

Results from simulating large scale turbulent structures suitable for testing
energy devices are presented in chapter 5. Three simulation cases namely;
the ADCP data simulation case, the uniform velocity and the 1/7™" power law
simulation cases were compared against each other. The simulated flow
fields were also compared with the qualitative description observed in flow
in @ natural environment. The resulting seabed drag coefficients were also
compared with measurements carried out in some tidal current sites.
Some results from this study have been published and presented in

appendix C.
Chapter 6.0

The effect of the large scale turbulent structures simulated in the previous
chapter on the drag coefficient of a monopile support structure, fixed and
submerged in a tidal current is presented in chapter 6. The chapter
discusses flow over structures and some wind tunnel test results previously
carried out. The simulation results were benchmarked with simulation cases
using theoretical velocity profiles and were also compared with published
experimental results. The output from this chapter won a gold award in a
poster competition at the SuperGen annual symposium in November 2010.

Poster is appended as appendix D.
Chapter 7.0

Chapter seven contains the overall summary, conclusion and
recommendation for further work followed by reference pages and

appendixes.
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Chapter 2.0
Approach and Methodology

2.1 Introduction

This chapter presents an overview of the methodology and approach taken
to investigate dimensional and turbulence scale effects. The process
basically consists of a combination of physical experiment for site data
acquisition and numerical simulation of a generic tidal current turbine
support structure represented as a monopile. The block diagram in Figure

2.1 below illustrates the process.

Figure 2.1:Sketch showing research components involved in the methodology.
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A 2-dimensional numerical modelling approach was taken to investigate
dimensional scale effects, because it is adequate to resolve mean values of
the device force coefficients. The method is based on the Reynolds
Averaged Navier - Stokes (RANS) modelling technique built on the turbulent

viscosity concept introduced by Boussinesq (48).

A 3-dimensional numerical modelling technique was employed to investigate
the effect of large scale turbulent structures on device hydrodynamic
loading using LES. Turbulence is a multidimensional phenomenon and LES
provides a platform for resolving the large scale energy containing eddies
and it requires a 3-dimensional geometry to function in the commercial

ANSYS software used for the simulation.

The physical experiment involves the use of ADCP instrument to acquire
real turbulent velocity profiles from the Firth of Forth. The experimental

velocity profile was used as input data into the 3-dimensional LES.

The 2-dimensional and 3-dimensional numerical modelling techniques were

based on solving the NS equations expressed below in equation 2.1.

du; N duay; 1P 8%u;

—_ '

ar dx; T pdx; dx;0x;

(2.1)

The background to the RANS and the LES modelling techniques lies in the
computationally expense relating to solving the NS on complex flows such
as those encountered in a tidal current channel using the Direct Numerical
Simulation (DNS). Although the DNS technique is able to obtain tractable
solution for turbulent flow processes, it is limited to simple flows with
relatively small Reynolds number of say 10°. The challenge in obtaining a
tractable solution for higher Reynolds number flow gave rise to averaging
the NS equations with a consequence of appearance of correlation terms
called the Reynolds stresses (49). These stresses need additional equations
known as turbulence models to close the averaged equations. Solving the

additional equations together with the RANS equations, it became possible
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to find approximate solution to turbulence flow problems. One of these
equations, known as the k-epsilon turbulence model, integrated into the
commercial ANSYS software has been used for the 2-dimensional numerical
studies. The basics leading to the formulation of the k-epsilon turbulence

model is summarily explained in what follows.

It has been previously mentioned that the RANS equations are based on the
turbulent viscosity concept introduced by Boussinesq. The Boussinesq

approach relates the Reynolds stresses to the mean velocity gradient.

W— ou; +8uj 2 k+ O 0
PUL = Hy an ox, 3 PRT Uy %, ij (2.2)
. . N ou,  ouj
pis the fluid density, Uju; are the Reynolds stresses. 67+§ is the mean
i

i
velocity gradient. ¢; is the kronecker delta defined as: ¢; =1 if i=j and

o; =0 if i=j iand jtakes the value 1, 2 or 3.
The turbulent viscosity u, is calculated from equation 2.2 below;

k2
/utzpclu? (2'3)

k is the turbulent kinetic energy while ¢ is the turbulent dissipation rate.

C, is a variable and methods for computing it can be found in (54).

The k - epsilon (k— =) turbulence model requires solving two transport

differential equations: one for the turbulent kinetic energy and the other for

the turbulence energy dissipation rate, €. The main reason for adopting the

two equation model was that, it allows for calculating the length scale from
a transport equation instead of prescribing it algebraically. This eliminates
the difficulties encountered with complex geometries when using the earlier

zero and one equation turbulence models. The two equations model solves
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the problem of incompleteness of the one equation model and can produce
reasonable results for complex flows (50). More detailed information of the
RANS turbulence models based on the Boussinesq hypothesis can be found
in (51-52).

2.2 Numerical methodology for 2D RANS modelling of a

generic tidal current turbine support structure.

The k-epsilon (k —¢g) turbulence model has several variations which

includes standard k —¢ turbulence model, the RNG turbulence model based
on the Renormalisation Group theory and the realisable formulation. The
realisable, non-equilibrium (k — ) turbulence numerical model was used to
investigate dimensional scale effect presented in chapter 3. The realisable
model is based on a new formulation of eddy viscosity and dissipation rate
equation that ensures that, a mathematic constraint consistent with the
physics of turbulent flow, allows the normal stresses to remain positive
(53).

The transport equation for the realizable k—¢ turbulence model which
solves for the Reynolds stresses are given by turbulent kinetic energy, k

and the turbulent dissipation, &€ as:

i
= (o) +5- (p;m} {(wo_i) ax]wmb pe+5, @24)
.;' 7
a 2 a8 _u.r) £ £
at(ps} + axj{pgu}-} = 7%, [(.u. + o.)ax, + pCSe— pC, I(+\@ +C, EC_::G&: (2.5)

respectively where;

Clzmax{0.43,i} n=sX  s—[25s
n+5

£ =1
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G, is turbulence kinetic energy generation term, G, is the generation of
turbulence due to buoyancyS, and S,are source terms. S is a scalar

measure of deformation and S; is the mean strain rate tensor. The model

constants:C,,.,C,, o, and o.,are 1.44, 1.9, 1.0 and 1.2 respectively. The

constant have been established to perform well for certain canonical flows
(54). The flow in this study is assumed incompressible without buoyancy
effects. The model transport equation for k is derived from the exact NS
equation and the model equation for ¢ is based on the dynamic equation of

the mean square vorticity fluctuation.

The kinetic energy, the dissipation rate as well as the Reynolds averaged
equation were solved to simulate the flow past a Froude scaled models.
Details of the dimensioning strategy using the Froude scaling criterion (55),
meshing strategy and problem/physics set up are presented in chapter 3.
The RANS methodology was applied to simulate a generic tidal current
turbine support structure represented as a monopile in a 2-dimensional

horizontal plane of a tidal current channel.
2.3 Numerical methodology for LES

Although successes have been attained with the RANS modelling
techniques, a major drawback in all RANS turbulence models lie in the fact
that the models average out the effect of the large scale coherent structures
existing in a turbulent flow. This is significant because the small scale
eddies behave differently from the large scale eddies. The small scale
eddies are nearly isotropic and have a universal behaviour while the large
scale eddies behaviour depends on the problem geometry, body forces and
boundary conditions. The energy and anisotropy of turbulence are contained
in the large scale eddies which dominates the transfer of momentum. The
LES is a numerical approach that separates the large scale from the small
scale eddies using a filtering time dependent NS equations. It consists of
eliminating scales of turbulence smaller than the mesh size by using a low

pass filter on the time dependent NS equations so that, what is left of the
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filtering operation governs the evolution of the large scales of turbulence.
The basic concept of LES was laid in the work of Smagorinsky (56) in the
early 1960’s. The LES technique allows the prediction of instantaneous and
mean turbulence quantities of higher Reynolds number flows. LES has the
advantage that a resolution of the large scale is possible while the small
scales are modelled (57) by a cheaper subgrid scale model. The Fourier cut
off filter was used in the ANSYS software employed for this study. The
filtered continuity and Navier-Stokes equations for an incompressible flow

are expressed in equations 2.6 and 2.7 below;

Continuity equation

Zt_0 (2.6)

a1 ﬂﬂiﬁ}-_ﬂﬁi}- 1ap d1;

— - 2.7
at dx; dx; pdx; 0Ox; @7
g;; is the stress due to molecular viscosity defined by;

_ [, (0%, 0%\ 2 ou 28)
70 |M\ax; T ax, )| 3 ek, Y '

where /i and j in tensor notation takes the values 1, 2 or 3 and ¢;; is a unit

tensor and 1;; is the subgrid scale stress defined by;

Ty = pU UL, — Pl (2.9)
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The small scale eddies were modelled by dynamic Smagorinsky-Lily subgrid
scale model (58). The subgrid scale model is also built on the turbulent
viscosity concept based on the Boussinesq hypothesis used for RANS

turbulence models.

The model equation for the turbulent viscosity is given by;

e = pI3IS] (2:10)

Where the sub grid length scale L., is given by;

L, = min(kd,C.A) (2.11)
e
5= [25,5, (2.12)
5--=5(@+@) (2.13)
U dxj  dxj ’

S5i;is the rate of strain tensor, ¥ is the von karman constant, @ is the

distance to the closest wall, C: is the Smagorinsky constant and 4 is the
local grid scale computed according to the volume of the computational cell

using;

A=V1/3 (2.14)

The dynamic model constant €: is not universal, but dynamically computed
taking up values based on the information provided by the resolved scales
of motions (58-59). The concept of evaluating the model constant is based

on applying a second (test filter) whose filter width is twice the grid filter
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width to the governing equations. The information based on the difference
between the flow fields resolved in both filter cases is used to compute the
model constant. The computed model constant varies in space and time. To
avoid numerical instability, the model constant is clipped at zero and 0.23
(54).

The LES methodology was applied to three simulation cases, each
distinguished by its characteristic inlet velocity profile. Two of the simulation
cases are benchmark studies. The third simulation case involved integrating
ADCP acquired velocity profile from a real tidal site to the simulation domain
inlet. LES was first carried out on an empty channel to investigate the
behaviour of the resulting flow fields and to demonstrate the differences
existing between flow fields generated using theoretical velocity profiles and
experimental velocity profiles as input conditions. Secondly, to simulate flow
past a monopile support structure fixed to the channel bed to investigate
the effect of the resulting ambient flow on the monopile drag coefficient.
The meshing strategy including the use of size function, and the problem

set up in ANSYS are reported in chapters 5 and 6.
2.4 ADCP experiment methodology

The SonTek/YSI ADP was employed to measure tidal current velocity
profiles at the Firth of Forth near the Isles of May. The ADCP was deployed
on the seabed on the 20th of July 2010 at 12.00pm and was retrieved on
the 11th of August at 14:40 pm. The ADCP was deployed at location 56°
10.642'N, 2° 32.359'W in a 53 meter depth of water.

2.4.1 ADCP hardware and principle of operation

A physical view of ADCP instrument set up with its supporting frame before
deployment is shown in Figure 2.2 below. The ADCP sensor is supported on
a gimbal. It consists of three acoustic transducers for three dimensional
profiling and receiver electronics. The transducers are spaced with equal

azimuthal radial spacing of 120° which point at 25° from the instrument’s
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vertical axis. The ADCP processor sends and receives signal from the ADCP
sensor and perform calculations to compute velocity profiles based on the
Doppler Effect principle. The Doppler Effect is described as a change in the
observed frequency or wave length of sound waves transmitted from the

transducer relative to the suspended moving water particles.

ADP sensor
(acoustic
transducer) gimbal
Splitter
cable .
Supporting
frame
Battery pack

Figure 2.2: A three beam SonTek/ YSI ADP.

The change in frequency F4,,,;., Known as the Doppler shift is calculated by

using;

4

Fdapp!sr = —2F.ouna C
Found

(2.15)
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Where F.uns is the frequency of sound waves, Vi..:iqes IS the relative

velocity of the suspended water particles and C....s iS the speed of sound in

m/s. The suspended water particles are form of planktons also known as
scatterers. The scatterers reflects sound back to the transducer after being
hit by an acoustic beam transmitted from the ADCP. The water particles are
assumed to move with the same velocity as the water velocity on the
average. It is desirable to have sufficient particles in the water which is

mostly the case in tidal currents sites due to sedimentation processes.

The ADCP measures the velocity component parallel to the acoustic beams
and one beam is required for one velocity component so that a three beam
instrument have the ability to measure three velocity components. The
velocity along each respective beam is converted to the east, north and up
velocity components using trigonometric relations. A limitation that lies
with the use of trigonometry relation to evaluate the east, north and up
velocity components is that, the beams take measurements at different
location which implies that the current velocity have been assumed to be
the same at these locations. Water currents homogeneity has been a

reasonable assumption in flow in rivers, oceans and estuaries etc.

The computed water currents velocity profiles and associated information is
recorded by a circuit board within the processor. A splitter cable connects
the ADCP to the battery pack for autonomous deployment. A power and
communication cable (not shown) connects the ADCP to a computer used
for instrument configuration before deployment, and downloading of data

after instrument retrieval.
2.4.2 ADCP configuration and set up

The sketch, Figure 2.3 (not drawn to scale), illustrates the terminologies
used in describing the ADCP set up configuration. The vertical water column

above the seabed beginning from the ADCP transducer head was divided
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equally into 50 depth cells or bins excluding the blanking distance. The third
beam is excluded from the sketch for clearer illustration. The top of the
transducers was approximately 1 meter above the seabed. No
measurement is possible from the seabed up to bin 1. This presents one
limitation of the ADCP. From this set up, the distance between seafloor and
the start of the first bin is approximately 2m because the blanking distance
was set for 1m. A bin size (cell size) of 1m was specified because it is a
reasonable value that ensures insignificant noise in the recorded data. The
blanking distance was required for effective recovery of instrument
electronic and transducers from transmit pulse, during the alternate sending

out and receiving signals before data for the next profile is acquired. With

ADCP
Beam

ADCP
Beam

Blanking distance

ADCP

Figure 2.3:Illustration of ADCP set up configuration.

this set up and configuration, velocity profile samples were acquired for 23

days with an autonomous sampling setting, averaging one sample over 1
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minute every 10 minutes for every one profile. A total of 3185 turbulent

velocity profiles were acquired.

No instrument calibration except compass calibration was required. The
data were recorded by the ADCP internal recorder. The recorded data was
downloaded for quality checks and analysed. All data were sampled over the
water column above the ADCP. Results are reported in chapter 4. The ADCP
user set up and configuration output from the ADCP recorder is shown in
Table 2.1 below;

Table 2.1: ADCP user set up and configuration information

Default Temperature 20.00 deg C
Default Salinity 34.50 ppt
Default Speed of Sound 1520.90 m/s
No. of Cells 50

Cell Size 1.00 m
Blank Distance 1.00 m
Sensor Depth 0.00 m
Temperature Mode MEASURED
Averaging Interval 60 s

Profile Interval 600 s

Ping Interval 0.00 s
Burst Mode DISABLED
Coordinate System ENU
Magnetic Declination 0.00

Out Mode AUTO

Out Format ASCII
Recorder Enabled ENABLED
Recorder Mode NORMAL
Deployment Mode ON
Deployment Name JULY
Deployment Start Date/Time | 2010/07/20 12:00:00

Page 31



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

2.4.3 ADCP deployment location

The Forth estuary is 93km long and extends from Stirling to join the North
Sea, with the Isles of May lying at its entrance. Figure 2.4 show the map of
the Forth estuary and Figure 2.5 show the precise location where the ADCP

was deployed.

4" 00 345 3" 30 315" 3" 00 2" 45 230

56" 15" 56°15'
S
Isle of May
Stlr].mg
56" 0O’ (ém 56" 00
ueensferry m Farth
q d Bridge -
Edinburgh
km
Source: http://en.wikipedia.org/wiki/Firth_of_Forth. v EA
-4 oo -3' 45" -3" 30 -3'15' -3' 00 -B' 45" -BT 30

Figure 2.4:Map of the Firth of Forth.

g

% J> ADCP Location

Isles of May

©2011/Europa Technologies .
L] Data S10, NOAA, U'S Navy. NGA, GEBCO M,MGOOSIQ
€ 11 Tele Atlas
11 Getmapping/plc

Figure 2.5:ADCP deployment location.
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It is reported that the bathymetry of the upper Forth varies and changes
with time. These changes occur naturally and continuously giving an
indication of high degree sedimentation processes caused by the flow of
tidal currents. Further downstream, the estuary increases in width and the
bathymetry is more stable. This could be a potential site to install a tidal

current turbine because of its nearness to community.
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Chapter 3.0

Numerical Investigation of Dimensional Scale

Effects of a Monopile.

3.1 Introduction

This chapter investigates dimensional scale effects in numerical modelling of
Froude scaled monopiles of different magnitude and a fixed scale monopile
with varying fluid velocity occupying the subcritical flow regime. Predicting
the behaviour of any engineering prototype requires similarity between
scale model and prototype is established. This occurs when certain scale
laws and conditions are met. The scale laws can be derived by non-
dimensionalising the continuity and the Reynolds Averaged Navier-Stokes
(RANS) equations that governs fluid flow. The procedure for non-
dimensionalising the RANS equations with associated assumptions are
explained in (55). Results from non-dimensionalising the equations suggest
that complete similarity is established when the Froude, Reynolds, Euler and
the Struohal numbers have the same value in model and prototype. In
practice, it is difficult to maintain similarity of the Reynolds number in a free
surface flow. Therefore it is customary to assume the Froude similarity
criterion as the most important parameter. Scaling based on this
assumption introduces the Reynolds scale effect even though viscosity
becomes important near the wall of any device. From the foregoing, it
implies that scale effects in testing of devices are a phenomenon we must

live with.

Scaling is a known challenge from the testing of hydraulic structures and
ship building where scale effect has been used as a term that indicates the
implications of representing a prototype with a scale model. The scale effect
phenomenon is responsible for the occurrence of the drag crises in flow over
a cylinder because of the difficulties in scaling the developing boundary

layer due to flow transition (60).
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As tidal current devices grow in size and following the enormous numerical
simulations that tidal current turbines and support structures undergo and
the custom of scaling based on the Froude scaling criterion for free surface
flow, it has become necessary to understand dimensional scale effect

associated with numerical simulation and to quantify them where possible.

Dimensional scale effect investigation in this study is based on the premise
that, different sizes of scaled monopiles occupying the same flow regime

would have the same force coefficients irrespective of their Reynolds

number, Re and that geometries having the same mesh density with same

meshing size functions should produce the same results. The analysis of the
scale model results will demonstrate the extent of similitude of numerically

simulated models.

In physical modelling of hydraulic structures, scale effects have been widely
researched, (38) and (60). In numerical modelling, attempts have been
made to investigate dimensional scale effect for example, Young and
Byeong (61) carried out a numerical analysis of wind turbine scale effects,
on several virtual scale model wind turbines, by solving the three
dimensional Navier - Stokes equations with RANS realizable turbulence
model. The results were validated by comparing with the performance of an
existing wind turbine. A correction method was proposed by Young and
Byeong (61) which showed reasonable agreement between scaled model
and full scale wind turbine only in the linear torque region. In another study
by Starke (62) the scale effects on ship wave systems was carried out using
RANS method for a steady, incompressible flow. Although, these studies
have no direct application for a fully submerged tidal current energy device
they do however, indicate that scale effect can be and have been estimated

in numerical modelling.

A monopile submerged in tidal currents and fixed to the seabed is subject to
both steady and unsteady time dependent forces. An unsteady incident flow

acting on a monopile exerts an unsteady drag force parallel to the incident
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flow direction and a lift force transverse to the incident current direction. A
monopile can be modelled as a fixed vertical circular cylinder. A cylinder is
known as a bluff body with usually a high drag coefficient compared with
the lift force coefficient. Flow around a smooth circular cylinder has been
extensively studied mainly in wind tunnel experiments with low stream
turbulence level for force measurements with results published in literatures
(63) and (64).

Flow around a cylinder has been categorised into regimes characterised by

the Reynolds number; beginning with the creeping flow with Reynolds

number, Re less than 5 to the transcritical flow with Re = 4 x 10° which

represent flows of practical engineering interest. Between these extremes

lies the subcritical flow regime with Re range 300 < Re < 3x10%. Amongst the

numerous studies on flow over cylinders, the physical experimental results
of Schewe (65) were used to validate the numerical simulation result in this

present study. The flow induced forces on the monopile can be non-

dimensionalised to yield the drag coefficient Cp, the lift coefficient €z, and

the pressure coefficient C, given as;

D
Cp= - 31
P 1pu?4 (31
L
Cr= ~ 3.2
L lpu‘.»-’l ( ::'
P~ Pa
C,= - 3.3
P = T2 (3:3)
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Where D, L, and p are the drag, lift and pressure force respectively. g is

the density of water, u is the mean current velocity, 4 is the frontal area of

monopile facing the incident flow direction and p, is the static pressure.

3.2 Froude scaling of virtual models

The Froude scaling criterion is used to evaluate the dimensions of four
virtual scale models expressed in scale ratios as; 1:90, 1:70, 1:50 and 1:30
based on a virtual monopile prototype of 5m diameter submerged in a
stream of tidal current flowing at 1m/s. The Froude transfer relation is given

in equation (3.4) below as;

—== = (34)

The Froude transfer relation states that the velocity ratio of prototype to

model equals the square root of their length scale ratio. The subscripts p

and m stands for prototype and model respectively. Based on this relation,

the Froude number of the four models and the prototype should be equal to
ensure similitude between the scale models and prototype. The equation

used to evaluate the Froude number is given in equation 3.5 below as;

Fr=— (3.5)

2]
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Where u is the velocity of fluid, g is the acceleration due to gravity and [ is

based on the height of each domain. The Reynolds number Re is expected

to vary and is calculated from the formula given in equation 3.6 below;

D
Re = i—”" (3.6)

Where vis the kinematic viscosity with value of 1.004 x 10°® m?/s at sea

water temperature of 20°C. Based on the fluid viscosity and acceleration
due to gravity of 9.8m/s, the length and velocity scales of the virtual
models and prototype were evaluated. The associates Reynolds and Froude
numbers for each scale model were also calculated based on the device
diameters and the domain height respectively. The results are presented in
Table 3.1 below;

Table 3.1: Froude scaled models dimensions

Length  scale | ., 1:30 1:50 1:70 1:90
ratio
5 .
S??ea'n 120X 80 | 4 x 2.66 2.4x1.6 |1.7x1.14 |1.33x0.88
Velocity scale
(m/s) 1 0.18 0.14 0.12 0.11
Monopile
diameter (m) 5 0.17 0.10 0.07 0.056
Froude number

0.04 0.04 0.04 0.04 0.04
Reynolds 6 3 3
Number 5x10 3x10* 1.4x10* 8.4x10 6x10

3.3 The Physical Model

The physical model is illustrated in Figure 3.1. It represents the simulation
domain for each Froude scaled model. Each physical model consists of a

monopile fixed to the channel bed and viewed in a 2 dimensional horizontal
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E— Channel side wall

20D,,

Velocity inlet

Pressure outlet

T Channel side wall

Figure 3.1: A sketch of a virtual physical model.

plane. It has a velocity inlet located at 4 monopile diameters from the
center of the monopile and a pressure outlet located at 20 monopile
diameters downstream the centre of the monopile. The side channel walls

are each located 8 cylinder diameters from the channel centre.
3.3.1Physical model behaviour.

The result from investigating flow over a cylinder by Schewe (65) in a wind
tunnel experiment adequately describes the behaviour of the scale models.
The experiment was carried out in a pressurized wind tunnel that could
reach a maximum velocity of 38m/s on a cylinder of diameter 0.06m. He
varied the Reynolds number by varying the velocity of air in the wind
tunnel. The minimum Reynolds number obtained for Schewe’s experiment
was 10*. The behaviour of the model was described in terms of drag
coefficient, lift coefficient and the Strouhal number therefore, the wind
tunnel experimental results provides data against which the numerical

simulation results were validated.

Although, the physical properties of water are different from those of air,
the flow over a monopile or cylinder in a wind tunnel is comparable to that
in the water channel when considering dimensionless number such as
Reynolds number. This justifies the reason for validating the numerical

results in this study with wind tunnel experiments. Details of the numerical
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simulation results and validation with experimental data are presented in

section 3.4.
3.3.2Meshing strategy and problem set-up

The first goal in the meshing procedure was to build a mesh that produces
the best results comparable to the known drag coefficient of a cylinder
using the 1:50 scale model. Following from satisfactory numerical results of
the 1:50 scale model, the meshing strategy used for the 1:50 scale was

then applied to the remaining scale models.

Firstly, the equivalent number of nodes around the prototype diameter was
evaluated to be 4000 based on 80 nodes used for the 1:50 scale model

using the simple proportion formula expressed in equation 3.7.

e ) (3.7)

Dm  Nm

D, is the prototype diameter, Dy, is the model diameter, N, is the number of

nodes on the prototype and N,, is the number of nodes on the scale model.

Based on the evaluated value of 4000 nodes on the prototype, the humber
of nodes around the remaining scale models was computed and tabulated in
Table 3.2 below.

Table 3.2: number of nodes specified for each monopile scale.

Length scale | _ _ _ _
ratio 1:1 1:30 1:50 1:70 1:90
Monopile

diameter (m) 5 0.17 0.10 0.07 0.056
No. of nodes

on monopile 4000 136 80 56 45

Each monopile was meshed according to the number of nodes calculated for

each diameter. Figure 3.2 show a mesh section around the monopile.
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Figure 3.2: 2-D mesh structure around a monopile in a horizontal plane.

A fixed size function of 0.0001 with a growth rate of 1.05, was applied on
the monopile. A structured mesh, made of quad elements was constructed
using the Gambit software available in the commercial ANSYS simulation
package. The applied size function and the meshing strategy ensures that
the developing boundary layer that grows in thickness in real flow, as the
fluid enters the boundary and leaves at the exit is not only achieved but
also similar in shape for all four models. Also, a stretched grid immediately
following the monopile will catch more of the essentials of the actual
boundary layer in comparison to a uniform mesh (66).

The pressure-based time dependent Navier-Stokes equation was
discretisized using the finite volume method and the viscous two equation

realisable k-epsilon (k —&) turbulence model discussed in chapter two. A

non-equilibrium wall function in conjunction with the turbulence model was
employed for the simulation. The non-equilibrium wall function is
recommended (67) for flow with pressure gradients involving flow

separation and it is able to calculate the cell averaged turbulence kinetic
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energy production and dissipation in wall neighbouring cells in the flow.
Thus it is suitable for flows that depart from the local equilibrium theory of

turbulence.

The solution method was based on a second order implicit transient
formulation with the pressure-velocity coupled scheme. The second order
transient formulation offers better accuracy compared with the first order

formulation.
3.3.3 Boundary specification

Wall boundaries — The monopile and the channel side walls are modelled as
stationary walls. A no slip boundary shear condition and a roughness

constant of 0.5 are applied at the monopile and the channel side walls

where u =wv =0 for each scale model. The no slip boundary condition

ensures that there is friction due to the presence of the walls.

Inlet conditions - A velocity inlet varying as each scale model as presented
in Table 3.1 was specified for each respective scale model. A turbulent
intensity, I of 0.01 % (a value lower than the acceptable value in wind
tunnel testing) as recommended in (49) is specified for the four scale

models to ensure that the ambient turbulent intensity is the same.

3 R
Kinter = 3 (Uingee 1) * (3.7)
-
L. (3.8)
inlst T .

The turbulent kinetic energy, k.. and dissipation rate, ¢, expressed in

equations 3.7 and 3.8 above are calculated based on the specified turbulent
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intensity. I represents the domain size and C, is a variable and methods
for computing it can be found in (54).

Outlet boundary condition -A gauge pressure of zero Pascal was specified at

the outlet boundary.

3.4 Results and Discussion.

Critical flow parameters resulting from the numerical simulations were

compared with Schewe’s (65) experiment and presented in Table 3.3 below;

Table 3.3: Numerical results compared with Schewe’s experimental result.

Parameters Schewe’s Length scale ratio
results 1:30 1:50 1:70 1:90
Re 300 < Re < 3 x| 3x10* | 1.4x10% | 8.4x10° | 6x10°

10°
1.2 0.99 1.06 1.12 1.18
Mean Cp
r.m.s value 0.38 0.25 0.37 0.47 0.48
of C;
St 0.2 0.25 0.25 0.23 0.20
Present study
(numerical simulation results)

The four models investigated in this study are within the sub critical flow
regime which has Reynolds numbers in the range 300 < Re < 3 x 10°.
Specifically, the range of Reynold number simulated in this study is 6x10° <
Re < 3x10%. Flow within this regime is characterized by a completely

turbulent wake and a laminar boundary layer separation.

From Schewe’s experimental data, the calculated mean drag coefficient €p

has an approximate value of 1.2; the root mean square of the lift coefficient

€; has a maximum value of 0.38 in the sub-critical regime while the

Strouhal number, St was around 0.2 with very minimal scatter. In the
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present study, the mean drag, the lift coefficient and the Strouhal number
were extracted from the steady state values of the drag and lift
convergence monitors. Globally, the results are satisfactory and comparable
to Schewe’s experimental result, with the 1:90 scale model results having
the best agreement with Schewe’s experimental value of 1.2 and 0.2 for the
drag coefficient and Strouhal number respectively. The lift coefficient of the
1:50 scale model, agrees best with the work of Schewe. It could naturally
be expected that the lift coefficient for the 1:90" scale model results should
agree best with Schewe’s data since both the Strouhal numbers and the
drag coefficient fits better however, it was not so from the simulation
results. The reason for this is not immediately clear but could be attributed
to numerical errors. The behaviour of the lift coefficient may require further

investigation.

The simulated Strouhal number, 5t was evaluated using equation (3.9)

below;

5t = Lom (39

Where f is the frequency of vortex shedding. D,, andu are the monopile

diameter and velocity scale for each model respectively. The frequency of

vortex shedding f is the inverse of the time interval between two troughs or

two crests of the lift coefficient monitor plot after iteration have reached a
steady state. It is expected from physical experiment that the four models
would have the same value of force coefficients since they are within the
same flow regime that have the same boundary layer separation and wake

behaviour.

However, the numerical simulation results clearly show a deviation from the

wind tunnel results as the model scale increases. The drag coefficient values
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for the wind tunnel test results were reported as having a constant of
about 1.2 but the numerically simulated drag coefficient varies the scale

of the model. The values of the Strouhal number show an increasing trend.

From the numerical simulation results, it can be stated that the sensitivity
of the k-epsilon turbulence model to changes in boundary layer separation
and wake behaviour in relation to model size is different from physical
experiments. Further work is needed to investigate the reasons why
numerical model are unable to reproduce wind tunnel experimental data for

all scale model sizes within the subcritical flow regime.

To underpin the variance of drag coefficient in each scale model in the
present study, the simulation results were checked against numerical
simulation studies carried out by Tutar (68) on flow around a cylinder based
on a Reynolds number of 1.4 x 10°. This Reynolds number value falls within
the sub critical flow regime, and represents 1:10 scale model in this present
study. Tutar (68) found the drag coefficient of the cylinder to be 0.82 which

agrees with the trend demonstrated in this present study.

In what follows, empirical equations that can be used to estimate scale
effects resulting from numerical simulation of scale models of different

magnitude including mean pressure coefficient analysis are presented.

3.4.1 Estimation of dimensional scale effect on Froude scaled

models

The simulated monopile drag force coefficient in Figure 3.3 has shown that
it deviates from the experimental value as the model size increases. The

differences between the experimental and the simulated drag coefficient

€c, are shown in Table 3.4 as scale errors. The drag coefficient errors are

expressed as a function of dimensionless length K, scale normalised by the

scale of the prototype. K. = D,,/D, where D, is the diameter of the model

and D, is the diameter of the prototype. A plot showing how the drag
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coefficient errors, €., varies with the length scale, K; is shown in Figure 3.3.

The function describing the dimensional scale effect varies logarithmically

according to equation 3.10 below;

Table 3.4: Scale error resulting from differences in drag coefficient

Scale model ratios
1:30 [1:50 |1:70 |1:90
1.2 1.2 1.2 1.2

Experimental €p

0.99 |1.06 |1.12 |1.18
Simulated Cp

Error, €. 0.21 [0.14 |0.08 |0.02
Percentage error, %. 17.5 |11.7 |6.7 1.7
0.25
0.2
0.15
v
0.1
0.05 y=0.1662In(x)+ 0.7795
R?=0.978
L
0
0 0.01 0.02 0.03 0.04

Figure 3.3: Error, versus normalized length scale.

ec, = 0.1662m(K;)+0.779 (3.10)
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The equation has a coefficient of determination of 0.978 which gives a
measure of how well the mathematical model will likely predict the scale
errors in model. The equation show that the drag coefficient error increases

as the normalised length scale.
Also, the drag force D, acting on all monopile models were analytically

calculated based on the generally accepted drag coefficient, €p value of 1.2

observed from Schewe’s (65) experiment using equation 3.11 expressed

below with units in Newton (N);

D = 3CppAU? (3.11)

p, the fluid density was taken as 998.2kg/m?. 4 is the respective monopiles

diameter and U is the respective fluid velocity for each scale model. The

simulated drag forces were extracted from the simulation database results.

The difference between the analytical drag force and the simulated drag

force €y are presented in Table 3.5 below as scale errors.

Table 3.5: Scale error resulting from drag force calculations

Drag force Scale ratios
1:30 1:50 1:70 1:90
Analytical (N) 3.298 1.174 0.604 0.400
Simulated (N) 2.762 1.060 0.580 0.390
e 0.540 0.114 0.024 0.01
scale errors, ~D
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Similarly, a plot of the drag force error €5 versus a dimensionless length

scale ratio is presented in Figure 3.4 below;

0.6

05 | €p=819.2(K) - 13.68 (k) + 0.058
R?=0.999

0 0.01 0.02 0.03 0.04

Figure 3.4: Error, versus normalized length scale.

The scale effects or drag force error can be approximated by a polynomial

function described by equation 3.12 below;

ep = 819.2K2 — 13.68K, + 0.058 (3.12)

It is seen that the drag force error increases as the normalised length scale.
The coefficient of determination resulting from the curve fitting equation
was 0.99.

3.4.2 Scale effects resulting from a change in velocity scale for

the 1:50 scaled monopile.

In modelling, it is cheaper to increase the Reynolds number of a fluid
system by changing the velocity scale while keeping the length scale

constant. For example in a laboratory physical experiment, Schewe (65)
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varied the speed of air in a wind tunnel experiment to achieve various
Reynolds number for a device with a fixed length scale of 0.06m diameter.
In numerically modelling it is also cheaper to use a particular meshed
domain for parametric studies to reduce overall modelling time. An
investigation was carried out on the 1:50 scale model with various inlet

velocities ranging from 0.05m/s to 0.7m/s.

Table 3.6 shows the values of critical parameters and Reynolds number
associated with each velocity scale from the RANS simulation result

database.

Table 3.6: Critical parameter measured from numerical simulation.

Velocity of Reynolds Simulated Simulated Strouhal
model, m/s number mean drag r.m.s lift number.
coefficient. coefficient.

0.05 5x10° 1.08 0.35 0.20
0.10 1.0 x 10% 1.07 0.36 0.21
0.15 1.5 x 10* 1.05 0.37 0.21
0.20 2.0 x 10* 1.03 0.38 0.22
0.25 2.5 x 10* 1.01 0.38 0.23
0.30 3.0 x 10* 0.99 0.38 0.22
0.35 3.5 x 10* 0.97 0.37 0.23
0.40 4.0 x 10* 0.95 0.37 0.23
0.45 4.5 x 10* 0.94 0.36 0.23
0.50 5.0 x 10* 0.91 0.36 0.22
0.55 5.5 x 10* 0.89 0.35 0.23
0.60 6.0 x 10* 0.87 0.34 0.23
0.65 6.5 x 10* 0.85 0.34 0.23
0.70 7 x 10* 0.83 0.34 0.23

The 1:50 scale model domain is sized 2.4m x 1.6m, with a monopile

diameter of 0.10m. Drag coefficient errors, ec and the drag force error,

€p have also been calculated with results presented in Table 3.7 below.

Page 49



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

The drag coefficient error was measured as the difference between the
experimental drag coefficient of 1.2 and the simulated drag coefficient. The
drag force error was measured by the difference between the analytical
drag force calculated using equation 3.11 and the simulated drag force

values extracted from the RANS database results.

Table 3.7: Table showing error estimates

Velocity of €c, Analytical Simulated €p

model, m/s drag force (N) | drag force (N)
0.05 0.12 0.14973 0.135 0.01473
0.10 0.13 0.59892 0.5 0.09892
0.15 0.15 1.34757 1.2

0.14757

0.20 0.17 2.39568 2.1 0.29568
0.25 0.19 3.74325 3.1 0.64325
0.30 0.21 5.39028 4.6 0.79028
0.35 0.23 7.33677 5.93 1.40677
0.40 0.25 9.58272 7.4 2.18272
0.45 0.26 12.12813 9.79 2.33813
0.50 0.29 14.973 11.2 3.773
0.55 0.31 18.11733 13.5 4.61733
0.60 0.33 21.56112 16.1 5.46112
0.65 0.35 25.30437 17.66 2 64437
0.70 0.37 29.34708 20.43 8.91708

A function that can estimate the scale effects resulting from a change in
velocity scale is derived from curve fitting the drag coefficient and the drag

force error data. Figure 3.5 shows how the drag coefficient error varies with
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a normalised velocity scale, Ky = u,,/u, where u,,is the fluid velocity of the

model and Vp is the fluid velocity of the prototype.
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E’CD= 0.393K,+0.092

0.3 R?=0.998

0.25
S
g 02
0.15
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0 0.2 0.4 0.6 0.8
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Figure 3.5: Drag coefficient errors from change in velocity scale.

The graph describing the relationship is a linear function described by the

equation;

ecp = 0.393K, +0.092 (3.13)

with an R-square value of 0.998. It is evident from the plot that the
deviation from experimental drag coefficient values is significant as the
velocity scale was increased. From the trend, it is anticipated that models
with Reynolds number occupying the higher range of the subcritical flow
regime will produce higher errors in numerical testing using the RANS
methodology. The drag force errors were also plotted against a normalised

velocity scale shown in Figures 3.6 and 3.7. A power or a polynomial
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function is suitable to describe the equations that can be used to predict the

scale effect resulting from a change in velocity scale.

10
9
g | €0=27.20K2-7.307K,+0.548
; R2=0.993
6
Qo 5
a
3
2
1
0
0 0.2 0.4 0.6 0.8
Ky

Figure 3.6: Drag force error from change in velocity scale described by a

polynomial function.
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9 L
i €, = 18.55K,2416 g
. R2=0.991
Qo 5
4
3
2
1
0
0 0.2 0.4 0.6 0.8

Ky

Figure 3.7: Drag force error from change in velocity scale described by a

power function.

The power function is described by equation 3.14 given below as;

ep = 18.55K, 1% (3.14)
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With an R-square value of 0.991. The polynomial function is described by

equation 3.15 given below as;

ep = 27.20K,° — 7.307K, + 0.548 (3.15)

and has an R square value of 0.993.
3.4.3 Analysis of Mean Pressure Coefficient

The drag force acting on the monopile is a sum of the inline force due to
pressure and friction. Although, for Reynolds number greater than 10%, the
friction drag only contribute about 2% to 3% to the total drag force and is
therefore neglected in most cases (63). Equation 3.16 expresses the

contributions from the pressure and friction force to the mean drag force.
2r  [— —_
D=[" (poos(g) +z,sin(g) r,dg (3.16)

p is the mean pressure, r_ois the mean shear stress, r, is the radius of
the monopile and ¢ is the separation angle. The parameters in the equation

are illustrated in the sketch in Figure 3.8 below.

Figure 3.8: A Sketch defining the terms in equation 3.15

Equation 3.16 can also be written in a form that expresses its relation to the

pressure coefficient, C, as follows in equation 3.17 below;
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_ 2z _p_ Pa a :
D_L [( e JCOS(@J{/)UZJSIM@JM

The equation above indicates that drag force and subsequently the drag

(3.17)

coefficient is a function of the Reynolds number of the flow. In a real flow
involving vortex shedding, the pressure on the lee side of the model is
negative. The mean pressure coefficient around the monopile is plotted for
the various input velocities used to investigate the 1:50 scale model and

shown in Figure 3.9 below.

100 120 140 160 180 200

angles in degrees

-2.5 -
—0.05mis —0.10mfs 0.18mis 0.20mfs —0.25mis
—0.30mis —0.35mfs —0.40mis 0.45mis 0.50mfs
N Hami= N AMmMi= N RAmMi= N 7nmi=

Figure 3.9: Graph of mean pressure coefficient.

It is accepted that flow separation takes place at an angle of about 78° for
flows within the sub-critical flow regime (63). The numerical simulations
have boundary layer separation angles ranging from 74.24° to 78.8°. The
base pressure decreases significantly from -1.37 to -1.9 as the velocity
scale increases from 0.05m/s to 0.70m/s. The pressure coefficient at the lee
end of the monopile for each simulation case remains fairly constant and it
shows a lesser disparity between each simulation case than the base

pressure coefficient values as seen in Figure 3.9.

All simulation cases occupies the same flow regime that exhibits similar

boundary layer separation and wake behaviour so that, they are expected
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to produce the same drag coefficient. The differences in drag coefficient
exhibited in the simulation cases can be attributed to the differences in
separation angles, base pressure and the pressure at the lee side of each
simulation case. The base pressure show more significant differences

compared to pressure at the lee side for the simulation cases.

Flow separation is caused by an adverse pressure gradient created due to
the geometry resulting to a stream of shed vortices behind the monopile.
The shed vortices can be visualized in the instantaneous velocity magnitude
(m/s) contour plots in Figures 3.10 - 3.13 below. The flow time for all plot

are approximately 100s of flow time.
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Figure 3.10: Vortices behind 1:30th scale device.
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Figure 3.11: Vortices behind 1:50th scale device.
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Figure 3.12: Vortices behind 1:70th scale device.
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Figure 3.13: Vortices behind 1:90th scale device.

From the figures above, it is clear that the k-epsilon turbulence model has
the ability to capture the vortex shedding phenomenon reasonably. In
design of structures, the vortex shedding frequency is a critical parameter.
There is a potential hazard if vortex shedding frequency equals the natural

frequency of the structure.
3.5 Chapter Summary and Conclusion

The flow around a monopile is a classical problem of fluid mechanics that

has potential application to tidal current energy technology. The force
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coefficient of a circular cylinder varies as a function of Reynolds number as

established from past experimental studies.

Force coefficients and non-dimensional vortex shedding frequency have
been calculated on four Froude scaled models from numerical simulation
using the k-epsilon (k—-¢&) realisable turbulence frequently used in

engineering applications in this era of *hybrid’” modelling.

The numerical simulation results have been compared with physical
experimental results. A key conclusion is that, the forces acting on the
monopile can be simulated with the best accuracy depending on the choice
of a length and a velocity scale associated with the model. Specifically, the
smaller the physical model dimensions, the more accurate simulation results
compares with experimental results. This behaviour was regarded as
insensitivity of mathematical model formulation to changes in Reynolds
numbers of a physical model. As a result, empirical equations that predict
the scale effect resulting from a choice of a particular scale model size have
been formulated. The equations are valid for flow systems with Reynolds
within the subcritical flow regime. Further investigations are recommended
to understand the lack of agreement between the RANS modelling

technique and wind tunnel test results.
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Chapter 4.0
Analysis of ADCP Experimental Data

4.1 Introduction

In recent times, the Acoustic Current Doppler Profiler (ADCP) has become
the standard instrument for estimating the mean flow and turbulence
quantities in a tidal current channel (69). Although the ADCP is limited in
the sense that, it cannot be used to measure the smallest scale of
turbulence and there are zones in the water column where measurements
are not possible because of the inaccessibility of the acoustic beams.
Nevertheless, the ADCP data is still popularly in use for example as in (70-
77). The ADCP is primarily used to estimate mean flow and turbulent
quantities in tidal currents channels. ADCP data are also useful for several

other purposes which include but not limited to:

Numerical model correlation (large scale)

e Site selection for tidal current or wave energy project
e Energy production forecast

e Power speed curve

e Kinetic energy resource characterisation

e Device optimisation for device developers

e Environment impact assessment and monitoring.

Harmonic analysis of tidal currents.

In this present study, ADCP data has been integrated into a Large Eddy
Simulation of an open channel to aid simulation of ambient turbulent
structures resembling those in real sites. In this current chapter, tidal

currents data sampled from Firth of Forth has been analysed and presented.
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The methodology for the ADCP experiment was reported in chapter 2 of this
thesis.

The ADCP data analysis results are presented in form of velocity-time series
plots, velocity-depth profiles plots, horizontal velocity scatter plot, mean
water level plot and tidal harmonic analysis plot. A plot comparing the ADCP

data with theoretical velocity profiles is also presented.

Although the main goal of the ADCP experiment was to acquire turbulent
velocity profiles from a real site, that would aid generation of coherent
structures suitable for numerical testing of tidal current energy devices, it
was necessary to analyse the ADCP data to reasonable details in order to
appreciate the strength and nature of the flow at the Firth of Forth and also
to provide a data base that could be used for other types of analysis such as

enumerated section in 4.1.
4.2 ADCP data quality checks.

The ADCP sampled from the Forth Estuary was subject to quality checks
before further analysis. Several factors which include the speed of sound,
the beam geometry and noise can affect the accuracy of the ADCP data.
Significant sound speed error is uncommon but if any, it can be corrected
during post processing by specifying values for the temperature and salinity
of the environment since the speed of sound depends on these two

parameters.

The default temperature and salinity values of 20 degree centigrade and
34.5 respectively were specified at the beginning of the experiment. A
temperature sensor integrated into the ADCP instrument automatically
corrects the sound speed during measurement. No further sound speed
correction was done on ADCP data before analysis. The beam geometry is

factory fixed and does not require re-calibration.

Doppler noise is inherent in all ADCP’s. The noise level is affected by ADCP

system configuration, acoustic frequency, averaging interval and the bin
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size. For example, less noise is associated with a high averaging interval. In
this analysis it is assumed that the noise level is insignificant because of the

averaging interval used.

Other physical factors that can affect the quality of velocity samples include
incorrect positioning of the ADCP on the seabed during deployment as was
experienced from a previous ADCP deployment in the course of this
research, ADCP acoustic beam hitting the end of a profiling range and data

recorded during ADCP deployment and retrieval operations.
4.2.1 Standard Deviation of the ADCP data.

The standard deviation is a direct measure of the quality of the velocity
data. Plots showing the standard deviation also known as standard error for

the east, north and vertical velocity are shown in Figures 4.1, 4.2, and 4.3.
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Figure 4.1: Standard deviation of the east-west velocity.

i
[*%)
1

o Standard deviation < North - South Velocity

o
7 L ~
£025 - o o 1 g
= , e =
k= _ i 3
£ 0.2 0 E
= i >
3 015 L 2
T 01 - g
2 -2 =
= 0.05 - =
(¥, [=]
0 T T T T T _3 Z
16/7/10  21/7/10  26/7/10 21/7/10  5/8/10  10/8/10  15/8/10

Date

Figure 4.2: Standard deviation of the North-South velocity.
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Figure 4.3: Standard deviation of the vertical velocity.

The velocity data is good if the standard deviation remains fairly constant. If
the standard deviation increases significantly, it suggests that the acoustic
beam may have hit the end of a profiling range for example, the water
surface for an upward facing ADCP or the seabed for a downward facing
ADCP.

The observed trend in standard deviation values shown in Figures 4.1, 4.2
and 4.3 are similar showing a significant increase in standard deviation in
the first 10 minutes and the last 60 minutes of the data acquisition period.
The maximum standard deviation for the east —west velocity component is
0.255m/s and the minimum is 0.025m/s. The maximum standard deviation
for the north-south velocity component is 0.255 m/s and the minimum is
0.026m/s. The maximum standard deviation for the vertical velocity
component is 0.174 m/s and the minimum is 0.009m/s. The reason for the
rapid increase in standard deviation is because the ADCP was configured to
start data collection at 12.00pm on 20" of July, 2010 however, the ADCP
was satisfactorily positioned on the seabed, 10 minutes later than the
specified time. At the end of the deployment period, it was only possible to
stop the ADCP from recording data after successful retrieval of the ADCP
from the sea and when it was placed on the boat. The long duration of the

retrieval operation was influenced by rough weather conditions.

Page 61



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

Velocity data acquired during these periods contain errors and do not
represent flow at the Firth of Forth and were therefore discarded. Data from
34 meters above bottom were used as a representative sample for the

quality plots in Figures 4.1. 4.2 and 4.3.
4.3 Mean Water Level at the Forth Estuary

The Firth of Forth is a funnel like estuary with tides occurring twice a day
with two high water levels (Spring tides) and two low water levels (nheap
tides) occurring in a month. Figure 4.4 show the time series plot of the

mean water level during the 23 days period of the ADCP deployment.
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Figure 4.4: Plot of mean water level at the Forth of Forth.

The water level was sensed by a strain gauge pressure sensor mounted on
the ADCP sensor head between the acoustic transducers. The pressure is
recorded in dbar. This essentially represents the water depth in meters with

a reference pressure of 0 dbar at the water surface.

The shape of the plot confirms that the tides are semi-diurnal as expected.
It can be estimated from the plot that, the lowest tidal range was about
1.84m during the neap tides occurring at around the 4™ of August 2010 and
the highest range was over 5m in the spring tide, occurring 10™ of August
2010.
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4.4 Analysis of tidal current velocity at the Forth

estuary.

The along beam velocity measured by the ADCP can be converted to the x,
y, z coordinates relative to the instrument’s axis or the ENU coordinates
system relative to the earth axis. The ENU coordinate system illustrated in
Figure 4.5 allows the ADCP to always report the true water velocity each
time. This is possible because of the updated compass/tilt information made
available during the averaging of the velocity vectors for each time profile
so that, the data reported in the ENU coordinate system are not affected by
the orientation of the ADCP.

up (+ve)
N velocity, w
west (-ve) north "
RS y-axis
south (-ve) east (+ve)
v X-axis
down (-ve) velocity, u

Figure 4.5: Frame of reference illustrating the coordinate system

The acronym ENU stands for East, North and Up respectively. The east-west
velocity components is the along channel velocity and flows along the x-
axis. The north-south components is the across channel velocity component
and it flows along the y-axis. Both represent the horizontal velocity
components of tidal current. The up velocity component represents the
vertical velocity component. The east -west, the north- south and the up-
down velocity are analogous to the u, v and w components in the Cartesian

coordinate system respectively. Using vector arithmetic, the time averaged

current velocity magnitude, u or the resultant vector in the net flow was

calculated using equation 4.1 below;
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N ov v e (4.1)

The angle that the averaged current velocity vector makes with the three

directions can be evaluated using equations 4.2- 4.4 expressed below;

cos() = :_,. (4.2)
cos(f) = % (4.3)
cos(y) = % (4.4)

Where =, § and ¥ are the angles, the resultant velocity vector makes with

the positive directions of x, z and y axis respectively.
4.4.1 Horizontal velocity scatter plot.

The horizontal velocity scatter plot showing the east - west (e-w) and the

north - south (n-s) components is presented in Figure 4.6.

V(n-s) m/s

U (e-w) m/s

Figure 4.6: Horizontal velocity scatter plot during a neap and spring tide.

The data used for the horizontal velocity scatter plot was sampled at 12m

water depth corresponding to bin10 data set. The horizontal velocity scatter
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plot gives a strong visual clue to the tendency of the current vectors to align
along a particular directional axis (marked in blue colour), where the flood
and the ebb direction are 229.9 and 49.9 degrees respectively along the
axis. Coriolis forces contribute to the direction the water particles tend to
take in a natural flow. Peak ebb and flood tidal currents are not equal
because of interactions between tidal constituents of different period, the
shape of the coastline as well as local weather conditions. It is evident from
Figure 4.6 that, the along channel (e-w) velocity component is stronger

than the lateral (n-s) velocity component.
4.4.2 Velocity-time series analysis.

Velocity of natural flows like those in tidal current is three dimensional.
Therefore a complete analysis of the three velocity components at the Firth
of Forth is required for an adequate understanding of the flow in the
estuary. The analysis of each velocity component also provides a global
view of the strength of each velocity vectors in relation to each other.

Figure 4.7 is the time series plots for the along channel velocity component.

1.2
1
0.8
0.6
0.4
0.2
0
-0.2
0.4
0.6 ‘

-0.8

East- West Velocity in m/s

0123456 7 8 9101112131415161718192021222324
Days

Figure 4.7: Along channel velocity time profile plot.

The along channel velocity-time profile plot also confirm that the tides are
semi-diurnal. A maximum velocity magnitude, slightly more than 1m/s was

recorded for the along channel velocity component during the ADCP
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deployment period. When tide changes direction, the current speed became
relatively slower scarcely reaching a maximum magnitude of 0.6m/s as
evident in the plot. The variation in velocity magnitude during the ebb and

flood flow will have implications for energy extraction purposes.

The lateral velocity component plot in Figure 4.8 is also significant although

not as strong as the along channel flow.
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Figure 4.8: Across channel velocity time profile plot.

The maximum current speed recorded was 0.6m/s. The strenght of the
lateral velocity component will have a profound effect on the resultant
velocity magnitude. Although, flow in tidal current may appear
predominantly one directional, an assumption of one directionality will
underestimate the effect of the lateral velocity component on the resultant
velocity vector and subsequently an underestimation of the the critical
parameters derived from it. The pattern of the plot also show semidiurnal
tides although not as noticeable as in the east-west velocity component
plot. The semidiurnal pattern is not evident in the vertical velocity
component plot shown in Figure 4.9 below.
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Figure 4.9: Vertical velocity time profile plot.

The magnitude of the vertical velocity component is significantly weaker
than the horizontal velocity components. This suggest a reason why 2
dimensional turbulence has been assumed in geophysical flows. However,
because direction is an integral part of turbulence, the effect of the vertical

velocity component when considering direction can be significant.
4.4.3Single realisations of turbulent velocity profiles

Tidal flows occur at a period of approximately 12 hours with a high and a
low tide occurring twice a day. However, turbulent fluctuations in tidal
currents are reflected in a single realisation of ADCP experimental data.
These fluctuations vary rapidly as a function of time and space. Due to
difficulties associated with the mathematical handling of the complex details
of turbulent flow. Attention is normally focused on the averaging the

fluctuating properties.

In this study, three samples of single realisations of turbulent flow profiles
acquired at different times from the estuary are analysed to visualise their

behaviour based on the shape of the profiles and with intent to apply one of
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the profiles as a boundary condition in a numerical simulation to aid

generation of coherent structures in a LES.

One of the samples acquired during a high tide is designated the 309%™
profile. Another profile designated as the 441 profile, was also acquired
during another high tide. A third sample acquired during a low tide in the
spring is designated the 1187 profile. These single realisations samples
were arbitrarily chosen and they represent other turbulent profiles because

their fluctuations are comparable.

Examination of each realisation sample was also aimed to investigate the
effect that the number of velocity component has on the shape and
magnitude of the turbulent velocity profile. This was achieved by using a
one, two and three velocity component equation to generate data for each
plot: A one dimensional profile was plotted with one component of the
velocity data, a two dimensional profile was generated using two velocity
component data and the three dimensional profile was plotted using three
velocity components. The ADCP data used for the one-dimensional velocity

profile plot was computed using;

Ju? (4.6)

It represents the along channel velocity component only. Similarly, data
used for the two-dimensional and the three-dimensional velocity profile

plots were computed using;

Ju? + vl (4.7)
and vu?+v?+w? (4.8)

The vertical axis for all the profile plots are designated meters above

bottom (mab) while the horizontal axis is the velocity magnitude scale.
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Comparison plots for the 309" profile are shown in Figures 4.10.
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Figure 4.10: Turbulent velocity plot using the 309th profile data.

The 309" velocity profile had a peak velocity magnitude of about 0.49m/s

not occurring at the water surface and a mean velocity of 0.37m/s using

three velocity components to calculate the resultant velocity magnitude.

The difference between the one dimensional and the (two or three)

dimensional plot are obvious but it is difficult to notice any difference

between the two and three dimensional plots. Figure 4.11 show the profile

plots using the 441 profile data. The 441 had a peak velocity magnitude
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Figure 4.11: Turbulent velocity plot using the 441st profile data.
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of 0.284m/s and a mean velocity of 0.17m/s. The resulting shapes show
some dissimilarity, more significantly between the one dimensional and the

(two or three) dimensional plots. Figure 4.12 below show the 1187 profile
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Figure 4.12: Turbulent velocity plot using the 1187th profile data.

plots with a peak velocity magnitude of about 1m/s and a mean velocity of
0.56m/s. Differences are hardly noticeable between the three plots because
the lateral velocity and the vertical velocity component are much lower in

value than the along channel velocity component.

Differences between the two and three dimensional plots are more obvious
in the 309" and the 441 turbulent profiles implying that the vertical
velocity magnitude is insignificant compared to the magnitude of the
horizontal components. This suggests the reason for the usual assumption
of a two dimensional turbulent flow in natural environment. However, it is
believed that, when the direction of the velocity components are
considered, the effect of the vertical velocity component on the simulated

flow field will be substantial.

The 309", the 441% and the 1187" profile data were sampled from the
same vertical water column where the ADCP was located at the Firth of
Forth.
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4.4.4Twenty three days averaged ADCP velocity profiles.

Twenty-three days ADCP data were time-averaged and plotted to
investigate the nature of the velocity profile. The three plots shown in

Figure 4.13 below are based on the three velocity components.
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Figure 4.13: Mean velocity profiles averaged over 23 days.

The data used for the line plots were generated using equations 4.6, 4.7
and 4.8 to evaluate the along channel velocity data, along + lateral velocity
data and all three components respectively. The green coloured graph
corresponds to the along channel or u only. The red line plot corresponds
to the resultant of the u and v velocity components and the blue line plot
lying underneath the red line plot is the resultant velocity profile for all
three velocity components. It is very clear that the vertical velocity
component, w has little or no effect on the overall magnitude and shape of
the velocity profile because of its relatively small magnitude. The lateral
velocity component significantly enhances the resultant velocity magnitude
as observed from the comparatively large difference in magnitude between

the green and the red line plot.

Data from all the bins was used to plot Figure 4.13. The velocity profile

show evidence of current shear toward the bottom of the channel as well as
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velocity inflection points in the water surface region. The strength of the
velocity vector is greatly enhanced near the water surface. The rapid
increase in current speed and the presence of inflections are attributed to
the influence of wind, waves and other physical processes such as boat
movements and rough weather conditions on the water surface. The
behaviour of the mean profile also agree with the ‘double drag’ effect
described and observed by Fan (78) from analysis of ADCP data sampled
from a coastal raft-culture area. The plot also shows a nearly uniform flow
profile at the mid portion of the channel. The first data point (bin 1) was
acquired at 2 meters above bottom (mab) which the ADCP assume to be Om
from the configuration set up. The overall mean velocity during the 23 days
ADCP deployment was 0.36m/s with a peak mean speed of 0.43m/s

occurring near the water surface.

4.4.5 Comparing real site velocity data with theoretical

velocity profiles.

It is common to use the 1/7th power law or the uniform flow profile for
numerical simulation of tidal current energy devices. In order to compare
the theoretical velocity profiles with the data sampled from the Firth of
Forth, theoretical velocity profiles data were evaluated based on a mean
value of 0.37m/s and a peak velocity magnitude of 0.49m/s resulting from
the 309th profile data. The 1/7*" power law profile can be approximated by

equation 4.9 below;

o ()

where ¥ is any distance measured from the seabed. z is the channel depth.

u, is the mean velocity and u,,... is the max velocity close to the channel
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surface. The mean velocity, u, acts to average out the turbulent fluctuations

in the x direction measured at any particular value of y. Theoretically, it is

known that the 1/7" power law approximation is valid for flow with

Reynolds number of 10> The exponent value falls below % for higher

. 11 1
Reynolds number flow having values of 3’5 and 1o at extreme values of Re.

The 1/7™ power law approximation is normally used to describe mean
turbulent velocity profile as discussed in (79) and has been a successful
modelling strategy within the defined limit of usage. Recently, De Chant et.
al (35) related the success of the 1/7"" power law approximation to a more
fundamental understanding of turbulent flow, its modelling closures and
their connection to stochastic processes. Although, the 1/7™ power law
approximation was first developed for turbulent pipe flow, it is applicable to
open channel flows. The only difference is that, for a pile flow the velocity is
maximum at the pipe centre while the maximum velocity for an open
channel flow occurs at the water surface. The theoretical time averaged
velocity profile is described as a fairly flat profile in the vicinity of the free
surface except near the seabed where the no slip boundary conditions

becomes valid due to shear.

The 1/10™ power law profile has a steeper velocity gradient than the 1/7
power law profile at the bottom region of the channel. This implies that the
steeper the velocity shear, the higher the Reynolds number and a more
turbulent flow. The presence of shear in both profiles implies that it will act
to sustain turbulence although the turbulent fluctuations have been
averaged out from the profiles thus producing a smooth profile. The
theoretical profiles also assumed that flow is streamwise in one
direction.The approximate Reynolds number of the flow at the Forth estuary
calculated based on the flow depth of 53m is 1.9 x 10’. This value

represents undoubtedly a transcritical flow of engineering interest.
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Figure 4.14 is a plot comparing the theoretical velocity profiles with real site
velocity profiles. A 60s averaged profile in the Forth of Forth is not smooth
like the theoretical profiles. It contains evidence of turbulence fluctuations
on the current profile influenced by waves, physical and natural processes
inherent in the flow of tidal currents. However, the 23 days averaged
experimental velocity profiles lacks evidence of such fluctuations on the

velocity profile.
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Figure 4.14: Comparison plot for ADCP data profile with theoretical velocity

profiles.

An interesting feature to note is the clean overlay between the 1/7"" power
law and the 23 days averaged velocity data in the first few bins from the
seabed and for the most part, the middle section of the plot approximates a

uniform flow profile for the ADCP data plot.

The observed shape of a single realisation of the velocity profiles is not in
qualitative agreement with theoretical velocity profiles although the velocity
values are equal. It is clear from the above analysis that averaging of
velocity profiles has a profound effect on turbulent velocity profiles. It

dampens the effect of turbulent fluctuations inherent in the profiles.
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Averaging a 23 days turbulent velocity data sampled with an autonomous
sampling strategy has enough dampening effect to create a smooth profile,
while a one minute averaged data adequately reflect the turbulent

fluctuations present in the velocity profile.
4.4.6 Tidal and non-tidal velocity analysis.

Tidal harmonic analysis allows one to have a perception of the magnitude of
residual currents in the experimental velocity profile. Residual currents are
produced by other processes other than the relative motion between the
sun, moon and earth. These currents can be significant in sediments
processes although have speed of a few cm/s (10). The resulting plot from

the tidal harmonic analysis is shown in Figure 4.15.
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Figure 4.15: Astronomical versus observed tidal currents.

The aim of this analysis is to distinguish between the current velocity that
oscillate at both tidal and non-tidal frequencies using the horizontal velocity
component data for a full spring period. The astronomical current results
from the gravitational interactions between the earth, moon and the sun.

The difference between the observed and the astronomical prediction gives
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the residual currents. Residual currents are attributed the effect of weather
conditions, coriolis forces, geometry of the coastline, physical and biological
processes on the water. The residual currents have a mean speed of
0.06m/s. The tidal constituents used for the harmonic analysis are
presented in Table 4.1. The tidal harmonic analysis result is limited by the
number of days the ADCP data was acquired. Using more ADCP data points
for the analysis, would allow more tidal constituents into the analysis with

an effect of further reduction of the residual current.

Table 4.1: Phase and Amplitude of Tidal harmonic constants

Tidal Constituent | Amplitude Phase

01 0.020 332.53
K1 0.035 142.86
N2 0.113 201.16
M2 0.484 287.49
S2 0.167 37.77

M4 0.075 303.72
2MS6 0.040 122.73

4.5 Mean shear evaluation for the Firth of Forth.

Current shear results from the retardation of the flow near the seabed and
movement of adjacent fluid particles as they slide past each other due to

frictional forces. The flow in a tidal current is associated with a total shear

stress T, which relates the viscosity of water and the velocity gradient as;

I = —'~”+:3:”“_‘} (4.5)

% is the time averaged velocity gradient above the channel bed, with units

in per sec. uis the molecular viscosity and n is the turbulent viscosity.

The molecular viscosity is constant and is property of the fluid but the

turbulent viscosity varies as a function of flow. The shear is the vertical
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gradient of the ambient horizontal current. Plots showing the shear rate for

the horizontal velocity components for bin 10 are show in Figures 4.16 and
4.17 below.
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Figure 4.16: East-west velocity shear rate in s™
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Figure 4.17: North-south velocity shear rate in s™
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Due to the presence of shear, the flow departs from ideal homogeneous and
isotropic assumptions because shear modifies the homogeneity and isotropy
by deforming the turbulent eddies which exchange energy with the
background shear through the mechanism of Reynolds stresses, which

represents the transport of momentum by turbulence.

The shear vary continuously because of the presence of eddies that occurs
on all scale from centimetres to metres. Theoretically, the total shear stress
can be evaluated from equation 4.5 when the turbulent stresses are known.
Laminar shear stresses dominate near the wall region while turbulent shear

stresses are dominant in the outer region of the flow.
4.6 Chapter Summary and Conclusion.

The ADCP experiment was intended to acquire turbulent velocity profiles
from a typical tidal current site that would be integrated into a LES to aid
generation of coherent structures suitable for numerical testing of tidal
current energy devices. Based on the ADCP experimental data, a first-hand
investigation of the turbulent velocity profiles at the Firth of Forth was
carried out to gain in-depth understanding of the flow behaviour. Rough and
variable weather conditions influences the recorded ADCP data. However,
the data presented represents the typical flow profile at the estuary. The
resulting velocity from the estuary have been analysed and compared with

approximated theoretical velocity profiles.

Following the ADCP data analysis results, the following conclusion can be

reached.

1. The flow at the Firth of Forth have relatively weak currents that could

reach 1m/s with an overall mean of 0.36m/s

2. Turbulent velocity profiles averaged within seconds show evidence of
velocity fluctuations on the profile which are not visible on the 23
days averaged profile. The 23 days averaged turbulent velocity

profiles produces a smooth, relatively uniform profile at the middle
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region of the channel and a relatively high shear rate near the lower

region of the channel.

3. The shapes of the velocity profiles at the Forth estuary deviate from
the theoretical velocity profile especially in the upper region of the
channel. These deviations are attributed to interactions of tidal
current with surface frictional forces due to wind stress, waves, and
other physical and natural processes occurring on the water surface.
The theoretical 1/7™ power law closely approximates the 23 days
averaged current profile in the lower region of the channel where

velocity shear is significant.

4. There is evidence of constantly varying shear that acts to deform
turbulent eddies in the flow, causing natural flow of tidal currents to

deviate from the assumption of isotropy and homogeneity.

5. Investigation of single realisations of the turbulent velocity profiles
sampled from the estuary confirms the variability of turbulent flow
velocity in time and space. Also, the influence of the vertical velocity
on the resultant velocity profile in terms of magnitude was in
significant. This suggests a reason for a two- dimensional turbulence
assumption. However, it is anticipated that the direction of the
vertical velocity component will significantly affect the behaviour of

the turbulent velocity field.

6. The tidal harmonic analysis result show the presence of residual
currents resulting from other processes than the effect of the
gravitational pull between the sun, moon and the earth. These
processes include the shape of the coastline, the roughness of the

seabed and other physical and natural process.

In general, the measured current at the Firth of Forth is influence by
waves, coriolis forces, biological processes, physical processes and the

shape of the coastline. Real operating devices will be subject to current
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modified by these processes. It is anticipated that, specifying the raw

turbulent velocity profile averaged within seconds in a numerical

simulation as boundary condition, would facilitate understanding the

effect of these processes at least qualitatively.
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Chapter 5.0

Study of Coherent Structures Suitable for

Numerical Testing of Tidal Current Energy Devices.

5.1 Introduction

Tidal currents energy technology is developing and several energy devices
are currently considered. In spite of the progress made, turbulent flow
inherent in tidal channel flows presents a challenge for scale model testing
of energy devices. Testing of small scale tidal current energy devices are
usually carried out in water circulating channels or tow tanks. Differences
have been shown to occur between measured forces when device are towed
in water and when fixed in flowing water from studies reported in (26).
Furthermore, turbulence generated in these test facilities does not

represent those inherent in natural flows (24) and (23).

In Computational Fluid Dynamics (CFD) simulations of marine devices, it is
a common practice to specify the 1/7th power law or the uniform flow
velocity profiles as boundary conditions. These theoretical profiles cannot
reproduce ambient turbulent structures comparable to real flows. The
theoretical power law profiles often appear as organised well patterned flow

lines upstream of the structure being simulated.

Ambient turbulence within tidal currents has a wide range of scales which
have been summarised in a review paper (80) attached as appendix 1.
Matthes was the first to give a qualitative description of turbulent structures

in natural flows which were referred to as macroturbulence in (81).

The need to understand the effect of turbulence during model testing has
long been highlighted by Bearman, (42) in wind tunnel experiments. He
emphasised that turbulence should be accounted for before satisfactory
scale model results are extrapolated and applied to prototypes. During the

development of tidal current energy device performance protocol (43), the
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effect of turbulence on device performance and survivability was highlighted

as a knowledge gap that needed investigation.

5.1.1 Description of turbulent structures, its identification and

implications

Turbulence within tidal current is a random and appears in form of coherent
structures ranging from small scale to large scales eddies. The interaction
between the small and large scale structures is described by the energy
cascade process (82) illustrated in Figure 5.1. Kinetic energy extracted from

the mean flow enters turbulence at large scale of motion in form of eddies.

Energy is

containe

in the

mean

motion.
Smallest scale
eddies:

Large scale energy
eddies: Energy is dissipation
extracted by the takes place at
large scale eddies this scale.

Figure 5.1: An illustration of the energy cascade process.

Due to the instability of the large scale eddies, they break up while
transferring their energy to smaller eddies. The breaking up and
transferring process continues until the eddy motion becomes stable enough
for kinetic energy dissipation to heat takes place in the smallest eddies. In
mixing processes, there is possibility for eddies coalescing to form larger

eddies.

Turbulence is also described from the energy spectrum view point illustrated
in Figure 5.2. The spectrum explains the contribution of different sizes of
eddies to turbulence kinetic energy. Large scale coherent structures contain
most of the turbulent kinetic energy. Turbulence phenomenon has been

mathematically explained by the Kolmogorov spectrum (83) in the high
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]
frequency range where the smaller scale eddies occupy, while the large

scale structures fall into the lower frequency range of the energy spectrum.
A

Large Eddy Simulation Subgrid scale modelling

A
A 4
A
v

Turbulent kinetic energy

v

Coherent Smaller scales eddies
structures

Figure 5.2: Turbulent kinetic energy spectrum.

The behaviour of the small scale eddies are random and are nearly isotropic
and can be described using statistical techniques. On the other hand, the
large scale coherent structures falls into the energy production range of the
spectrum and LES has been known to be an appropriate tool for describing
their evolution (47) while the associated smaller scale eddies can be
modelled by a subgrid scale model. The coherent structures behave in an
organised fashion and have the ability to retain their nature as they are
convected within the flow for a considerable distance. Deardorff (84) was
the first to carry out a numerical study of three dimensional turbulent flow
at large Reynolds number using LES to predict several features of turbulent
flow with a fair level of success using only 6720 grid point for the domain. It
was concluded that, with a modest increase of numerical resolution,
increased accuracy is expected. This pioneering work significantly
demonstrated the potentials of LES in turbulence modelling of high Reynolds
number flows however, the computations that produced a fair agreement
with experimental data was from regions away from the walls. The study
reported by Moin and Kim in (85) on numerical investigation of turbulent
channel flow was focused on the flow structures near the wall region. The

mean velocity profiles and turbulence statistics showed good agreement
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with experimental data. Other studies on turbulent flow reported in (49)
suggest that, the largest scales of turbulent motion do not necessarily
contain most of the turbulent kinetic energy. The description of turbulent
flow in natural environment by Matthes (81) also contained in (47)
categorised the anisotropic large scale turbulent structures into the bursting

phenomenon and large scale vortical motion.
a) The bursting phenomenon

The bursting phenomenon is a quasi-cyclic process of sweeps and ejections
motion that generates Reynolds stresses and produces the turbulent energy
that acts to maintain turbulence in shear flows. The ejection process
consists of a lifting away of a low speed parcel of fluid from the wall region
into the outer region of the flow. The sweeping process consists of a higher
speed parcel of fluid rushing into the wall region to sweep away the left
over low speed fluid parcel from the wall region. These structure appears
streaky and randomly in space and time. The bursting phenomenon has
been observed in previous studies to occur both in rough and smooth bed

as reported in (86).
b) Large scale vortical motion

Based on the classification of coherent structures, not all large scale vortical
motion constitutes turbulence. Large scale motion that constitutes
turbulence consists of a strong upward vortex called kolk. The kolk vortices
are generated intermittently near the channel bed. Kolk vortices with high
enough turbulence have the potential to ascend to the water surface to
become a boil. Large scale vortical motion observed in natural flow that
does not constitutes turbulence are regarded as a pulsation of the mean

flow and it is a much lower frequency motion containing fine turbulence.

The large scale coherent structures are potential hazard when they interact
with an energy device. Vortex structures interacting with a generic tidal

current energy device is illustrated in Figure 5.3 below;
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A generic TCE

\—/

Figure 5.3: An eddy interacting with a generic TCE device.

In wind energy generation, significant departures from steady operating
loads conditions can occur in gusty conditions as reported in (39).
Correspondingly, it is anticipated that the large scale structures will have
some structural implication for the device. Consequently, the testing of tidal
current energy devices in an ambient field of vortices is necessary to avoid

over or under design of structures.

The primary goal in this chapter is to demonstrate the possibility of
simulating a flow field of ambient coherent structures suitable for numerical
testing of a tidal current energy device, with the aid of real time turbulent
velocity profile measured by an ADCP and integrated into a Large Eddy
Simulation (LES) of an empty channel. The study thus presents a
preliminary step for accounting for large scale turbulent structures during

numerical simulation of tidal current energy devices.
5.1.2Identification of coherent vortices in LES

In numerical simulation of turbulent flow using LES, coherent vortices can
be recognised as regions of high concentration of vorticity. They are defined
in (87) as regions of flow satisfying a high concentration of vorticity, enough

to enable a local roll up of the surrounding fluid. Therefore, vorticity relates

Page 85



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

to a measure of rotation of a fluid element as it moves in a flow field.
Turbulent flows contain regions of strong coherent vorticity and also regions

with little vorticity. The fluctuation of the vorticity field is critical and has

structural implications on energy devices. Vorticity, w, is formally defined

as the curl of the velocity vector expressed in equation 5.1 below:

- dw dv du Jdw dv du
w=Vxi= 8y d=z'8=z Ox'dx E‘_}') (51}

where u, vand w are the velocity components in the x,¥ and z directions

respectively. The vorticity magnitude is evaluated from equation 5.2 below;

I = b P
|m|:ﬂ|m;+m;+m; (5.2)

The vorticity field is calculated based on the velocity fields. Coherent
structures or eddies can be easily identified as recirculating vectors regions.
Although there are other methods for identifying vortices, the vorticity
approach is preferred in this study because, the kinematic and the dynamic
evolution of an incompressible fluid can equivalently be expressed in terms
of velocity and vorticity so that no information about the numerical

simulated flow field is lost (88).
5.2 Methodology

The methodology is based on simulating coherent structures using a tidal
current velocity profile influenced by the action of waves, seabed
roughness, shape of the coastline, physical, natural and biological processes
that affects natural flow. The numerical solver is based on filtering the
Navier-Stokes equations using the LES methodology in the commercial
Fluent code. More details of the numerical methodology and the governing

equations have been presented in section 2.3.
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5.2.1Creation of the geometry

A 3-dimensional open channel domain with dimensions 10m x 5m x 3m
illustrated in Figure 5.4 was designh using Gambit. Tidal flow enters the

domain at the left boundary and exits at the right boundary.

m Water Surface
5m
Inlet
Outlet
Seabed
10m

Figure 5.4: Computational domain geometry for an open channel flow.

5.2.2 Meshing strategy

The accuracy of simulation results depends on the number of cells or control
volume in the mesh. A mesh sensitivity test was carried out based on three

different meshes shown in Table 5.1 by monitoring the seabed drag

coefficient.
Table 5.1: Mesh sensitivity test result

Mesh 1 Mesh 2 Mesh 3 Mesh 4
Number 118,496 159,681 373,592 1,238,361
of nodes
Bottom .0028 0.0025 0.0025 0.0026
drag
coefficient

The results show that the drag coefficients for all meshes do not change
significantly with number of nodes, having mean values of approximately
0.003. Since the sensitivity test results also suggest that a finer mesh will
not add no significant value to channel bed drag coefficient, mesh 2 was
selected for further analysis. Mesh 2 is a structured mesh consisting of a
total of 150000 hexahedrons. The mesh constitute of 100(L) x 50(H) X
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The vertical plane of the mesh is approximately 1:10 scale of the water
depth at the Forth estuary while the horizontal scale is approximately

1:90,000. The boundary conditions are described in what follows.
5.2.3 Boundary Conditions:

Wall region: The flow is impermeable at the rigid walls so that, a no slip wall

condition is specified for the channel sides and bottom. In three dimensions

that means velocity at the wall is; u=v=w =10

Flow outlet: Gauge pressure of zero Pascal was specified at the outlet

boundary.

Water surface: A zero shear was specified at the channel surface because it

was assumed as a frictionless surface.
Flow inlet: Three different simulation velocity inlets were considered:

The uniform flow inlet: An inlet velocity of 0.37m/s was assigned to cell
faces at the inlet by specifying a uniform profile file. The inlet velocity value
was calculated averaging the value of the turbulent velocity profile

measured by the ADCP at the Forth estuary.

The 1/7™ power law velocity profile inlet: The 1/7™ power law velocity
profile data was evaluated based on the mean value of 0.37m/s and a
maximum velocity of 0.49m/s of the turbulent velocity profile measure by
the ADCP at the Forth estuary.

ADCP experimental velocity profile inlet: This profile is based on the data
sampled using the ADCP at the estuary. There are evidences of turbulent
fluctuations due to waves, bottom bathymetry, shape of the coastline and

other physical and natural processes on this particular velocity profile.

The uniform and the 1/7" power law velocity profiles are used as base case

studies to benchmark the numerical simulation resulting from the ADCP
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data simulation case. All inlet velocity profiles were specified as point profile
files. The profiles were extrapolated using the zeroth order extrapolation
technique. A turbulent scale of one meter length, a 10% turbulent intensity
and the spectrum synthesizer based on the work of Smirnov (89), was
specified as the random flow generator in LES of the open channel. The
technique is based on synthesising a divergence free velocity vector that
generates a non-homogenous and anisotropic flow field that represents
turbulent velocity fluctuations and also satisfies the continuity equations.
The flow problem was solved for an unsteady viscous incompressible flow
using water at 20 degrees centigrade with density 998.2kg/m3 and
viscosity 0.001003 kg/m-s as constant values.

5.2.4 Solution Methods

The governing equation presented in section 2.3 was discretisized using the
finite volume method with a second order implicit transient formulation. A
simple scheme algorithm was used to guarantee the conservation of the
continuity equations. The numerical procedures and settings were repeated
for three different simulation cases based on the uniform flow velocity inlet,
the 1/7™ power law velocity inlet and the experimental turbulent velocity

profiles measured by the ADCP from the Forth estuary.

The continuity, the x-velocity, y-velocity and z-velocity residuals were
monitored for convergence. The absolute criteria value set for each
parameter was 0.001. The steady state solution converged at approximately
5 iterations per convergence which is an ideal number recommended in the

Ansys fluent manual (54).

The ability to visualise flow fields in a CFD calculation gives powerful insight
into understanding the differences in the flow fields generated by specifying
the ADCP measured velocity profile and the theoretical velocity profiles as
boundary conditions. Visualisation plots for the evolved flow fields are

shown for velocity magnitude pathlines, velocity vector plots and vorticity
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magnitude contours plots. Investigation of the variation in velocity in space

and time of the turbulent flow field are also presented.
5.2.5 Examining pathlines for uniform flow simulation case.

A pathline describes the path a massless fluid particle takes over time.
Pathlines undergo natural changes as the flow progresses for transient flow
calculations. The pathlines presented here are coloured by the velocity
magnitude in order to visualise the velocity changes with time. The velocity
magnitude is one of the critical parameters that determines dynamic loading

and performance of a tidal current energy converter.

The changes in the pathlines over time are presented as instantaneous plots
at 7.8s, 80.6s, 147.3s, 158.5s, 202.5s, 218.5s in Figures 5.7, 5.8, 5.10,
5.12, 5.13 and 5.14 respectively. The results are discussed in terms of
velocity variation in time and space based on a vertical plane slice of the

flow field extracted from the middle of the channel.

The input velocity of 0.37m/s for the uniform flow simulation case increased
to a local maximum of 0.53m/s somewhere close to the top left corner of

the plane in Figure 5.7 after 7.8 sec of simulation time.

0 0.053 0.1 0.16 0.21 027 032 037 043 048 053

I A

t=7.8 secs

Figure 5.7: Pathlines at t = 7.8s
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The pathlines at t = 80.6s in Figure 5.8 below evidently show some changes

0 0.055 IR A 0.16 0.22 0.27 033 0.38 0.44 049 0.55

t= 80.6 secs
Cli 4 5 F F 4 3 . § 4 5 3 ] 1
4 E;: 0 2 4
X

Figure 5.8: Pathlines at t = 80.6s

that has taken place from a uniform profile at inlet. The velocity of the fluid
at the water surface is seen to have lower values than values at the middle
of the plane. Line plots shown in Figure 5.9 taken at five different locations
elucidate the instantaneous velocity magnitude profiles in the domain at t
=80.6s.
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Figure 5.9: Velocity profiles at t= 80.6s.

Page 92



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

The locations were chosen at equal intervals beginning at the inlet where x
=-5m to the outlet where x=5m. The zero location lies at the centre of the

simulation domain.

The velocity profiles at each spatial location in Figure 5.9 generally show a
reduced velocity towards the top of the channel, more significantly at
locations where x = -2.5 and 0 (mid channel). This is because the plots
represent the instantaneous turbulent velocity profiles which changes from
instant to instant. The averaged profile will be comparable to the 1/7%"
power law profile for a fully developed flow. Although there is some
evidence of invertion of velocity profiles associated with turbulence, the
profiles generally lacks significant turbulent fluctuations comparable with a
turbulent velocity profile measured from a real site. The level of turbulence
fluctuation simulated is determined by the fluctuating velocity algorithm

integrated into the LES code and the wall boundary effects.

Further investigation of the evolution of the velocity pathlines at 147.3s is
carried out by observing the instantaneous plot in Figure 5.10. The velocity
magnitude pathlines depict an open channel flow with velocity magnitude
increasing from a minimum close to zero at the seabed to a maximum of

0.58m/s towards the water surface.
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Figure 5.10: Pathlines at t = 147.3s
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The shapes of the velocity profile associated with this flow field are

presented in Figure 5.11 below.
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Figure 5.11: Velocity profiles at t= 147.3s

Figure 5.11 show the velocity profiles sampled at 5 different spatial
locations ranging from x=-5m to x=5m. The line plots majorly show
increase in velocity magnitude from a minimum near the bed to a maximum
near the water surface. The shapes of the profiles except that at the inlet
appears to agree with the assumption and description of a fully developed
channel flow: A relatively uniform flow is exhibited by the profile at x = -5
(red plot) at the inlet. Velocity shear in the streamwise direction is
apparent in the other four velocity profiles. Although the plot portrays
changes in flow profile in time and space, there is however no evidence of
fluctuation on the velocity profile as depicted by a single realisation of the
experimental velocity profile presented in chapter 4 in Figure 4.14. The
evolution of the velocity magnitude path lines were further investigated at
instantaneous times t= 158.5s, 202.5s, and 218.5s by observing the
behaviour of the pathlines plots in Figures 5.12, 5.13 and 5.14 respectively.
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Figure 5.12: Pathlines at t = 158.5s

The appearance of flow field at t= 158.5s is not significantly different from
the one at t= 147.3s. It appears to have similar pathlines behaviour
showing a minimum velocity close to the seabed and a maximum velocity

magnitude now reduced to 0.56m/s at the water surface.
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Figure 5.13: Pathlines at t = 202.5s
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Figure 5.14: Pathlines at t = 218.5s

The double drag feature appear to be replicated in the flow field at t=
202.5s recognised by the colour coding in Figure 5.13. The maximum
velocity magnitude at this time is further reduced to a value of 0.52m/s as
seen from the instantaneous plot. Lastly, the instantaneous flow field at t=
218.5s in Figure 5.14, show a reduction of the maximum velocity with value
of 0.45m/s. In general, although there is evidence of velocity fluctuations in
space and time from all instantaneous plots, it is not significant. The
uniform flow velocity profile is modified by specification of the non-slip

boundary condition at the channel bottom.

In CFD calculations with uniform flow specified at inlet, it is anticipated that
the flow will develop to assume the 1/7™ power law velocity profile shape at
some distance downstream of the channel. Therefore a flow field initialised
with a 1/7™ is expected to evolve faster comparatively. In what follows, the
implications of specifying the 1/7"" power law at the inlet will be

investigated to understand the flow field behaviour.
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5.2.6 Examining pathlines for 1/7th power law flow simulation

case.

The data used for the 1/7" power law simulation case is based on the
maximum velocity of 0.49m/s attained during sampling the 309
experimental velocity profile at the Forth estuary. The values defining the
profile data points were evaluated using equation 4.9. The profile data was
specified as a profile file at the inlet of a LES of an empty channel. The
influence of the 1/7™" power law velocity profile on the evolution of the flow
field are visualised as velocity magnitude pathlines, velocity vector plots
and vorticity contour plots. Figure 5.15 shows the pathlines plot at t= 9.0s.
At 9.0s of simulation flow time, the maximum velocity input of 0.49m/s of
the 1/7th power law profile remained relatively the same. Appreciable

changes were yet to occur because the simulation is at an early stage.
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Figure 5.15: velocity magnitude pathlines at t = 9.0s.

However at 27.7s of simulation time, significant changes became obvious

with some fluid particle velocity reaching a maximum of 0.53m/s, a value
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higher than the input maximum as seen in Figure 5.16 below.
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Figure 5.16: velocity magnitude pathlines at t = 27.7s
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Figure 5.17 below illustrates the spatial variation in velocity magnitude
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Figure 5.17: Velocity profiles at t=27.7s

profile along the channel at different spatial locations. The plot in Figure
5.17 generally show increase in velocity magnitude towards the water

surface in agreement with behaviour of the power law profiles but with
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differing shapes. The velocity magnitude plot in Figure 5.17 corresponds to
vertical spatial locations at x =-5m, x= -2.5m, x = Om (mid channel), x =
2.5m and x = 5m. Further investigation of the flow field evolution was

carried out by examining the pathlines plot at t = 58.5s in Figure 5.18
below.
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Figure 5.18: velocity magnitude pathlines at t = 58.5s.

The plot shows a reduction in the velocity of the water particles at the water
surface. This flow behaviour signifies the evidence of shear near the water
surface. Similar observations have been made in natural flows by Fan (78)
in a costal raft-culture area where it was referred to as a ‘double drag’
effect. The double drag effect could also be caused by wind, surface waves
and other natural processes on the water surface. However, in numerical
simulation, it is attributed to the effect of the random velocity generating
technique integrated into the LES solver and the boundaries. The maximum
velocity attained at this instant was 0.6m/s confirming the fluctuating
nature of the flow field. The velocity magnitude profiles plot in Figure 5.19
below corresponding to the pathline plot in Figure 5.18 above clearly

illustrates the shapes of the velocity profiles associated with the pathlines
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plot. The velocity profiles were sampled from five spatial locations x= -5,
x=-2.5, x=0, x=2.5, x=5 along the x-axis of the channel. The ‘double drag’

effect is obvious from the line plots.
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Figure 5.19: Velocity profiles at t=58.5s.

The flow field is further examined at t = 108.5s, 158.5s, 208.5s by

observing the pathlines plots in Figures 5.20, 5.22 and 5.23 below.
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Figure 5.20: velocity magnitude pathlines at t = 108.5s.

Page 100



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.
___________________________________________________________________________________________________________________________________________________________}]
e @
a8
T )
@ e
o e
o @
o e

2.5 -
2 =
- £t
1.5 et
_ S
»
1.9 53
L) x=-2.5
a2l
05 _ _..}::,- N
domain 0- I .
height - P i e
e o5e §id
m) R B E *x=25
Aol 2 o
_ Lid i
1.5 ve
o [ &
oe
=2 s Do
: $ ‘%
'2.5":"'I"'I"‘.I".('I"'I"'l
0 0.1 0.2 0.3 0.4 0.5 0.6
Velocity Magnitude (m/s)
Figure 5.21: Velocity profiles at t=108.5s.
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Figure 5.22: velocity magnitude pathlines at t = 158.5s.
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Figure 5.23: velocity magnitude pathlines at t = 208.5s.

Examination of the flow fields at t= 108.5s, 158.5s and 208.5s show a
replication of the behaviour already observed and described in previous
plots. Basically showing evidence of a fluctuating velocity profile over time
and space modified by the boundary conditions. Figure 5.21 show evidence
of velocity inflection of the profiles indicating some form of turbulence at
t=108.5.

From the foregoing plots, it can be stated that, the pathlines and the
velocity magnitude plots for the uniform flow and the 1/7™ power law
simulation cases display similar characteristic. Their similarity is judged on
the fact they are both mean and one dimensional approximation of the

experimental velocity profile.

Comparison of the velocity profiles sampled at different instantaneous times
for the uniform and the 1/7" power law simulation cases show relatively
smooth with the occurrence of double drag behaviour or inversion of the
velocity profile at some time and point in the flow. The simulated turbulence
in both cases using LES can summarily be described as a pulsation of the

mean flow having some form of turbulence enhanced by the random flow
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generation procedure integrated in the LES code and the wall boundaries.
The behaviour of the pathlines for the uniform flow and the 1/7" law
velocity profile can be described as well patterned or organised. However,
the flow in real sea state is chaotic. In what follows, investigation carried
out on flow field simulated with real current profiles are presented and

compared with the theoretical velocity profile simulation cases.

5.2.7 Examining pathlines generated by the experimental

velocity profile.

The experimental velocity profile used for the third simulation case
represents a single realisation of a turbulent velocity profile sampled at the
Firth of Forth within 60s. This turbulent velocity profile has been analysed
and reported in section 4.4.3. The maximum velocity for the profile was
0.49m/s and it did not occur at the water surface as predicted by the
theoretical power law profiles for an open channel flow. For the numerical
simulation specification, the 3-components of the turbulent velocity profile

were used at the inlet boundary of a LES.

The evolution of the flow field is presented in form of velocity magnitude
pathlines, velocity magnitude vector and vorticity contour plots. Figure 5.24

is the instantaneous pathlines plot at t = 31.4s.

Figure 5.24: Experimental velocity pathlines at t = 31.4s.
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The velocity magnitude pathlines are noticeable tangled in the upstream
region of the domain. The chaotic and tangled flows lines are indication of
high level of shear in the flow. The downstream region appear to have
uniform flow lines due to the stage of the simulation because the effect of

the inlet conditions are yet to be felt in the downstream region.

The pathlines appear to curl upward at the channel bottom close to the inlet
region due to adverse pressure conditions resulting to flow reversal. The
effect of the experimental velocity profile specified at the inlet, turbulence
generated at the bottom channel wall in addition to the fluctuating velocity
algorithm in LES has enough potential to cause turbulence that spread up to
the water surface. Figure 5.25 below is a plot of the turbulent velocity
profiles associated with the instantaneous pathlines plot in Figure 5.24
above. The velocity profiles were sampled at different spatial location along

the x-axis of the simulation domain.
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Figure 5.25: Turbulent velocity profiles at t=31.4s.

Investigation of the turbulent velocity profiles deduced from the pathline
plot show relatively higher velocity magnitude towards the water surface
and lower velocity magnitude at the lower region. The reduced velocity at

the lower region of the channel is due to the resistance offered by the no
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slip wall boundary condition at the channel bottom on the fluid. The lower
velocity was offset by relatively higher velocity magnitude at the upper

region to satisfy a divergence free velocity field.

The velocity profile at x=-5 (the red line plot) resembles the shape of the
raw experimental velocity profile except at y = - 2.5 now modified by the no
slip condition. Due to the simulation stage, the velocity profiles at the other
spatial location remain mostly unaffected by the flow except towards the
water surface, believed to be the effect of high level of turbulence reaching

up to the water surface.

A further survey of the flow field generated by the experimental velocity
profile at t = 90.9s, t = 146.9s and t = 227.4 continues to show a chaotic
behaviour of the flow field exhibiting irregular unidentifiable patterned flow
lines. Some of the pathline have been removed to give a clearer illustration.
It is very obvious that turbulence has saturated the entire flow field. Related
to the pathlines plot at t = 90.0s in Figure 5.26 is a plot of turbulent
velocity profiles sampled at five different spatial location in Figure 5.27

shown below.

Figure 5.26: Experimental velocity magnitude pathlines at t = 90.9s.
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Figure 5.27: Turbulent velocity profiles at t=90.9s

The pathlines plot in Figure 5.26 shows that a maximum value of turbulent
velocity of nearly 0.56m/s was attained by the fluid. A close examination of
all the turbulent velocity profiles in Figure 5.27 again shows that, all the
profiles apart from the one at x =-5 (inlet) generally have lower velocity
magnitude than the input values especially at about the lower half of the
channel. The significant reduction in velocity magnitude is attributed to the
effect of flow reversal caused by the adverse pressure condition created by
turbulence. The relatively lower values of velocity magnitude are then offset
by the higher values velocity values towards the water surface to satisfy the

divergence free velocity vector (continuity equation).

The pathlines plots at t = 146.9s in Figure 5.28 and the corresponding
turbulent velocity profile plot in Figure 5.29 below are used to further
examine the flow evolution. The flow lines in the pathline plot exhibit
turbulence with the maximum velocity in the flow field reaching 0.67m/s a
value, relatively higher than the input maximum value of 0.49m/s. The
increase in velocity is required to offset the lower velocity in local regions of

the fluid caused by the attempt of the fluid to reverse direction.
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Figure 5.28: velocity magnitude pathlines at t = 146.9s.

The turbulent fluctuations are now evident on all velocity profiles which

suggest that the chaotic motion has now saturated the entire water column.
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Figure 5.29: Turbulent velocity profiles for at t=146.9s.
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The flow field at t = 227.4s shown as a pathlines plot in Figure 5.30 and
velocity profile plot at 5 spatial locations in Figure 5.31 below are further

used to investigate how the flow field has developed with time.
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Figure 5.31:Turbulent velocity profiles at t=227.4s

Page 108



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

The flow field plots at t = 227.4s exhibit similar trend of tangled and
disorganised flow lines with associated turbulent velocity profile with

significant fluctuations.

The behaviour of the flow fields simulated using the theoretical and the
experimental velocity profiles described above are generally unsteady,
fluctuating in space and time. The level of fluctuation is more significant in
the experimental velocity profile simulation case because the specified
profile at inlet is influenced by waves, estuary boundaries, seabed
roughness and other physical and natural processes occurring at the Forth
estuary. It is desirable to install a turbine for energy extraction in a good
quality environment in terms of sufficient velocity magnitude and a smooth
velocity profile. In reality, it is difficult to achieve that due to ambient
turbulence generated by the aforementioned factors in any natural

environment.

The occurrence of flow reversal due to adverse pressure gradient has
significant consequences for submerged energy devices due to flow
separation and vortex shedding. The adverse pressure gradient modifies the
pressure distribution and subsequently affects the hydrodynamic forces

acting on the devices.

Flow in natural environment is chaotic and also contain vortices. The vortex
field associated with the three simulation cases are investigated in what

follows.

5.2.8Visualisation of vortices generated in flow field with a

uniform flow inlet condition.

It has been mentioned that the curl of the velocity vector yields the vorticity
magnitude. The parameter describes the tendency of the fluid to rotate with
units in per second. It is important for characterising turbulence and has
been utilised in this study to visualise turbulent structures generated in the

three simulation cases. In what follows an evolution of the turbulent flow
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field in terms of vorticity magnitude with a uniform flow inlet boundary
condition is investigated and reported. The flow features for all simulation
plots are examined using instantaneous slice of the flow field in the x — y or
vertical plane where z = 0 (mid channel). Figure 5.32 is the instantaneous
vorticity contour plot at 7.8s showing what appear like a parcel of fluid with
a relatively strong vorticity around 0.6s-1 near the channel bed where x = -

2.5m and having

vorticity-mag

t = 7.8 seconds

Figure 5.32: vorticity magnitude plot at t=7.8s

interactions with the water surface. The fluid parcel at the water surface
appears to have diminished vorticity magnitude of around 0.3/s. This
observed flow field behaviour seems to resemble the evolution of Kolk - boil
vortices as observed by Matthes (81) in the study of macroturbulence in
natural stream flows which was also reported in (47). A further investigation
of the flow field t = 80.6s in Figure 5.33 below show evidence of dissipation.
The evidence of dissipating structures at 80.6s undermine the possibility of
kolk - boil vortices appearing earlier at t = 7.8s in a uniform flow inlet
condition. The structure at t=7.8s is a possible effect of numerical
variability occurring at early stage of simulations. In reality, kolk-boil

vortices are sustained in flow in natural environment (81).

The local maximum vorticity magnitude increased from a maximum value of

0.6s! at t = 7.8s to a maximum of 0.9s™ at 80.6s confined to the channel
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bottom. The boundary layers exhibits significant values of background
vorticity or turbulence not necessarily associated with large scale coherent
structures (90). Turbulence is generated near walls and can also be
dissipated near walls but not all generated turbulence is dissipated. Some
turbulence exists in form of large coherent structures within the flow field.

These structures oscillate and cascade their energy to smaller structures

vorticity-mag

0.9
0.85

Figure 5.33: vorticity magnitude plot at t=80.6s

through which brings about possibility of maintaining ambient turbulence
within a flow. The lack of turbulent structure therefore indicates significant
turbulent dissipation. The instantaneous plots at t= 147.3s, in Figure 5.34
below also show evidence of turbulent dissipation although the vorticity

magnitude has increased to a value of 1.1s-1 confined to the channel bed.
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Figure 5.34: vorticity magnitude plot at t=147.3s
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There are no significant turbulent structures in the outer flow away from the
wall. There had been no further evidence of structures resembling kolk- boil
vortices as noticed at the early stage of the simulation. So that the flow
structure observed at t =7.8s at the early stages can only be attributed to
the instability of the flow field due to initialisation. The turbulence in terms
of vorticity generated near the channel bottom results from instabilities
from very high shear generated due to the resistance encountered by the
fluid as it flow over the channel wall surface. Since there are evidences of
turbulence dissipation due to lack of significant coherent structures, it can
be stated that the shear resulting from the instability with a uniform flow
inlet condition is insufficient to sustain ambient turbulence in the outer flow.
A further investigation of vortices generated at t = 158.5s is shown in the
vorticity magnitude contour plot in Figure 5.35 below. Some interesting
features that seem like low speed and high speed streaks of fluid can be
faintly visualised in Figure 5.35 close the region of maximum vorticity
magnitude at the channel wall. The streaks of fluid also show evidence of
vortices due to turbulence flow. It is known that turbulence shear stress
near wall is negligible and can easily be damped by the viscous forces. Thus

turbulence fluctuation near the walls, scales according to the viscosity and
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Figure 5.35: vorticity magnitude plot at t=158.5s

is felt at a very short distance away from the wall. Turbulent shear stresses

dominate away from the wall and are responsible for most of the transport
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of momentum in the flow. If a flow is highly turbulent, the low speed
streaks can gradually lift away from the wall, ejected and burst while the
high speed streaks of fluid rushes wall ward to sweep away the retarded
fluid. This phenomenon known as the bursting phenomenon has been
described in section 5.1.1 and is responsible for inflections of turbulent

velocity profiles.

Further investigation of the flow field in Figures 5.36 and 5.37 at 202.5s and
218.5s respectively, show further evidence of turbulent dissipation with the
maximum vorticity magnitude values now reduced to 0.65s™* and 0.7s*

respectively still confined to the channel beds.
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Figure 5.36: vorticity magnitude plot at t=202.5s.
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Figure 5.37: vorticity magnitude plot at t=218.5s.
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The behaviour observed by investigating the instantaneous vorticity contour
plots for the uniform flow simulation case can be summarised by stating
that significant ambient turbulence resembling large scale flow processes
cannot be generated intermittently and sustained in a LES using a uniform
flow velocity inlet. Although a structure that looks like a kolk, formed at the
channel bed at the early stage of the simulation, t = 7.8s seems to surge up
to the water surface to become a boil. It was attributed to numerical
instabilities due to initialisation process. There was no further evidence of
another ‘kolk’ formation but turbulent dissipation. Kolk vortices are
generated intermittently in a real turbulent flow near the bed and boils due
to turbulence are associated with the development of bursting phenomenon
that consists of streaky fluid structures that were found barely
indistinguishable in the instantaneous vorticity plot at 158.5s. The scanty
structures found in the uniform form simulation case could be seen as large
scale structures because of the simulation methodology but can be better

described as a pulsation of the mean flow containing fine turbulence.

5.2.9Visualisation of vortices generated in flow Field with a

1/7" Power Law velocity profile at inlet boundary.

The development of the vorticty field for the 1/7™ power law simulation case
is investigated in this section. Figure 5.38 is a vorticity magnitude plot

showing the evolved flow structures at 9.0s of the simulation time.

Figure 5.38: vorticity magnitude plot at t=9.0s
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The 1/7™ power law profile specified at the inlet boundary of a LES implies
that the flow field exhibits a sheared velocity profile beginning at the inlet
thereby reducing the simulation time necessary for flow transition. The 1/7
power law profile is generally accepted as a suitable approximation to a wall
bounded developed open channel flow. The plot already indicates the
presence of streaky fluid structures predominantly at the domain inlet
region. The faster development of the streaky looking fluid structures in the
1/7™ power law simulation case compared with the uniform flow case is due
to the shear velocity profile specified as inlet condition. Another plot at t =
27.7s in Figure 5.39 shows the entire domain saturated with streaky looking
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Figure 5.39: vorticity magnitude plot at t=27.7s.

fluid structures. The maximum vorticity value at t = 27.7s was about 0.6/s
near the channel bed region. Also, the assumption of a frictionless wall at
the water surface and a no slip wall at the channel bed can also be
responsible for this development: in addition to the fluctuating velocity
algorithm specified in LES, the no slip bottom boundary condition causes a
further reduction of fluid velocity at the bed region while the velocity of fluid
at other regions of the domain act to offset the lower velocity magnitude at
the bed region to satisfy the continuity equation. A further vorticity

magnitude plot at t=58.8s in Figure 5.40 shows no evidence of the streaky
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structures as was observed in the previous instantaneous plot however, a

free surface vorticity and channel wall vorticity with maximum magnitude

vorticity-mag

Figure 5.40: vorticity magnitude plot at t=58.8s

reaching up to 0.8 s can be seen visible. The next instantaneous plot at t=
108.5s in Figure 5.41 show strong evidence of dissipating or diffusing flow

structures with a slight decrease in the maximum vorticity magnitude to a

vorticity-mag

X

Figure 5.41: vorticity magnitude plot at t=108.5s

value of 0.6s. Further investigation of the flow field at t = 158.5s in

Figure 5.42 below shows an increase in the vorticity magnitude with a value
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Figure 5.42: vorticity magnitude plot at t=158.5s.

of up to 0.9s*. Yet no significant flow structures were observed and
maximum vorticity is still confined to the channel bottom wall. This
behaviour also confirms that a large amount of vorticity does not
necessarily mean the presence of energy containing coherent structures.
The temporal evolution of the flow field at 208.5s shown in Figure 5.43 also
shows a dissipating or diffused turbulence field. No clear flow structures

were identified.
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Figure 5.43: vorticity magnitude plot at t=208.5s.

It can be stated for the 1/7"" power law simulation case that, the temporal
evolution of the flow field is dynamic with flow structures appearing early in
the simulation. The later disappearance of these structures suggests that

they may be due to numerical instabilities. Based on this observation, it is
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anticipated that the 1/7 law velocity profile is unable to produce significant
coherent structures resembling those within tidal current. This is majorly
because the theoretical profiles assume flow in one direction but turbulence

in real flow is at least two dimensional.

Although there were inflections on the velocity profiles associated with the
flow fields simulated by specifying theoretical velocity profiles, the evolved
structures are attributed to a pulsation of the mean flow. The theoretical
velocity profile simulation cases were used to benchmark results from

experimental velocity profile simulation case reported below.

5.2.10 Visualisation of vortices generated in a flow field

with experimental velocity profile from the Firth of Forth.

This section discusses the temporal evolution of a turbulent flow field
generated by specifying experimental velocity profile as boundary condition.

Figure 5.44 is the vorticity magnitude contour plot at t= 31.4s.
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Figure 5.44: vorticity magnitude plot at t=31.4s.

All exploratory instantaneous plots were chosen arbitrarily. It is informative
to state that the flow field development was comparatively faster with the
experimental velocity profile as inlet condition. The temporal evolution of

the flow field was monitored throughout the simulation period.
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The plot in Figure 5.44 above shows a strong upward vortex near the inlet
of the channel. The strength of this vortex seems so high that its effect
could be felt some appreciable distance away from the inlet and at the
water surface. The strong upward movement of the vortex clearly mimic the
behaviour of the kolk-boil vortices described by Matthes (81) in natural
flows. The maximum vorticity magnitude attained during at this time was
3.2s'. This represents an increase in turbulence in terms of vorticity
magnitude of about 30% more than the maximum of 1.1s generated in

the theoretical velocity profiles simulation cases.

Further plots representing the turbulent flow fields at instantaneous times
90.9s, 31.4s, 146.9s, 227.4s, 288.4s, are shown in Figures 5.45 - 5.49
respectively. Generally, the five plots evidently show considerable presence
of vortices or flow structures that confirms the behaviour of turbulent flow
in a natural environment. Based on the instantaneous vorticity contour
plots, the maximum vorticity magnitude fluctuates between 2.8s and 3.6s
!, Thus the ADCP experimental velocity profile in conjunction with a LES

produced a comparatively higher vorticity magnitude at all times.
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Figure 5.45: vorticity magnitude plot at t=90.9s.
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vorticity-mag

Figure 5.46: vorticity magnitude plot at t=146.9s.

At t = 146.9s, the vortices can be visualised everywhere in the flow field.
The flow field represents natural typical behaviour in steady state. This
behaviour is quite distinct from the behaviour of the flow field with the
theoretical velocity profiles which lacked visible structures in the outer flow.
The next three plots in Figures 5.47-5.49 show the evidence of sustained
turbulent flow structures.

Figure 5.47: vorticity magnitude plot at t=227.4s.
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Figure 5.48: vorticity magnitude plot at t=288.4s.
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Figure 5.49: vorticity magnitude contour plot at t=358.4s.

The global vorticity magnitudes for the uniform flow and 1/7" power law
simulation cases are not significantly different from each other, with
maximum values of 1.1s and 0.9s™ respectively. The slightly higher value
of vorticity magnitude for the uniform flow simulation case is thought to
result from a higher velocity shear rate resulting from the flow field

development due to interactions between the fluid and the channel walls.

Although the 1/7" power law and the uniform flow velocity profile data were
evaluated from the experimental velocity profile, the turbulent flow
structures generated by the experimental velocity simulation case were

distinct from those generated by the theoretical velocity profiles. This is
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because the 1/7™ power law and the uniform flow profiles cannot pick up

ambient turbulent structures resembling those in natural turbulent flow.

To underpin the sustainability of turbulence with simulation time, the flow
was monitored up to instantaneous time t = 2458.4s. Two slice of the flow
field at t = 518.4s and 2458.4s presented in Figure 5.50 and 5.51 has been
selected to display the vortex flow field. Turbulence in terms of vorticity

magnitude does not show any sign of dissipation but rather fluctuating

vorticity-mag
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Figure 5.50: vorticity magnitude plot at t=518.4s.

and reaching a maximum value of 4.2/s at t = 2458.4s as observed in
Figure 5.51 below.

Figure 5.51: vorticity magnitude plot at t=2458.4s.

Page 122



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents

The vortex flow field in all instantaneous plots approximates the nature of
the vorticity at the Firth of Forth except that

, it has been reproduce in a
1:10 vertical scale ratio in a numerical domain. This demonstrates that

large scale flow processes can be represented in a small scale numerical
simulation domain.

Based on the way vorticty is calculated, higher velocity magnitudes would
result to higher values of vorticity. The initial velocity inlet condition for the
experimental velocity profile is realistic and peculiar to the velocity profile at
the Firth of Forth therefore the resulting flow features can appropriately be
compared qualitatively with flows in natural environment. A case by case
study is required for practical application because turbulence is site specific

5.2.11 Lateral view of the vorticity flow field

The following instantaneous plot at 288.4s in Figure 5.52 below represents
and demonstrates the lateral view of the vorticity flow field. The slices are
extracted from locations where x= -2.5m, Om, 2.5m and 5m where location

zero is the channel centre. The lateral view vorticity plots show significant
vortex activities similar to the horizontal plane view plots
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Figure 5.52: Illustration of the lateral view of the vorticity field
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The maximum vorticity values was about 2.8s? and is not confined to

channel walls but could be observed in the outer region of the domain.

5.2.12 Visualisation of velocity vector plots for uniform

flow velocity profile.

Velocity magnitude vector plots are useful to show the length and the
orientation of each vector in the flow field. All exploratory vector plots are
sliced at z =0 (mid channel). The length and orientation of each vector
indicates its magnitude and direction respectively. Vector plots representing
the uniform flow simulation case at three instantaneous times are selected

to visualise the behaviour of the velocity vectors.

The vector plots shown in Figures 5.53, 5.54 and 5.55 corresponds to the
vorticity magnitude plots at times t = 7.8s, 147.3s, and 202.5s respectively.
The vectors are one directional and appears well patterned although, the
pathlines and the vorticity magnitude plots did show evidences of varying
and fluctuating flow fields in time and space. A conscientious inspection of

the vector plots in Figures 5.53, 5.54 and 5.55 demonstrate that the vectors

vary in (length) magnitude in one direction only.

Figure 5.53: Uniform flow simulation case vector plot at 7.8s
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Figure 5.55: Uniform flow simulation case vector plot at 202.3s.

5.2.13 Visualisation of velocity vector plots for the 1/7th

power velocity profile.

Vector field plots for the 1/7" power law velocity profile simulation case can
be visualised in Figures 5.56, 5.57 and 5.58 for instantaneous times, t =

27.7 s, 108.5 s, and 208.5s respectively. The behaviour of the vectors is

similar to the uniform flow vector field. The vectors appear relatively

regular and nearly organised as well as one directional. The colour density

of the plots gives a quick assessment of the velocity magnitudes with the
denser colour region having higher velocity magnitude. It is quite evident
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in Figure 5.56 below that velocity magnitudes of the vectors closer to the

channel bed are smaller than those near the channel surface.
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Figure 5.56: 1/7th power law simulation case vector plot at 27.7s.
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Figure 5.57: 1/7th power law simulation case vector plot at 108.5s

Page 126



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

- ~
Z/\( \\::\\\\\\\\\\\\
S S S NN TN
NS T R NNNN,
B
e e i e e e e

b e e S e S e

Figure 5.58: 1/7th power law simulation case vector plot at 208.5s.

Summarily, it can be stated that eddies and recirculation associated with
turbulence in real flow cannot be picked up by the uniform flow or the 1/7
power law velocity profile. It is however known that flow recirculation or
eddies not related to turbulence can occur in simulations obtained by
specifying theoretical velocity profiles in the presence of a bend or when

there is a sudden change in flow geometry. In what follows eddies related

to turbulence can be visualised.

5.2.14 Visualisation of velocity vector plots for the

experimental velocity profile.

The vector field resulting from the experimental velocity profile specified at
the inlet of the LES demonstrate significant presence of recirculating eddies
comparable with those typical of a natural environment. Vectors in a
turbulent flow show evidence of fluid rotation due to varying velocity
magnitude in space and time. Although in theory, it is possible to have only

translational motion in a fluid where the velocity magnitude vary from point
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to point or a constant vorticity where the amount of fluid rotation is the
same everywhere. In what follows, instantaneous x-y vector plots sliced
from the centre of the channel are used to investigate the evolution of the
velocity vectors with time. Figure 5.59 corresponds to the instantaneous
time, t = 31.46s.

Figure 5.59: Experimental velocity simulation case vector plot at 31.46s

The relative magnitude of the velocity vectors can be appreciated by
observing the colour density of the flow field. The darker shade represents a
region of relatively higher velocity magnitude. About the second half of the
domain downstream appears to have well patterned velocity vectors. This is
because the simulation is at the early stage. A comparison of the vector
field plot in Figure 5.59 with the pathlines plot represented in Figure 5.60
below indicates the path traced by the water particle as they move
downstream. Evidence of fluid rotation is markedly seen at the inlet of the
simulation domain near the channel bed in the encircled region. The fluid
rotation was initiated at the domain bottom boundary and is associated with
a reduction in velocity magnitude due to adverse pressure gradient and a
relatively higher velocity zone to maintain a divergence free velocity field

that satisfies the continuity equation.
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Figure 5.60: pathline plot corresponding to the vector plot at t=31.46s

Further evolution of the vector field at t = 76.9s is shown in Figure 5.61.
The vector plot at t = 76.9s also show evidence of rotation of fluid parcels
at different region of the flow domain. The evolution of the flow field is
further investigated using the vector plot at t = 90.9s in Figure 5.62 with a
corresponding pathline plot in Figure 5.63.

Figure: 5.61 Experimental velocity simulation case vector plot at 76.9s.
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Figure 5.63: pathlines plot corresponding to the vector plot at t=90.9s

There is evidence of a continuously changing field temporally and spatially
with pockets of rotating fluid parcel. The pathlines plot show regions of high
and low velocity magnitude in a disorganised fashion that affects the quality

of the velocity profile. The behaviour of the vector plots already discussed
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and those presented in Figures 5.64, 5.65, 5.66 at instantaneous times, t =
146.9s, 227.4s, and 258.4s respectively, underpin that they represent a
qualitative description of a turbulent vector field with the chaotic and

tangled flow lines typical of flow in natural environment.
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Figure 5.64: Experimental velocity simulation case vector plot at 146.9s
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Figure:5.65 Experimental velocity simulation case vector plot at 227.4s.
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Figure 5.66: Experimental velocity simulation case vector plot at 258.4s.

Based on the simulation result, it is obvious that the experimental velocity
profile contains fluctuations influenced by physical and a natural process in
tidal current environment that enables the reproduction of ambient
turbulent eddies in a numerical simulation. The plots show regions of
sandwiched high and low velocity magnitude which imply that the energy
available for extraction will not be smooth. This suggests the need for an
energy storage facility to be integrated in a tidal current energy extraction
system. Also important, is the turbulent fluctuations of the flow field that
could potentially create undesirable effects for energy device performance

and structural integrity.

5.2.15 Investigating turbulent velocity profiles and kinetic

energy of flow field simulated with ADCP data.

The turbulent velocity profiles are investigated based on space and time
variation. Firstly, instantaneous plots are used to visualise the relative
magnitude of velocity components and the horizontal variation in velocity
profile of the flow field. Secondly, a more detailed investigated was done by
considering individual velocity components with associated velocity
magnitude at four instantaneous times. Thirdly, times series plots of x, y

and z velocity including their magnitude are also presented. Fourthly, an
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instantaneous plot showing the kinetic energy of the flow field is also

presented because it is of interest for energy extraction purposes.

a) Vertical and horizontal spatial variation of simulated

velocity profiles.

The magnitude of velocity components along the vertical axis was
investigated at t= 308s using the plot in Figure 5.67. The data used for the
plot has been sampled from the channel centre where x, y, z = (0, -2.5 to
2.5, 0).
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Figure 5.67: instantaneous turbulent velocity profiles

A turbulent flow field is associated with a 3 velocity components interacting
within the flow that changes with the channel depth. At this instant, it is
observed that the x velocity component is significantly higher in magnitude
in the top 25% of the domain but weaker comparable to the lateral and the
vertical velocity components at the lower region of the domain. The vertical
and the lateral velocity components are comparable in magnitude over the
vertical profile. The negative values indicate the presence of reverse flow

due to turbulence.
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Figure 5.68 below show the horizontal spatial variation of velocity profiles at
various depth(y) locations where y=-2, very close to the channel bottom,
y=2, upper region of the channel and y=2.4 very close to the water surface
(2.5m).
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Figure 5.68: velocity magnitude at various depths.

The behaviour of the profiles agrees with the velocity-depth variation of
open channel flow. It is seen that the green line plot (y = 2.4) has the
highest velocity magnitude because, it is closest to the water surface (y
=2.5). The black line plot (y = -2) has the smallest values of velocity
magnitude because it is closest to the channel bottom (y =-2.5). The

domain height is 5m while the domain length is 10m.

b) Temporal variation of turbulent velocity profiles at

different instantaneous times.

The turbulent velocity profile was systematically investigated based on their
individual components and magnitudes at four different instantaneous times
t =90.8s, 188.4s, 278.4s and 368.4s. The data used to generate the plots

were extracted from the channel centre where %, y, z = (0, -2.5 to 2.5, 0).
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The velocity components and magnitude profiles at t =90.8s, is shown in

Figure 5.69 below.
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Figure 5.69: Turbulent velocity profiles at t = 90.8s

At this instant, the x velocity component is the strongest reaching a
maximum of about 0.4m/s in the streamwise direction and the lateral
velocity component had a maximum of about 0.25m/s in the upper region

of the channel in the reverse direction. The vertical velocity component was
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the weakest with less than 0.2m/s in the downward direction. The velocity

magnitude vector reached a maximum of about 0.45m/s. The plot below

show the how the turbulent velocity profiles have changed at t = 188.4s.
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Figure 5.70: Turbulent velocity profiles at t = 188.4s

The x velocity component is still relatively stronger nearing about 0.5m/s at

the water surface along the streamwise direction. The lateral velocity

component is half as strong as the longitudinal velocity component and a
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relatively weak vertical velocity current, an order of magnitude lower. The
velocity magnitude profile shows a rapid increase at the top 25% of the

domain. The flow profiles at t =278.4 are shown in Figure 5.71 below.
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Figure 5.71: Turbulent velocity profiles at t = 278.4s

The x velocity component has been consistently strongest now reaching a
maximum of 0.6m/s. This increase in strength of the x velocity component
is in order to satisfy the continuity equation: The z velocity component
which previously attained a maximum velocity of about 0.25 at t= 188.4, is

now reduced to a values of less than 0.15m/s in the positive flow direction
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at t =278.4s. The vertical velocity profile is comparable to the lateral

velocity profile at this instant.

The turbulent profiles at t = 368.4s are shown in Figure 5.72
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Figure 5.72: Turbulent velocity profiles at t = 368.4s

At this instant, the x velocity component is seen to have reduced from a
maximum of 0.6m/s to 0.5m/s. The vertical velocity component has further

reduced from a maximum of about 0.14m/s at t= 278.4s to about 0.04m/s
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at t = 368.4s. It appears the reduction in the flow strength is common to all
the velocity profiles. This is reflected in the overall velocity magnitude
reduction of 0.6m/s at t = 278.4s to about 0.5m/s at t = 368.4s. This

underpins the temporal variation of turbulent flow from instant to instant.
c) Time history of velocity profiles

A time history plot of the velocity components and magnitude measured at
three different points of the flow field is presented in this section. Figure
5.73 show the fluctuations in the velocity at point (2, 2.4, 0.5).
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Figure 5.73: A time history plot for x, y, z velocity components (2, 2.4, 0.5)

The x velocity component is apparently strongest with an instantaneous
maximum of over 0.5m/s. Most of the reverse flow appears to be caused by
the influence of the lateral and the vertical velocity component at this point.
The vertical velocity component is also observed to the weakest with
magnitude fluctuating about zero m/s. A plot of the resultant velocity

magnitude is shown in Figure 5.74. The overall magnitude shows an overall
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Figure 5.74: A time history plot for velocity magnitude (2, 2.4, 0.5)

instantaneous maximum value of less the 0.6m/s. This fluctuation is
responsible for the generation of the turbulent structures observed in the
flow fields. Time history variation of the velocity at two other points is
further shown in Figures 5.75- 5.78.
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Figure 5.75: A time history plot for x, y, z velocity components at (2,2.4, 0)
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Figure 5.78: A time history plot for velocity magnitude at (2, 2.4, 1)

Observing Figures 5.75 -5.78 shows that the x velocity component
contributes most to the velocity magnitude because it is persistently the
strongest. The time history plots represent velocity values close to the

surface where the maximum velocity is known to occur.

The lateral velocity is also consistently relatively stronger than the vertical
velocity profile. These observations qualitatively agree with the behaviour of

open channel flow.
d) Kinetic energy investigated of the flow field.

Turbulence kinetic energy derived from fluctuating velocity quantities is
show in Figure 5.79 in y - z plane slices of contour plot at instantaneous
time of 288s. The planes are located at z= -5m, -2.5m. Om. 2.5m, and 5m
marks of the computational domain. The plot shows that kinetic energy has
higher values close to the water surface. This implies that velocity

fluctuation is significant at the water surface.
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Figure 5.79: Contour plot of turbulent kinetic energy

Regions of high velocity fluctuations will not produce smooth power with
regards to electricity generation. It is believed that most of the kinetic
energy available in tidal currents occupies the top 25% of the channel which
agrees with power estimation using the approximate power law function.
However, if considerable fluctuations mingle with smooth velocity profile
close to water surface, the effect of the fluctuation on power generation

should be accounted for.

5.2.16 Comparing vorticity fields simulated with velocity

profiles sampled at different times of tidal flow.

This section compares vorticity field generated using three different
turbulent velocity profiles sampled at different times during the ADCP
deployment period. Two velocity profiles designated as the 309" and 441
profile sampled during a high tide on different days and the 1187 profile
sampled during a low tide has been used for the investigation. The
simulation results are presented in Figure 5.80.
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Figure 5.80:Comparing vorticity plot for different inlet profiles
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The results show that all real profiles produces ambient turbulent structures
but with varying levels of vorticity. This is because the vorticity is derived
from velocity. The velocity profiles in tidal currents changes with time. It is
also possible to have a slack water period when the tides changes direction
and there is little or no horizontal flow of currents. It is observed that the
vorticity magnitude is higher for profiles with higher velocity magnitude.
This behaviour implies that the amount of energy extracted from tidal
current will vary from instant to instant. Also hydrodynamic loading on
submerged energy devices will fluctuate accordingly. Generally, the
simulated vorticity field are similar and comparable. This is because all the
experimental velocity profiles are evidently influenced by waves, seabed
roughness and other physical and natural processes in the estuary

necessary to generate turbulence.

5.3 Effect of ambient turbulent structures on seabed

drag coefficient.

The effect of no slip condition implies that there will be a sea bed drag in
numerical simulation. The seabed drag coefficient in real flows is not
constant but can vary with time and can also be affected by several factors
including changes in seabed roughness and weather conditions. The seabed
drag is an important parameter for characterising the amount of energy
available for extraction by a tidal current turbine. The seabed drag
coefficient is used to estimate the amount of energy loss due to dissipation
(91). Attempts has been made to measure seabed drag coefficient in
several tidal currents sites which include the eastern Irish sea by Malcolm
(92) where measurement was carried out at a 26m depth of water over two
month period produced a mean drag coefficient estimate of 0.0025. Bricker
(93) evaluated the variation of seabed drag coefficients in different sea
states and currents in a shallow site in San Francisco bay where it was
concluded that wind waves, surface and bottom boundary layers have a
significant effect on seabed drag coefficient. A compilation of seabed drag

coefficients for various sites can be found in (91). Table 5.2 show seabed
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drag coefficient values for different sites including values measured by
Campbell (94) and Rippeth (74) in Menai Strait.

Table 5.2: Estimate of seabed drag coefficient from various locations.

Site Drag coefficient
Menai Strait by Rippeth 0.0024 -0.0026
San Francisco bay 0.08 - 0.004
Menai Strait by Campbell | 0.017

Various point at Menai 0.02 - 0.006
Strait

Eastern Irish sea by 0.0025

Malcolm

There is no reported seabed drag coefficient for the Firth of Forth. In this
study, seabed drag coefficient has been simulated using experimental
velocity profiles sampled from the estuary. The results were benchmarked
with simulation done by specifying theoretical velocity profiles, because
theoretical velocity profiles are commonly used in tidal resource estimation
in the absence of site data. The simulated drag coefficient using three
different velocity profiles from the Forth estuary are presented and

compared with measurement results presented in Table 5.2.

5.3.1Comparing seabed drag coefficient simulated using

experimental and theoretical velocity profiles

The time history plot of the drag coefficient for the uniform flow simulation
case is presented in Figure 5.81. It was monitored for a period of 300s of
simulation time. During this period, the drag coefficient was observed to
fluctuate between the values of 0.04 to 0.22 with a mean value of 0.13. The
plot displays a wavy kind of function. This shape of the drag history plot is
attributed to the modification of flow profile specified at the inlet by the

random velocity generating technique integrated into the LES.
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Figure 5.81: Drag coefficient history for uniform flow boundary condition.

Figure 5.82 is the drag coefficient history plot for the 1/7™ power law

simulation case. The values of the seabed drag coefficient fluctuate between

1/7th power law
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Flow time (s)

Figure 5.82: Drag coefficient history for 1/7th power law boundary

condition.

0.03 and 0.16 with a mean value of 0.08 for the period of about 300s
simulation flow time. The drag coefficient resulting from the uniform and

the 1/7th power law velocity profiles are comparable having values between
0.03 - 0.22.

Figure 5.83 below shows the drag coefficient history plot for the
experimental velocity profile. The drag coefficient resulting from the

experimental velocity profile has relatively lower values with a maximum
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Figure 5.83: Drag coefficient history for the experimental data boundary

condition.

of about 0.007 and a mean value of about 0.0035 with possible negative
drag coefficient due the effect of reverse flow naturally encountered in a
turbulent flow. The reduced drag coefficient is then attributed to the way
drag force is normally calculated. Drag is known to be positive in the
streamwise direction (95), in the event that velocity vectors reverses
direction, the drag force component acting in the opposite acts to detracts

from the positive values of drag force and its coefficients.

The observed behaviour agrees with the known Reynolds number drag
relationship (79,96) where the drag coefficient of a structure submerged in
a fluid generally decreases as the Reynolds number increases. The Reynolds
number is a measure of turbulence. The results thus confirm that the flow
field evolving from the ADCP data simulation case is more turbulent. It can
then be stated that large scale structures in the ambient flow can lead to a
significant reduction in channel bed drag coefficient when results are
compared with the theoretical velocity profiles simulation cases. In the
context of energy extraction it implies that less energy is required to
overcome the resistance offered by the seabed. Implying more energy is

available for extraction based on the simulation results.
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5.3.2Comparison of seabed drag coefficient using different

velocity profile samples.

Turbulent velocity profiles sampled at different times during the deployment
period, from the Firth of Forth were also used to investigate the seabed
drag coefficient. Each one was monitored for about 500s of simulation flow
time. The drag coefficient history based on the 309" velocity profile is

shown in Figure 5.84.

0.012

0 100 200 300 400 500 600
time (s)

Figure 5.84: 309th velocity profile drag coefficient history

The mean drag coefficient generally fluctuates reaching a maximum of
about 0.01 and have a mean value of 0.0039. This mean value generally
agrees with the physical measurement results presented in Table 5.2. The
drag coefficient history plot for the 441 velocity profile is shown in Figure
5.85.
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Figure 5.85: 441st velocity profile drag coefficient history
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The drag coefficient for the 441 profile simulation case has a mean value
of 0.0075 about double the mean value of the 309" profile drag coefficients.
Drag coefficient history using the 1187 profile as boundary condition is

shown in Figure 5.86.
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Figure 5.86: 1187th velocity profile drag coefficient history

The mean drag coefficient for the case simulated with the 1187™ velocity
has a value of 0.0014. This profile has the largest velocity magnitude but
produces the lowest drag coefficient values. This is because the drag
coefficient is inversely proportional to the square of the velocity magnitude.
The simulation results can also be explained from the view point of the
Reynolds number drag relationship: For fluid systems with the same fluid
viscosity and size of domain, a lower velocity value will result to a lower
Reynolds consequently, a higher drag coefficient. The velocity profiles with

the largest magnitudes thus appear to generate more turbulence.

From the simulation results, it can be stated that the seabed drag
coefficient at the Forth estuary during the 23 day experiment period, ranged
between 0.0013 and 0.0075. The result agrees with some measured seabed
drag coefficient at various locations presented in Table 5.2 above. Although

comparing seabed drag coefficient results with experimental values from
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different location around the world, it should be noted that the velocity

profiles for those sites differs.
5.4 Chapter summary and conclusion.

Large scale turbulence in tidal current channel is a potential threat to the
installation and operations of tidal current devices and /or its support
structures. The submerged energy system is exposed to fluctuating currents
in magnitude and direction that generate fluctuating dynamic forces. This
has implication for design and optimisation for engineering practical

application.

Due to the difficulties encountered in simulating large scale ambient
turbulence in the laboratory, a novel method of using a turbulent velocity
profile sampled with ADCP from a real tidal current site has been
demonstrated. The idea is on the premise that velocity profile sampled
from a tidal current flow is affected by waves, channel walls, seabed
roughness and other physical and natural processes. These effects were
evident as fluctuations on the measured experimental velocity profile and
contributed to generating visible turbulent structures in a LES of an empty
channel. On the other hand, the physical, natural and biological processes
affecting velocity profiles of real flow have been averaged out in theoretical

velocity profiles.

Based on the simulation results of the flow fields, it can be stated that; the
uniform flow velocity profile is an idealised profile that can allow spatial and
temporal changes in a LES when a velocity fluctuating algorithm and no slip
wall boundary conditions are specified. However, the general behaviour of
the flow field can better be described as a pulsation of the mean flow
containing fine turbulence. The examinations of the vorticity at different
instantaneous times were relatively low and mostly confined to the walls
where turbulent dissipation also occurs. The associated velocity vectors and
flowline plots were relatively well pattern, organised and one directional and

does not fully fit the description of a real turbulent flow field.
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The flow field behaviour evolving from the 1/7" power law simulation case
is similar to the uniform flow case. The 1/7" power law is popular because it
is an appropriate mean flow approximation of a wall bounded channel flow.
From the foregoing, it can be stated that although, the 1/7™ power law
velocity profile has been an approximate but successful modelling strategy
that describes the mean turbulent velocity profiles, it cannot adequately aid
generating ambient coherent structures suitable for numerical testing of a

tidal current energy device.

The simulation results based on the ADCP data shows significant presence
of ambient turbulent structures. The turbulent structures were found
everywhere in the flow field because they were generated by the influenced
by ADCP measured velocity profile specified at the inlet and not just by the

walls and the fluctuating velocity algorithm specified in LES.

The ability to generate large scale turbulent structures in a small numerical
domain demonstrates the possibility of representing a large scale prototype
in @ small scale numerical model for credible simulation of devices in an

ambient turbulent environment.

The effect of ambient turbulent structures on the channel bed drag
coefficient show that, they can affect the value of the drag coefficient
significantly by reducing it and this has implications for estimating the

amount of energy available for extraction.

A paper published from the outcome of this study is appended as appendix
C. Following from this work, simulation of the classical monopile structure
commonly used as support structure in offshore processes is investigated.
The monopile has known values of drag coefficient published in literatures.
The study aims to investigate the effect of ambient turbulent structures on

a monopile drag coefficient.
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Chapter 6.0

Effect of Large Scale Turbulent Structures on

Dynamic Loading of a Turbine Support Structure.

6.1 Introduction

It has been demonstrated in the preceding chapter that large scale
turbulent structures can be generated with the aid of experimental velocity
profile acquired from a real tidal current site and integrated in a LES of an
empty open channel flow. It was apparent that a turbulent velocity profile
sampled within a small time resolution contain fluctuation that allows the
generation of significant turbulent structures in an open channel flow
compared with simulation carried out by specifying the classical 1/7™ power
law and uniform flow velocity profiles at inlet. This chapter presents the
effect of large scale structures on dynamic loading of a monopile commonly

used as a support structure.

Natural flow within tidal currents contains coherent structures or vortices.
The presence of the vortices in relation to the amount of energy available
for extraction was mentioned by (97) by stating that regions of random
vortex activity will not provide viable power at least with the current
technology. In design and optimisation of tidal current energy devices also,
large scale structures may have an undesirable effect during hydrodynamic
loading of a submerged device. In the present study it is anticipated that
there will be significant difference in hydrodynamic forces when an energy
device is simulated using the theoretical velocity profiles and experimental
velocity profile resulting from the presence of coherent vortices in the latter.
Following the enormous level of numerical modelling tidal current energy
devices currently undergo, it is important to account or discount for the

effect of large scale structure to add credibility to simulation results.

There are a variety of tidal current turbines and support structures being

proposed for energy extraction. A few examples are included in the general
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introductory chapter. A monopile is chosen as a generic support structure
because of its simplicity and common use in the offshore energy industry.
The monopile is modelled as a vertical cylindrical object rigidly fixed to the
bed of an open channel. The monopile as a fixed cylinder has been
extensively studied in wind tunnel experiments with data published in
literatures (63-65; 98-99).

Numerical simulation studies have also been carried out by numerous
authors which includes Wang (100) on predictions of high Reynolds number
flow with assumption of a periodic flow boundary condition. Wang aim was
to evaluate the viability and the accuracy of LES for wall bounded complex
flows. His key conclusion was that overall drag coefficient was predicted
reasonable well when results were compared with wind tunnel test results.
Tutar (68) carried out comparative studies to investigate the performance
of various turbulence model including LES with the assumption of a uniform
flow at the inlet boundary and Gao (101) investigated turbulent flow around
a vertical cylinder in a steady current. In almost all CFD calculations
theoretical velocity profiles, which appear as organised flow lines on the
incident flow are normally employed as input boundary conditions although
turbulent flow lines are chaotic in nature appearing as tangled flow lines as
evident in the simulation results presented in chapter 5. The upstream flow
commonly simulated does not contain ambient flow structures that

resemble those in natural flows.

Furthermore, the use of RANS turbulence models has known limitations:
The RANS methodology does not distinguish the large scale structures from
the small scale structures. The averaging procedure dampens out the
contributions of the large scale structures on the flow behaviour thereby
rendering it unsuitable for explicit investigation of the effect of large scale
turbulent structures. This study uses the novel application of a turbulent
velocity profile affected by natural processes in tidal currents to investigate
drag coefficient on a monopile using LES. Simulation results were

benchmarked with those based on theoretical velocity profiles.
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6.1.1 Forces on submerged offshore structures

Forces acting on fully submerged structures in marine environment arise
from currents and waves, seabed roughness, other physical and natural
processes. These processes induce a steady and unsteady load component
on structures. The oil and gas industry has been involved in calculating
hydrodynamic loading on structures for design and optimisation purposes.
Forces due to wind and current are usually calculated using a similar
approach for practical applications in the offshore industry although, wind
and water have different physical properties and exhibits different character

of turbulent fluctuations.

Morrison (102) was the first to propose an equation to solve hydrodynamic
forces acting on an offshore structure based on the assumption that force
acting on a section of a pile due to wave motion is made up of two
components: a steady flow of a real fluid and an inertia force, analogous to
that of a body subjected to a uniformly accelerated flow of an ideal fluid.
The wave flow past a pipe is strongly similar to a two dimensional sinusoidal
flow past a circular section. The Morrison’s equation for a circular section is

expressed in equation 6.1 below as;

. du
F=05pD,, Chulul + ﬂ.ZSpﬁDm‘CmE (6.1)

Where F total force per unit length acting on the structure. D,, is the circular

section diameter, u is the incident wave velocity, £ and C,, are the drag and

inertia coefficient respectively and % is the fluid acceleration. The Morrison

equation implicitly implies that the flow pattern in the vicinity of the
structures is uniform due to the relatively small size of the structure to the
wavelength of the incident flow (102). This suggests its unsuitability to
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investigate effect of large scale turbulent structures on hydrodynamic
loading because the shape of a turbulent velocity profile in a tidal current
channel is not uniform. The wake method (103) presents an alternative
method to the Morrison’s equation that takes into account the structure
interaction with the wake when the velocity reverses and considers the time
dependent force coefficients. The wake II method is a continuation of the
wake I model based on solving the linearized Navier-Stokes equation for

oscillatory flows.

Analogy is currently drawn between the tidal current energy technology and
the wind energy technology with respect to modelling and design of
structures, although it is generally agreed that the boundary condition may
result in important differences in design and strength of materials. For
example tidal current turbines operate in a confined space limited by the
free surface compared with wind turbines that have sufficient space above
the boundary layer that gives possibilities to avoid or reduce the turbulent
effect due to the bottom topography. Also Fraenkel (15) observed
differences in load cases between tidal stream rotors and wind rotors
because higher forces are generated by water and this necessitated the use
of carbon fibre for the construction of SeaGen (Figure 1.2). Typically forces
that could act on a 3D structure submerged in a stream of current are

illustrated in Figure 6.1.
A Yaw moment
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Figure 6.1: Illustration of forces acting on a structure submerged in
a fluid.

The forces and moment arising from the device interacting with the

environment are presented in three coordinates system. The drag force has
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an associated rolling moment about its axis. Perpendicular to the drag force
is the lift associated with the yaw moment and the side force linked with the
pitching moment. The forces occur in terms of wall shear stress due to
viscous effect and pressure forces distributed along the surface of the object

in varying magnitude and direction.

The drag force for a cylindrical device is made up of two components; the
pressure drag arising from the pressure distribution on the surface of the
device due to flow separation, and the friction drag contributed from the
friction generated due to fluid flow. Although boundary layer theory can
gives a qualitative illumination of viscous fluid flow, it however cannot
produce satisfactory quantitative result for real flow over tidal current
energy structures due to occurrence of flow separation or turbulent eddies
or vortices. Therefore CFD and physical experiment are the keys for

investigating such flows.

6.1.2 Classifications of flow regimes around a cylindrical

structure.

The flow around a cylindrical structure illustrated in Figure 6.2 shows the
complex flow regime relating to the formation of a boundary layer, flow
separation and the formation of a wake boundary which may involve vortex

shedding depending on the Reynolds number (104).

Separation point

— Yo
< G??_>Wake

Boundaryﬁye/r \.—— region

eddies (vortices)

Figure 6.2: Illustration of terms association with the complex flow

around a cylinder.
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The flow around a cylinder is therefore characterized by its Reynolds

number and the drag coefficient. Table 6.1 is a description of the flow

behaviour around a smooth cylinder in a steady flow as the Reynolds

number increases as accounted in (63).

Table 6.1: Description of flow character around a circular cylinder

Reynolds Boundary layer Flow separation and wake Flow Co
number, behaviour behaviour regime
Re classificati
on
Less then 5 | Laminar Symmetric flow around the | Creeping
cylinder with no separation | flow
5 < Re < | Laminar Laminar boundary layer
40 separation first occurs and
a fixed pair of symmetric
vortices formed in the
wake.
40 < Re < | Laminar 2 - Dimensional vortex
200 shedding with wake filled
with  vortices. Laminar
vortex street.
200 < Re | Laminar Transition to turbulence in
< 300 the wake region. 3-
Dimensional vortex
shedding.
300 < Re | Laminar A completely turbulent | Sub 1.2
<3x10° wake and a laminar | critical
boundary layer separation. | flow
3 x 10° < | Laminar at one side | Boundary layer separation | Critical
Re < 3.5 x | Turbulent boundary | is laminar on one side and | Or Lower
10° (B.L) layer at only | turbulent on the other | transition
at separation point. | side.
3.5 x 10° < | Incomplete Turbulent boundary layer | Supercriti | 0.25
Re < 1.5 x | transition to | separation on both sides of | cal flow
10° turbulence in the | cylinder.
B.L. The B.L on one
side is fully
turbulent at 1.5 x
10°
1.5 x 10° < | The boundary layer | At 1.5 x 10°%, the boundary | Upper
Re < 4 x|is completely | layer is completely | transition
10° turbulent at one | turbulent at one side and
side partly turbulent and
laminar on the other side.
Re > 4 x| Completely Boundary layer completely | Trans- 0.5
10° turbulent turbulent at two sides. critical

Page 158



Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

The terms used to describe the flow and associated Reynolds number in
which they occur are not in strict agreement with the work of others. An
account given in (105), suggests that laminar boundary separation with the
formation of a fixed pair of vortices in the wake, occur between 2 < Re < 30
and that the approximate critical Reynolds number for boundary layer
transition from laminar to turbulent before separation is 2 x 10°> depending
on the free stream turbulent intensity. The flow regimes described in Table
6.1 based on the account given by Summer (63) suggests that, flow
separation first occur at a Reynolds number of 5 with formation of a fixed
pair of vortices between 5 < Re < 40 and that, the boundary layer
developed around the cylinder remains laminar up to the sub-critical flow

regime which covers a wide range: 300<Re < 3 x 10°.

Scale models normally used to represent large scale prototype would likely
fall within the subcritical flow regime while scale of engineering interest
usually would fall into the transcritical flow category. Figure 6.3 illustrates
Reynolds number - drag coefficient relationship (96) of flow over cylinders.
It shows that the drag coefficient generally decreases as the scale increases

(Reynolds number).

1OZ4L

10+

(\)Q

01 +

Figure 6.3 : Illustration of the Reynolds humber-drag coefficient
relationship (96).
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6.1.3 Experimental studies on drag coefficient of a cylinder

Schewe (65) carried out force measurements on a cylinder, in a pressurized

wind tunnel on Reynolds number range2.3 x 10* < Re < 7.1 x10”. This value
encompasses the sub-critical to trans-critical Reynolds number. Trans-
critical flows are of practical engineering interest as already mentioned. The
results presented in Table 6.2 show two discontinuities drop of drag
coefficient, Cp in the lower transitional range from the 1.2 value for the sub-

critical flow regime.

Table 6.2:Drag coefficients, Cp results of Schewe and Roshko from wind

tunnel test carried out on flow around a cylinder

Sub- Critical | Super- Upper Trans-
critical critical Transition | critical
Schewe 1.2 - 0.22 - 0.52
Roshko - - - - 0.7

Further down to the super-critical flow regime, which begins at a Reynolds
number of 3.5 x 10°, the value of C, remains fairly constant at 0.22 up to a
Reynolds number of approximately 10°. In the upper transition range which
has Reynolds number of approximately 10° to 5 x 10° inclusive, the Cp
increases up to a value of about 0.52 and remains nearly constant in the
trans-critical range with Reynolds number greater than approximately 5 x
10°%. Roshko’s (99) experimental result also presented in Table 6.2 was
based on Reynolds number range of 10° to 10’. The Cp value increased from
a low value of 0.3 to 0.7 in the upper transition flow regime. Roshko’s (99)
noted that the Reynolds number value of 3.5 x 10° marks the end of the
upper transition range. Roshko’s higher Cp value of 0.7 in the trans-critical
range was attributed to possible surface roughness effect. The drop and rise
of Cpvalues is caused by transition to turbulence in the boundary layer with
increase in Reynolds number resulting to the drag crises phenomenon. The
reported experimental data in Table 6.2 has been used to compare with the

numerical simulation results from the present study in accordance with the
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recommended practice in the DNV code (106) for CFD analysis of wind

turbines.
6.2 Methodology

The finite volume technique was used to discretisize the filtered continuity
and momemtum equations (presented in section 2.3) governing the flow
using the LES commercial code provided by ANSYS. LES explicitly resolves
the large scale motions while the small scale motions were modelled using
the Smagorinsky’s-Lily dynamic stress model. The filtered equations were
solved for an open channel flow domain with dimensions 10m x 5m x 2m
with a monopile of diameter 0.4m and length 3m fixed to the channel bed

as shown in Figure 6.4.

i 'i;op surface
outlet

side wall

inlet \/ < v
> I

_ monopile =

Bottom wall

Figure 6.4: Simulation domain with a fixed monopile structure

6.2.1 Boundary specifications

The following boundary conditions were applied;

Wall boundaries: No slip boundary was applied at the side walls, the

channel bottom, and the monopile wall.
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Inlet boundary: The inlet velocity was varied according to three simulation

cases namely;
1. the uniform inflow profile,
2. the 1/7™ power law inlet profile

3. Experimental velocity inlet profile sampled with ADCP at the Forth

estuary specified in two horizontal directions.

The uniform and the 1/7" power law simulation results were used to
benchmark the simulation results from experimental velocity profile case.
The 309" experimental velocity profile (presented in chapter 4), was
arbitrarily chosen for the simulation. The mean and the average velocity
based on the 309" turbulent velocity profile were determined and used to
obtain values for the uniform flow and a 1/7" power law profile using
equation 4.9 for the later. The data for the theoretical profiles were based
on a 50 data point assuming 50 experimental depth cell in the channel,
while the raw experimental data was specified as 44 data points to remove
the effect of the velocity inflection observed towards the water surface. The
spectral synthesizer algorithm for velocity fluctuation was specified at the
inlet for all simulation cases with a turbulence level of 10% and a length
scale of 0.4m based on the monopile diameter. A zero shear and a zero
gauge pressure outlet were specified at the water surface and outflow

respectively. The average time step for the simulation was 0.03s.
6.2.2 Meshing strategy:

The simulations were carried out on a three dimensional mesh shown in
Figure 6.5 with the side walls, surface, inlet and outlet removed. The mesh
consists of 183063 nodes. A meshing scheme with quad elements was used
for the side walls, the inlet and the outlet faces of the domain. The
monopile mesh consists of the tri element with a pave mapping. A tri
element is good for cylindrical surfaces. The bottom area around the fixed

monopile consists of an attached boundary layer having with a first row of
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z7 x
Figure 6.5: A wire mesh display of the monopile structure

0.01 and a growth rate of 1.2 over 4 rows. The presence of the boundary
layer at the base of the monopile resulted to meshing the seabed with quad
element with a pave type setting. The fluid domain was meshed with the
Hex/Wedge, cooper meshing scheme in Gambit using the top of the domain

as source.
6.3 Simulation Result and Discussion.

Following from the simulation procedures, the following result and
discussion is based on results extracted from the LES result database.
Firstly, a discussion on the evolution of the flow field resulting from the
uniform flow and the 1/7"" power law flows were compared with the
experimental velocity profile simulation case. The theoretical velocity
profiles were used as comparison components to benchmark the
experimental result because of their popular use in CFD analysis of tidal

current energy devices.

The development of the flow field for each simulation case was scrutinized
at different instantaneous times. The modifications of water particle path
occurring in the flow field surrounding the monopile structure plots were
examined using streamtraces plots. Velocity magnitude vector plots are
used to probe and observe for evidences and extent of fluid rotation

associated with turbulence. Furthermore, vorticity magnitude contour plots
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were used to visualise the evolution of large vortex structures in the flow

fields resulting from each simulation case.

The drag coefficient is a critical parameter for design purposes and is
investigated. The drag history was monitored for each simulation case to
observe the variation of the drag coefficient with time. The mean values of
the simulated monopile drag coefficient resulting from each simulation case
were compared with each other and also with the experimental results from
Schewe (65) and Roshko (99) presented in Table 6.2. Comparing drag
coefficient results from the experimental velocity simulation case with drag
coefficient from the theoretical velocity profile simulation case, ascertain the
implication of using the theoretical velocity profiles for numerical simulation

of tidal current energy devices for practical applications.
6.3.1 Evolution of the flow field with a uniform flow Inlet.

A streamtrace plot for the uniform flow simulation case at time = 2s is

shown in Figures 6.6. The flow lines are nearly uniformly organised, one
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Figure 6.6: streamtraces for uniform flow condition at t = 2s
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directional and appear undisturbed upstream and downstream of the
monopile except very close to the pile where the flow lines separates
laminarly and re-joins downstream. The ability of the flow to re-join
smoothly after separation at t = 2s is because of the early stage of the
simulation. As the simulation time increases, the flow should develop with

noticeable changes.

The vorticity contour plot corresponding to the streamtrace plot at t =2s is
shown in Figure 6.7. Perceptibly, there are no turbulent flow structures or
vortices upstream and downstream of the monopile in the flooded plot. The
greatest vorticity is concentrated near the monopile wall due to flow
separation associated with turbulence generated by the presence of the pile.
The maximum attained vorticity magnitude near the monopile wall was 16s”
!, Vorticity relates to the amount of circulation around the vortex core or the
vortex line and begins from a boundary. Vorticity is transmitted around in

the presence of a viscous fluid.
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Figure 6.7: Instantaneous vorticity plot for uniform flow condition att = 2s

Vortex structures are associated with fluid rotation and are easily
decipherable in a velocity vector plot as regions of rotational motion. The
length of a velocity vector indicates its magnitude and the orientation of the

velocity vector indicates its direction. Figure 6.8 is an x-y vertical plane slice
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of the vector field at the middle of the channel where z = 0. The flow

upstream of the structure show smooth organised and well patterned

Figure 6.8: Velocity magnitude vector for uniform flow at t = 2s.

vectors. Absence of fluid rotation is obvious in the ambient flow. However,
near the top of the pile there is evidence of some rotation where vorticity
(Figure 6.7) has the greatest magnitude. A further investigation of the
streamtrace plot at instantaneous time t = 38s in Figure 6.9 shows evidence
of changes in the path of the fluid particles with time.

Figure 6.9: streamtraces for uniform flow condition at t = 38s
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The changes occurring upstream and downstream of the monopile are
apparent. What appears as a pulsating or rhythmic motion flow can be
noticed in the upstream ambient flow field. It has the appearance of a
smooth wave-like or undulating motion. A pulsating flow has been
observed as a large scale vortical motion in natural flows by Matthes (81)
where it was described as a lower frequency flow containing fine turbulence.
The flow downstream of the monopile display irregular flow lines resulting
from turbulence generated by the presence of the monopile. The flow in the
wake is complex, involving flow separation with the consequence of a high
drag force resulting from the pressure differential created in the flow field.
A further investigation of the flow field at t =80s as streamtraces plot in
Figure 6.10 also reflect turbulence in the wake as tangled flow lines
downstream of the monopile. The pulsating flow behaviour upstream of the

monopile is also apparent like an undulating wave motion.

Figure 6.10: streamtraces for uniform flow condition at t = 80s

The turbulence generated by the presence of the monopile in terms of

vorticity is better appreciated by observing the plot at t =80s in Figure 6.11.
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Figure 6.11: Instantaneous vorticity plot for uniform flow at t = 80s

Comparing the plots in Figures 6.7 and 6.11 show that the region of
significant vortex activity has widened further downstream. Although the
maximum vorticity value near the monopile in each plots do not significantly
differ having a maximum vorticity magnitude value of 16s™ at 2s and 15s™
at 80s of simulation time. Evidence of diminishing vorticity with distance
from the monopile is observed in Figure 6.11 due to turbulent dissipation
associated with a viscous fluid. A corresponding velocity magnitude

instantaneous vector plot in Figure 6.12 below shows the associated fluid

Figure 6.12: Velocity magnitude vector for uniform flow at t = 80s.

rotation with turbulence downstream of the monopile. The orientation of

the vector gives a clue to the rotational tendency within the fluid.Comparing
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Figures 6.11 and 6.12 shows how of the velocity vectors and the equivalent
vortex structures relate. It is clear that a chaotic vector field results to the
formation of significant turbulent structures. The flow upstream flow of the
monopile is relatively uniform. The flow fields investigated at t= 108.6s and

120s using the streamtraces plots in Figures 6.13 and 6.14 underpins the

Figure 6.14: Instantaneous streamtraces for uniform flow at t =120.6s

nature of the flow already just previously described. As the flow progresses,
modification to the flow field are also observed because it is an unsteady
process with temporal and spatial changes. The pulsation of the ambient

mean flow upstream was still evident in both plots.
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The turbulence generated in the uniform flow simulated case is influenced
by the fluctuating velocity algorithm integrated into the LES technique, the
no slip conditions applied at the channel walls and the monopile structure.
Turbulence generated at the wall is mostly dissipated near the walls. The
best, LES could produce with a uniform velocity inlet condition is a flow field
resembling a pulsation of the mean flow in the ambient upstream region
which contains fine turbulence but lacks ability to reproduce significant
ambient coherent structures resembling real flow. From the simulation
results of the uniform flow inlet condition case, it can be stated that it is
unsuitable for use with LES when effect of ambient turbulent structures are
of importance. The simulation results thus demonstrate the importance of
specifying a realistic velocity profile at the inlet boundary of a LES results if

turbulent structures are of interest.

6.3.2Evolution of the flow field with a 1/7th power law

velocity profile inlet condition.

The 1/7" power law velocity profile is characterised by a sheared velocity
depth profile. Shear acts on turbulent eddies and causes it to deviate from
the assumed isotropic to anisotropic flow behaviour. Isotropic behaviour of
a turbulent flow implies that the flow is identical in all directions in disparity
to the behaviour of flow encountered in the natural environment. The 1/7™
power law velocity profile approximates more closely the shape of a velocity
profile in a wall bounded flow such as encountered in tidal current channels.
The ADCP data analysed and presented in chapter 4 evidently show the
evidence of velocity shear from the shape of the plot few meters above sea

bottom.

Steamtraces, vorticity contours and velocity magnitude vectors plots are
used to give a visual impression of the flow behaviour and associated flow
structures evolving from the flow fields with the use of the 1/7" power law
velocity profile as inlet condition. Figure 6.15 show the streamtraces plot
at instantaneous time t = 1.6 s. The flow lines generally look organised

with a definite line patterns because the simulation is still at an early stage.
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Figure 6.15: Streamtrace plot for 1/7th power law condition at t = 1.6s

Noticeable changes in the streamtrace plots can be visualised in Figures
6.16, 6.17, 6.18 and 6.19 extracted from the simulation result database at
instantaneous times t = 32s, 58s, 112s and 130s respectively.

Figure 6.16: Streamtrace plot for 1/7th power law condition att = 32s
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Figure 6.17: Streamtrace plot for 1/7th power law condition at t = 58s

Figure 6.18: Streamtrace plot for 1/7th power law condition att = 112s
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The 1/7" power law streamtraces behaves similarly to the uniform flow
streamtraces presented in the previous sections. The streamtraces are
marked by a rhythmic flow pattern upstream and a more turbulent flow

(chaotic flow lines) downstream.

Figure 6.19: Streamtrace plot for 1/7th power law condition at t = 130s

Associated with the stream trace plot at t = 130 are the vorticity contour
plot and the velocity magnitude vector plots in Figures 6.20 and 6.21

respectively.

vorticity-mag
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Figure 6.20: Vorticity contour plot of 1/7th power law condition att = 130s
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Figure 6.21: Velocity magnitude vector plot for 1/7th power inlet condition
att = 130s

The vector and vorticity plot in Figures 6.20 and 6.21 aid the visualisation of
the vector field and the tendency of the fluid to rotate. The turbulence is
quantified in terms of vorticity magnitude and had a maximum of 18s™
close to the top of the monopile. As expected, there are significant

structures downstream of the monopile than upstream.

The differences in shape of the uniform flow and the 1/7" power law profile
do not have significant effect on the evolution of the flow field. The flow
fields in both cases can generally be described as consisting of organised
flows line upstream of the monopile and more chaotic flow behaviour
downstream of the monopile due to turbulence generated by the monopile
structure. This important resemblance in the flow field generated by the
uniform flow and the 1/7" power law boundary conditions is attributed to
the 1 dimensionality of the mean flow velocity profiles. In what follows, the
flow field generated with the experimental velocity profile sampled by an
ADCP is explored.
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6.3.3 Evolution of the flow field with experimental velocity

profile inlet condition.

The velocity profile sampled from the Firth of Forth and specified at the inlet
of a LES has been used to carry out this investigation. The velocity data is
recorded in three coordinate. Plots of single realisation of turbulent velocity
profiles from the ADCP experiment have different shapes but are similar in
the sense that, they contain visible fluctuations that causes their shapes to
deviate from the classical 1/7*" power law velocity profile. The fluctuations
inherent in the experimental velocity profile are due to sea waves, seabed
roughness, side walls bounding the estuary, variable weather conditions and
other processes that affect real flows and its use in a LES implies that the
effects of these processes are implicitly captured in the numerical
simulation. The effect of the experimental velocity profile on the evolution
of the flow field is discussed using streamtraces, velocity vector plots and
vorticity contour plots in what follows. Figure 6.22 is a streamtrace plot

showing the path traced by massless particles placed at an arbitrary

Figure 6.22: Streamtrace plot for experimental velocity profile inlet
condition at t = 18.46s
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location in a vector field at instantaneous time, t = 18.46s. The flow lines
appear as twisted and tangled with some swirl having irregular shape or
form. It is obvious that the turbulent velocity profile have made a significant

impact on the ambient flow.

For clearer visualisation, not all flow lines are shown. The chaotic
manifestation are absent in the theoretical profiles simulation cases. The
effect of the disorganized flow field on force acting on the monopile
structure will be elucidated from the analysis of the drag coefficient in later

sections.

The streamtraces downstream of the monopile, appears relatively more
organised (Figure 6.22) than the flowlines upstream because the simulation
is at an early stage because the effect of the inlet condition is yet to be felt
downstream of the monopile. The next series of plots demonstrates the
extent of fluid deformation and evolution of flow structures with simulation
time. Corresponding to the streamtrace plot of Figure 6.22 are the vorticity
and the velocity magnitude vector plot presented in Figures 6.23 and 6.24
respectively. The vorticity plot is a slice of the flow field from the channel

centre where the z cordinate is zero.

vorticity-mag

Figure 6.23: vorticity contour plot for experimental velocity profile
simulation case at t = 18.46s
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Clearly visible in Figure 6.23 are the upstream turbulent structures
reflecting the tangled flows lines previously shown in Figure 6.22 in form of
coherent upstream of the monopile. These strutures play a major role in the
dynamics of turbulent flow. The relatively fewer structures noticeable
downstream of the monopile reflects that the simulation is at an early stage
and further demonstrates that, well pattern idealised flow lines are not

associated with turbulence structures in ambient natural flow.

Since many of the significant structure in a turbulent flow are vortices, the
vorticity contour plot thus provides a suitable measure of turbulence in the
flow field. From Figure 6.23, the vorticity have a maximum magnitude of
about 18 s occuring downstream near the monopile walls close to the
channel bed. The flow field also show regions of high and low vorticity.
However, vorticity plots for the theoretical profile simulation cases in
Figures 6.7, 6.11 and 6.20, shows nearly constant and very little vorticity
upstream of the monopile. While the vorticity contour plot gives an
indication of the existense of turbulent vortices, the vector plot in Figure

6.24 indicates the presence or absence of fluid rotation or eddying.

Figure 6.24: velocity magnitude vector plot for ADCP data at t = 18.46s.

The orientation and magnitude of each vector in the plot relates to its

direction and magnitude. Notice the apparent relatively organised vector
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field downstream of the monopile compared with the vectors upstream also
resulting from the early simulation stage. Further investigation of the flow

field at t = 90.46s in Figure 6.25 shows how the flowlines downstream has

evolved with time.
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Figure 6.25: Streamtrace plot for the experimental velocity profile
simulation case at t = 90.46s.

There is evidence of a completely chaotic flow lines everywhere in the flow
field. This behaviour is expected of a turbulent flow in natural environment.
With this simulation result, it appears that the turbulence will continue to be
sustained in the ambient flow. The flow structure downstream is also
modified by the presence of the monopile in addition to the effect of the
inlet flow velocity. If this is the case, then it is anticipated that there will be
a change in the pressure and velocity distribution downstream of the
monopile which will produce a drag force equivalent to the effect of the inlet
velocity profile.

The flow structures upstream and downstream of the monopile are visibly

more chaotic than those observed with the uniform flow and the 1/7" power
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law simulation cases. The behaviour of the velocity vector field at t =90.46s
can be appreciated by observing Figure 6.26. Of particular interest in this
plot, is presence of sustained rotation of fluid parcels. The location, size and
eddies orientation changes from time to time. This replicates the

phenomenon of vortex dynamics in a turbulent flow.

Figure 6.26: velocity magnitude vector plot for experimental velocity

profile simulation case at t = 90.46s.

A close examination of the vortices or eddies at t = 18.46s in Figure 6.24
and those in Figure 6.26 at t = 90.46s show that eddies occupy different
regions of the flow domain at different times. Their random behaviour
makes it difficult to follow the path they trace so that it is more easily
studied and investigated by flow visualisation techniques developed in CFD

and in physical experiment.

The vorticity field plot in Figure 6.27 below associated with the vector plot
Figure 6.26 above show that regions of highest vorticity is closest to the
monopile wall however, vortex structures are distributed over the entire
flow field. Regions of lower vorticity are sandwiched between regions of

higher vorticity. The regions of low vorticity could be explained to
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correspond to regions of turbulent mixing due to intense strain by definition

of the mechanism of turbulence.
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Figure 6.27: vorticity contour plot for experimental velocity profile

simulation case att = 90.46s.

It is also observed that the vorticity magnitude is not constant but
fluctuates with time. The fluctuation of the vorticity field can be
comprehended by observing the maximum vorticity values at different

instantaneous times shown in Table 6.3 below.

Table 6.3: Fluctuating vorticity magnitude table

Instantaneous time (s) Maximum Vorticity
magnitude in s

18.46 18

90.46 10.3

154.5 11.4

239.4 26.6

305.3 17.9
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The fluctuation of vorticity magnitude is an integral part of turbulence that

is expected and it is of significance in the design of marine structures.

Figure 6.28: vorticity contour plot for experimental velocity profile

simulation case att = 154.5s

Vorticity fluctuation is reflected in the changes in the flow topological
features from time to time. A bounded plot is chosen to visualise the
vorticity contour plots to make the flow structure outline clearer. A
continuous plot would show the links between the structures thereby

reducing the contrast.

vorticity-mag

Figure 6.29: vorticity contour plot for ADCP data case at t = 239.4s
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vorticity-mag
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Figure 6.30: vorticity contour plot for experimental velocity profile

simulation case at t = 305.3s

It is not surprising that the maximum vorticity value is found closest to
monopile wall because turbulence is produced at the immediate vicinity of
an impermeable wall. The turbulence generated by the presence wall in
terms of vorticity is redistributed, diffused or destroyed. For example in
Figure 6.30, the maximum vorticity magnitude value of 17.9s? near the
monopile wall is visibly reduced further downstream as you move away
from the monopile wall. The intensity or the strength of the vorticity in the
wake of a tidal current turbine is an essential parameter when considering
the design of turbine in an array for large scale energy extraction. Past
experimental studies on vortex measurement in the wake of a cylinder
using hot wire anemometers by Bloor (107) suggest that vorticity produced
at separation point can drop to about 70% in about 4D downstream of the

cylinder.

A very interesting point to note in this present study is that vorticity
magnitude upstream and downstream region of the monopile are
comparable as observed from the contour plots. A careful observation of
Figures 6.27 - 6.30 gives a visual impression of vorticity strength upstream

and downstream of the monopile. The implication of this observation hangs
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on the ability of the flow to revert to the ambient conditions in the some

distance downstream of the monopile.
6.3.4 Hydrodynamic loading on a monopile support structure

A discussion on the ambient flow structures generated in all three
simulation cases in the previous section of this chapter was necessary to
understand the behaviour of the ambient flow field in the presence of a
monopile. In this section, the effect of the vortex field generated on the
monopile drag coefficient is investigated. The results are compared with
those simulated with the uniform flow and the 1/7™ power law velocity
profiles and also with experimental studies results presented in Table 6.2.
Recall that there were little or no vortex structures visualised in the ambient
flow upstream of the monopile with the uniform and the 1/7" power law
velocity profiles simulation cases but high vorticity was found near the

monopile wall.

Forces of certain magnitude are produced when fluid interact with structures
obstructing its flow paths. Typically, the forces are in terms of drag force
and lift forces. The drag is the component of the hydrodynamic force that
coincides with the direction of the flow against the monopile. The drag force
is a function of drag coefficient. The lift force acts perpendicular to the drag
force. The drag coefficients associated with each force component are used
to quantify the forces. The force coefficient of a structure is expressed as a
ratio of the force to its surface area, the square of fluid velocity in which it

is submerged and the fluid density.

The fluctuations of forces are key considerations in the design of offshore
energy structures for survivability and fatigue analysis. Drag coefficient
values vary according to the surface area involved. However, in this present
study, the surface area of the monopile has been kept constant for each
simulation case in order to focus the analysis on the effect of upstream

ambient turbulent flow on the monopile drag coefficient.
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Theoretical drag coefficient for rounded structures like a cylinder in a steady
has been extensively studied in wind tunnel experiment and is generally
accepted to be around 1.2 in the subcritical flow regime. The Reynolds
number for the present study has a value of 1.5 x 10° which falls within the
subcritical flow regime. The Reynolds number was calculated based on the
monopile diameter and the mean velocity of the flow of tidal current at the
Firth of Forth.

Several other investigations have been carried out in wind tunnel testing of
flow around cylindrical surfaces by different authors within the subcritical
flow found in (64) and (63), they report values of drag coefficient scattered
around 1.2. A review paper on fluctuating load on circular cylinders by Farell
(98) reveals that the values of drag coefficient is subject to variation
because of differences in experimental condition for example, ambient

turbulence, near wall effect, cylinder surface roughness effect, etc.

In practical offshore applications, a drag coefficient between 1.1 - 1.3 is
usually applied for most bluff body structures exposed to wind in an open
space although higher values can be used for structures whose length to
diameter ratio is more than 5 to incorporate a safety factor and lower
values of around 0.7 have also been used for cylinders greater than 0.3 m

or for short structures according to Minoo (104).

In this present numerical study, drag coefficient history for the uniform
flow, the 1/7*" power law and experimental velocity profile has been

monitored and presented in Figures 6.31, 6.32 and 6.33 respectively.

Instantaneous drag coefficient for the uniform flow simulation case
fluctuates between a minimum value of 1.1 and a maximum value of 1.8

with an average value of approximately 1.5.
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Figure 6.31: drag history for the uniform flow simulation case.

Similarly, drag coefficient values for the 1/7" power law simulating case in
Figure 6.32 below, fluctuates between a minimum of 1.0 and a maximum of

1.6 with a mean value of 1.3.
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Figure 6.32: drag history for the 1/7th power law simulation case.

The resulting drag coefficient for the uniform flow simulation case is
comparable to the 1/7"" power law simulation case result. The closeness in
the drag coefficient values is attributed to the similarity in behaviour of the
upstream incident flow on the monopile structure. Both plots generally have
irregular waveforms of time dependent drag coefficient with some

fluctuations on the wavy shape.
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It has been observed from analysis results based on simulating an empty
channel flow in chapter 5 that, flow fields generated by specifying the
uniform flow and the 1/7™" power law as boundary conditions have
insignificant ambient turbulent structures compared with those generated
by specifying experimental velocity profile. It is therefore not surprising that
the values of the drag coefficient were relatively the same. Both flow
patterns are predominantly one directional and appear nearly organised

upstream on the monopile.

The drag coefficient history based on the experimental velocity profile is

presented in the Figure 6.33 below;
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Figure 6.33: drag coefficient history for the experimental velocity data

simulation case.

The drag coefficient fluctuations experienced by the monopile are clearly
distinct from those experienced when theoretical velocity profiles were
specified as inlet velocity profiles. Significantly lower instantaneous values
of drag coefficient ranging from less than -0.2 to about 0.6 with a mean of
approximate 0.2 was observed. The appearance of the negative signs on
the drag coefficient values gives evidence of reverse flow processes due to
turbulence. The reason for the lower drag coefficient values can be
explained theoretically from the way drag force is usually calculated: The

drag force component lies parallel and in the same direction as the
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streamwise flow. On the occasion of flow reversal, the force vectors in
opposing direction will act to detract from the positive drag force vectors

acting in the streamwise direction with a consequence of drag reduction.

For flow systems simulated with theoretical velocity profiles which cannot
produce evidence of ambient turbulence upstream of the structures, it be
can be argued that force predictions using such profiles will lead to over
prediction of hydrodynamic forces. The mean values of the simulated and

experimental drag coefficient are presented in Table 6.4 below;

Table 6.4: Comparing simulated drag coefficient with experimental results

Sub- Critical | Super- Upper Trans-
critical critical Transition | critical
Schewe 1.2 - 0.22 - 0.52
Uniform flow 1.5 - - - -
velocity
profile

1/7" power| 1.3 - - - -
law velocity
profile

Experimental 0.2 - - - -
ADCP data.

The mean drag coefficients evaluated from the theoretical velocity profiles
simulation cases were quantitatively comparable to the experimental
measurement results of Schewe (65) for steady flow in the Subcritical flow

regime.

The mean drag coefficient evaluated from the experimental velocity profile
simulation case was significantly lower when compared with theoretical
profile simulation case results. The generally low value of drag coefficient is
attributed to the simulated ambient turbulence in the flow field using the
experimental velocity profile. The reduction in drag coefficient agrees with
Reynolds number-drag coefficient relationship of flow over cylinders. The
more turbulent a flow becomes in terms of its Reynolds number, the smaller

the drag coefficient.
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6.4 Chapter summary and conclusion

The effect of ambient turbulence resembling those in real tidal current
channel on a monopile support structure fixed to the channel bed has been
investigated. Based on the simulation results, the following conclusions

were made;

e Ambient turbulence lead to a reduction of monopile drag coefficient
compared to simulation done by specifying theoretical velocity

profiles.

e The reduction of drag coefficient can be theoretically explained as due
to the reverse flow associated with turbulent flow and the way drag
forces are usually calculated. Force vectors opposing the conventional
drag force direction (streamwise direction) will act to detract from the

positive values of drag coefficient due to reverse signs.

e The use of uniform flow and the classical 1/7™ power law velocity
profile to predict hydrodynamic forces will lead to over estimation for
practical engineering applications and subsequently over design of

structures.
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Chapter 7.0

Overall Summary, Conclusion and Further Work.

7.1 Summary and Conclusion

Climate change and sustainable energy concerns has led to interest in
developing tidal current energy technology. Based on this motivation,
numerous energy devices has been undergoing laboratory testing, sea trails
and numerical simulations but turbulence within tidal currents present a
challenge to small scale model testing. It is important to account for
turbulence before scale model results can be extrapolated and applied to
prototypes. Based on this, dimensional and turbulence scale effect in tidal
current energy device testing have been investigated using CFD. The
dimensional scale effect is concerned with geometric size of a physical
device. Turbulence scale effect involves the dynamic behaviour of the large
scale turbulent eddies in tidal currents and its effect on dynamic loading of a

device.
Dimensional scale effect

Dimensional scale effects have been investigated on four Froude scale
virtual physical models using the RANS methodology. A key conclusion from
the investigating dimensional scale effect is that, in numerical testing of
tidal current energy devices, the smaller the geometric scale of a device,
the better the simulation results agrees with experimental results. The
disparity between experimental force coefficient and simulated force

coefficients increases as the scale increases. Empirical equations that

estimate the drag coefficient scale effects e, and the drag force scale

effect ep within the subcritical flow regime have been derived. The
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equations are expressed in terms of a dimensionless length scale K; and

velocity scale Ky represented below as;

ecp, = 0.1662InK; +0.779 (7.1)
ep = 819.2K2 — 13.68K, + 0.058 (7.2)
ecp = 0.393Ky +0.092 (7.3)
ep = 18.55K,~*1¢ (7.4)
ep = 27.20K,* — 7.307Ky + 0.548 (7.5)

The dimensionless length and velocity scale are normalised by a virtual

prototype length and velocity scale respectively.

The discrepancies between the numerical and the experimental results
suggest that the sensitivity of the k-epsilon turbulence model to boundary

layer separation and wake behaviour needs further investigation.
Turbulence scale effect

Turbulence in tidal current occupies a wide range of length and time scales
ranging from the largest scale of turbulence to the kolmogorov dissipative
scale of turbulence. Turbulence is described as random as well as containing
coherent structures. Turbulence scale effect investigation is focused on the
large scale structures which occupy the energy containing scale of

turbulence kinetic energy spectrum. It is anticipated that the large scale
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structures in turbulent flow will have structural implications when they

interact with a submerged energy structure.

Preceding the investigation of turbulence scale effect, it was necessary to
deploy an ADCP experiment in a real tidal current site to acquire turbulent
velocity profiles with the aim to integrate the data in a small scale
numerical model. The intuition behind the simulation of large scale turbulent
structures site data is based on the fact that a depth-velocity profile
sampled within a small time resolution contains turbulence fluctuation due
to the effect of wind, waves, sea bottom roughness, biologically, physical
and other natural processes occurring within tidal currents and that, the
effect of these natural and physical processes are implicitly accounted for in

a the numerical simulation results at least qualitatively.

The ADCP instrument was successfully deployed at the Firth of Forth to
acquire real current data for 23 days period and was successfully retrieved
afterwards. Essential analysis of the ADCP data has been carried out and
the resulting velocity profiles have been compared with theoretical velocity

profiles.

Significant ambient turbulent structures resembling those in natural
environment have been successfully simulated in an empty open channel.
The effects of large scale structures on a generic tidal turbine support
structure have also been investigated using LES. Results were compared
with qualitative description of turbulent flow structures in a natural
environment observed by Matthes (81). Simulation results were also
benchmarked with those simulated with theoretical velocity profiles due to
their popular use in simulating performance and hydrodynamic loading on

tidal current energy structures.
Based on the investigations, it has been demonstrated that;

1. The use of ADCP data as input to a CFD numerical model aided the
generation of significant ambient turbulent structures comparable to

those in real flows.
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2. A turbulent velocity sampled with a small time resolution contains
turbulent fluctuations due to waves, currents, shape of the coastline,
seabed roughness, and other physical and natural processes while these
turbulent fluctuations have been averaged out in the uniform and the

1/7™ power law velocity profiles.

3. Theoretical velocity profiles are specified as flow in one direction and as
such, not suitable to investigate the effect of turbulent structures during
device modelling. Turbulence is three dimensional but could be

satisfactorily approximated as two dimensional.

4. Results from investigating seabed drag coefficient shows that, ambient
turbulent structures results to significant reduction in seabed drag
coefficient when simulation results were compared with those based on
theoretical velocity profiles as boundary conditions. The simulated
seabed drag coefficient using the experimental velocity profile is
comparable to measured seabed drag coefficient at various tidal current
locations. This implies that the use of theoretical profiles to estimate
amount of energy available for extraction in a tidal current will lead to an
under estimation of available resources because some of the energy

available in tidal currents is required to overcome seabed friction.

5. Results from investigating the hydrodynamic force on a monopile
support structures also show that ambient turbulent structures causes a
significant reduction in the monopile drag coefficient. Consequently, it
can be stated that the quantification of hydrodynamic forces based on
theoretical velocity profile would result to overestimation of forces acting

on structures in real flow conditions.

6. Ambient turbulent structures cause fluctuations in critical parameter
which has implications for the strength of materials in design of

structures for engineering practical applications.
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7.2 Application and recommendation for further work.

The amount of energy extracted for electricity production is a key interest in
tidal current energy tidal technology. The energy extracted is a function of
the cube of the velocity. The rotational effect of a turbine also implies that
local turbulence will be generated. Results of testing a turbine are usually
outputs as power and torque. These two parameters vary as a function of
fluid velocity. It is therefore anticipated that a fluctuating velocity profile will

have a significant effect on energy extraction and device performance.

As part of further work, it is recommended that the methodology be applied
to investigate the effect of ambient turbulent structures on hydrodynamic

loading and device performance of a turbine undergoing sea trials.

Due the significant vortices generated with the site data, this study further
demonstrate the possibility of representing large scale prototype in a small

scale numerical simulation domain.

The methodology is also suitable for investigating effect of turbulent flow on
any structure submerged in the sea and is therefore applicable to oil and

gas subsea applications.
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Abstract

The need for a tidal energy conversion svstem is enumerated in addition to the possible chullenges in its installation and operations,
stemming from the Infeructions of the energy device with its surrounding. The highly idealised case of isotrople, homogenous and
stationury turbulence is discussed und its deviation from real Mows. as ohserved in a tidal estuary Is presented. Also, the prineiple of
dimensional analysis and the concept of similarity are intreduced. as toals to nccess the effect of scaling in a ridal current energy device
testing. A better understanding of the structure of turbuolence fn any tidal site allows for the right choice of dimensionless nombery thut
are relevant to the system, Turbulence characteristic differ from site to site and, introducing an energy device Into the environment
modifles the velocity und pressure distribution of the site. The dimensionless numbery essential for the tidal current energy conversion
process are clearly delined,

L INTRODUCTION

Global drive for renewable energy research and development arose from the need to: reduce green house effect. combat the
inevitable declining. in traditional energy provision by fossils and to reduce the level of environmental pollution due to energy
production and consumption. Recently. the high cost of erude oil. which has been predicted to have come Lo stay. has led to o
more radical interest in the research and development of alternative sources of e nergy.

This group of energy sources is not based on the burning of fossil fuels or the splitting of stoms 4s in nuckar energy. Among this
class of energy are: wind power. solar. hyvdrogen. efectric. geothermal. biomass and marine energy. Marine energy can be further
categorized into hydroelectric. wave energy. and tidal energy. Tidal energy s a form of hydropower which converts the epergy i
the tide into electricity. Tidal energy systems can be further classified into two groups: Tidal barrages which make use of the
potentinl energy inthe difference in height between the high and low tides and tidal current systems which make vse of the kinetic
energy in the ebb and flood flow to drive the turbines.

Tidal current znergy conversion system has been noted as one of the vinble technology for its inherent predictability, reliability
and minimal or no negative environmental impact. In addition, the natural resource is cheap snd continuous. Unlike wind and
solar energy. it is nol weather dependent. The World Offshore Renewable Energy Report 2002 - 2007, released by the
Department of Trade and Industry, suggests that J000GW of tidal energy is estimated to be available: The Scottish enterprise has
estimated that, about 34% of UK eleetricity demand can be produced from tidal currents: this signifies a huge untapped resource.
Alternative energy sources hold the key towards the future. without them, energy crises is inevitable.

A typical tidal current energy system is a simple system comprising of a tidal turbine supported on o structure positioned fo
extract the kinetic energy of the ebb and floed flow of the tides. An eleetrical gnd connected system, allows for the supply of
electricity to consumers. The aspect of interest is the tidal turbive and its support structure. fully submerged in high density flow
sen waler.

A typical site for a tidal current 2nergy device is a challenging environment: exhibiting large scafes of wrbulent motion. A better
understanding of the nature of turbulence in tidal channels is therefore, a key goal in the successful installation and operation of
tidal energy devices. Understanding the structure turbulence: will make it possible to be able (o predict its appesrance and
possibly manage or-control it. Large scale motion has been observed from previous work carried out on real flows and theses
may take the form of volumes of random motion or more organised vortices and shear flows: Rupid velocity changes within farge
scale wrbulence coupled with the relatively high density of sea water implies that significant fluctuation loading may be applied
to 4 submerged tidal current energy device by such flow behaviour.

978-1-4244-2620-1/08/525.00 ©2008 IEEE
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11 DESCRIFTION OF TURBULENCE

Turbulence in simple terms is the random velocity fluctuations of fluid flow superimposed on the mean fluid flow. A time history
plot of turbulent velocities will clearly show these random velocity fluctuations sbout & mean flow velocity value. Two main
processes in turbulence are momentum transport and scalar mixing. In generul, turbulence is characterised by a large range of
scales of length and time and o number of length scales of varied physical significance have been identified.

The idea of energy cascade was introduced by Richardson in 1922 as in [1], where he visualised that Kinetic energy enters
wrbulence at the largest scales of motion in form of eddies. Due to the instability of this large scale eddies. they break up and
their energy is transferred to smaller eddies. The bresk up process continues creating even smaller eddies and their enerpy is
transferred to vel smaller eddies. This process contmues until such that. the Reynolds number reaches a range that makes the eddy
motion Lo become stable and the Kinetic energy is dissipated through viscous effoct.

The largest scales of motion are estimated to be as large as the flow width and are strongly influenced by the flow geometry and
boundary conditions. The interactions between the different mnge of scales of motion makes the analytical solution of o three
dimensional turbulent flow very difficult. Turbulence is therefore, more easily understood in statistical terms, In the mathematical
analysis of turbulent flows, the assumptions of isotropy (Statistical properties are independent of direction), homogeneity
(statistical properties are independent of position), and stationary (the statistical properties are independent of time), are made in
order o simplify the problem. Results are often presented in the form of the energy spectrum, which is the Fourier transformation
of the sutocorrefation. The energy spectrum show clearly the breakdown of the messured function, into waves of different
frequency or wavelengths and in addition. gives us an understanding of how (urbulence receives energy at large scales and
dissipates it ot small scales.

In the 1940°s, Kolmogorov, added to and quantifies the energy cascade picture where, he hypothesized thot ot sufficiently high
Reynolds number, the smull seale wrbulence are statistically isotropic. He quantitatively defined that, at small scales turbulence,

the inertial and dissipation ranpes depends on the energy dissipation rate (€ ), viscosity (V) and the wavenumber (£ ) . That
is E=f(k.&,V). where £ is the energy spectrum. He further hypothesized that in the inertial subrnge, where the spectrum
is independent of viscosity, £ = [(k,€) from [2]. The implications of theses hypotheses are that: inertin effect are significant in

the inertial subrange, the viscous effect dominate the dissipation range and are responsible for all the energy dissipation and that,
the statistics of the small scales of motion are universal within the mertial subrange and the dissipation range. The two ranges
combined to form the universal equilibrium range where, the rate of energy transfer is also the rate of energy dissipated. See fig.|
Thus, the picture of turbulence as pamted by Kolmogoroy s that, turbulent energy is created i the energy containing eddies and
transferred through a process of energy cascade. Recent finding have made it evident that the process of energy cascade is nof
entrely nne way, Energy is also rransferred from the small scales to large scales however; this is regarded as a secondary process,
asm [3]

Turbulence in the ocean and nidal estuartes pecurs on a seale much larger than the energy containing scales of turbulence. W hile
Kolmogorov's theory of turbulence has offered mvaluable conceptunl frame work, recent research work smee around the 1960's
has been to examine the shortcomings of Kolmogoroy hypothesis and conseguently improve pn them.

Fluid motion like those pecurring in ocean and tidal channels deviates from the above mennoned assumptions of stationary,
isotropy and homogenous turbulence. Interactions of turbulence, swratification and shear has been the focus of numerous
laboratory. numerical, and observational studies by Rohr et al. (1988), Holt et al. (1992), and Gregg (1987) respectively from [4].

Shepr modifies the homogeneity and 1sotropy by deforming the turbulent eddies. These turbulent eddies exchange energy with the
background shear through the mechanism of Reynoids stresses. The Reynolds stresses represent the tunsport of momentum by
turbulence. They arise from the non-linear advection term when the Navier-Stokes equations are Reynolds decomposed and
Reynolds averaged. The shear denoted by § =dU [dz, is the vertical gradient of (he ambient hotizontal current. Its effect an

turbulence causes it 1o be amsotropic. The spectrum must therefore be amisotropic in some wavenumber range. Motions on scales

larger than the Corrsin seale L, = \JE/S’ are deformed by shear.

Stratification is another important phenomenon that could possibly affects the evolution of turbulence with the mean flow m a
tidal channel. Stratification occurs when water of high and low salinity as well as water of high and low temperature forms layers
that inhibwt water mixing. A column of water can either be stably or unstably stratified. Unstable stratification oecurs when o fluid
layer of a higher density overlies that of o lower one and could often leads to a vigorous turbulence as convective turbulence
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Fig. 12 A typical Energy spectrum showing the essential features.

restores the fluid to o stuble state. Stuble strutification is when water of o lower density overlies that of o higher one. As in [2]. 0
stable stratification can further be classified into strongly. moderately or weakly stable stratification. In a stable stratification, the

fluid particle disphyced from equilibrium, oscillste with o frequency N = 1}(-&0—' dp/(lz ), where, N is the Brunt-Vaisala

ar the buoyaney frequency, 2(z}is the ambient mass density and g is the scceleration due to gravity.

Anather important phepomenon worthy of note in o stable stratification is the presence of internal gravity wave, They oecur at
interfaces between high and low density fluid, it is distinet from the water surface waves that occur between the water surface and
the air above it Internal gravity waves propagate along the boundaries and are commonly found m the continental shelf regtons
of the world, where brackish water overlie salt water and at the outlet of large rivers. In a strongly stable stratification, fluid
motion may be visuahsed as two- dimensional turbulence and this is referred to as the vortical mode.

Buoyancy modifies the structure of turbulence in s moderately stable stratfication and hence gives nise to 8 three dimensional
turbulence. Buoyancy forces acts on the largest scales of the vertical motion and tends to suppress the large seale turbulent eddies.
While yiseous forces acts on the smallest seales of motion and determines the size of the smallest eddies. Therefore, an important

scale in the presence of buoyancy is the Ozmidov scale, L, = I:‘/ N, L, is the largest overturning seake in a stratified flow

Buoyancy dominated flow, is within scales farger than L, and therefore, cannot overturn. Buoyancy can either force or demp

turbulence therefore, it plays o significant role in furbulence intensity, In analysing any turbulent flow 1t s important 1o know if
shear effect or buoyancy effect is more important. It 15 wlso worthy of mention that, there sre other inlermediate scales of motion
which are not discussed or mentioned in this write up for example, the  Elfison scale. Turbulent Reynolds and Froude numbers
can be derived from & combinution of these length scales and can be wsed to diagnose the state of the turbulence asin (4],

1L OBSERVATION OF TURBULENCE IN A TIDAL SITE

The characteristic of a typreal tidal site 1s of extreme intense turbulence forced by the ineractions between tidal currents and
three. dimensional topography. Turbulent length scales in the hottom boundary layer are limited below by the solid boundary and
above by stranfication. The interaction of Reynolds stresses with shear and stratification is normally chamcterised by the gradient

Richardson number R = N:/ §7. When gmdient Richardson number is above 23, turbulent mixing is retarded by
stratification. Below 2.5, the shear effect is actively responsible for the generation of turbulence as in [4].
In recent vears, the use of Acoustic Doppler Current Profilers (ADCP) to measure tidal current has become the current practice.

The matn turbulence parmmeters measured are the Revnolds stresses, Turbulent Kinetic Energy, Eddy viscosity and the Kinetic
Energy Dissipation rate. Stacey et al. (1998) as in [4], carned out turbulent studies in a partially stratified estuary, see Fig 2.1t
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Fig. 2: A pictorial representation of the internctions between shear and stratifieation effects in a typical tidal estunry.

wits evident from their work that near the bed, high energetic turbulence is actively produced by shear and therefore not lurgely
affected by stratification effects: In the balance region of the fluid layer, the wrbulent Froude number 15 = 1. The turbulent
energy produced in this region, 15 tnnsported to the stratified regton above. through turbulence self transport. As stranification
effect increases away from the bed, it reaches a region where the shear effect balances the stratification effect. In this region
called the transition region. loeal twrbulence production. P and destruction (B + £ ), where B is the buoyancy term. is in bakance.

Approximation of homogenous indicates that the turbulence will decay but, it does not because, turbulence kinetic energy is
supplied to the highly stratified region thereby. turbulence is mamtoined. The value of the turbulent Froude number, is an
indication of the nsture of wrbulence. For Froude number = 1, turbulence is stronger than strtification. For Froude number < 1,
stratification has stronger effect on turbulence.

IV, EFFECTS OF TURBULENCE LOALYING ON A TIDAL DEVECE

A ndal device 5 subject to o resuftant force due to the interacuon between the fluid and the device. This force can be described m
terms of walls shear stresses due to the viscous effects of the fluid and acts tngential to the wall of the device and pressure forces
which acts in the normal direction. These normal and tangennal forces are distributed over the body of the device and they vary
both magniude and direction as in (5]

A typical flow over a marine device is wrbulent (8 multi scale, random 3+ dimensional motion) with sigmficantly high Reynolds
number. with generation and shedding of large coherent vortex structures. These motions have 4 profound rmpact on the {luid
toadmg on the device. Flow separations, viscous effect of water, leading to boundary layers and vortex shedding frequency due to
strtification are important phenomenon that affect loading on ridal devices.

For any flow past o solid body, the refative velocity between the flow field and the body is governed by the no-stip boundary
condition as m [6]. e the relative velocity of the thin layer of fluid adjacent 1o the body is zero. However. the velocity ncreases
rapidiy. from zero to the free stream velocity, a certnin distance away from cbject’s body with a velocity gradient proportional to
the shear sress or friction developed due to fluid flow over the body. The sheared layer of fluid 1s referred to as the boundary
layer.

4. Boundary Layer Flow Separation
With increase in Reynolds number, boundary layer thickness gets thinner at the leading edge of the object and also, a turbulent
wake is generated that extends far downstream. When the device 1s not sufficiently streamlined, for example a eylinder. it could

lead to flow separation.

Boundary layer separation occurs when the no=slip condition is sansfied and vorticity is generated. As flud flow past a
submerged body, an zeceleraied flow with pressure drop occurs at the leading edge. This pressure drop 1s trapsformed into kinetic
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energy. As thte flow progresses. towards the rear of the object. and as long 85 the boundary layer remains thin, the kinetic erergy
i transformed into pressure leading to a pressure increase. Because of the presence of strong frictional forces in the boundary
faver. it becomes difficult for the fluid to climb the pressure mountin. It stops momentarily. and is pushed backward into motion
due to the adverse pressure gradient that the flow imposes on the boundary layer. Tlus process forms vortices that snon separates
from the body and moves on downstream as i (6], Thus. a strong negalive pressure is devetoped i the regeon filled with vortices
ond this 15 the onigin of the large form drag of the body. Thus the flow inthe wake consists of highly turbulent farge scale eddies.

Boundary layer separation may occur either due tw sharp edges or from a continuous surfsce or where the velocity at the edge of o
biuff body boundary layer is lgher than the free stream velocity. Also. roughness of the body of manne structures, caused by the
growth of marine organisms on the body, may give rise to boundary layer flow separation

B Vortex Shedding

Within a range of Reynolds number. a penodic flow develops downstream of any fixed marine structure, due to regular pattems
of vortices shed from the body (karman vortex trail) and this cremtes an oscillaung flow ot o discrete frequency. When the
frequency of vortex shedding marches the resonance frequency of the body, the structure will begm 1o resonate and this can have
an undesirable effect on the structure. A high rate of vortex shedding leads 1o a high drag

C. Dimensional Analysis

Scale modelling is a critical step in the design process of a ndal current energy device. The technigues of dimensional onalysis
amptoyed should be both retiable and affordable. In model testing. the drag resulting from the effect of the pressure and velocity
distributions on the body is often modelled. Relevant dimensional numbers includes:

1) Reynolds number, Re = Uc//l" . where s the kingmatic viscosity, U is the approach stresm velocity and d is 3

representative length. The Reynoids number is a dimensionless ratio of the inertia force to the viscous force: It plays
an important role in the bydrodyname smbility and turbulence.

2) Froude number, Fr =U/Nd , where N is the Brunt-Vaisala o the huoyaney frequency, U/ the approach stream
velocity and ¢ is o representative length, is the non-dimensional parameter that characterized the extent of
stratification.

3) Strouhal number, 8t = fd /U is the dimensionkess number of consequence due to vortex shedding. where £ is

he vortex shedding frequency, d is a representative length and ( is the approach stream velocity. Further work
on (his project will seek to determine the interplay between these three dimensionless numbers and evaluste their
effects on model testing. while ensuring geometric, dynamic and kinematic simifarity a5 much 85 possible.

CONCLUSIONS

The nature of turbulence will have a profound impuact on the design, installation snd operation of o tidal current energy device. A
clear understanding of the problem is a gate way to an adequate and successtul model testing. It is evident from the discussions
above that; turbulence in o tidal site ean be affected by stratification sbove, by shear below and the topography of the coastline.
Therefore. the flow nature can he described as a stratified sheared flow. Furthermore, the introduction of a tidal energy device in
such o flow field modifies the pressure and veloeity gradient. Thus, an addition concept of boundary layer comes into effect.

A typical tidal energy device comprise of o turbine (whose blades is designed to minimise drag) and a support structure (whose
shape may classify it as a blufl body). In general, when a fixed body (bluff or streamline), is immersed in o fluid and is in refative
motion with respeet o it, the fluid will exert a resultont force on the body. The drag is the component of the resultant force acting
on the body. in the diroction of the relative motion while the lift is the force component perpendicular to the drag foree. Foran
aerofoil section. the lifl to drag ratio, could be as high ns 40 whereas for o bluff body. the mean lift force is zero and the drag is
high asin [7].
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Abstract

The study aims to investigate the scale effects
arising from the use of a two equation turbulence
model to simulate Froude scaled models.

In physical modeling of hydraulic structures,
scale effects arise from the use of the Froude scaling
criterion to establish similarity between the scale
model and its prototype. In numerical modeling,
scale effects may arise due to the assumptions made
while formulating the model. It is imperative to
estimate the scale effects associated with numerical
testing of Froude scaled models using the k-epsilon
(k — &) realisable turbulence because of its frequent
use in engineering applications in this era of
‘hybrid’ modeling.

Force coefficients and non-dimensional vortex
shedding frequency have been calculated on four
Froude scaled models. From comparison with
physical experimental results, it is seen that the
forces acting on the device can be simulated with
reasonable accuracy depending on the choice of
length and velocity scale associated with the model.
Equations that estimate the errors resulting from
the use of the turbulence model are presented.

Keywords: Froude scaled models. numerical turbulence
modelling. scale errors.
1. Introduction

Tidal Cwrent Energy (TCE) technology is developing
with some evidences of sea trials [1-2] but large scale

commercial schemes are not yet in operation. Accurate
scaling of devices is required to move forward.

Three complementary methods are known for
dealing with a complex flow regime such as flow
around any device submerged in a stream of tidal
currents. They include small scale laboratory testing
and observation. field testing and observations and
mumerical modeling.

Although field measurements provide the best data.
the costs and natural turbulence conditions makes data
interpretation more difficult. On the other hand. small
scale laboratory testing and numerical modeling are
relatively cheap because the input conditions are more
easily controlled and can be varied systematically to
study their effects. Physical modeling in turn. is more
expensive than numerical modeling. According to [3]
the investment cost of Computational Fluid Dynamics
(CFD) is high although the total expense is not
normally as great as the cost of high quality
experimental facility. Furthermore. the cost associated
with new designs and parametric studies are avoided in
numerical modeling.

The advantages of numerical modeling have not
prevented the use of physical models indeed. progress
has been made with them because the results from a
physical model can be used as input conditions to a
numerical model and vice—versa. Also, physical models
provide calibration and verification data for numerical
data.

The exact Navier-Stokes (N-S) equations govern the
turbulent flow around a device in a stream of current.
Small scale details of turbulence are not required for
engineering applications [4] therefore, the time
averaged N-S equations were rather exploited. This
process of averaging the N-S equations resulted to the
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appearance of Reynolds stresses that requires
turbulence modelling.

There is a natural progression in the complexity of
turbulence models in this order: the algebraic turbulent
viscosity (zero equation), the one equation and two
equation turbulence models. These models are based on
the Boussinesq hypothesis which suggests that the
Reynolds stresses can be replaced by a product of the
turbulent viscosity and the mean velocity gradient. A
comprehensive account of turbulence and its modeling
can be found in [4-6].

It is known that in predicting the behaviour of any
engineering prototype using physical modelling
techniques, similarity between model and prototype is
established when certain scale laws and conditions are
met. These scale laws are derived by non-
dimensionalising the continuity and the averaged N-S
equations. The procedure for non- dimensionalising the
N-S equations with associated assumption is explained
i [7]. Results from non- dimensionalising the
equations  suggest that complete similarity is
established when the Froude, Reynolds, Euler and the
Struohal numbers have the same value in both model
and prototype.

In practical terms it is difficult to maintain similarity
of the Reynolds number in free surface flow. Therefore,
it is a well established practice in TCE research that the
Froude number is the most important parameter.
Scaling based on this assumption introduces the
Reynolds scale effect although. viscosity becomes
important near the wall of any device. Understanding
scale effect (scaling errors) and quantifying them where
possible are very important in developing new TCE
devices. Norvak [8] states that «.. .[fwe cannot quantify
the erver, at least we inust be aware in which direction
it acts and be able to answer the question - does it
contribute to safetv or does it diminish the safety
Sfactor? Only then can we modify the saving “models
are to be used but not believed into models are fo be
used, sometimes believed but ahvavs understood”.
According to Kamphius in [7], scale effects in physical
models are analogous to decreased accuracy in
numerical models when complex physical processes are
represented by a simplified mathematical formulation.

This study investigates the scale errors resulting
from solving a flow around a generic cylindrical
support structure submerged in a stream of current
using realisable & —& turbulence model.

Flow around cylindrical structures has been
extensively studied mainly in wind tunnel experiments
with low stream turbulence level for force
measurements with results published in literatures. In
particular, the study carried out by Schewe [9] is used
in the present study to compare with the numerical
simulation results. This present study exploits the fact
that the force coefficients which are well known should
be the same for all flow in the sub-critical flow regime
independent of the Reynolds numbers. Deviations from
the physical experimental results are treated as scaling
errors and are quantified. In what follows, the
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turbulence model equation and the procedures used in
mvestigating the scale errors are described followed by
the discussion of results and concluding remarks.

k—¢

2.  Governing equations for turbulence

model

The Reynolds stresses which appears as a result of
the averaging procedures of the N-S equation is related
to the mean wvelocity gradient according to the
Boussinesq hypothesis as:

. - Y p -
- [ eu, Qu;| > Cuy .
—pugu =y —+——|—— pk+;r,ﬂ—|ﬂ,}- (1)
\éx; o&x; ) 31 vy )

p is the fluid density . u,u; are the Reynolds stresses.
Cut; a7] i . .
—+ P is the mean velocity gradient.

4

Ox i

o‘jj is the kronecker delta defined as:

oy =1ifi=jand o5 =0 if i=j

iand jtakes the value 1.2 or 3.

The turbulent viscosity pf; is calculated from

-

M= PCu—- (2)

kis the turbulent kinetic energy while ¢ is the

turbulent dissipation rate. €, is a variable and

i
methods for computing it can be found in [10].

The transport equation for the realizable k—¢
turbulence model which solves for the Reynolds
stresses are given by turbulent kinetic energy, & and the
turbulent dissipation. £ as:

N

: 2 5 () ok |
= (k) + — ok ; )= —— [ﬂ+L’ —
ot &x ax; |\ oy )& | (3)
+G, +Gy—pE+ S,
and
d & o (. m)ee
= (pe)+——(pen; )= — l,u+*[—r =+
ot ox; ox g |l o, )éx;
- . )
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pC1Se—pCy ——=+C, —C3,G +5,
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respectively.

k
n=5=, §=[28,

n
C, =max| 0.43,—— |,
! { n+ 5} £ v

G is turbulence kinetic energy generation term. Gy is
the generation of turbulence due fto buoyancy S; and
measure of

S.are source terms. S is a scalar

deformation and S ¥ is the mean strain rate tensor. The

model constants: Cy,,C,. &) and o, are 1.44, 1.9,

Page 210



M 100F -

1.0 and 1.2 respectively. The constant have been
established to perform well for certain canonical flows
according to [10]. The present flow simulation is
assumed to be incompressible with negligible buoyancy
effects.
The model transport equation for £ and & are derived
from the exact equation and the dynamic equation of
the mean square vorticity respectively.

More information on the realizable & —& turbulence
model can be found in [10] and [11].

3. Solution domain and numerical
approach

Channel wall

4D 20D
Lo

Velocity inlet
Pressure outlet

Channel wall

Figure 1: Computational domain

The simulation was carried out on four Froude scaled
models with different dimensions. The velocity scale
and length scale of the four scale models was
calculated using the Froude transfer relation given in
equation 5.

—
Vb _ I"Ii )
Vn “J Ly

The Froude transfer relation states that the velocity
ratio of prototype to model equals the square root of
their length scale ratio. The length and velocity scale of
each scale model is based on a virtual prototype with a
free stream velocity of 1nv/s and device diameter of 5m.

Using equation 5, the scale models free stream
velocity domain dimensions and associated Froude and
Reynolds number are calculated and shown in Table 1.

The flow is assumed to be two dimensional across
the horizontal plane of a channel with flowing current.
The pressure outlet is located 20 cylinder diameters
downstream of the centre of the device and the velocity
inlet is located 4 cylinder diameters upstream of the
centre of the device. The channel walls are located 8
cylinder diameters from the middle of the channel.

The velocity scale was further varied for the 1:50
scale model in order to investigate the effect of change
in velocity scale on the drag force and its coefficient
within the sub-critical flow regime.

The cylinder walls were meshed with the same size
function specifications to ensure similarity of the
boundary layer behaviour. Thus the number of nodes
on each cylinder increases as the diameter of the
device.

The solution method employed is the second order
implicit transient formulation for better accuracy with
the pressure-velocity coupling scheme.
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4.Boundary conditions and near wall

treatments.

No slip boundary conditions are applied at the device
as well as channel walls. i.e the velocity is zero.

Uy =1, =0
At the inlet. a turbulent intensity of 0.01 % (a value
lower than the acceptable value in wind tunnel testing)
as recommended in [12] is specified for all four scale
models.
The turbulent Kinetic energy and dissipation rate at
the boundaries are calculated using;

Kinter :%r”m.{efljz (6)
and Einler = C% = (7
i
respectively.
{ is the specified characteristic length scale of
turbulence.

A two layer non-equilibrium wall function is used in
conjunction with the turbulence model. This wall
function approach is recommended for flow with
pressure gradients involving flow separation and it 1s
able to calculate the cell averaged turbulence kinetic
energy production and dissipation in wall neighbouring
cells in the flow. Thus it is suitable for flows that depart
from the local equilibrium theory of turbulence.

5. Results and Discussion

The results of the present study are based on a
numerical simulation of forces acting on a fixed
cylinder submerged in a current flow. Extensive
physical experimental research has been carried out on
flow around cylindrical structures with data published
in literatures. The different length scale and velocity
scales used in the simulation as well as the associated
Froude and Reynolds number are presented in Table 1.

Length 1:1 1:30 1:50 1:70 1:90
scale ratio

Velocity 1 0.18 | 0.14 0.12 0.11
scale (m/s)

Device 5 0.17 | 0.10 0.07 0.056
diameter

(m)

Froude 0.14 | 0.14 | 0.14 0.14 0.14
number

Revnolds 5E06 | 3E04 | 1.4E4 | 8.4E3 | 6E3
Number

Table 1: Froude scaled models dimensions

The four Froude scaled models falls within the sub
critical flow regime which has a Reynolds number
range of 300 < Re < 3 x 10° according to (13). Flow in
this regime is characterized by a completely turbulent
wake and a laminar boundary layer separation. Several
studies carried out in this flow regime include the work
of Schewe (9) who performed an experiment in a
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pressurized wind tunnel that could reach up to a
maximum velocity of 38m/s and on a cylinder of
diameter 0.06m. The minimum Reynolds number
obtained for Schewe’s experiment was 10*.  The
calculated mean drag coefficient, Cy4 has an
approximate value of 1.2; the root mean square of the
lift coefficient, C; has a maximum value of 0.38 in the
sub-critical regime. The Strouhal number, S, was
around 0.2 with very minimal scatter.

According to (14) two parameters: the Strouhal
number and the drag coefficient are of practical
importance. The results of the force coefficients and the
Strouhal number, S; computed from the realizable
k—¢ turbulence, for the different Froude scaled
models is compared with the results of Schewe’s and
shown in Table 2.

Paramet | Schewe’s Length scale ratio

ers results 1:30 1:50 | 1:70 | 1:90
Ca 1.2 0.99 1.06 | 1.12 | 1.18
rmsC; | 0.38 0.25 0.37 | 047 | 0.48
S¢ 0.2 0.25 025 | 023 | 0.20

Table 2: Results comparison

The mean drag and the r.n.s lift coefficient are
calculated from the steady state values of the drag and
lift convergence monitors. The results show that the
smaller the scale model, the closer the Cy4 compares
with experimental results. The Strouhal number show
some variation from the experimental values except for
the 1:90 scale which is in better agreement with
experimental value. The analytical drag force, F, is
calculated using;

2
F,=1c,pDU" (8)

D is the diameter of the device, U is the inlet velocity
specified at the boundary and p is the density of

water.

The difference between the simulated drag force and
the analytical drag force calculations are shown in
Table 3. The deviation of the simulated mean drag
coefficient from the experimental value of Schewe’s is
also shown in Table 3. The differences are treated as
the scale errors resulting from the use of the k-epsilon
realizable turbulence model.

Errors Scale ratios

1:30 1:50 1:70 1:90
e 0.21 0.14 0.08 0.02
e 0.54 0.14 0.02 0.01

Table 3: Scale error estimates: effect of length scale

Where e, and ey are the errors estimates for the
coefficient of drag coefficient and the drag force
respectively.

A plot of the drag coefficient errors, e, versus a

normalized length scale Kp is shown in Fig. 2.
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Figure 2: Error, e_; versus normalized length scale
Kp=—" 9

D, is the diameter of the model and D, is the

diameter of the prototype.
It is seen that e_; varies according to a logarithmic

relation described by the equation;

e, =0.1662In(K , )+0.7795 (10

determined from curve fitting the graph.
Similarly, a plot of the drag force error, ey is shown

in Fig. 3.
0.6 -

05 1 g, = 617.02K," ~42577K, +0.0278

0 0.01 0.02 0.03 0.04
Kp

Figure 3: Error, e versus normalized length scale.

The drag force error can be approximated by a
polynomial function described by the equation;

e, =617.02K,)> —42577K, +0.0278 (1)

It is seen that the drag force error increase as the
scale of the device increases. The smaller the size of
the model, the better it approximates the experimental
values of Schewe’s results. The simulated drag force is
calculated per unit length in Newton (N).

To further investigate the effect of change in the
velocity scale for a particular scale model, the 1:50
scale model was used as a case study. The inlet velocity
was varied from 0.05m/s to 0.7m/s.

The complete result would need fifteen columns
therefore, some have been omitted for space reasons.
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The domain size of the 1:50 scale model is 2.4m
x1.6m, with a device diameter of 0.10m.
The e, and e 4 have also been calculated and shown

in Table 4.

0.10m/s | 0.3m/s | 0.4m/s | 0.5m/s | 0.6m/s
e, |0.13 0.21 0.25 0.29 0.33
e 0.0989 | 0.79 2,182 | 3.5 5.46

Table 4: Scale error estimates: effect of velocity scale

It is seen that a change in the velocity scale affect the
accuracy of the mean drag coefficient. The deviations
from the experimental value of drag coefficient
increases as the velocity is increased. Fig. 4 is a plot of
the drag coefficient error versus a normalized velocity
scale.

¢,4 = 0.3873K,, +0.0941

Error, eca

0.15

0.05
0 T 1
0 0.5 1

Ky

Figure 4: Error, e.; versus normalized velocity plot

The relation between the error and the velocity scale
can be described by a linear function represented by,

e,q = 0.3873K;, +0.0941 a2

V, . . . .
K =™ is a dimensionless velocity scale where
P
V,, is the velocity of the model and ¥V, is the velocity

of the prototype.

The drag force deviation also increases as the
velocity scale increases. Fig. 5 is a plot of the drag
force error versus a normalized velocity scale.

Error, era
[
il

4
3
2 A ey =17.732K, 277
1
0

Figure 5: Variation of drag force with deviations
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The drag force error can be approximated by a power
function represented by;

ey = I17.732Ky>" (13)

The error (deviation) associated with the drag force
increases significantly with scale. This suggests that,
the higher the specified inlet velocity, for a numerical
simulation the greater the deviation from the analytical
drag force calculation for flows within the sub-critical
flow regime.

Mean pressure coefficient
The pressure coefficient, C, is Reynolds number
dependent and it is related to the drag force.
C,, can be evaluated using the formula;
__ PP

0.5pU,°

p is the mean pressure, p; is the ambient pressure,

Cp

14

U, is the incident flow velocity on the cylinder.

It is known in the sub-critical flow regime that, the
flow separates at an angle of about 78%. This angle
increases to 140° when the flow develops to the
supercritical regime. The mean pressure coefficient for
the various velocities on the 1:50 scale model is plotted
in Fig 6.

Mean pressure coefficient

angles in degrees

——0.05m/s —— 0.10m/s 0.15m/s 0.20m/s —— 0.25m/s
— 030m/s — 0.35m/s — 0.40m/s 0.45m/s 0.50m/s
0.55m/s 0.60m/s 0.65m/s 0.70m/s

Figure 6: Graph of mean pressure coefficient

From the graph although the separation angles for all
numerical simulation is consistent at 74.24° they
however, have different base pressure coefficients
values that decreases from a value of -1.37 to a value
of -1.9 with velocity increase.

Flow separation is due to adverse pressure gradient
created due to the geometry of the cylinder resulting to
a stream of vortices behind the cylinder. The pressure
remains fairly constant at the lee end of the side as in
Fig.6. The shed vortices can be visualized in the
contour plot in Figures 5a-d.

Figure Sa: Vortices behind 1:30™ scale device
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Figure 5b: Vortices behind 1:50% scale device
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Figure Sc: Vortices behind 1:70" scale device

%4 "

Figure 5d: Vortices behind 1:70% scale device.

It is seen that the turbulence model is able to capture
the vortex shedding phenomenon reasonably.

6. Conclusion

The flow around a cylindrical device is a classical
problem of fluid mechanics that has potential
application to tidal current energy technology.

It is evident from the simulation results that the drag
force and its coefficient are not in quantitative
agreement with the experimental values/analytical
values although. the deviations decreases as the scale
decreases.

The drag coefficient is constant in the sub-critical
flow regime from physical experimental result but
nmumerical results shows a variation. The computed drag
force deviates significantly from the analytical drag
force result as the velocity scale is increased for the
1:50 scale model. This behaviour shows that the choice
of a velocity scale is an important consideration in
mumerical modeling for engineering applications.

Equations for quantifying these variations have been
determined.

Further work will extend to the investigation of a
1:1 scale Froude model and intermediate scales with
more complex boundary conditions. It is likely that the
effect of the drag crises with increased Reynolds
number would need more complex error estimation
techniques should numerical analysis be required.
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Abstract— Flow within tidal current is random and contains
coherent structures. Much progress has been made in research
and development of Tidal Current Energy (TCE) technology but
the understanding of the effect of coherent structures on TCE
device performance and loading is unclear. The study aim to
simulate and study coherent structures in an empty channel
suitable for numerical testing of a TCE device using
experimental velocity profile.

The Acoustic Doppler Cuirent Profiler (ADCP) is the
standard instrument for measuring the velocity of tidal currents
despite known limitations. With the aid of a single realisation of
the ADCP experimental velocity profile, acquired in a tidal
estuary and specified ar the inlet boundary of a Large Eddy
Simulation (LES), a significant increase in turbulence in terms of
maximum vorticity magnitude, by a factor more than 4 was
achieved as well as a substantial amount of visible vortex
structures, when results were compared with simulations done
by specifying the uniform flow and the Tk power law velocity
profiles at inlet boundary of a LES.

A discussion on the effect of the coherent structures on
channel bed drag coefficient is included.

Keywords— Tidal Currents, ADCP Data, Coherent Structures,
LES, TCE Device Testing.

I INTRODUCTION

In response to the growing need for sustaiable energy and
climate change demands. the tidal current energy technology
has been identified as a viable option among the energy mix
portfolio. The energy resource mn tidal currents m the UK has
been estimated by several sources [1] that includes [2] — [3]
but with differing estimates resulting from the analysis
method. Also, the World Offshore Renewable Energy Report
(2004 — 2008), released by the Department of Trade and
Industry, suggests that 3000GW of tidal energy 1s estimated to
be available.

Several devices / technology for hamessmg the available
resource are currently bemg developed and tested. The
progress made so far is significant with some commercial test
prototype currently connected to the grid. An example is the

‘m.hossain@rgu.ac.uk

Marine Current Turbmne [4]. A database of some known
technologies can be found i [3].

Despite the progress made so far in developing tidal current
energy devices, the technology faces a challenge due to the
turbulent flow environment they operate: The effect of
turbulence on device dynamic loading and performance 1s
unclear. The need to understand the effect of turbulence
dunng model testing was highlighted by Bearman, [6] mn wind
tunnel experiments. He emphasised that turbulence should be
accounted for before satisfactory scale model results are
extrapolated and applied to prototypes.

The testing of small scale tidal current energy devices are
usually carried out 1 water circulating channels or tow tanks
although, differences occur between measured forces when
device are towed 1n water and when fixed i flowing water
from studies by [7]. It is known that. turbulence generated
these test facilities does not fully represent those mherent in
natural flows. It becomes a challenging task to account for
turbulence during experimental testing of tidal current energy
devices. During the development of tidal current energy
device performance protocol by [8], the effect of turbulence
on device performance and survivability was highlighted as a
knowledge gap that could become a major 1ssue.

Turbulence within tidal cumrent 1s a random process and
appears m form of coherent structures ranging from small
scale to large scales eddies. The interaction between the small
and large scale structures i1s described by the energy cascade
process [9]. Large scale coherent structures contamn most of
the turbulent kinetic energy. The turbulence phenomenon is
mathematically explamed by the Kolmogorov spectrum [10]
i the high frequency range while the large scale structures
occupy the lower frequency range of the energy spectrum.

A quahtative description of the large scale structures
observed i natural flows i1s contained in [11] and [12]. The
large scale structures are amisotropic and have been
categorised into the bursting phenomenon and large scale
vortical motion. The bursting phenomenon is a quasi-cyclic
process of sweeps and ejections motion that generates
Reynolds stresses and produces the turbulent energy that acts
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to mamntamn turbulence i shear flows. The ejection process
consists of a lifting away of a low speed parcel of flud from
the wall region mto the outer region of the flow. The
sweeping process consists of a higher speed parcel of fluid
rushing mnto the wall region to sweep away the left over low
speed flmd parcel from the wall region. These appear as
streaky structures and appear randomly 1 space and time. The
bursting phenomenoen has been observed in previous studies to
occur both m rough and smooth bed according to [13].

Large scale vortical motion that constitutes turbulence
consists of a strong upward vortex called kolk [11]. The kolk
vortices are generated intermittently near the channel bed.
Kolk vortices with high enough turbulence have the potential
to ascend to the water surface to become a boil. Other types of
large scale vortical motion that has been cbserved m natural
flows are regarded as a pulsation of the mean flow because it
15 a much lower frequency motion contaming fine turbulence.

In numerical simulation of turbulent flow, coherent vortices
are recognised as regions of high concentration of vorticity. It
15 anticipated that the large scale coherent structures may
cause potential hazard during ifs interactions with the device.
An illustration of a vortex structure interacting with a generic
tidal current energy device 1s shown m fig 1. In wind energy
generation, sigmficant departures from steady operating loads
conditions can occur m gusty conditions according to [14].
Correspondingly. testing of tidal current devices 1n a field of
coherent structures is necessary to validate and optiumise
prototype before full scale deployment.

el
MY

Fig.1 An eddy interacting with a generic structure

A generic TCE
device

The primary aim of this study is to demonstrate the
possibility of simulating a flow field of ambient coherent
structures suitable for numerical testing of a tidal current
energy device, with the aid of experimental velocity ADCP
data.

It is a common practice to specify the 1/72 power law and
the uniform flow boundary conditions m Computational Flud
Dynamics (CFD) calculations of marme devices. However,
these profiles assume a smooth and organised incident flow
upstream of the device. The upstream flow structure exhibited
by the theoretical velocity profiles thus deviates from real
flow structure observed in natural flows. The popular use of
these profiles to mvestigate turbulence effects may largely be
attributed to the scarcity of real turbulent velocity profile from
a tidal current site or perhaps the logistics and the associated
cost of acquiring real current profiles. This study thus presents
a prelmmary step for accounting for large scale turbulent
structures during tidal current energy device numerical testing.

Scale Effects in Testing of a Monopile Support Structure Submerged in Tidal Currents.

The study 1s carmied out based on two research components:
Farstly to acquire experimental velocity data using the ADCP
and then to simulate coherent structures using the ADCP data
and the theoretical velocity profiles m a LES of an empty
channel.

The flow field generated with the aid of the ADCP data are
compared with those generated usmng the theoretical velocity
profiles and also qualitatively compared with the description
of coherent structures i [11] and [12].

A ADCP Instrument and Its Uses.

The ADCP has become the standard mstrument for
estimating the mean flow and turbulence quantities in a tidal
current channel It 1s a sonar mstrument that measures water
current velocities across an entire water column by sending
pings of sounds or beams through the water column from its
transducers head. The ADCP is limited in the sense that, it
cannot be used to observe the smallest scale of turbulence and
there are zones in the water column where measurements are
not possible. because of the mmaccessimlity of the acoustic
beams, nevertheless, ADCP data is still popularly used for
example by [13-22] to estimate mean flow and turbulent
quantities in tidal currents channels, Tt is also used for tidal
current  resource  characterisation [23], environment
monitormg and harmonic analysis of the ndal constituents ete.
The ADCP data 1s used here to simulate vortices m an open
channel flow resembling those inherent in natural flows in a
LES.

B. ADCP Deployment Site

The Forth estuary 1s 93km long and extends from Stirling
up to join the North Sea. with the Isles of May lying at its
entrance. See fig. 2. It is reported that the bathymetry of the
upper Forth varies and changes with tme. These changes
occur naturally and are continuous, mdicating a high degree of
sedimentation processes. Further dovwnstream the estuary
mcreases m width and the bathymetry 1s more stable.

o

-
ST Te T T T T T

Source: hitp:en wikipedia.org/wikyFirth of Forth.

F1g.2 Map of the Firth of Forth.

C. Large Eddy Simulation

The basic concept of the LES techniques began in early
1960 with the work of Smagornsky. It dealt with the
energetic structures of the flow with a characteristic scale
larger than a given cut-off scale. LES and its varants are
becoming more popular as mereasing computational power
makes i1t more accessible. The behaviour of large scale
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structures suggests that the LES 1s suitable for predicting their
evolution. Detailed mnformation on the LES techniques can be
found in [24].

II. METHOD AND APPROACH

The approach requires sampling tidal current velocity data
using the ADCP mstrument and the numerical simulation of
the flow field using the ADCP data as mput. The method
exploits the three dimensionality effect and depth variation of
the fluctuating velocity profile of tidal current based on a
single realisation of the ADCP experiment in conjunction with
the LES technique available in ANSY'S software package.

A. Experimental Method

A SonTek/YSI three beam ADCP shown in fig 3 was
deployed at location 56" 10.642" and 2°32.359" in 53m depth
of water at the Firth of Forth, near the Isles of May, North
East of Scotland. The ADCP basically comprise of a
transducer and an external battery mounted on the supporting
frame.

ADCP
transducer

Supporting
frame

battery

Fiz. 3 ADCP ona supporting frame

The ADCP was deployed to sample tidal current velocity
for 23 days. beginning midday on the 20 of July 2010 and
was retrieved on the 11% of August. 2010, An autonomous
sampling strategy of 60 seconds and recorded every 10
minutes was set. A total of 3185 velocity profiles with a
spatial resolution of one meter were acquired. The vertical
water column was divided into 50 bins.

The ADCP measwred the along beam cument wvelocity
which was then converted mto the ENU coordinates system.
The acronym ENU stands for East, North and Up respectively.
The east-west velocity components i1s the along channel
velocity which flows along the x-axis. The north-south
component is the across channel component which flows
along the y-axis (see fig. 4). Both are known as the horizontal
velocity components of tidal current. The up component is the
vertical velocity component.

The ENU coordinate system illustrated mn fig. 4 allows the
ADCP to always report the true water velocity. This 1s
because of updated compass/tilt information available during
the averagmg of the wvelocity wvectors for each profile.

Therefore, data reported i the ENU coordinate system are not
affected by the orientation of the ADCP.

The east—west, north-south and the up-down velocity refers
to the u, v and w components respectively and they are
orthogonal to each other. The u velocity component is parallel

up (+ve)
velocity, w
west (-ve) north
(#ve) 2 velocity, v
o y-axis
south (-ve) east (+ve)
x-axis
down (-ve) velocity, u

Fig. 4: ENU Coordinate system illustrated

to the net flow of tidal current. Using vector arithmetic, the
time averaged current velocity magnitude, & m the net flow 15
calculated using equation 1 below:

a=v@ T A TwE

The angle the averaged current velocity makes with the three
directions 15 evaluated from equations 2 - 4 below:

&)

cos(e) =2 @
cos(f) = ®
cos(y) =% @

Whereoc, f and y are the angles the current vector makes
with the positive directions of x. v and z axis respectively.

The results from the ADCP expenment are reported in
section ITT - A

B. Numerical Method

1) Governing Eguations: The Large Eddy Simulation
method solved the 3D Navier - Stokes equation based on the
dynamic stress, Smagorinsky-Lily subgrid scale model. The
LES consists of a filtering operation analogous to
superimposing the turbulence fluctuation on the mean flow.

Applymg the filtering procedure to the Nawvier-Stokes
equation and the continuty equations yields;

am;

oz, = 0 %
om | O(@W)  1ap 10 Om ©)
at dx; pdx;  pdx; dxidxj

The operation filters out the eddies that has scales smaller than
the filter width The resulting filtered equations governs the
dynammcs of the large eddies. The effect of the small scale 15

represented by the subgrid scale tensor 7;; .
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Ty = Wty — g (7)

The behaviour of turbulent flow makes the use of velocity
magnitude vectors and vorticity plots a convenient
method to characterise the flow structure based on the
premise that the kinematic and dynamic evolution of an
incompressible fluid can equivalently be expressed in
terms of velocity and vorticity [25] so that no information
about the numerical simulated flow field is lost by
considering the worticity as a measure of turbulence.
Vorticity w, is formally defined as the curl of the velocity
vector expressed in equation 8 below:

gy 3z ' oz ax "ax By (B)
where u, v and w are the velocity components in the x, y
and z directions respectively. The vorticity magnitude is

calculated using equation 9 below:

lw| = Jw? + a.ay2 + w?

2) Meshing: The computational domain is a structured
coarse mesh consisting of 150000 hexahedron prisms with
1500 mlet faces. Fig. 5a 1s a three dimensional mesh showing
the sides and the bottom walls and fig. 5b 15 a 2D vertical
plane view (not to scale) of the mesh. The domam is sized
10m x 5m x 3m. Note that the vertical velocity represents the
v component mn the numerical model.

(©)

Fig.3 A three dimensional mesh

Fig 5b An x-y vertical plane mesh.

3) Boundary Conditions:
Wall boundaries: A no slip wall condition 1s specified for the
sides and bottom walls.
Qutlet: Pressure outlet.
Top Surface: A zero shear was specified at the channel surface
Inlet: Three different conditions were applied at the inlet;

¢ Uniform flow

*  1/7th power law velocity profile

*  ADCP experimental velocity data.
The ADCP data for bin 1 to 44 was used for the simulation.
The top 6 bin data were not used because the shape of the
profile dewviate significantly from a velocity-depth profile
possibly due to effect of surface waves, winds or other
processes. The uniform and the 7™ power law velocity

profiles are used as base case studies because of their popular
use and therefore serves as a comparnison compoenent m this
study.

All velocity data were specified as point profiles files at the
mlet. The profiles were extrapolated using the zeroth order
extrapolation technique. A turbulent scale of one meter length,
a 10% turbulent intensity and the spectrum synthesizer
techniques based on the work of [26], was specified at the
mlet of all simulation cases. The resulting flow fields from the
three simulation cases are reported in section III - B.

III. ADCP DATA ANATYSIS AND LES RESULTS AND DISCUSSION.

The standard error associated with each velocity data gives
a direct measure of the quality of the velocity data. A good
velocity profile has approximately constant standard error for
each velocity data. A rapid mcrease i the standard error
mdicates a beam may have reached the end of a profiling
range. The comprehensive results of the quality checks are not
reported here however. it 1s sufficient here to state that the
overall data quality 15 good except the acquired data for the
top six bins at the water surface which showed some rapid
increase mn standard error values, thus underpinning why those
data were eliminated from the LES model of ADCP data
simulation case.

Several types of plots are used to visualise the nature of the
velocity field/profile: They include the horizontal velocity
scatter plot, a plot comparing the theoretical velocity profiles
with a one minute and a 23 days averaged experimental
velocity profiles with emphasis on the effect of averaging the
turbulent wvelocity profiles. Also included are plots showing
the velocity profiles for three single realisations of the ADCP
expermment: a turbulent velocity profile sampled during a high
tide designated as the 309™ profile. a velocity profile sampled
during another high tide designated as the 441¥ and a third
profile - the 1187®, sampled during a low tide in the spring.
The single realisations samples have been chosen arbitrarily to
represent all other profiles m the sense that. there are
fluctuations inherent in the profiles however, they vary in
velocity magnitude values.

The LES results mcludes wisualisations plots showing
differences i the behaviour of the flow fields between using
theoretical velocity profiles and a single realisation of the
turbulent velocity profile in a LES. The results are visualised
in the form of pathlines, velocity vectors and the vorticity
contour plots

A ADCP Data Analysis

1) UV Scatter Plot: The scatter plot m Fig. 6 1s a
representation of the east-west and the north-south velocity
vector. Velocity samples used for the plot are a 14 days data
acquired during a spring and neap tides at bin 10_ representing
10m depth of water.

The plot gives a strong visual clue of the tendency of the
current vectors to align along a particular directional axis
(marked in blue colour). where the flood and the ebb direction
are 2299 and 499 degrees respectively along the axis. The
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plot also indicates that the velocity vectors do not necessarily
align strictly along the predominant east-west direction.

2y  Comparison Plot: Fig. 7 show distinguished
differences in the shape of velocity profiles plotted with a one

Win-g) mis

U e m;'s

Fig. 6 UV scatter plot for a neap and spring tide
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Fig. 7 A companson plot showing ADCP averaged depth profile with
theoretical velocity profiles.

minute averaged ADCP data, 23 days averaged ADCP data.
the 1/7® and the 1/10™ power law velocity profiles. The
entire 30 bins data was used for the plots to visualise the
possible effect of processes going on at the water surface.
Data sampling was possible from 2 meters above bottom (mab)
up to the water surface. This represents one of the limitations
of the use of the ADCP mstrument.

The uncharactenistic shape of the profile occurning towards
the water surface is attnibuted to the effect of the end of a
profiling range and'or the influence of surface waves and
wind on current velocity.

The shght “double drag™ effect noticed near the top of the
23 days ADCP averaged profile, just before the graph inverted,
15 attributed to other processes other than tides near the water
surface. A more pronounced ‘double drag” effect on a vertical
structure of tidal current had been observed by [27] from
ADCP data sampled from a coastal rafi-culture area.

The one minute averaged profile 15 far from being smooth
and organised. reflecting a sigmficant nfluence of the
fluctuations associated with the turbulent velocity within the
limit of the averagmg.

It 15 interesting to note the clean overlay existing between
the 1/7% power law and the 23 days averaged velocity data in
the first few bins from the seabed and that. for the most part,
the muddle section of the 23 days averaged data produces a
relatively uniform flow. Theoretically. it 1s known that the
1/7® power law approximation is valid for flow with Reynolds
number of 10°. The exponent value falls belowé for higher

Reynolds number flow having values of
extreme values.

—,1 and — at
g9 10

2)  Plots Showing a Single Realisation of Twrbulent
Velocity for Profiles 308, 441 and 1187: Figs. 8a. 8b and 8¢,
show wvelocity profiles for the ADCP data sampled and
recorded m one munute and at different tumes. Note that the
three profiles have been chosen randomly and all other
velocity profiles are comparable to these three. The plots
represent velocity samples acquired during profiles 309, 441
and 1187 respectively and presented i 1-dimension. 2-
dimensions and 3-dimensions plots. Data used to generate the
plots were computed using equations 10-12 below:

Vau? (10
Vu v (11)
Vu? +v? +w? (12)

Generally. the shapes of velocity profiles taken at different
times i a turbulent flow are different from each other.
Common to them all. is the lack of smoothness exhibited in all
the profiles. The shapes also differ based on the number of
velocity components used to generate the plots. These
differences confirm the spatial and temporal variability of
velocity in a turbulent channel flow. Also, the vertical velocity
component has minimal effect on the profile shapes, this
suggest a reason why turbulence may be assumed as 2
dimensional especially in geophysical flows.

The dimensional effects are much more pronounced in
profiles 309 and 441 plots. All three profiles plots correspond
to the same vertical water column under which the ADCP was
located at the Forth estuary. The 309® velocity profile had a
peak velocity magnitude of about 0.49m/s and a mean velocity
of 0.37m/s. Profile 441 had a peak velocity magnitude of
0.46m/s and a mean of 0.17m/s and profile 1187 had a peak
velocity of 1m/s and a mean of 0.56m/s. Any of the profiles
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1s capable of aiding the generation of coherent structures

i conjunction with a LES of an empty tidal current chan

1-Dimension I-Dimensions 3-Dimensions
50 50 30
45 45 45
40 40 40
35 35 35
= =
| 30 z 30 = 30
E . g _ E
25 25 25
20 20 20
15 15 15
10 10 10
5 5 5
0 0 0
0 0.2 0.4 0.6 0.2 04 0.6 02 04 06
velocity, m/s velocity, m's velocity, m's
Fig. 8a: One minute averaged ADCP data plot using the 309 profile data.
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Fig. 8b: One minute averaged ADCP data plot using the 4417 profile data.
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Fig. 8c: One minute averaged ADCP data plot using the 1187 profile data.
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B. LES Simulation Results and Discussion

A mesh sensitivity test was carried out on a domain with
6000 mlet faces and 1200000 hexahedron prisms for the
ADCP simulation case. The finer mesh produced higher
amount of vorticity, 4 times larger than the vorticity produced
with the coarser mesh used for this study. However, due to
computational requirement to simulate the theoretical velocity
profiles case studies, the coarser mesh was chosen. Also, since
the mnterest 1s on comparmg flow fields contaming coherent
structures. it 15 considered sufficient to show the relative
magnitude of vorticity rather than absolute values.

To wvisualise the translational and the rotational effect of the
of the flow field, instantaneous plots showing velocity
magnitude pathlines. vectors and vorticity magnitude contour
plots for the three sinmlation cases are presented i what
follows. Based on the maximum wvelocity of 0.49m/s reached
and the mean velocity of 0.37m/s of the current at the Forth
estuary during acquisition of the of the 309" velocity profile,
depth profile data were generated for the umform flow
simulation case (Fig. 9a) and also for the 1/7® power law
simulation case (Fig. 9b) using equation 13 below:

1
ux _ (¥ 7
el &)
where y 1s any distance measure from the seabed. z 1s the
channel depth. u, 15 the mean velocity and u,,,, is the max
velocity close to the channel surface. The mean velocity acts
to average out the turbulent fluctuations in the x direction
measured at any particular value of y. The uniform flow and
the 1/7® power law velocity profiles data generated were
specified at the mlet of the simulation domam figs. 9a and 9b.
The one minute averaged velocity data acquired during profile
309 was specified at the mlet of the third ssmulation case (Fig.
9¢).

1) Instantaneous Pathlines: A plot showing the
trajectories that the individual fluid particles follow in velocity
magnitude is shown in figs. 9a, 9b and 9c. The pathlines
should generally be changing as the flow progresses for
transient flow calculations.

The uniform and the 1/7® power law profile produced a
relatively organised flow lines. Pathlines for the ADCP data
stmulation case (Fig 9c) can be described as chaotic with no
definite pattern. The wregular behaviour of the pathlines m
fig 9c describes flowlines associated with turbulent flow
because they are usually difficult to follow and also to create
in a physical experiment.

However, comparable mn all three simulation cases are the
values of the simulated maximum velocity magmtude attamed
at some pomt i the flow field, to the maximum acquired
velocity magnitude of 0.49 m/s during sampling the 309®
profile ADCP data. The simulated maximum velocity values
for the uniform._ the 1/7% power law and the ADCP simulation
cases are 0.58m/s, 0.53m/s and 0.59m/s respectively.

13

=x
/] 0.086 017 0.26 035 0.43 0.52 0.58
il El
Fig. 9a Pathlines for velocity magnitude in m/s- Uniform flow.

0 0053 011 016 021 02 032 037 042 048 0353

B

Fig. 9b:Pathlines for velocity magnitude in m/s- 1/7% power law profile.

3¢

/] 0.088 0.18 0.26 0.35 0.4 053 0.59

B
Fig. 9c:Pathlines for velocity magnitude in m/s-309® ADCP velocity profile

=X

2) Vorticity plots: Vorticity 1s an important quantity for
charactenising turbulence. It 1s a feature of turbulent flow
that measures the degree of local rotation in the fluud with
umits in per second. Coherent vortices are defined m (24) as
regions of flow satisfying a high concentration of vorticity,
enough to enable a local roll up of the surrounding fluid.
Figs. 10a. 10b and 10c show the vertical plane of
nstantaneous vorticity plots at mid section of the channel
A qualitative comparison based on the description of flow
structures by (11) i natural flow is made.
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vorticity-mag  data used at the inlet boundary. Based on the premise that the

PO 0.8 velocity profile used to calculate the vorticity field represents
2; a single realisation of the flow at the Forth estuary, the
- 05 vorticity plot in fig. 10c. thus provides a reasonable
or 0.4 representation of the turbulence m terms of vorticity
] 03 magmtude at the estuary. There 1s evidence of sustamned
i .2 turbulence m fig. 10c due to a strong vortex generated near the
2 [t - - 0.1 wall region in form of a kolk reaching up to the water surface
. L i - 1 - in form of a boil as described by [11].
-4 2 0 2 4 6 The effect of the sustained turbulence made possible the

presence of coherent structure in the outer region of the
channel thus providing a suitable environment to mvestigate
the effect of coherent structures on any device submerged
such flow conditions. The furbulence generated using the
theoretical velocity profiles resemble a pulsation of the mean
flow as visualised from the time animation of the flow lines of
the velocity magnitude

3) Velocity vector plots: Corresponding vector plots for
velocity magnitude are shown for the uniform flow, 1/7%
power law and the ADCP data simulation cases m figs. 1la,
11b, and 1lc respectively. The vector plot shows the
magnitude and direction of each vector signified by 1ts length
and orientation m the vector field. A section of the flow
domam m two dimensions is shown for better visualisation
The theoretical velocity profiles show relatively regular
patterns of a vector field as in figs. 11la and 11b.

X
Fig. 10c Vorticity plot using ADCP data

Maximum vorticity 1s observed near the bottom walls m all
three simulation cases. Coherent structures generated by the 2 E — =
bottom walls are famntly noticeable n figs. 10a and 10b as =+ — —— T
streaks of fluid parcels especially m fig. 10b. This is in
agreement with the explanation offered by the bursting
phenomenon that describes a lifting away of low speed streaks
of fluid parcels from the wall region during the ejection phase
of a turbulent flow process. However. the vorticity generated
near the channel bed region is observed to diffuse with
distance away from the walls m figs. 10a and 10b. The
vorticity magnitudes for the uniform and the 1/7® power law
simulation cases are not significantly different from each other, -
with maximum values of around 0.8s™ and 0.6s" respectively.

Coherent structures observed in fig. 10c are higher by a
factor of more than 4 1n terms of maxmmum vorticity —
magnitude. The coherent structures field also gives a better =

X
Fig. 1la Vector plots of velocity magnitmde- uniform flow

representation of flow structures observed in natural flows. 2k —
Since the mesh sizing 15 the same for all simulation cases, the i i i
mcrease in the vorticaty magnitude in the ADCP simulation 2 °s 2

case, is a direct outcome of the experimental velocity ADCP Fig. 11b Vector plots of veloaity magnitude- 1/7% law
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the streamwise flow and to the way drag force 1s normally
calculated.

1 3.0 B R )
-2 a 2

X
Fig. 11c Vector plots of velocity magnitude- ADCP data

However, rotation of parcels of flmd 1s clearly observed m
plots 11lc. Vortices are associated with rolled up flmd parcel.
The roll up effects 15 clearly absent mn the uniform and the
1/7® power law profile simulation cases as a consequence of a
one dimensional flow.

The effect of the structure of the flow fields in all three
simulation cases on the seabed drag are investigated in what
follows.

C. Effect of Flow Field on Seabed Drag.

The effect of a no shp condition implies that there will be a
sea bed drag. The drag acting of the channel seabed was
monitored thronghout the simulation duration. Plots 12a, 12b
and 12c show the drag coefficient time history for the three
simulation cases.
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The drag resulting from uniform flow and the 7" power
law profile are comparable fluctuating within 0.02 - 022
Drag coefficient resulting from the ADCP data simulation
case, have much lower values up to a maximum of 0.008 and
could have negative values sometimes.

One apparent effect of the turbulent flow field 15 a
reduction m the channel bed drag coefficient. This behaviour
15 m agreement with the known Reynolds number — drag
behaviour which shows decrease m drag coefficient as the
flow becomes more turbulent based on the Reynolds number.
The reduce drag coefficient i the ADCP simulation case 1s
attributed to the effect of flow vectors in opposing direction to
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Drag force is customarily known to be positive downstream,
acting parallel to the axis of the free stream (28). In the event
that wvelocity vectors reverses direction, the drag in the
opposite direction becomes negative thus detract from the
positive values and causing an overall reduction m the value
of the drag coefficient.

Equivalently, it 15 anticipated that any device submerged m
a stream of coherent vortices, would experience a significant
decrease n its drag coefficient when compared with 1ts drag
coefficient value simulated using the theoretical velocity
profiles.

The implication for energy extraction may mean that, less
energy 1s required to overcome the resistance offered by the
seabed making more energy available for extraction by a
turbine.

IV. CONCLUSIONS AND FURTHER WORK

This study has demonstrated the possibility of generating
significant ambient coherent structures with the aid of
experimental velocity data. It offers a methodology suitable
for investigating the effect of coherent structures during
numerical testing of a tidal current energy device. It makes
use of a single realisation of a turbulent velocity profile a LES.

An in-depth analysis of experimental turbulent velocity
profiles sampled with the ADCP mstrument has been carried.
The shapes of the turbulent velocity profiles based on a single
realisation of the experiment and a 23 days averaged velocity
profile are compared with known theoretical velocity profiles
commonly nsed m CFD calculations.
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The overall conclusion is that a single realisation of a
turbulent velocity profile specified at the inlet boundary
condition of a LES, results to an mcrease in turbulence m
terms of the maximum vorticity magnitude by more than a
factor of 4 as well as offering an adequate environment of
ambient coherent structures for device numerical testing.

The results from ADCP data analysis and LES of the three
simulation scenarios allow the following specific conclusion
to be drawn.

1. The ADCP data analysis plots represent the flow nature at

the Forth estuary. It is a slow flowing current with an

overall mean speed of about 0.36m/s.

A single realisation of the experimental velocity ADCP

data contain turbulent fluctuations while the uniform and

the 1/7® power law assumes a one directional smooth and
organised velocity profiles.

3. The evolution of the flow field in a LES 15 very sensitive
to the specified inlet profile: The ADCP data produce
significant turbulent structures that are visible everywhere
m the flow field making 1t a preferred flow field to
mvestigate the effect of large scale turbulent structures on
energy device/support structwe performance and flud
loading.

4. The values of the simulated seabed drag coefficient using
the ADCP data 1s significantly lower than those generated
with the theoretical velocity profiles. Consequently, 1t 1s
anticipated that hydrodynamic loading on a device using
the theoretical velocity profiles in CFD calculation of
tidal current devices are over estimated. Also. it appears
the reduced drag coefficient associated with the use of the
ADCP data will have flow similarity mmplications
between a small scale numernical model and a large scale
prototype.

Following the results from this study, simulation of forces
acting a monopile support struchwe with a known drag 1s
ongoing. It is also suggested that the work be extended to
simulating the performance and loading on a tidal turbine
submerged in a stream of coherent structures. More studies are
also required on the similarity implications of a small scale
numerical representation of a physical prototype. In this way,
there are possibilities to use a small scale numenical model to
mvestigate the performance of a large scale prototype
operatng m real sea conditions of upstream coherent
structures based on the similanty of drag coefficient.

(]
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Introduction

Turbulence in a tidal channel is composed of eddies ranging
from small scale to large scale. The smaller scale eddies
characterise the fine structures of turbulence and are
nearly isotropic. The large scale turbulent structures
contains most of the turbulent kinetic energy. Thus
structural loading on any device exposed to such flow
conditions may have an adverse effect during device
installation and operation. Thus it is important to account
and /or discount for the effects of these large structures on
the loading on the device.

The Acoustic Doppler Current Profiler (ADCP) is currently
the standard instrument for measuring tidal current
velocities and associated higher moments in a tidal current
channel, irrespective of known limitations. The velocity
structure in a tidal current channel is site specific however,
a well conducted ADCP experiment will produce a

reasonable velocity profile for a typical tidal current
channel.

Approach and Method.

The small scale eddies are random in natures they can be
described by the Gaussian probability density function
since they behave randomly. The large scale eddies which
are produced due to their interactions with the mean flow
are coherent in nature and their behaviour suggest that
Large Eddy Simulation (LES) and Direct Numerical
Simulation ([DNS) are appropriate to reproduce an
evolutionary relation of the coherent structure of
turbulence [1].

ADCP Experimental velocity profile data
from the Firth of Forth, has been used
as input boundary condition into
numerical simulation using LES.

The vertical water column above
the ADP was divided into 50 bins
each 1m apart. The deployment

period was for about 23 days.

Samples were collected with an autonomous sampling
setting averaging one velocity sample over 1 minute every

Results

The effect of upstream turbulent eddies on loading force is
investigated by comparing results with uniform flow and
assumed velocity profile of the 1/7™ power law at the inlet
boundary conditions. The figures below illustrate the flow
structures and corresponding drag coefficient , Cd.

Flows structures and comesponding drag coefficients from uniform flow velocity profie

I

and resulting Cd history from 1,7 law velocity profile.
=

ul
2

Il

l

g
El
g
i
2
g
!
|
:
8
B4
3
3
&
S

@

/DiscussionlConclusiorﬁ

Drag coefficient has been calculated on a steady flow around
cylindrical structures with results published [2]. Generally, the
effect of turbulent flow results in a decrease in drag coefficient.
The drag coefficient resulting from input uniform flow varies
from a minimum of about 1.1 to a maximum of about 1.6.
Similarly, the ¢d from the 1/7% power law profile fluctuates
between 1.0 and 1.8.

A real velocity profile from the ADCP produced much lower Cd
values fluctuating between 0.1 and 0.5. This may be explained
from the point of view of the reverse flow associated with the

movement of the eddies therefore detracting from the effective
drag coefficient of the device. /
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