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Abstract

Marine energy is one of the areas of high potential to improve Egypt’s renewable energy mix
under the national 2030 development plan. The New Delta national project aims to develop the
north-western Mediterranean coast of Egypt. In this coastal part of the Mediterranean, marine
current speeds are low, however, they have consistent and homogenous directions along the
year. Horizontal Axis marine current turbines (HAMCT) are good candidate to harness marine
energy in this location. However, at such low current speeds, these turbines have low
hydrodynamic performance.

This thesis conceptualizes and validates a novel static device that is designed to improve the
hydrodynamic performance of HAMCT under transitional flow conditions. This device is called
the Vane Swirl Generator (VSG). It is a static structure of twisted flat vanes to be installed
upstream HAMCT. The function of VSG is to convert part of the axial momentum of the
incoming flow into rotating momentum to improve lift force and reduce drag resistance.

The literature review of this thesis revealed a severe scarcity of available information on
HAMCTSs’ hydrodynamic performance under transitional flow conditions. This is because most
of the existing platforms and R&D projects are focusing on regions with high current speeds.

In order to demonstrate and validate the proposed VSG concept, a methodology based on
Computational Fluid Dynamics (CFD) has been carried out. The CFD methodology was
undertaken in two validation stages and one parametric analysis stage. The total number of
simulations reported in this thesis is 110 simulations. The only available comprehensive study
on HAMCTs under transitional flow conditions was conducted in Fiji Island and was adopted
as the benchmark case-study to validate the CFD models in this thesis.

The CFD modeling approach was parametrized based on the angle of attack (AoA) starting from
theoretical 2D simulations, then 3D single-blade simulations, then 3D full-scale turbine
simulation. A turbulence modeling comparison revealed that the SST k — w model is the best
fit for the CFD simulations. In transitional flow, fully-developed turbulence models were found
to miscalculate the hydrodynamic performance parameters and sometimes diverge the solution.

The Final 3D CFD model used to study the effects of the novel VSG on HAMCT’s
hydrodynamic performance parameters had a modeling error ranging from -18.6% to 28%
depending on 0°-16° AoA range. In HAMCT, such range of error translates to -4.3% to 5.3% in
power coefficient calculations.

Swirl flow generated by VSG was studied at different intensities ranging from 0.1 to 0.5 as
defined by the swirl number(S,,). It was found that low swirl deteriorates lift and increases drag.
It was found that the novel VSG concept provides significant performance improvement of lift



coefficient for 0.3 <5, < 0.5 and 0 < AoA <8 as restricted by the increase in drag
coefficient. The results show significant improvements in the coefficient of power (C,) from
18% without swirl to 27% at 0° AoA and from 17.5% without swirl to 33.5% at 12° AoA.
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Chapter 1

Introduction



1.1Background

Tidal energy is considered as one of the most promising renewable energy resources for
its green environmental footprint and high-energy density. Marine current turbine (MCT)
generates power from tidal energy. This turbine runs on the same principles of operation as those
of wind turbines. However, their performance is different due to the inherent physical
differences between wind and tidal currents [1, 2]. In comparison with wind turbines, studies on
MCT design, operation and technologies can be fairly considered limited [3, 4]. There are many
areas of rapid development in MCT research such as improving the turbine materials and
optimizing its hydrodynamic performance for low-speed currents [5]. Most of the reported MCT
power generation stations operate at current speed of more than 2.5 m/s [6, 7] such as the SeaGen
turbine [8]. At this speed tidal energy has high economic potential compared to wind energy.
This is because under the same conditions, water is at least 800+ times dense than air, thus, carry
much higher kinetic energy [6]. MCTs working under relatively low current speed (<2.5 m/s)
are new [9] and still in technology development stages and the present thesis contributes to this
class of MCTs.

Studies on the potential of tidal energy along the 1000 km length Mediterranean coast
of Egypt are scarce [10, 11]. A recent Mediterranean energy mapping study found that the
energy flux along the coast of Egypt ranges from 1.2 to 3.2 kW/m [12]. This corresponds to an
average current speed of 2 m/s along the year. Water depth off the urban coastal line is
consistently below 120 m [13]. This coastal line has numerous touristic and commercial
activities and is rapidly developed within the Egypt's Vision 2030 that also include a substantial
increase in renewable energy adoption and reliance [14, 15]. Marine current speed and depth
conditions in Egypt’s north coast generally favor seabed-mounted MCTs with small diameter-
to-depth ratio to minimize its drawbacks on marine environment and human activities [16, 17].
Designs such as Nova M100* of 100 kW rated power qualify for such location. However, in
terms of available published studies, there is very scarce data on MCT hydrodynamics in this

range of operating conditions [4, 5].

1 www.novainnovation.com



The research presented in this thesis addresses the hydrodynamic performance of
horizontal axis MCT. Until today, the efforts done to improve hydrodynamic performance
mainly address the turbine’s hydrofoil and blade geometry [3, 18, 19]. As it will be detailed later
in Chapter 2, Computational Fluid Dynamics (CFD) models are efficiently used to evaluate the
MCT hydrodynamic performance [3]. The methodology of this thesis is established based on
CFD modeling approach. CFD models are used in this thesis to establish a parametric
framework in order to achieve the research objectives, detailed later in this Chapter. The
parametric CFD framework was established after detailed verification and validation procedures

were successfully undertaken as reported in Chapters 3 and 4.

This thesis proposes a novel method to improve MCT hydrodynamic performance. This
novel method relies on adding a Vane Swirl Generator (VSG) upstream the MCT to increase
the tangential momentum admitted to the turbine, hence, improve its hydrodynamic
performance. Although the VSG theory of operation, as explained in Chapter 5, is simple and
straightforward, it has never been reported in any similar system of marine energy extraction.
VSG can be categorized as a passive flow-control method, similar to the same concept used to
improve combustion aerodynamics in gas-turbines. The innovative introduction of VSG and its
effects on the hydrodynamic performance of MCT are the main contributions of this thesis, as
detailed in Chapter 6.

It is important to navigate the background of tidal energy conversion in order to explain
the potential impact of the proposed VSG on different aspects related to MCT design and
operation. Since the early 1970s, researchers have been working to discover renewable energy
resources that can be less harmful and less environment-damaging than fossil fuel. As shown in
figure (1.1), the ocean covers about 70% of our planet surface and it contains a huge potential
energy source in different forms. One of the ocean energy hidden forms is the ocean current,
where the sun radiation is absorbed by the ocean, heats it up and circulates between different
areas. These consist of tides with their waves and temperature difference. The scope of the

researchers is limited to the ocean current turbine to extract energy from ocean current. [20]
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Figure (1.1) Ocean percentage on earth

The oceans are an omitted resource, which can be a major contributor to our future
energy needs. There is a claim on finding an economical way to harness energy from the ocean,
in the quest for a non-polluting renewable energy source. As shown in figure (1.2), there are
ocean energy forms that are being investigated and exploited as potential sources for power
generation, such as solar energy, wave energy, offshore wind energy, tidal energy and ocean
current energy, but these can only be beneficial if cost-effective technology can be advanced to

exploit such resources reliably and cost-efficiently [21, 22]

One of the most important advantages of tidal energy is the fact that it is much less
affected by climate change; whereas wind, wave, and solar energies are much more affected by
climate changes. A grace of the tidal current resource is being gravity-bound, both spatially and
temporally, and it is quantifiable. Devices, that are designed for tidal energy removal come in
many different shapes, sizes and forms, though, principally, they all connect either potential
energy or kinetic energy from the tide and convert it into electricity. In the past few years, there
has been a special focus on kinetic energy extraction, and it is expected that this specific
principle of operation, particularly regarding the horizontal axis tidal turbine (HAMCT) concept
will be the concern in many researches [23]. The most significant advantages of marine current

energy are predictability and reliability. It is the gravitational interaction of the Earth-Moon-Sun



systems that has been driving the astronomic nature of tides and making marine tidal currents
highly predictable with 98% accuracy for decades [21]

@ g Soler Panel Converts
®  Sunlight to DC Current

(
Extra Electricity
Credited on grid

LRI

. TS PR

¢) Wind Energy d) Tidal Energy
Figure (1.2) Forms of renewable energy [21, 22]

The two primitive methods for generating electricity from marine tidal energies, is either
by building a tidal barrage across an inlet for river or a bay as shown in figure (1.3), or by
extracting energy from free-flowing tidal currents. However, a major aspect that cannot be
looked over for this solution is that a large barrage system would change the hydrology and may
have negative effects on the local ecosystem. Thus, during the last few decades’ engineers have
switched them researches towards technologies that capture the kinetic energy from tidal-driven
marine currents. The potentially available electricity from marine current energy, extracted with
the present technologies, is estimated at approximately 75 GW in the world and 11 GW in
Europe [24].



In recent years, several horizontal axis and vertical axis marine current turbines (MCT)
have been developed around the world [4]. The majority and most applied of MCT devices are
horizontal axis turbines with a spin axis parallel to the current flow direction. The main obstacle
related to vertical axis turbines are relative low self-starting capability, high torque fluctuations
and generally lower efficiency than horizontal axis turbine. Researchers believe that currently
only horizontal axis MCTs are the most advanced technical and economical solutions for large-

scale marine current turbines with a power capacity of over 500 kW [21, 23]
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Figure (1.3) Tidal barrage system [25]

Most of tidal sites are relatively bi-directional, in spite of that some sites can have a flow
reversal of 20° or more away from 180°[26] such as the flow around islands, where a swipe
upon flow reversal of around 35° from recti linearity is apparent. Experimentation and numerical
studies show that an increase in turbine yaw angle results in a harmonious power decrease, and

consequently a fully straight-lined flow is more desirable [27]

1.2 Horizontal Axis Marine Current Turbines (HAMCT)

There are two types of rotating marine current turbines horizontal axis (HA) and vertical

axis (VA). This classification is according to the turbine’s axis of rotation with respect to flow
streamwise direction. In HAMCT, the axis of rotation is parallel to the flow [28] . In comparison
with VAMCT, HAMCT tends to have higher efficiency, but are more complex in design; as it

6



requires blades which combine twist and taper [29]. It is important to mention that the peak
efficiency of HAMCT ranges from 39% to 48% [30]. The direction of the flow is significantly
important to determine the turbine efficiency, this is due to the fact that the rotor or the blades
must be rotated between the receding tide and flood tides, or else bi-directional blades are used
[31, 32], in addition to the higher efficiency, VAMCTSs also tend to have lower rotational
velocities than HAMCTs, which although is still noticeable, reduces the problem of generator
matching [29].

Figure (1.4) Horizontal axis MCT [33]

HAMCT designs are different according to how many blades the rotor has and how the
device is fixed in position. The most developed HAMCT is the 1.2MW SeaGen, figure (1.4),
developed by Marine Current Turbines (MCT), it is pile driven and has one rotor, having 2
blades. Installed in 2008, it is the first commercial scale tidal stream turbine to generate power
in UK waters [33].



1.3 Environmental Aspects of MCT

Although the present work does not involve environmental analysis, it is important to
outline the overall interactions between MCT and marine environment as a limitation of the
proposed work in this thesis. Tidal energy density depends on different factors, for instance
depth and weather [34]. These factors contribute to the decision of where to locate MCTs, with
each device having a minimum rated flow velocity and a securing mechanism that may only fit
for a given depth range. On the other hand, MCTs have direct and indirect effects on the
surrounding marine environment and life [35]. The main regulatory factors that must be
considered when assessing the environmental impact of MCTs are environmental protection,
biodiversity conservation, as well as the prevention of interference with legitimate uses of the
sea, such as shipping [36]. In some cases, developers and researchers face great difficulties and
spend huge time in getting the necessary approval and license. Many tidal flow devices are still
in varied stages under development. Therefore, there have been few studies into the
environmental effects of these technologies. Yet, the studies which have been done are either

based on predictions or have been unproven [37], with few exceptions.

A remarkable consideration is that the quality of the water surrounding MCT could
change significantly after device installation. For example, turbulence may change due to the
effects of sediment transport and deposition caused by the altered tidal flows and current streams
which may occur due to these devices. The effect of this on marine life is uncertain. A successful
type could be negatively affecting and vacating the area, whereas the opposite is also a
possibility; where new type is used. Even though water quality was not included in the SeaGen
environmental monitoring program; a species of mussel not found in the area prior to
deployment was subsequently found on the monopole structure and was considered a positive
addition to the biodiversity [38].

The influence on shipping is one more consideration and this may limit the location and
size of device arrays. Also, contamination from the machinery used should be considered such
as the release of hydraulic fluids, lubricants, etc. [38]. No evidence has yet been found that
Electromagnetic fields from generators and rites affect the migratory and feeding habits of

marine mammals and fish. Nonetheless, this is still a debatable area [39].



There is a little chance of creatures, such as fish, mammals or even diving birds, striking
turbines. There is also consideration of the cavitation effects causing sudden pressure changes
that could harm fish [40]. Some device developers and researchers have tried to lessen the risk
to marine life in their designs, such as the Open Hydro and the Alstom Hydro, which both

incorporate an open center allowing safe passage for fish and marine mammals [41, 42].

The construction of MCTs has an influence on the surrounding environment, from
mooring systems, such as anchors and foundations, to the laying of transmission cables and
pipes. In the case of SeaGen, this was found to be temporary and the structure has since become
a prosperous homeland for marine creatures [43]. It is also remarkable that high noise levels
during construction could be an issue [44]. Marine mammals can predict operational noise of
SeaGen up to 1.4 km away from the device, and have a local avoidance of around 250 m away
from the device, although this may not be due to noise as the same notice was taken when the

turbine was not operating (shutdown) [43].

1.4Problem Statement and Significance

The problem addressed in this thesis concerns the limited hydrodynamic performance of
HAMCT operating under marine current speed below and up to 2 m/s. Recent reviews clearly
show a research gap in HAMCT operating under such condition of low marine current speed [4,
45-471].

The significance of this problem arises from the demand to adopt renewable marine energy
technology in Egypt’s north coast on the Mediterranean Sea. Under such conditions, the flow
around MCT is transitional, as explained later in Chapters 3 and 4. As dictated by the generalized
problem of turbulence[48], transitional flow over rotating turbines remains as an open-end

question, such as all transitional shear-flow problems[49].



1.5Research Objectives

The aim of this research is to improve the hydrodynamic performance of HAMCT under
marine current conditions relevant to the south Mediterranean Sea. The research objectives

set to achieve such aim are:

e To develop and validate a simulation model, using Computational Fluid Dynamics
(CFD), that is capable of predicting the hydrodynamic performance characteristics of
HAMCT Chapters 3 and 4.

e To propose and validate a novel method to improve the hydrodynamic performance of
HAMCT using passive swirl-control strategy (VSG). The details are explained in
Chapter 5.

e To identify the optimum range of swirl number that provides HAMCT hydrodynamic
improvements. The details are explained in Chapter 5.

1.6 Research Scope and Methodology

The scope of this research is focused on the conception and evaluation of the VSG and its
application to improve hydrodynamic performance of HAMCT under low current conditions.
Despite the apparent simplicity of this novel concept, as it will be shown in the following
chapters as its positioning upstream of the turbine requires full hydrodynamic evaluation to be

carried out.

To fulfil the research scope, a CFD methodology has been devised to provide preliminary
assessment for the VSG as a method to boost HAMCT hydrodynamic performance. CFD is an
efficient and proven engineering tool to test and evaluate new fluid flow technologies without
the need to build and operate expensive experimental test rigs. The methodology has been

deconstructed as following:

l. First stage: Model Verification and Validation (Chapters 3 and 4)
Il. Second Stage: Conception and evaluation of the VSG device (Chapter 5)
10



In the first stage, a CFD model of HAMCT was established based on existing experimental
data available in literature. However, since all previously published studies are focused on high-
current speed and high Reynolds number (i.e. fully developed turbulent flow), the validation
exercise is the core of the CFD parametric study and had to be carried out on three steps, as

illustrated in figure 1.5 and explained as following:

(@) Validation of the turbine-blade hydrodynamics (chapter 3): this first step aims at establishing
the validity of the turbulence model and CFD solution strategy and ensure that the model
predicts physically valid performance parameters (coefficients of lift and drag) of the blade
hydrodynamics at Re = 190,000

(b) Validation of the full turbine model (chapter 4): the second step ensures that the CFD model
predicts physically valid performance parameters. This was particularly challenging since
there is no available experimental data on a full HAMCT at Re = 190,000

(c) Validation of the VSG (chapter 5): Swirl flow is mainly characterized by Rankine vortex
structure which has exact equations to describe its velocity-component profiles. Validation
of the VSG is necessary to ensure that the final CFD presents the swirl flow field generated
by VSG accurately. This is presented in chapter 5 by comparing the CFD model results with
the analytical solution of the Rankine vortex exact equations driven from Navier-Stokes

equation.
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Figure (1.5) Illustration of the research methodology, hydrodynamic performance parameters like
coefficients of lift, drag and pressure are validated first with a 2D CFD model to establish the modeling
approach suitable for Re=190,000 as shown in (a). Then, further validation is carried out for a full-scale
3D model rotor as shown in (b). The VSG generates swirl flow field as shown in (c) that is validated by

comparison with the analytical solution of the Rankine vortex exact equations.

12



1.7 Contribution to Knowledge

Primary contribution: Conception and validation of a novel vane swirl generator to improve the

hydrodynamic performance of marine current turbines under low-current speed.

Secondary contributions:

Created a unique validated CFD dataset for HFSX hydrofoil hydrodynamics under
transitional flow conditions for the first time as open-access: Available at:
http://dx.doi.org/10.17632/p3y3xjmpjt.1

Created the first validated CFD model of 3D HAMCT hydrodynamics under transitional
flow conditions (Re = 190,000).

Proposed and validating a novel swirl generator for improving HAMCT hydrodynamic
performance.
Identified the swirl number and angle of attack ranges that provide hydrodynamic

performance improvement for HAMCT

13
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CHAPTER 2

Literature Review
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2.1 Background

Compared to wind turbines, published studies of HAMCT are very scarce, figure (2.1)
show a comparison between Scopus records of HAMCT papers vs wind turbine papers in the
past ten years. The lack of publications on HAMCT is due to the rapidly increasing focus from
large energy companies on HAMCT. Research findings have immediate economic value and
researchers are more inclined to file patents rather than publish papers in this field. The scarcity
of literature in the field poses limitations on the availability of data, operating conditions and
simulation modalities used to establish CFD models.
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Figure (2.1) Paper count on HAMCT vs wind turbines from Scopus database.

The total number of published studies on HAMCT since 2010 was found to be 102
papers. The papers focusing on the hydrodynamic performance was found to be 53 papers, with
34 papers reporting CFD results and 19 papers reporting experimental results. Figure (2.2)
summarizes the literature search and classification. The papers were obtained, read, classified
and used to establish the basis for this thesis. Only one general review paper [50] could be

identified in the same period.
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This chapter reviews previous CFD works on HAMCT to establish context of the proposed
contribution. The review scope is focused on CFD studies done to investigate HAMCT

hydrodynamics. The objectives of this review are:

1- To identify the CFD modelling approach and strategy used to study the hydrodynamics
of MCT.

2- Toidentify previous works related to hydrodynamic performance improvement methods

) C

Figure (2.2) Classification of Scopus indexed papers on HAMCT by topic identified keywords. A total

number of 34 CFD papers was published since 2010.

To achieve the first objective, previous works were discussed in relation to their CFD
approach mainly categorized by the dimensional consideration. Two dimensional (2D) studies
are reviewed first. Then, three dimensional (3D) studies are reviewed with a focus on flow
regime and modeling setup. To achieve the second objective, a discussion of previous
improvements methods is presented and summarized. Tabulated summaries of all studies

covered in this chapter are presented in the thesis’ appendix.

2.2 Terminology of HAMCT Hydrofoil

The basic terminology, force analysis and hydrodynamic parameters are sketched in
figure (2.3) The Angle of Attack (AoA) is a primary hydrodynamic operation parameter since
it controls the separation and reattachment of the flow. The force analysis represents the

16



hydrodynamic performance; as the hydrofoil converts hydrodynamic power to work to rotate
the turbine rotor. The forces are usually expressed in non-dimensional drag and lift coefficients
that are derived to give characteristic indication of the hydrodynamic performance. The Chord
length is important in calculating the energy capacity of the turbine as well as the operating

Reynolds number in some cases.
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Figure (2.3) Hydrofoil terminology, force analysis and hydrodynamic parameters.

2.3  Computational Fluids Dynamics (CFED)

The most commonly used techniques in research and development in industry these days
are Blade Element Momentum (BEM) codes [51], Finite Element Analysis (FEA) [52], and
Computational Fluid Dynamics (CFD) [53]. Technological development has boosted the
accuracy of codes resulting in several powerful tools that, when used either singly or in
combination with each other, can give vital information to the performance of a marine current
turbine in varying flow conditions [26]. There is a special focus being imparted to common and
quantifiable marine sources, such as marine currents, or tides. There is a need for renewable
energy sources to become more vital, the design and optimized MCTs are essential, as they face

different forces in their argumentative sub-sea environment.
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CFD is a powerful tool which, when used correctly, can give valuable data to monitor the
performance of MCTs. It is significant not to

underestimate the use of simpler CFD techniques, like panel codes, at the groundwork
design stage where an insight into cavitation characteristics and energy extraction can be
achieved, which describes the need for further work. RANS solvers are required to model the
complex flow situations taking place around the turbines at a more advanced design stage.
Finally, a coupled fluid-structural analysis is required to better study how the flow affects the
structural integrity of both the rotor and the supporting structure. It has been noted from the
experimentation and calculation, that a surge in turbine yaw angle causes a consistent power
decrease, and so a fully rectilinear flow is required. Computational fluid dynamics (CFD) is one
of the branches of fluid mechanics that uses numerical methods and algorithms to solve and
analyze problems that involve fluid flows. CFD is an effective tool which, when used either
singly or in synchronization with other tools, can provide important data regarding the
performance of a marine current turbine in varying flow conditions. It also obtains the turbine
performance data, lift and drag that can be converted into thrust, torque and power estimates,
and also pressure distribution on the device, enabling the computation of probable cavitation.
CFD can give a detailed image of the flow around the turbine, leading to a more advanced
outlook on potential environmental problems, such as scour, erosion and the change in tidal
magnitude, and can provide important data concerning the positioning of MCTSs arrays [26].
Figure (2.4) illustrates the process of CFD modeling process for HAMCT. Published CFD
studies do not always report all the details of the CFD modeling process. Some papers lack

information about some steps making the reproducibility of model results very difficult.

CAD
HAMCT Mesh Solver Solution Results

Model setup

Figure (2.4) The CFD modeling process
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2.4 Review of 2D studies

Historically, Two-dimensional methods were first developed to solve the Linearized
Potential equations. Later on, the Two-dimensional methods, using conformal transformations
of the flow about a cylinder to the flow about a hydrofoil, were developed in the 1930s. The
existing computer power at the time paced the development of three-dimensional methods.

For hydrofoil design, codes such as XFOIL, use a conformal transformation and an
inverse panel method. XFOIL is a linear vorticity 15 stream function panel method with a
viscous boundary layer and wake model [54]. It has been recognized to be suitable for producing
section performance data and cavitation criteria for a marine current turbine at the preliminary
design stage, however care should be taken to recall the apparent underestimation of drag and
the overestimation of leading edge pressure coefficient [55]. Some two-dimensional analysis
codes also show fundamental section structural characteristics, such as second moment of area,
with minor modifications to the base section made within the program. These data can be used
for the basic structural analysis of the turbine blade, which is vital at early stage of the design

process [56].

Two-dimensional CFD models are quite mainstream in MCT research. Many researchers
use 2D models to conduct parametric optimization and design. Goude and Agrene used the 2D
vortex method to compare the hydrodynamic performance of single and double turbine-systems.
They studied the NACA0021 hydrofoil. They found that The two-turbine system had highest
coefficient per turbine than single turbine [57]. Kevadiya and Vaidya used a 2D CFD model to
study the effects of varying angle of attack on the hydrodynamic performance coefficients for
hydrofoil NACA4412. They found that the Lift/Drag ratio increases with increase in angle of attack
up to 8°. After 8°, Lift/Drag ratio decreases with increase in angle of attack [58]. Wang et al [59]
compared the hydrodynamic performance of five hydrofoils under varying angle of attack. They
used a 2D Lattice Boltzmann Method (LBM) solver. They found that the flow around the hydrofoil
is greatly related to the angle of attack. They pointed out that as the angle of attack increases, trailing-

edge vortex is gradually produced on the wing back.
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Shiu et al conducted a parametric 2D CFD study to design of a new hydrofoil family for
HAMCT. Compared to NACA 44 foils of equivalent thickness, their newly developed MHKF1-
180 and MHKF1-240 foils had better left-to-drag ratio and lower susceptibility to cavitation and
noise [60]. Nedyalkov and Wosnik investigated the performance of bi-directional hydrofoils
using 2D CFD modeling. They showed that bidirectional foils may provide a more cost-efficient
way to account for the bi-directionality of the tidal currents, as no yaw or pitch control is
required for horizontal-axis turbines utilizing blades with such shapes [61]. Karthikeyan et al
[62] analyzed two design parameters primarily responsible for the hydrodynamic performance
of HAMCT. There are blade pitch-angle and number of blades per rotor. They found that,
changing the blade pitch-angle and reducing the number of blades can improve the turbine's
coefficient of power. That is due to increase in lift and reduction of losses caused by turbulence
near the downstream of the turbine.

Two-dimensional analyses prove themselves to be powerful tools at the preliminary
design stage for a tidal turbine and they should not be underestimated at the preliminary design
stage. Yet, it is obvious that, for more integral design information, a more complex code eligible

of modeling more complex situations in three dimensions is needed.[63].

2.5 Review of 3D studies

More detailed analysis of the performance of the turbine can be achieved by three-
dimensional CFD models. 3D models calculate the hydrodynamic characteristics over the
surface of the blade (and rotor in full models) under analysis to produce a pressure distribution
and lift and drag data. These models can be employed as a more in-depth prediction of cavitation
inception on the turbine blades and also as a source of detailed blade loading data for further
structural calculations. 3D models are more computationally powerful than two-dimensional
models since they capture more realistic hydrodynamics, however they are more difficult to
perform and validate. It is possible to reproduce the helical wake characteristic of marine current
turbines when using proper turbulence modeling approach to get a much more detailed picture

over simulation [21, 54].

Lawson et al [64] used 3D CFD model to develop a methodology for predicting the lift

and drag coefficients, bending moments and center of pressure in the turbine rotor. They found
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that the velocity along the direction of the y-axis decreases considerably as the flow approaches
the turbine rotor. Chen and Lam [65] investigated the slipstream between the seabed and the
marine current turbine using a 3D CFD model. The axial component of velocity is the
dominating velocity of flow below marine current turbine. Henriques et al [66] used 3D CFD to
design, analyze and predict hydrokinetic performance of HAMCT with and without extreme
gravity waves. By increasing the installation depth of HAMCT from the free surface, they
showed that shaft loads and power coefficient of the turbine oscillate respectively. Otto and Vaz
[67] investigated the flow structure around MCT using 3D CFD model. They found that large
separation zones at the suction side of the blade are developed at low Reynolds number. Ikoma
et al [68] used 3D CFD model to explore the possibility of improving the torque performance
of a vertical axis MCT. Based on the cyclic pitching of turbine blades, their results suggested
that significant increase in average turbine torque is possible. Li et al [69] studied the
bidirectional characteristics on tidal current runner. Their research showed that the efficiency of
the reversible turbine is lower than that of the turbine with standard hydrofoil. They also showed
that the dynamic performance is completely identical between positive condition and reverse
condition in bidirectional operation. Goude et al [70] used 3D CFD modeling framework to
investigate three MCT configuration were studied: one turbine vertically aligned, and two
horizontally aligned turbines rotating with opposite direction. The results show that the
difference depends both on how much the velocity varies over the velocity profile, and on the
shape of the velocity profile, where a linear profile causes a lower pressure coefficient (C,)

compared to a logarithmic profile.

2.6  Turbulence Modelling

Most flows of practical engineering interest are turbulent, and the turbulent mixing of the
flow usually controls the behavior of the fluid. The turbulent nature of the flow plays an
important role in the determination of many relevant engineering parameters, such as frictional
drag, flow separation, transition from laminar to turbulent flow, thickness of boundary layers,
extent of secondary flows, and spreading of jets and wakes. It is possible to solve the Navier
Stokes Equations directly without any turbulence model. This means that the whole array of
spatial and sequential scales of the turbulence must be resolved. Direct numerical simulation

(DNS) captures all of the relevant scales of turbulent motion. Otherwise, this process is
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extremely computationally expensive for complex problems, therefore there is a need for
turbulence models to represent the smallest scales of fluid motion. The choice of which

turbulence model to use, however, is an extremely essential matter [21, 71].

The two-equation turbulence models are reasonably accurate for fairly simple states of
strain but are less accurate for modeling complex strain fields arising from the action of swirl,
body forces, such as resilience, or extreme geometrical complexity. The Reynolds stress
transport models deal with the notion of turbulent viscosity and determine the turbulent stresses
directly by solving a transport equation for each stress component. This form of model can solve
complex strains and can withstand non-equilibrium flows. However, it has not yet been widely
adopted as an industrial tool because it is complex, expensive to compute, can lead to problems
of convergence and also requires border conditions for each of the new parameters being solved.

The Reynolds-averaged Navier-Stokes (RANS) equations are time-averaged equations
of motion for fluid flow. They are primarily used while dealing with turbulent flows. These
equations can be used with approximations based on the knowledge of the properties of flow
turbulence to give approximate averaged solutions to the Navier Stokes equations. The nature
of RANS equations leads to the need for complex domain discretization schemes as well as
complex modeling with large numbers of elements or cells. This often leads to complex mesh
structures on which the equations must be solved and building such meshes is time-consuming
[21, 72].

Turbulent flows contain many unsteady eddies covering a range of sizes and time scales.
The RANS equations are averaged in such a manner that unsteady structures of small sizes in
space and time are eliminated and become expressed by their mean effects on the flow through
the Reynolds, or turbulent, stresses. These stresses need to be interpreted in terms of calculated
time-averaged variables, in order to close the system of equations, thereby rendering them
solvable. This requires the construction of a mathematical model, known as a "turbulence

model”, involving additional correlations for unknown quantities [71].

There is limited information about the turbulence modeling of HAMCT, however, the

model is widely used in different types of marine turbine CFD models. Harrison et al [73] used
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it to investigate how the actuator disc of a marine tidal turbine would affect the overall flow
using CFD modeling. They showed that the SST k — w model predicts flow wake similar to
that shown in experimental work. Lain et al [74, 75] showed how the SST k — w model can
effectively predict hydrodynamic performance of a vertical-axis marine current turbine. Liu and
Hu [76] used the model to investigate the hydrodynamic behavior of a turbine operating in the
wake of an upstream turbine. In comparison with the Reynolds Stress Model (RSM), Marsh et
al [77] found that the SST k — w model accurately predicted power output for most rotational
rates, at a significantly reduced computational cost. Leroux et al [78] validated the model with
experimental measurements of horizontal-axis tidal turbines (HATT). Their results
demonstrated similar levels of agreement as the works done by Chen et al [79] and Fertahi et al
[80] in terms of validation and suitability of the SST k — w model for marine turbine

simulations.

2.7 Discussion and Conclusion

The literature review revealed important information regarding the hydrodynamic
performance of HAMCT. It is clear that the available information is much less than such of the
wind turbines. It is also clear that the former field is much underdeveloped than other types of

renewable energy turbines.

The use of two-dimensional CFD models establishes a powerful, however limited, tool
for investigating HAMCT hydrodynamics. 2D models are used in literature to investigate
different hydrofoil characteristics under different types of flow. 2D models are also used for

optimization and selection of HAMCT hydrofoils.

The use of three-dimensional CFD models helps better understanding of the HAMCT
hydrodynamics and flow structure. Although 3D models are more difficult to construct and
perform than 2D models, they give better parametrization framework for manipulating HAMCT

hydrodynamics and study their characteristics.

Previous works on HAMCT hydrodynamics aimed at studying their unique features and
investigate the effects of design and operational parameters on the flow around the turbines and

its generated power and efficiency. No previous studies were conducted to improve the
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hydrodynamic performance be means of upstream flow control. Previous works were only

limited to hydrofoil shape and turbine configurations.

Turbulence modeling is critical in 3D CFD models. The SST k — w model demonstrated
reliable predictions of MCT hydrodynamics in the majority of studies. Fewer number of studies
have reported the use of Spalart-Almaras (SA) model [81, 82], RSM [77] and k — € model [83].

Through the literature review process, only one study could be identified as a complete
benchmark reference for this thesis. The study by Gounder et al [84] reports numerical and
experimental studies are carried out on a HAMCT hydrofoil working under conditions that are
very similar to the conditions of the Northern coast of Egypt, as discussed in Chapter 1. They
studied the HFSX hydrofoil series using 2D, 3D CFD models and validated their work with in-

house experimental platform mimicking the hydrodynamics of Fiji island shoreline.

The benchmark case, as published in Renewable energy journal, reported detailed results
from CFD models and BEM analysis. The validation procedure of the present work is conducted
based on the benchmark study, in addition to further references published by the same group
[85-87].
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CHAPTER 3

Two-Dimensional CFD Modeling of HAMCT Blade
Hydrodynamics
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3.1 Introduction

Energy generation from marine currents is a promising technology for sustainable
development. The success of using marine current turbines to tap the ocean hydrodynamic
energy depends on predicting the hydrodynamic characteristics and performance of such
turbines. This chapter presents an analysis of the two-dimensional flow using commercial CFD
software over a marine current turbine blade. The 2D flow is simulated for HF-SX NACA foils
S1210 and HF1020 which is modified from S1210 NACA foil at various angles of attack with

Reynolds number of 190,000, which represents the marine current flow.

The hydrofoils are designed with considerations for lift and drag coefficients. The flow is
simulated by solving the steady-state Navier-Stokes equations coupled with the k- shear stress
transport (SST) turbulence model. The aim of this work is to study the effect of the angle of
attack on the lift and drag coefficients. The computational domain is composed of non-
homogenous structured meshing, with sufficient refinement of the domain near the foil blade in
order to capture the boundary layer effects. Hence, all calculations are done at constant flow
velocity while varying the angle of attack for every model tested. The results have shown that
the drag and lift coefficients (Cq and C; coefficient) increases with increasing the value of the
angle of attack, ratio C//Cq curve related on performance at the peak 6° angle of attack.

In this chapter, curves for the lift, drag and power coefficient characteristics of the
NACA foils were developed. Dependence of the drag coefficient Cq and lift coefficient C; on
the angle of attack was determined using the turbulence model. Turbulent flows are significantly
affected by the presence of walls, where the viscosity of the affected region has large gradients
in the solution variables and accurate presentation of the near wall region determines successful
prediction of wall bounded turbulent flows. In fluid dynamics, turbulence or turbulent flow is a
fluid regime characterized by chaotic, stochastic property changes. This includes low
momentum diffusion, high momentum convection and rapid variation of pressure and velocity

in space and time.
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3.2 Analysis of Forces of MCT Blade

The main contribution of the present research work is the introduction of the
VSG concept. Such concept depends on altering the flow-induced force components on
the turbine by increasing the tangential force to improve the lift. Therefore, a complete
understanding of the force analysis on the MCT turbine must be explained. The force
analysis is important in order to explain the effects of swirl on HAMCT hydrodynamics,

as shown later in the thesis.

The calculations of hydrodynamic performance measures using CFD is only
possible to explain through such force analysis, as shown later in the remaining of the
thesis. First the nomenclature of the hydrofoil is explained, then the force analysis is

explained.

3.2.1 Hydrofoil Nomenclature
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Figure (3.1) Hydrofoil nomenclature.

A specific description of a hydrofoil and its nomenclature is given in Figure (3.1)
A hydrofoil actually has an upper and a lower surface. In the majority of the hydrofoils,
the curvature of the lower surface is less than that of the upper surface. The intersection
points of both surfaces at the front and back regions are known as leading and trailing
edges, respectively. Chord line is the line connecting the leading and the trailing edges;

its length is denoted by c. Camber line is the line which is the locus of the mid-points
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between the upper and the lower surfaces of a hydrofoil, and is defined as the vertical
distance between the chord line and the camber line, the greatest value of that distance
is called the maximum camber. The thickness of the hydrofoil is measured by the
distance between the upper and the lower surfaces measured perpendicular to the chord
line. The geometric angle between the relative velocity vector, Vrel and the chord line
is called the angle of attack (AOA) and is denoted by a. The span is defined as the
perpendicular distance of the blade relative to the cross section [88, 89]. Hydrofoils are
mostly numbered by using a few parameters such as the maximum camber, the
maximum thickness, the position of the maximum camber, the position of the maximum
thickness, and the nose radius. And also, hydrofoils are identified by the coordinates of

both the upper and lower surfaces [90]

3.2.2. Hydrodynamic Forces

A hydrofoil immersed in a stream flow is subjected to numerous forces due to
pressure and velocity changes and the viscosity of the fluid. The description of the forces
on a hydrofoil section is given in Figure (3.2). The forces affecting the hydrofoil are drag
force, Fp, lift force, FL and pitching moment, Mp. The force that is exerted on the body
by the fluid, parallel to the flow direction is called drag force, which is generated from
the viscous friction and the unequal pressures at the hydrofoil surfaces [89]. When the
fluid moves over the hydrofoil, due to the camber and the angle of attack, the velocity
of the fluid particles at the upper surface becomes higher than that of lower surface. Low
pressure zone is generated at the upper surface of the hydrofoil due to high flow velocity
while the lower surface produces a high pressure zone due to lower flow velocity. Thus,
a lift force is generated due to the unequal pressure distribution between two surfaces of
hydrofoil. The lift force direction is normal to the chord line. Likely, the pitching
moment is created as a function of the integral of the moments of pressure forces over
the surfaces of the foil. The application point of these three loads on the hydrofoil is
mostly reasonable to be at ¢/4 distance from the leading edge on the chord line [91]. The
hydrodynamic forces change and are affected by the flow velocity, density of the fluid
and the frontal area as well as the size, the shape and the orientation of the body [92].
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Figure (3.2) The resultant loads on hydrofoil

3.2.3 Angle of Attack (AOA)

If a person puts his arm out through the window of car that is moving at a high speed,
he can feel his arm pushed backward. If he holds his arm straight with his hand parallel
to the road, and changes the angle slightly, he can suddenly feel that it is drown upwards.
The hand and arm work in the same way as the wing of an airplane and with the right
angle of attack, he can feel a strong lift force. AOA is the angle between the incoming
flow and a reference line on the airplane or wing, as shown in figure (2.3). Most
commercial jet airplanes use the airplane body as center line or longitudinal axis as the
reference line [93]. It makes no difference what the difference line is as long as it is used
consistently. As the nose of the wing turns up, AOA increases, and lift increases. Drag
goes up also, but not as quickly as lift. During take-off an airplane reaches up to a certain
speed and then the pilot “rotates” the plane that is, the pilot uses the controls so that the
nose of the plane comes up and, at some AOA, the wings generate enough lift to take
the plane into the air. Since the wing is fixed to the airplane body, the whole plane has

to rotate to increase the wing's angle of attack [93].
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3.2.4 The Effect of Reynolds Number and Angle of Attack

The Reynolds number (Re) has a great importance on the behavior of the foils.
The relative magnitude of the viscous forces becomes more than the inertial forces if the
Re number decreases. This leads the surface friction and pressure gradients to increase.
This process will result in increasing the drag coefficient and reducing the lift coefficient
[89]. In uniform foils, the lift coefficient Cl is equal to zero at zero angle of attack (o).
At small angle of attacks, the lift coefficient is of small value and starts to increase
linearly with increasing the angle of attack. While, CI can be increased at small o by
using a cambered foil [89, 94]. After o reaches a certain point a sudden drop happens in
the foil performance and then it stalls. This point is known as maximum lift. For negative
angle of attacks, the lift behavior of the foil is approximately the same [89, 94]. Mostly,
the drag coefficient increases with the increase in angle of attack.

3.2.5 Coefficient of Drag and Coefficient of Lift

The coefficient of drag is defined as:
Cy = 2F;/pAv? (3.1)
where F,is the drag force on a blade, p is the fluid density and v is the free-stream flow
velocity. In fluid dynamics the Cq is a dimensionless quantity that is used to measure the
drag or resistance of an object in a fluid environment such as air or water. Cq is used in
the drag equation where a lower drag value coefficient indicates the object will have less
aerodynamic or drag [89, 93]

The coefficient of lift is defined as:
C, = 2F;/ pAv? (3.2)
where F; is the lift force acting on the hydrofoil. A fluid flowing across the surface of a
body produces a force on it. Lift force is the component of this force that is perpendicular
to the oncoming flow direction. It differs from the drag force, which is the component
of the surface force parallel to the flow direction. If the fluid is air, the force is called an

aerodynamic force [89].
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3.3 Mathematical & Numerical Details

For all incompressible flows, the solver solves conservation equations for mass and
momentum. Additional transport equations are also solved when the flow is turbulent. The

equation for conservation of mass or continuity equation can be written as follows:

Z—f +V.(p1h) = S,, (3.3)

Equation (3.5), is the general form of the mass conservation equation and is valid for
incompressible flows. The source S, is mass added to the continuous phase from the dispersed
second phase and any user-defined sources. Conservation of momentum in an inertial reference

frame, described by equation (3.5) [95].

%(pﬁ) + V.(puu) = -Vp + V. (?) +pd+F (3.4)

where p is the static pressure, T is the stress tensor and pg and F are the gravitational

body force and external body forces. F Also contains other model-dependent source terms such

as porous- media and user defined sources.

The commercial software ANSYS (i.e. FLUENT) is used for CFD model discussed below.
Continuity and momentum equations are solved for all types of flow via a finite-volume method.
To account for the effects of turbulence, a variety of models are available, ranging in complexity
from one-equation models to LES. The turbulence models used in this work belong to the
standard k- SST model [95]:

3.3.1 Turbulence Modeling

In the following sections of this chapter, six different turbulence models are examined
to demonstrate the appropriateness of the SST k — w model in transitiona flow regime. These
models are of the RANS type of turbulence models. The five models compared to the SST k —
w model are three versions of the k — € model, the Reynolds stress model, the Spalart-Almaras

(SA) model. All these models are well-established in turbulence modeling methods in CFD.
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In order to make the thesis brief and concise, the detailed transport equations of the tubrulence
models have been skipped here. The detailed equations are available in ANSYS Theory Guide
[96]. Only the SST (k — w) model, which is specifically derived for transitional flow is

explained.

The transport equations (3.7) and (3.8) for the standard k- model equations are given below,

%(Pk) + aixi (pku;) = aixi (Fk %}_) + G — Yy (3.5)
0 5] 5] ow
at (pa)) + B_xl (pwui) - a_xl (Fa) 6_xJ> + G, — Y, (3.6)

where, I}, G, and Y;, are the diffusivity, generation and dissipation of turbulent kinetic energy

and I, G, and Y, diffusivity, generation and dissipation of w.

The k-0 model accounts for Re effects in the inner region of the boundary layer but is
highly sensitive to the values of k and ® in the free stream. The SST k-o model couples the
standard k-o model with a modified version of the k-¢ model via a blending function. The
transport equations for the SST k-m model were developed by Menter. The expressions for the
terms Ty, Gy, Y%, T, G, and Y, are different with different constants and limiters for the
turbulent viscosity and production of Kinetic energy. The revised model constants are based on

experience [95, 97].

There is also an additional cross-diffusion term in the equation which arises from the
modification of the k-& model into equations based on k and by substitution of € with k-®. This
term is given below in equation (3.9),

1 0k dw
WOy 0xj 0xj

D,=2(1-F)

(3.7)

where F1 is a blending function and the empirical constant ( o,,, = 1.17).

Through blending both models, the SST k- model incorporates the advantages from both the
standard k-o model and the k-¢ model, giving more accurate and reliable predictions for many

types of flow, including the flow over a foil [98].
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3.4 NACA Four-Digit Hydrofoil Profile

In this work, the HF1020 NACA foil is utilized, Figure (3.4). The NACA X foil series uses
the same thickness forms as the 4-digit series, but the mean camber line is defined differently.

The final two digits indicate the maximum thickness (t) as percentage of chord [99].
3.4.1. Calculation of the Hydrofoil Coordinates

Compute the mean camber-line y. ordinate for each x position, using the following

equations. Using geometry of the blade to determine the values of p, m and Kki:
ye=((kim’)/6) (1-x); for x>p (3.8)

The final coordinates for the foil upper surface (x,,, 3,,) and lower surface (x;,y;) are

given by:
Xy = X — Y:(sin @)
Yu = Ye + y(cosb)
X, = x + y:(sinf)
Y1 = Ye = Yi(cosb)
Where 6 = arctan(Ay,/Ax)

The chord length is 1 m and domain height is set to approximately 20 chord lengths. This
size should be sufficient to properly resolve the inner parts of the boundary layer.
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Figure (3.4) NACA HF1020 foil

3.4.2 CFD Model and mesh generation

The first step in modelling a problem involves the creation of the geometry and
the meshes with a pre-processor. The majority of time spent on CFD project in the
industry is usually devoted to successfully generating a mesh for the domain geometry
that allows a compromise between desired accuracy and solution cost. After the creation
of the grip, a solver is able to solve the governing equations of the problem. The basic
procedural steps for the solution of the problem are the following. First, the modelling
goals have to be defined and the model geometry and grid are created. Then, the solver
and the physical models are stepped up in order to compute and monitor the solution.
Afterwards, the results are examined and saved and if it is necessary revisions are

considered to the numerical or physical model parameters [100].

CFD model of NACA HF1020 is meshed by ANSYS ICEM CFD, as shown in
Figure (3.5). For converged solution and saving calculation time, model is meshed by
hexa-element. Fine mesh and small element with inflation at location are close to NACA
shape. Element size grows along two axes from NACA shape to boundaries [85]. To get

optimal results, the criteria of elements are very important, and number of element of
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best quality mesh is less than bad mesh. Assessing the quality of good or bad grid will
be evaluated by: a) Skewness Ratio, acceptable value is less than 0.54, ideal is O, b)
Aspect Ratios, acceptable value is less than 1.5, ideal is 1, ¢) the Jacobian Ratio is 1 and
d) Warpage are 0 deg. If parameters of mesh are close to these criteria, result can be
converged [101]. Meshing process depends heavily on the experience of the engineer,
especially in using the meshing method and element size.

The model is a closed domain, and all boundaries are open. Except for the inlet
boundary, the outlet boundary and wall of NACA shape, inlet is set by a velocity of 3m/s
for S1210 and 2m/s for HF1020, gauss pressure is zero, and turbulent intensity is 2.8%.
Outlet is set by gauss pressure of zero, turbulent intensity is 2.8% and wall is NACA
shape [84, 85]

(Qualty

Figure (3.5) Computational domain and meshing in ICEM NACA HF1020

For S1210, the mesh is generated with 90400 elements and 91000 nodes. All of elements
are quad-elements. For HF1020, the mesh is generated with 194981 elements and 99936
nodes. All of elements is Hexa-elements. The quality of mesh is shown as table of mesh

criteria.
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Figure (3.6) Mesh quality for HF1020

The quality of mesh can show that the result is acceptable as shown in figure (3.6).
Maximum of Skewness ratio is 0.43. This is the main criteria for CFD mode [85]. The

Reynolds number can be calculated by:

__ (Unertial forces) (mass)(acceleration) pvL

_ = =2 3.9
Viscous forces (dynamic viscosity)(;gf:;?;) u ( )

Re

From Reynolds number, two parameters of turbulent flow can be calculated, turbulent

intensity of CFD model is formulated as follows [102] :

[ =0.16 % (Re)~ /s (3.10)

where Re is the Reynolds number, I is the turbulent intensity, thus, the value of intensity
is 2.489965%.

3.4.3 Mesh Sensitivity Analysis: Verification

Mesh optimization is done by many solving trials with different values of mesh

elements to choose the optimum value which gives results near to the experimental C

results of the benchmark study, the curves shown below in Figure (3.7), show the grid

independence study for mesh elements.
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Figure (3.7) Mesh optimization for NACA HF1020

Operation of solving process is set by absolute pressure, reference temperature. Model of
NACA HF1020 is simulated in case of depth of 91 m from sea water level [103]. So,
hydrostatic pressure in this case is absolute pressure, and it is calculated by the following
formula [104, 105].

Pabsotute = Phydrostatic + Patmospheric =g X p X h+101325(Pa) (311)

Where, g is gravitational acceleration (m/s?), p is density of water (kg/m®) and h is depth
(m); the absolute pressure is 992426.122 (Pa) and reference temperature is 295 K [106]. In
order to validate the present simulation, the Re is 1.9x10°; velocity of water investigated is
2 m/s; the density of the water at given temperature is 998 kg/m?; and the viscosity
i 0.00103 Pa.s. This is an assumption close to reality and it is not necessary to resolve the
energy equation. A segregated, implicit solver is utilized. Calculations were done for angles
of attack ranging from 0 ° to 15°. The foil profile, boundary conditions and meshes were all
created in the pre-processor ICEM. The pre-processor is a program that can be employed to
produce models in two dimensions, using structured meshes, which can consist of all

quadrilateral elements.
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The resolution of the mesh is greater in regions where greater computational accuracy is
needed, such as the region close to the foil. Nodes also increase the required computer
memory and computational time. The appropriate number of nodes can be determined by
increasing the number of nodes until the mesh is sufficiently fine so that further refinement
does not change the results [107]. The boundary and initial conditions for the 2D CFD

models are shown in table (3.1).

Table (3.1) Details of the boundary and initial conditions of the 2D CFD models

Boundary / Initial condition Settings Value (unit)
Inlet velocity Constant velocity 2 m/s
Inlet turbulence intensity Percentage and hydraulic diameter 2.48%
Outlet pressure Constant pressure 0.9 MPa
Water density Constant density (incompressible flow) | 998 Kg/m?®
Water viscosity Constant viscosity 0.00103 Pa.s
Meshing tetrahedral 194981 cells
Convergence criteria Residuals 10
Spatial discretization 2" order upwind --
Time discretization None, steady -
Turbulence model SSTk—-w --

3.5 Establishing the 2D CED Model of HAMCT Hydrodynamics

On a foil, the resultants of the forces are usually resolved into two forces and one
moment. The component of net force acting normal to the incoming flow stream is known as
lift force and the component of the net force action parallel to the incoming flow stream is known
as the drag force. The curves of the lift and the drag coefficient are shown for various angles of
attack. Simulations for various angles of attack were done in order to be able to compare the
different C, and Cq coefficients. Accordingly, the model is solved with a range of angle of attack
from 0 to 15°. For each simulation, the results are calculated from numerical data and solution

converge after 347 iterations. Numerical values show that C; is 1.0530 and Cqis 0.01509 at zero-
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degree angle of attack. For high quality of mesh, the solution is converged where the value is
accepted. From these values, the graph will be plotted, thereafter a holistic view of the
dependence of lift coefficient and drag coefficient on the angle of attack can be determined.
Hence, it can determine the best angle of attack and design turbine blades to get highest
efficiency. Also, from results, we can get contour of pressure, velocity around NACA shape and
the maximum value and minimum value of each variable. Contour of pressure shows locations
that have maximum pressure; also, it can be noticed that the separation point, transition point,
location have turbulent flow, which causes a cavitation phenomenon.

In figure (3.8-a) it’s clear that for the S1210 NACA foil, at angle of attack 0°, flow is
symmetric with respect to the blade chord. On the other hand, the NACA HF1020 hydrofoil has
asymmetric flow at angle of attack 0°, figure (3.8-b). This is observed by depicting the pressure
distribution at the suction and compression sides of the airfoil. However, to determine the cases

with highest ratio, it is a must to get the numerical values at top and bottom surface of NACA

shape.

(a) (b)
Figure (3.8) Pressure contours at AOA zero (a) $1210 (b) HF1020

To choose the best turbulence model to use in the simulation, a lot of trials have been
done on SST k — w, RSM and SA turbulence models. Only the SST k — w model was able to
achive the required converegence criteria. The other two models showed oscillations in the
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residuals history and did not achieve the required convergence criteria. The following results

are all obtained using the SST k — w model.
3.5.1. Turbulence Models Comparison and Validation of the 2D-CFD Model

In order to test different turbulence models and decide which model to use with the
transitional flow conditions (Re = 190,000), 54 simulations cases were conducted in parametric
settings. The comparison between turbulence models included three versions of the fully-
developed turbulence model k — e (standard, realizable and RNG) in addition to the Spalart-
Almaras (SA), Reynolds stress (RSM) and SST k — w models. The results of the coefficients of
drag and lift (C4, C;) were compared to the experimental measurements of the benchmark
case[84].

Table (3.2) lists the values of ¢, calculated by different turbulence models compared to
experimental measurements and shows the error percentage for each set of results. Some of the
models did not converge in all cases, as shown in the table. It can be seen that all three k — €
models had large error range varying from 0.07% to 142.6%. The SA model had error range
varying from -0.64% to 91%. The RSM model had error range varying from -19% to 154.97%.
The SST k — w had the least range of error varying from 15.7% to 28.5%. The non-converged
cases were not considered in estimating the limits of error range. Only the k — e RNG and SST

k — w models converged in all cases.
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Table (3.2) (a) Comparison of different turbulence models calculations of the lift coefficient(C;).
Each record represents a simulation case. Records shaded in red colour have not converged
during solution. (b) Error percentage for each model compared to experimental measurements.

Positive (+) and negative (-) signs represent over- and under-prediction, respectively.

(@) ()

Angle | Exp | k-epsilon (STD) | k-epsilon (RLZ) | k-epsilon (RNG) | SA RSM SST k-omega
0 0.91 2.09 1.74 2.32 1.05
2 1.10 2.27 1.76 - 1.40
4 1.30 2.19 1.80 2.62 1.53
6 1.40 2.79 2.69 1.09 1.86 1.19 1.80
8 1.55 2.78 2.71 2.34
10 1.65 2.71 2.64 2.37
12 1.69 2.51 2.63 2.30
14 1.60 2.14 2.13 3.21
16 | 150 NGO 159 1.71

Error %

Angle | Exp 191.44% 182.13% 129.52% 91.02% | 154.97% 15.71%
0 0.91 144.01% 142.66% 106.44% 59.80% | 295.06% 27.27%
2 1.10 111.51% 103.15% 68.67% 38.83% | 101.76% 17.69%
4 1.30 98.96% 92.15% -22.38% 32.71% | -15.09% 28.57%
6 1.40 79.63% 74.75% 51.20% 22.26% | 270.00% 22.58%
8 1.55 64.24% 60.13% 43.37% 137.52% | -19.00% 16.97%
10 1.65 48.46% 55.33% 35.89% 1.05% 2.07% 21.30%
12 1.69 33.66% 33.04% 100.58% -0.64% | 357.74% 23.75%
14 1.60 123.50% 0.07% 7.35% 482.99% | 303.92% 19.50%
16 1.59

Another comparison for showing different turbulence models performance with respect
to coefficient of drag (C,) is shown in table (3.3). The percentage of error in the C,; calculations
by the fully-developed turbulent flow models is extremely high due to the complex flow
structure associated with transitional flow. Such complex structure cannot be captured with
these models due to the assumptions in their equations. However, the SST k — w model

calculated very good values of C; compared to experiments with error percentage varying from

41



-9% to -17.14%, as shown in the table. The transtional flow structure predicted by the SST k —

w is shown by means of pressure and vorticity contours later in this chapter.

Table (3.3) (a) Comparison of different turbulence models calculations of the drag
coefficient(C,). Each record represents a simulation case. Records shaded in red colour have
not converged during solution. (b) Error percentage for each model compared to experimental
measurements. Positive (+) and negative (-) signs represent over- and under-prediction,

respectively.

(Ca)
Angle | Exp k-epsilon (STD) | k-epsilon (RLZ) | k-epsilon (RNG) SA RSM SST k-omega

0 0.02 1.11 5.98 2.43 0.02

2 0.023 9.49 6.55 - 0.02

4 0.026 8.91 5.29 2.61 0.02

6 0.028 1.98 2.88 5.72 3.07 2.35 0.02

8 0.03 1.92 7.49 3.34

10 0.033 6.75 5.61 7.94

12 0.043 1.22 9.04 5.71

14 0.084 1.79 1.66 1.08

16 | 013 ; 2.19 1.64

Angle Error %

0 43493.25% 41868.70% 5466.35% 29807.75% | 12051.45% -15.00%
2 33535.00% 22619.61% 41165.74% 28369.52% | 10119.26% -17.39%
4 18693.69% 21754.31% 34160.46% 20232.35% | 9925.54% -15.38%
6 6971.46% 10169.82% 20330.50% 10851.11% | 8301.93% -14.29%
8 6301.20% 24866.50% 11047.17% 5857.83% 7318.00% -13.33%
10 20365.82% 16894.91% 23945.55% 27596.30% | 6262.91% -9.09%
12 2741.70% 20933.26% 13176.88% 19104.67% | 13095.28% -18.60%
14 2034.71% 1875.71% 1184.27% 11585.68% | 8875.50% -7.14%
16 2059.13% 1581.14% 1159.42% 1131.67% | 4487.26% -15.38%

Figure (3.9) shows relationship between C, and angle of attack. The C, is directly
affected by angle of attack, at angle of 0-degree, C; = 1.053 which is minimum value, at
angle of 5 degrees, C; = 1.5991, at 10 degrees, C, is 1.9364 and at 15 degrees, C, is 1.958.
In general, the lift coefficient increases with the increase of angle of attack. In addition,

the lift coefficient is proportional to angle of attack where the trend of curve is reduced
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when angle of attack increases, which means that the rate of increasing of lift coefficient

is decreased when angle of attack increases more than the value of 12°.

To further indicate the agreement of lift and drag coefficients calculated by the SST
(k — w) model and experimental results of NACA HF-SX[84, 85], the results are
presented graphically in figures (3.9) and (3.10). The numerical results of Cyand Cgare in

qualitative and quantitative agreements with experimental results.

2.5

o Coefficient.of lift

0 4 8 12 16
Angle of Attack

CL/HF1020 CL/51210 CL/HF1020 Exp Cl/$1210 Exp

Figure (3.9) Cl for NACA S1210, HF1020, experimental[84]

Figure (3.10), shows the relationship between Cq at different angles of attack. At
angle of 0-degree Cq = 0.01509 (i.e. minimum value of Cy); at angle of 5-degree Cq =
0.01868; at 10 degrees, C; is 0.02938 and at 15 degrees, C; is 0.08203. The peak of the
ratio Cy/ Cq is at around 7 © angle of attack, as shown in from Figure (3.10) below. Similar
to the lift coefficient, the drag coefficient also increases with angle of attack. In spite of
this curve being non-linear, it is similar with lift coefficient curve, and it covariates too,

so the drag coefficient is proportional to angle of attack. Also, slope of curve is increased

43



when angle of attack increases, because the speed of increasing of lift coefficient will be

increased when angle of attack increases.

Based on drag coefficient curve ,figure (3.10) of proposed model and experimental
results of NACA HF-SX [87], the drag coefficients are proportional to angles of attack.
The trend of proposed model and experimental results relatively agree [84]. Moreover,

magnitude of lift coefficient at angle of attack levels is also nearly equal; e.g., at 15 degrees

in two models, drag coefficients values are about 0.08.
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Figure (3.10) Cqfor NACA S1210, experimental[84]
3.5.2  Error Analysis for the SST k — w Model Calculations

Since the SST k — w model calculated hydrodynamic performance parameters
that was found to have very good agreement with experimental results, only this model
had been used in this research. In order to evaluate the overall impact of CFD error on the
simulations, a comparison between the hydrodynamic performance ratio is shown in
figure (3.11). The comparison shows the ratio C;/C, at different angles of attack for the

CFD simulations and the experimental measurements of the benchmark case[84].
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Figure 3.11 Comparison between the hydrodynamic performance ratio (C;/C,) for the CFD simulations
and experimental measurements[84]. Average and standard deviation values of the CFD and reference

datasets are 44.54+16.16 and 40.84+14.82. Error bars represent standard deviation.

Also, figure (3.12) below, shows the values for error percentage difference between the
simulated HF1020 foil and the compared experimental values for C; from the
experimental results for the other research [84]. A maximum error is at AOA of 2

degrees which equals 3.56%, which is acceptable value for error.
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Figure (3.12) Error percentage curve for Cl validation results for HF1020
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3.5.3 Pressure Coefficient Validation

Another parameter for validation is the Pressure coefficients Cp, it is calculated for
the simulated foil HF1020 at angle of attack 6 and 10 and the output curves are compared
with the other research[84], the two curves are shown in figure (3.13) and have a good

agreement with other experimental research [84].

As itis shown in figure (3.13), the negative values of C, (upper surface) indicate the
suction side, while the positive C,, values (lower surface) indicate the pressure side of the

hydrofoil. The agreement between the CFD results and benchmark experimental
measurements is very good at transitional flow regime as shown in two angles of attacks
indicated in figure (3.13).
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Figure (3.13) Validation of the pressure coefficient CFD simulations and experiments established in the
benchmark case [84] for transitional flow regime (Re=190,000) at (a) 62 and (b) 102 Angle of Attack. X-
axis represent the non-dimensional distance along chord represented by (x) coordinate divided by chord
(c).
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3.6 Calculations of Power based on Hydrodynamic Lift

Power is generated due to hydrodynamic lift. Hydrodynamic losses occur due to drag.
Therefore, the generated power varies with the angle of attack. In order to demonstrate such
variation by the 2D CFD model, the power is calculated as function of the lift coefficient and

flow field variables as following:

P =~ CipAv® (3.12)
where P is the power (W), C; is the lift coefficient, p is the water density (Kg/m?), A = ¢ X L is
the chord length (m) and v is the flow velocity (m/s). The swept area is calculated as using unity

product of chord and unit length, 0.1 m [108, 109]. The variation of hydrodynamic power and
losses with AoA are plotted in figure (3.14) and listed in details in table (3.4).
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Figure (3.14) AoA Variation of (a) Hydrodynamic power and losses compared to (b) AoA variation of hydrodynamic

performance parameters
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3.7 Flow Structure: Pressure and Vorticity

3.7.1. Stall angle

To describe a stall angle, assume an HAMT with a constant rotation speed and fixed
blade pitch angle. When flow velocity increases, the tip speed ratio decreases and the
relative wind angle increases causing an increasing in the angle of attack. A turbine with
this characteristic is possible to be controlled. When flow velocity increases to a certain
value, the turbine becomes less efficient, at this angle of attack, it’s known as a stall
angle. When stall angle is accrued, it causes a loss of lift and torque. Consequently, some

zones of the blades are in stall. [25]

3.7.2. Boundary layer separation:

Vortices are generated in the wake when current flows over an Aerofoil of a turbine
blade. The vortices are generated by a mechanism which is called boundary layer
separation.

Separation point is a point at which the flow fluids prevent flow back of the fluid,
boundary layer separation must occur [110]. As the boundary layer separates from the
surface a wake is formed in the downstream region. The point at which boundary layer
separate occurs is dependent on a parameter called Reynolds number as shown in figure
(3.15).[111]
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Figure (3.15) Vorticities at different Reynolds number[111]

3.7.3 Analysis of pressure and velocity distributions around the hydrofoil

In 2D CFD models, the variation of AoA is parametrized by running one
simulation for each AoA. In reality, AoA varies due to the twist angle of the blade.
Therefore, the most meaningful way of analyzing the flow structure in 2D CFD models
is qualitative analysis using contour plots. It is primarily important to analyze the flow
structure under transitional flow regime to demonstrate the relevance of the transitional
SST k — w model, as explained earlier in this chapter. The purpose of studying the flow
structure through pressure and vorticity fields is to show the influence of AoA on the
flow structure. This is essential to the main contribution of this research that is the

concept of VSG.

Figures (3.16) and (3.17) show the distribution of pressure and vorticity at nine
different AoA. The separation zone can be identified as the region with negative pressure
on the upper surface of the hydrofoil. It is clear in figure (3.16) that such region varies

considerably in size and magnitude according to the AoA. The variation is nonlinear as
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the flow undergoes transition. This is further explained by figure (3.17) where the
vorticity contours are shown. The vorticity contours show the regions where the flow

undergoes rapid vortex generation downstream the hydrofoil.

It can be noticed that, pressure distribution in top and bottom domains (compared
to chord) is asymmetric (i.e. non-symmetric) in all AoA values with a minimum
difference at 0° angle of attack. This explains the results presented in table (3.2) where
the minimum value of lift coefficient is observed at such AoA. In this case, and if a unity
blade length is considered, it is much harder to rotate such blade compared to other AoA
values, where pressure distribution has larger differences between upper and lower
surfaces. With larger AoA values, pressure distribution on the lower surface always has
the larger values than the case of 0° angle of attack. This further explains the increase in

lift coefficient shown in table (3.2).

From vorticity contour shown in figure (3.17), it can be seen when the angle of
attack is increased, regions with high vorticity values increase. Separation occurs further
upstream the hydrofoil when the AoA is increased. At zero AoA, the flow is attached to
the hydrofoil downstream to the trailing edge, when the AoA increases, as seen at 12°

and 16°, the flow separation appears further upstream.

It is important to notice the complexity of the vortex structures associated with
flow separation. This complexity causes modeling difficulty as indicated earlier in this
chapter with fully-developed flow turbulence models. Also, it is important to notice the
correlation between the size and magnitude of the separation region as it appears and
increases proportional to the AoA and the increase of drag coefficient and losses shown
in figure (3.14). Separation of boundary layer and appearance of this vortex structures

causes drag to increase.
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Figure (3.16) Pressure contours showing the variation of pressure distribution around the hydrofoil

with respect to different AoA values (02-1692).
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Figure (3.17) Vorticity contours showing the variation of separation region around the hydrofoil with

respect to different AoA values (02-162).
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3.8  Chapter summary

A 2D-CFD model representing transitional flow over a HAMCT hydrofoil section has
been developed, verified and validated. The computational domain was discretized to 194,981
tetrahedral cells and the steady-state solver was used. Turbulence was modeled using the SST
k — w model that is specifically derived for transitional flow. Comparisons with five turbulence
models showed that the SST k — w model predicts with hydrodynamic parameters with

modeling error range from -18.6% to 28%, depending on the angle of attack.

The 2D CFD model predicted average hydrodynamic performance ratio of 44.54+16.16 while
the experimental benchmark dataset had an average ratio of 40.84+14.82. This modeling error
was deemed quite acceptable given the transitional flow regime and the assumptions made in
the steady 2D CFD model. The hydrodynamic power and drag losses were both found to be
directly proportional to the angle of attack.

For the local distribution of pressure coefficient on the hydrofoil, the 2D CFD model predicted
a pressure profile that is generally similar to the experimental measurements. Minor spatial

differences exist due to the meshing and modeling assumptions.

The overall performance of the 2D CFD model in simulating transitional flow over the
hydrofoils analyzed in this chapter is representative of the problem. The model was found
capable of predicting physically realistic values of the hydrodynamic performance parameters

and local pressure on the hydrofoil.

Based on the results of analyzing the flow field around the hydrofoil of turbine, the
performance of HF1020 foil can be affected by the angle of attack. This is clearly shown by the
drag and lift coefficients in fig (3.9) and fig (3.10), where Cq4 and C, coefficients increase with
increasing the angle of attack for a certain limit value. Hence, from Ci/Cq curve fig (3.11), the

blades performance reaches the peak at around 6° angle of attack.

At zero angle of attack, there is a relatively small lift force generated, and if it is desired to
increase the lift force and the value of lift coefficient, the angle of attack has to be increased. By
doing that obviously the amount of drag force and value of lift coefficient also increased, but
the increment in drag coefficient is slightly lower than lift force.
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The analysis of the flow structure around the hydrofoil, at varying AoA values, showed
the complexity of the transitional flow regime. Non-symmetric low-pressure regions and vortex
structures have characterized the near flow around the hydrofoil. The trend of hydrodynamic
performance parameters was found to be associated with the flow structure. The increase of
AO0A generates large vortex structures attached to the upper surface and trailing edge of the
hydrofoil. This increases the drag. While the low pressure region, associated with higher AcA
values increase the lift.
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CHAPTER 4

Three-Dimensional CFD Modelling of Full-Scale HAMCT
Hydrodynamics
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4.1. Introduction

After establishing the 2D CFD model of the HAMCT hydrodynamics, the modeling
strategy and approach are extended to develop a full-scale 3D CFD model of HAMCT. The 3D
model represents a three-blade turbine similar to the design experimentally investigated by
Goundar et al [84, 112]. The 3D CFD model was established based on the outcome of the 2D
CFD model. The near-wall mesh refinement, streamwise meshing density and solver setup were
all adopted from the 2D CFD model. The purpose of the 3D CFD model is to establish the final

modeling approach that is used to conceptualize and validate the VSG device.

4.2 Turbine design

When designing HAMCT hydrofoils, important hydrodynamic characteristics must be
studied such as, the pressure distribution on the hydrofoil’s surface, the minimum coefficient of
pressure(C,), coefficient of lift(C;), coefficient of drag(Cy), and hydrodynamic performance
ratio (C;/C,) [84]. The turbine hydrofoil considered in this work is NACA HF1020 with an
average chord of 21 cm along the entire blade and a maximum thickness of 3.36 cm. The turbine
will run at a fixed TSR. The main reason for choosing a NACA foil is that complete performance
data is available, and an experimental research is done by other researcher to be compared with
the results.

The number of blades is a vital choice when designing a turbine. Too few blades will result in
an uneven pulsating torque since the blades only produce torque during certain parts of a
revolution on a turbine, the number of blades was simply chosen to be three. At a later stage it
might be interesting to change the number of blades to compare how it affects the performance
[84]. The model was 3D represented on Rhino software, as shown in figure (4.1), with blade
data from (Xfoil) program to get desired dimensions, then import to ANSYS (fluent) to perform
the study on the turbine, 3 bladed turbines, in cylindrical domain is used in 3-D simulation, with

3m total blade radius.
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Figure (4.1) 3-bladed turbine model HF1020
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4.3 3D CED Model Development

The computational domain in this simulation is chosen similar to the bench mark study
and is sized to allow for full development of the upstream flow and to minimize blockage effects.
The computation domain is a cylinder with a radius of 5m and a stream wise length of 15m.
Figure (4.2) shows the computational domain and mesh topology. The inlet of the computation
domain is a steady axial velocity of 2 m/s.

The 3D computational domain is developed with a Hex-cells meshing, as shown in figure (4.2).
The mesh is generated with 3.4x10° computational grid cells. The number of meshing is decided
based on the 2D CFD as the product of the 2D CFD mesh count and the length of the 3D CFD
domain. The mesh quality statistics is very good average skewness ratio is 0.2416, and
maximum of skewness ratio is 0.983. The histogram of mesh quality metrics is shown in figure
(4.3). Fine mesh and small element with inflation at location are close to the turbine. Element
size grows along two axes from NACA shape to boundaries. For optimal results, the properties
of elements are very important, and number of element of best quality mesh is less than bad

mesh. To confirm quality of good or bad grid [85], parameters to be evaluated are a) Skewness
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Ratio, acceptable value is less than 0.6, ideal is 0, b) Aspect Ratios, acceptable value is less than
1.5, ideal is 1, c) the Jacobian Ratio is 1 and d) Warpage are 0 deg. If parameters of mesh are

close to these criteria, result can be accepted [101].

0.000 4.000 8.000 (m)
I 0O a0

2.000 6.000

Figure (4.2), Model Mesh using hexa element as implemented in ICEM software for the mesh
generation
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Figure (4.3), Statistics of elements based on meshing criteria (Histogram)
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4.4 Physical Properties and Solver Settings

The 3D CFD model employs a third order-accurate MUSCL discretization scheme.
Although, to model the turbulence terms of the governing equations, the shear stress transport
SST k omega turbulence model is selected. To model the transport of turbulent shear stress, the
SST k omega turbulence model can be used, because it gives accurate predictions on the onset
and amount of flow separation under adverse pressure gradients and has been effectively used

in the CFD simulation of water. While the outer domain remains in a dynamic state [100].

A uniform turbulence intensity of 2.8% is set and modeled at the inlet [114]. A pressure
outlet boundary is applied at the outlet of the domain. And the intensity of turbulence is ignored,
to improve the stability of the numerical simulations, symmetry boundary conditions were used
at the side wall of the cylinder. To avoid the wall defects, the symmetry boundary is used and
consider the wall as part of longer domain and symmetry (i.e. slip) boundary to eliminate the
wall effect and impose the far-field stream condition [113]. It is usually noticed that turbulence
intensity plays an important role on the act of a water current turbine. The performance
fluctuations dramatically increase with the turbulence intensity. The wake dissipates much faster
as the turbulence intensity increases, this work focuses on the velocity on normal axis plus the
swirl effect of turbine positions [100]. The boundary and initial conditions of the 3D CFD model

are shown in figure (4.1).

Table (4.1) Details of the boundary and initial conditions of the 3D CFD model. Number

of blades is 3, turbine diameter D = 10 m

Boundary / Initial condition Settings Value (unit)
Inlet velocity Constant velocity 2mls
Inlet turbulence intensity Percentage and hydraulic diameter 2.48%, D
Outlet pressure Constant pressure 0.9 MPa
Water density Constant density (incompressible flow) 998 Kg/m?®
Water viscosity Constant viscosity 0.00103 Pa.s
Meshing tetrahedral 3.4 million cells
Convergence criteria Residuals 10°
Spatial discretization 3 order (MUSCL) --
Time discretization None, steady --
Turbulence model SSTk—w --
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4.5 3D Model Validation and Results

4.5.1 Model Validation

In order to validate the 3D CFD model, 16 3D simulations were conducted to calculate
the power-coefficient against varying tip speed ratio (TSR). TSR is a characteristic
parameter for HAMCT operation expressed as: TSR = w X r/V and it represents the ratio
between the turbine blade-tip and current velocities [85, 114]. At low current velocities, such
as the conditions adopted in this work to represent south Mediterranean currents, turbines
cannot work at high TSR, therefore, their power coefficient is relatively low compared to
conditions where high current velocity exist. However, for the sake of validating the 3D
CFD model, different TSR values are adopted to setup different simulations to demonstrate
the model validity. In The power coefficient can be calculated from the CFD results as

following:

Cow =100/ (3pAV?) (4.1)

The available data from the benchmark case [112] reports only power coefficient vs
TSR. There is no other data available in published literature that matches the operating
conditions of the HAMCT in this thesis. Each simulation of the following validation set is
conducted with 3.4 x 106 grid cells, second-order scheme and steady flow setting. The
solution is considered converged when all residuals are less than 10~ in absolute value. All

validation was conducted at current speed of 2 m/s and Reynolds number of 1.9 x 10°.

CFD results have over-predicted the power-coefficient for 1.5<TSR<4 and under-
predicted the power-coefficient at higher TSR. This change in trend is justified by the strong
tip-vortex separation in high TSR values which is mostly not captured in CFD models, as
previously reported [76, 115]. The average positive and negative errors are 7.8% and -7%,
respectively. This validation exercise shows that the 3D CFD modeling framework is
reliable and produce physically acceptable results. In order to extend the validation exercise,
another comparison was conducted between the 3D and 2D models. This comparison aims

to show the third-dimensional effect on predicting the hydrodynamic performance
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parameters. It is very important to combine both validation exercises in order to demonstrate

the reliability of the modeling approach.
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Figure (4.4) Validation of the 3D CFD model with experimental data from benchmark case in (a) and error
percentage in (b). Error bars in (a) represent numerical uncertainty due to meshing and solution

convergence. Sign in (b) represent under vs over prediction of power coefficient. Each point represents

a complete CFD simulation.
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Figure (4.5) shows the results of the 2D and 3D CFD models in comparison with the
2D experimental measurements established by Goundar et al [107] which is the validation
reference for the present study. As shown in figure (3.12), the 2D model represents the
experimental measurements with maximum error of 3.56%. However, in figure (4.5), the
difference between 3D CFD model and both 2D sets is quite substantial (average 65%). This
difference is not resulting from error, and it can be physically justified. The justification for
this difference is due to the aspect ratio (AR = l/c) where [ and c are the blade span and
chord length, respectively. Based on the dynamic similarity theory, 2D aerodynamics
defines the aspect ratio of a 2D hydrofoil model as infinite (L = o), since the blade span is
assumed infinite too[108, 116]. Hence, the lift coefficient has maximum values. However,
in the 3D turbine model where the span has a finite length, the values of C; are significantly
lower. Colonies et al [116] and Robin et al [117] showed that such difference is within 60%
in non-twisted blades. In the present work, as shown in figure (4.6), the average difference
is 65% with the 3D twisted-blade turbine CFD model, as shown in figure (4.6). Therefore,

the 3D model in the present work is validated.

In addition, the value of C; predicted by the 3D model is hardly varying with the AoA, as
shown in figure (4.5), contrary to the values predicted by the 2D model and experiments.
This insensitivity to AoA variation is due to the twist profile of the blade. In the present
turbine model, the twist profile dictates a change in the twist angle at 2.46° per unit blade
length. This twist profile is similar to the twist profile investigated by Sayers et al [118] and
Cotton et al [119]. They established the fact that due to the twist profile of the blade, the
values of C; are almost constant with respect to the change in AoA, which is evident in figure
(4.5).

The reduction in C; in the 3D model is also explained by the Betz limit which is the
theoretical maximum efficiency for a wind turbine, conjectured by German physicist Albert
Betz in 1919[120]. Betz showed that this value is 59.3%, meaning that at most only 59.3%
of the kinetic energy from current flow can be used to spin the turbine. Given the relation
between power and lift coefficient(C;), this means that the value of such parameter in 3D

should be 59.3% less, at least from the theoretical value in 2D. In 2D flow, the generated
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power is theoretical assuming infinite blade length. In the results presented in figure (4.6),
the reduction of the 3D blade C; is well below the Betz limit.
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Figure(4.5) Comparison between 2D and 3D C; using CFD and experimental measurements
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Figure (4.6) Difference in C; due to AR between 2D and 3D CFD models as function of the
AoOA.
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4.5.2 Pressure and force contours on the blades

Many features and parameters can be obtained in fluent ANSYS that can help in
performance evaluation and indicate many variables such as pressure, velocity, forces,
turbulence on the HAMCT and its blades, for example figure (4.7) shows the pressure contour
for the HF1020 foil turbine blades.
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Figure (4.7) pressure contour for the HF1020 foil turbine

From figure (4.7), it is clear that the maximum pressure coefficient will happen on the
leading edge of the turbine blades. The distribution of pressure on the turbine blade matches the
results of the 2D simulation qualitatively and demonstrates similar trend. Another parameter can
be monitored on the turbine which is the forces vectors on the MCT. Forces distribution in figure
(4.8) shows that the maximum values for forces on the blades will happen on the hub and the
edges of the turbine blades which leads to high stresses and loads on the edges of the turbine
blades.
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Turbine blade is subjected to many forces, the resultants of the forces are mainly resolved into
two forces and one moment. The component of net force acting normal to the incoming flow
stream is known as lift force and the component of the net force acting parallel to the incoming
flow stream is known as the drag force [121], as observed in figure (3.2). The contours of the
net force on the turbine blades are shown in Figure (4.8). It can be seen that the regions where

maximum force is exerted on the turbine blades are near the blade center in streamwise direction.

Force
m 1500

1200
900

600

I300
0

[N]

Figure (4.8) Net force field acting on MCT blades

4.5.3 Velocity, turbulence and separation characteristics of HAMCT

The velocity contours around the 3D model is shown in figure (4.9) where the contour
plane is located at the middle plane of the turbine. The distribution of velocity signifies the
rotation direction of the turbine and shows the acceleration due to separation at the turbine blade.
Figure (4.10) shows the contours of turbulence kinetic energy production (production of K) at
the mid-plane of the turbine. Figure (4.11) shows the separation bubble denoted by iso-surface
of the second velocity invariant (Q-criterion). It is clear that there is some sort of symmetry
between the blades, however, the transitional flow dictates spatial variation between the flow
characteristics of the three blades.
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Figure (4.9) Contours of velocity magnitude around the 3D HAMCT model at Reynolds=1.9x10°.

Figure (4.10) Production of turbulence kinetic energy
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Figure (4.11) Iso-surface of constant Q-criterion at threshold value of 0.01 s*

4.6 Discussion and Conclusion

A 3D full scale CFD model of HAMCT was developed, validated and discussed. The
model was developed based on the parameters and approaches used in the 2D model. The model
was validated by a parametric comparison with measured power coefficient (C,,) derived from
the benchmark study. The validation comparison revealed that the average positive and negative
modeling errors are 7.8% and -7%, respectively.

The validation of the 3D CFD model was demonstrated by comparing the 2D and 3D lift
coefficient with respect to previous reports and the Betz limit theory. It was found that the
difference between 2D and 3D C; values in very good agreement with both previous works and
with the Betz limit theory. Pressure coefficient and force fields on the turbine blades are
analyzed and shown to be consistent with the theory of operation. The flow structure around the
turbine was outlined. It is shown that the flow around the turbine is characterized by attached
separation region and downstream turbulence production zone. The 3D CFD model predicts
hydrodynamic performance of HAMCT turbine and is concluded to be suitable for studying

performance improvements brought by the VSG device.
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CHAPTER 5

Hydrodynamic Performance Characteristics of Novel Swirl

Generator for Improving HAMCT
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5.1. Introduction

Swirl flows can be seen in natural flows, for instance, tornadoes and typhoons, and have
been broadly used in engineering applications [122]. For example, aeronautics, heat exchange,
spray drying, separation, combustion, etc. For decades, their significance and complexity have
been the focus of many research investigations. A complete review of the complex nature of
the research into the swirl and vortex breakdown can be found in [122]. In aeronautic
applications, amplified lift and stability of the wing is caused when leading-edge vortices shed
from a delta wing induce a velocity field. Yet, these vortices can under particular conditions be
linked to the angle of attack of the wing [122].

A swirl flow can be defined as one undergoing concurrent axial and vortex motions. It
is caused through the application of a spiraling motion, a swirl velocity component (tangential

velocity component) being imparted to the flow by either using swirl vanes,

entry swirl generators or through direct tangential entry into the chamber [123]. The curl or
merely the distortion of the velocity field of such flows is known as the vorticity. Different
angular velocities of different rings of particles causes this distortion when it exists. Hence,
causing an object that is travelling on a circular path to revolve about its own axis as it goes
along. The vorticity at one point can be defined as the ratio of the circulation round an
infinitesimal circuit to the area of that circuit [124] in the case of a two-dimensional plane flow

and is given by:

. irculati v 9
Vorticity Q = Z— 21 atton _ 2o _2u (5.1)

area T ox ady
Potential or free vortices are called at flows which have a tangential or swirl velocity w of type
w = C/r, where w is the swirl velocity component, C is circulation and r is the radius. If every
element of the moving fluid undergoes no net rotation (with respect to chosen coordinate axes)
from one instant to another, therefore the vorticity of such flows tends to be zero and the local
flow rotates as a static body. As a result, these flows are known as irrational. Forced vortices
are the flows with solid-body rotation, for that the swirl velocity is given up w = C/r. The

vorticity does not tend to be zero and such flows are known as rotational in this situation only
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if every element of the moving fluid moves along a circular path and concurrently rotates about
its own axis [122, 123]

There might be rotational motion in a single part of a flow field and irrotational motion
in alternative part in practice. Moreover, all free vortices in real fluids have a central vortex core
where the vorticity is non-zero. The creation of a free vortex flow can be caused by the
conservation of angular momentum, where the circumferential velocity is sharply amplified as

the radius decreases and o finally decaying to zero at r = 0 since viscous forces begin to take

over [123].

Differentiating between the free and forced vortices can be done through the radial
position of the maximum value of the tangential velocity component: the maximum is found
near the axis of symmetry in a free vortex; however, the maximum is found at the outer edge of
the vortex in the forced vortex. The existence of a combined or Rankine vortex can be found in
some situations where the forced vortex equation is satisfied at small radial distances and the
free vortex equation for large radial distances as shown in figure (5.1) [125]. This type of vortex
has been shown to develop, for instance, when introducing the flow tangentially at the periphery
of a cylindrical chamber and exhausted at an axial nozzle [123, 124, 126-128]. Flow field and
turbulence features have been exhibited by the central forced vortex region that seem to be
considerably divergent from those seen in the surrounding non rotational vortex flow field. The
inner or vortex core is usually referred to this central region. It is described as being free of shear
but not free of vorticity. The core is commonly restricted to that region of the solid-body rotating
flow but can also be stretched out to the radius of maximum tangential velocity. Table (5.1)
[129] summarizes the characteristics of every type of vortex that can be distinctively defined
[123, 130].

As well as classifying a swirl flow based on its type of vortex, it is possible to
characterize the degree or intensity of the swirl through the usage of dimensionless local swirl
number, as the degree of swirl has large-scale impacts on the flow fields [123] . For instance,
the introduction of swirl into turbulent jets results in an increase in jet growth, rate of

entrainment and rate of decay of the jet. The swirl number is defined as follows [131]:

S = Go (5.2)

Gy T
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Where r = R; G is the axial flux of angular moment and is given by

Gy = fOR(a)r)pu 2nrdr = %nR3 uw

G, is the axial flux of linear moment and is given by

R
Gy = J,

Tangenti
al
Velocity

0.0

™

u pu 2nrdr + fOR p 2nrdr = mpR*u?

e

Forced vortex or solid

body rotation

Dimensionless Radius /R

(5.3)

(5.4)

Free vortex

1.0

Figure (5.1) Qualitative representation of a Rankine vortex adopted based on [132, 133]

Table (5.1) Exact equations for calculating swirl flow velocity components

Forced Vortex

Free Vortex

Rankine Vortex

Tangential
distribution w

velocity

wr™

= constant
Wheren < 0

wr™

= constant
Wheren > 0

Angular velocity w

C ( constant)

c
— (fnof 1)

Circulation I’

2mwr?

2nC

Vorticity Q

4w = constant

The pressure term can be omitted that is assuming the static pressure is constant over the

R [110]. The swirl number is typically used to define the level of swirl, as very weak swirl when
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Sh < 0.2, a weak swirl corresponds to 0.2 < S < 0.5 and a strong swirl is when S > 0.5. A
normalized swirl number (relative to the maximum swirl generated) can also be used to represent
the data and is particularly useful as it can clearly show the level of the swirl and how it decays
relative to the original level. This can be viewed by plotting the decay downstream of the TST
against full recovery or as a downstream distance is normalized to the maximum distance for a

recovery to 90% of the upstream velocity [123].

Representation of the data can be done through a normalized swirl number (relative to the
maximum swirl generated) and is particularly beneficial since it can show evidently how it
decays relative to the original level. This can be seen either through the plotting of the decay
downstream of the TST against full recovery or as a downstream distance normalized to the

maximum distance for a recovery to 90% of the upstream velocity [122].

5.2 Vane swirl generator (VSG) concept

This research aims at introducing a novel swirler concept to improve the performance of
MCT. The novel swirler is basically a static structure which has swirl-generation vanes, installed
upstream of MCT. The concept is sketched in the figure below. Study will be done on the swirl
flow to compare the MCT performance with the flow without swirl effect, to contribute if it is
better to use a swirler before the inlet flow of the MCT and its effect on the MCT performance.
The hypothesis of this MCT-add on is to improve the swirl velocity field in the vicinity of the
turbine, hence improve its hydrodynamic performance and efficiency. In addition, the presence

of highly-streamlined velocity field will reduce separation layer and reduce stall.

In order to examine this research hypothesis, the validated 3D CFD model, which was presented
here, will be used to conduct parametric study on the swirl number effects on blade
hydrodynamic performance. The parametric study will consider ideal design characteristics
from the hydrodynamic theory and propose evidence to examine the validity of the proposed
hypothesis. As seen in the illustration shown in figure (5.2), the flow is coming in horizontal
component VX, the VSG will produce 3-dimensional velocities components (Vx, Vy and Vz),

which will act as a swirl flow.
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Figure (5.2), Swirler device before the inlet of MCT

5.3 Validation of the CED solver with swirl flow

In order to demonstrate the solver validity with swirl flow, the exact equations describing
the radial distribution of tangential velocity (table 5.1) was used to validate the CFD results. The use

of exact equations in validating swirl flow is standard in CFD literature [132, 134-136].

In this validation exercise, only swirl flow is simulated and compared with the exact equations derived
from the conservation of momentum, as shown in table (5.1). The exact equations provide reference
for the velocity components as axial momentum is converted to tangential momentum downstream
the flow. Figure (5.3) shows comparison between the CFD results and the forced vortex regime, as
calculated using the exact equation, at two representative lines forS,, = 0.1, 0.5. The exact equation
is devised from the Navier-Stokes equation of one-dimensional Rankine vortex (forced regime), while
the CFD simulation here solves the Reynolds-averaged Navier-Stokes equation for three dimensional
forced vortexes. That is why there are differences between the CFD vortex and exact vortex equation,
as shown in figure (5.3). These differences are quantitative and do not affect the main flow field

features which makes the CFD model valid for predicting swirl flow.
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5.4 Effects of VSG on HAMCT Hydrodynamic Performance Parameters (C;
and Cq)

In order to investigate the effect of swirl flow on the lift and drag coefficients, a
parametric study has been conducted. In this study, the swirl number was varied by changing
the boundary conditions, where each case represented a distinct twist-angle of the vanes. This
parametric study is the core of optimizing the novel swirl generator concept proposed in this
thesis. Five values of swirl number ranging from 0.1 to 0.5 (weak to moderate swirl) were tested
in the study. For each swirl number, five values of AoA were simulated to examine the effects
of swirl on C; and C,; under varying current directions. Therefore, a total number of 25 cases
were simulated in this parametric study. Each simulation case consumed approximately 36 CPU
hours on 4 Intel core-i7 nodes and 8 GB of RAM. The lift and drag coefficients have been
analyzed on each of the three blades for each case, and the ratios between C;, C; in swirl flow
cases and C;, C4 in zero-swirl case have been calculated. This ratio shows the change in C; and
C4 due to swirl flow. The differences between blades in C; and C; values come from the
asymmetric nature of the flow, as reported in previous studies [137, 138].

Figure (5.4) shows the change in C, and C,: AC, = Lwir™Clnoswirt Ac. =

Clno swirl

Cdswirl”Cdno swirl The changes in C; and C, determine the hydrodynamic performance gain, as

Cd no swirl

indicated in figure 5.4. In figure 5.4, the area bounded by the red dashed line shows the

conditions where there is positive increase in the lift coefficient and reduction (AC; < 0) in the
coefficient of drag. To explain the surface plots in figure 5.4, the trends of AC, and AC, at each
A0A value were plotted against varying S,, in figure 5.5. It is obvious that increasing S,, reduces
C, and improvesC;. The values where AC, are negative correspond to S,, > 0.3 and at the same

range, there is significant improvement of C;.

In figure (5.5), the gray boxes show the ranges of S,, that provide the best improvement
in C; where there is reduction of C;. This is shown by depicting the difference in C; and C, with
the variation of Swirl number for each angle of attack. Al low swirl number values, the
improvement in lift is insignificant compared to the increase in drag. On the other hand, at high

swirl number, the improvement in lift is significant compared to the increase of drag.
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Figure (5.4), Surface plot of (a) AC; and (b) AC,; due to swirl number variation as function of the angle

of attack (AoA) for the three blades.
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5.5 Effects of VSG on Power Coefficient

To explain the overall effects of VSG and swirl flow on the hydrodynamic performance
of HAMCT, the power coefficient was calculated based on the same method used for validating
the 3D model, as in section 4.5. Figure (5.6) shows the change of Cp,, according to the change
in S,, and AoA. At S,, = 0 and AoA=0 (base case), it can be seen that Cp,, = 0.18 at TSR=2,
which correspond to the conditions of transitional flow and low-current speed. The power
coefficient value at no-swirl condition shows why HAMCT are not favorable in low-current

speed.

When the swirl flow is introduced at low swirl number(S,, = 0.1,0.2), the power
coefficient does not improve. The power coefficient deteriorates due to the rapid increase in
drag and mild improvement of lift, as shown in figures (5.4) and (5.5). When the swirl number
of the VSG is increased (S, = 0.3,0.4,0.5), the power coefficient obviously improves. The
maximum power coefficient is obtained at S,, = 0.5 and AoA=12°.
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Figure (5.6) Hydrodynamic power coefficient (Cp,,) as function of S,, and AoA
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5.6 Effects of VSG on blade pressure coefficient

Figures (5.7), (5.8) and (5.9) show VSG swirl flow effects on the pressure coefficient on

the turbine blades for 0.3 < S,, < 0.5and 0 < AoA < 8 which is the range at which swirl flow

improved the blade hydrodynamic performance. Regardless of the AoA values, the swirl flow
of VSG had a substantial effect on the pressure coefficient, as shown in the figures. The increase
in the pressure coefficient corresponding to the increase of S,, explains the improvement in C,
as reported in figure (5.5). It can be observed that the AoA had minimal effects on pressure

coefficient compared to the change in S,,.

Pressure Coefficient
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Figure (5.7), Effects of pressure coefficient on turbine blades due to the variation in S,, at
A0A=0
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Figure (5.9), Effects of pressure coefficient on turbine blades due to the variation in S,, at AoA=8
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5.7 Effects of VSG on velocity distribution around the turbine

The effects of SVG on flow velocity distribution is important to characterise the SVG
performance. Figures (5.10), (5.11) and (5.12) show the effects of swirl on the hydrodynamic
flow structure for 0.3 < S,, < 0.5 and 0 < AoA < 8 which is the range at which swirl flow

improved the blade hydrodynamic performance.

At AoA=0° figure (5.10), the variation of S,, resulted in increasing the flow asymmetry and
blade recirculation zones (low velocity region near the blades). When the AoA increased to 4°
and 8° (figures 5.11 and 5.12, respectively) the variation of S,, did not have profound effects on
the velocity distribution, on the other hand, it helped to minimise the blade recirculation zones

and keep it close to the blades.

Figures (5.10), Effect of swirl flow on the velocity distribution on a mid-plane cross-section on the

turbine at AoA=0 for various S, values
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Figures (5.11), Effect of swirl flow on the velocity distribution on a mid-plane cross-section on the
turbine at AoA=4 for various S, values

Figures (5.12), Effect of swirl flow on the velocity distribution on a mid-plane cross-section on the
turbine at AoA=38 for various S,, values.
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5.8 Effects of VSG on generation of turbulence kinetic enerqgy around the
turbine

The generation of turbulence kinetic energy is important to qualitatively characterise the
effects of VSG on the turbine blade hydrodynamics. Figures (5.13), (5.14) and (5.15) show mid-
plane cross section contours of the k generation at AoA=0°, 4° and 8°, respectively, for different
Sy, values. It can be shown that the introduction of swirl flow increases the generation of k
profoundly in all AoA values. The main region of k generation is attached to the blades and has
maximum values that increase correspondingly to the increase in S,,. At AoA=0, the region of

k generation is less attached to the blades than at AoA=4° and 8°.

Figure (5.13), Distribution of k generation around the turbine on a mid-plane cross section at AoA=0
for different S,, values
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Figure (5.14). Distribution of k generation around the turbine on a mid-plane cross section at AoA=4
for different S,, values

Figure (5.15), Distribution of k generation around the turbine on a mid-plane cross section at AoA=8 for
different S, values
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5.9 Effects of VSG on separation around the turbine blades

Separation around the blades is best characterised by depicting the Q-criterion, that is
the second invariant of the velocity vector. Figures (5.16), (5.17) and (5.18) show Iso-volumes
of Q-criterion at relative values of 0.005 (1.35 S1) for AoA=0°, 4° and 8°, respectively. It is
clear that the introduction of swirl flow increases separation. However, the separation zone size

is not significantly affected by the AoA values as much as it is affected by S,, value.

Figure (5.16), Iso-contours of Q-criterion at threshold relative value of 0.005 for AoA=0 and different S,, values
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Figure (5.17), Iso-contours of Q-criterion at threshold relative value of 0.005 for AoA=4 and different S,, values

Figure (5.18), Iso-contours of Q-criterion at threshold relative value of 0.005 for AoA=8 and different S, values
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5.10 Discussion and Conclusion

A novel Vane Swirl Generator (VSG) to be installed upstream HAMCT has been
conceptualized, validated a full-scale 3D CFD model. The model was validated on two stages:
first by validating the HAMCT hydrodynamics predictions and comparison with benchmark
dataset (Chapter 4), then by validating the swirl flow predictions and comparison with exact
momentum transfer equations (Chapter 5). Complete validation of the 3D CFD model of

HAMCT has been conducted, including validation for swirl flow.

Then, a parametric study comprising 30 simulation cases has been conducted and
analyzed to demonstrate the effects of VSG on the hydrodynamic performance of HAMCT
under transitional flow. It was found that the introduction of swirl flow improves the lift
coefficient (C;) for all values of swirl number (S,) and angle of attack (AoA). However, the
penalty of using swirl flow on the coefficient of drag (C;) was high such that it left only the

range of 0.3 < §,, < 0.5and 0° < AoA < 8° that is suitable for improvement.

Then, the effect of VSG on the power coefficient of the HAMCT was investigated. It was found
that when VSG is operating at S,, = 0.1,0.2, the power coefficient of the turbine is reduced. This
can be justified by the increase in drag coefficient at this range of swirl number. It was also
found that VSG improves HAMCT’s power coefficient with 0.3 < S,, < 0.5 for all angles of
attack. However, the highest improvement in C,, was found to occur at AoA = 12° where it

increased from 17.5% to 33.6%.

In order to understand the effect of swirl flow generated by the novel VSG on the HAMCT
hydrodynamics, the pressure coefficient on the blades, velocity, turbulence and separation
characteristics have been investigated. It was found that swirl flow has positive effect on the C,
corresponding to S,, increase and minimal effect corresponding to the variation of AoA. Swirl
velocity component improved the distribution of velocity around the blades. As to the generation
of turbulence kinetic energy, the introduction of swirl has resulted in increasing the k generation
around the blades. Similar effects were observed on the size of separation zones around the

blade as depicted by Q-criterion.
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Chapter 6

Conclusions and Future Work
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6.1 Conclusion of the CED modeling of HAMCT

The use of CFD to simulate HAMCT has been covered in this thesis. Two dimensional

models, with proper turbulence modeling and validation procedures, could provide insights onto
the hydrodynamic characteristics of HAMCT hydrofoils. The transitional flow regime could be
simulated with error percentage as low as 3.5% with the SST k — w turbulence model. The
variation of angle of attack could be simply represented by varying the velocity vector

components at the boundary conditions.

Three-dimensional CFD models of HAMCT are excellent tools to study the turbine
hydrodynamic characteristics. The main challenge in 3D CFD models is validation, since there
are very scarce validation resources in literature. In comparison with previous works,
considering the effects of 2D approximation through similarity theory and the impact of twist
angle on the blade hydrodynamics, the 3D model proposed in this thesis has been successfully
validated. The 3D model was used to investigate the effects of varying AoA on C,, C; and Cy,
as well as the general flow structure, turbulence, and separation regions. The flow around the

turbine was found to be asymmetric, which is consistent with previous works as well.

6.2 Conclusion of the novel swirl generator

A novel swirl generator (vane-type) is introduced in this thesis to improve the
hydrodynamic characteristics of HAMCT. The concept depends on utilizing the dynamics of
swirl flow to improve the lift coefficient of HAMCT blades. To investigate the effects of swirl
flow on HAMCT characteristics and validate the concept, a parametric CFD study has been
conducted. At first, the CFD model was validated for swirl flow predictions by comparing the
CFD results to the exact solution of the swirl flow radial profile of tangential velocity
component. Then, the effects of swirl flow, as represented by boundary condition S,,, on the
coefficients of lift and drag were investigated. For all values of S,, and AoA, swirl flow improved
C;. However, the penalty of using swirl flow on the C,; was found high at 0.1 < S,, < 0.3, and
8° < AoA < 16. Therefore, VSG was found to improve the hydrodynamic characteristics of

HAMCT for only specific values of S,,, and AoA.
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6.3 Recommendation and future work

This thesis proposed a novel swirl-generator concept for improving the hydrodynamic
characteristics of HAMCT. The future research should focus on the following aspects of the

proposed concept:

1- Exploring other hydrofoils with the proposed concept.

2- Investigate different ranges of Reynolds number that represent different marine current
profiles.

3- Investigate the turbulence characteristics with higher fidelity turbulence models (such as
large eddy simulation).

Explore the effects of swirl flow on the hydrodynamic performance (energy conversion
efficiency).
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stream and wake fluid.
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shear stresses that serve
to dissipate the wake and
therefore, it persists
further downstream
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Nedyalkov,
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Wosnik
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New
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blades for MCT

Bidirectional foils may
provide a more cost-
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Bahaj, A.S.,
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Proceedings of
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Technology
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The net result is a higher
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the cube of the flow
velocity along the cross
section of the rotor disk,
in the downstream-most
turbine (0.437 V 3 )
compared to the middle
turbine (0.387 V 3 «).
The most remarkable
observation from the
efficiency results, in a
three turbine coaxial
array, is that the
downstream-most
turbine produces more
power and a higher
efficiency than the
middle turbine
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Research Model . .
No Test rig Experiment Point of Study Results
As TSR decreased, the
angle of attack
increased. Stall might
occur at the lowest TSR.
The angle of attack onto
. the turbine blade section
Research Experimental . :
. near the turbine axis was
Institute of study on wake .
Marine fields of a large, resulting in strong
NACA 63- Svstems horizontal axis lift force on the blade
Seo, J.,etal | 215 NACA ySIems . section. Strong lift
Engineering, tidal stream .
63-815. . . . accompanied downwash
Seoul National | turbine model in .
L X ; flow developed into the
University, various loading . ; il flow i
Seoul, Korea conditions circumierential low in
’ the 3D turbine wake.
Radial flow was
observed out of the wake
stream, implying
expansion of the wake
region
Unsteady flow field
causes fluctuating loads
Blue TEC on the rotor and results
NACA 63- p_Iatform in the The effect of in varying power
circulation tank . outputs. To correctly
Van der 815 and of IFREMER platform motions analvze turbine
Plas, P. NACA 63- - on turbine y
824 in Boulogne- performance perform.ancg, the
Sur-Mer fluctuating inflow
(France) velocity cannot be
neglected in the analysis
of turbine performance
The presence of waves
Investigation into | will increase the torque
Barltron. N Universities of | wave—current on the rotor at lower
P 5814 Glasgow and interactions in range of current speed
et al. . ;
Strathclyde marine current whereas mean axial
turbines thrust is almost
unchanged
Full-scale MCTs
Power output operating at yaw coupled
NACA University of performance with the relatively low
Myers, L. 44XX y characteristics of a | blade speed will cause a
- . Southampton, . ; .
and A. Bahaj | Aerofoil Southampton horizontal axis slower change in blade
sections P marine current AoA with blade azimuth

turbine

position hence the
hydrodynamic
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Research
No

Model
Test rig

Experiment

Point of Study

Results

characteristics will vary
over time. This
introduces an interesting
aspect into MCT
operation as the power
output will vary with
each rotation and cause
an effect known as
flicker

Maganga, F.

tri-bladed
horizontal
axis turbine

Le Havre
University and
IFREMER
(French
Research
Institute for
Exploitation of
the Sea)

Experimental
characterization of
flow effects on
marine current
turbine behavior
and on its wake
properties

It was observed (as
expected) that the water
velocity recovery is
faster in area of greater
ambient turbulence
intensity. Increased
ambient turbulence
intensity leads to the
formation of a narrower
wake (stream wise
direction). Rapid
changes in turbulent
Kinetic energy
production

Esfahani,
J.A. and
H.R.
Karbasian

NACA 63-
215
hydrofoil

Ferdowsi
University of
Mashhad

Optimizing the
shape of rotor
blades for
maximum power
extraction in
marine current
turbines

The lift to drag ratio is at
its maximum value, the
effect of TSR on the
shape of the blade is
insignificant. Thus, the
chord profile extruded
throughout the span of
the blades must be
designed with a
maximum lift to drag
ratio at each section of
the blades
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