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ABSTRACT

Over the past decade, the renewable energy sector nationally and globally has experienced a large
growth due to factors such as increases in government subsidies and cost reductions. One of the fastest-
growing sectors within the renewable energy space is wind energy, however, the growth comprises
mainly onshore wind farm developments but is limited by land availability. Typical wind turbine farms
are large special deployments that accommodate large amounts of land. Offshore wind resources are
normally higher density than that land-based resources due to fewer obstructions to the wind.

The resource available offshore along the eastern and western coastline of South Africa has significant
potential which may be tapped with offshore wind turbines. Findings from the investigation found
four potential sites along the coastline of South Africa which are viable for offshore wind turbine
exploration. The results of the study found that these sites can be connected to onshore bulk substations
and located in zones that are outside the areas of shipping traffic to not affect economic trade. These
locations allow suitable access to coastal areas and ports which can reduce strain on the national
electrical grid as well as reduce transmission losses from inland power stations. The sites which were
investigated have a mean wind speed of 9.5 m/s with power densities between 500 W/m? and 1000
W/m?2, However, the ocean seafloor depth between 1km and 3km deep poses a challenge, new floating
wind turbine concepts and wind farm configurations technologies indicate that these may be overcome
to harness the large energy potential. The study indicates that the offshore potential sites are suitable
for offshore wind turbine development and grid integration. The sites which are closer to the shoreline

(between 10km and 50km from the shore) have short-medium term deployment potential.

The previously designed, vertical axis, ocean hydrokinetic turbine was optimized for wind conditions
by evaluating a larger set of aerodynamic profiles. It was found that the symmetric profiles exhibited
stable characteristics when under loading in the upwind and downwind side of the turbine resulting in
a smoother transfer of torque to the rotor shaft. The results showed a smooth torque profile on the rotor
with minimal main rotor vibration. Even though the aspect ratio of 1.5 has a larger operating range for
large tip speed ratio (TSR) range, the aspect ratio of 1 has a higher coefficient of power range resulting

in higher turbine power output.

The need for a suitable control volume for small scale testing led to the design and construction of a
suitable wind tunnel for the small scale wind turbine testing. The wind tunnel was designed to
accommaodate a small scale vertical turbine at a velocity of 9 m/s to 9.3 m/s based on the mean wind
speed of the potential sites. The turbulence intensity was examined and found to be minimum across

the testing section.
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A small scale wind turbine was fabricated based on the vertical axis helical blade which was designed
at the optimum twist angle for an aspect ratio of 1, due to the nature of power and performance at
selected TSR’s. The study had proven that the results from the test are in good comparison to that of
the simulation. For utility scale turbines with larger power outputs (5SMW to 10MW) the rotor speed
would be between 10 and 15 RPM for maximum power output.

The helical turbine, in comparison to reference HAWT and VAWT turbines within the market, show
an improvement to the power curve efficiency. The helical blade profile shows positive results on the
transmission of mechanical power from the blade to the rotor torque in comparison to other VAWT
systems within the market. This allows for reduced impact on mechanical and electrical components
of the turbine. When deployed in a standardised wind farm layout, the helical turbine outperforms the

reference HAWT and VAWT turbines with respect to capacity factor and annual energy production.

The investigation found that there are suitable offshore wind farm locations along the coastline of
South Africa which can provide suitable clean energy as well as diversify the country’s energy mix as
per the national development plan and long-term energy targets. The study concluded that the vertical
axis turbine design can provide much needed power which may be fed into coastal regions at bulk
point of supply or to offshore oil & gas rigs and possibly coupled with hydrogen technology in the
future.
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CHAPTER 1: INTRODUCTION
1.1 Background

The world is rapidly moving towards a shift from fossil fuels to renewable energy solutions. This has
been spurred due to the changes in the global climate and the need to shift from carbon-intensive fuels.
Energy is a key driver for any country to develop which aids social and economic developments.
Recently, sustainable energy generation has also been a key factor in Sustainable Development Goals
(SDGs) developed by the United Nations (UN) framework, [1], [2].

The electrical power generation within South Africa is mainly produced from coal-fired power stations,
however, the developments in the Renewable Energy Independent Power Producer Procurement
Programme (REIPPPP) have been changing the energy mix within the country. South Africa is
abundant in coal resources [3]; however, the world is reducing its dependence on fossil fuel
consumption as well as complying with the SDG meaning that South Africa is required to maintain a
balanced energy mix consisting of cleaner sources of electrical energy generation, [4], [5].

Figure 1-1 shows the development of the REIPPPP for South Africa. The figure details the spread of
the installed capacity of technologies over the country from bid windows 1 to 4. The figure shows that

most of the wind turbine farms are located along the western and eastern coastlines of South Africa.

Figure 1-1: REIPPPP Location of Installed Power Plants, [6]



South Africa utilizes the REIPPP programme as an auctioning mechanism to attract foreign investment
and mobilize the private industry in the development of various renewable energy technologies for the
benefit of the country. This programme also aims to shift the balance from a centralised vertically
integrated model of power generation and supply toward a diversified, independent model of power
generation and distribution, [7], [8].

Figure 1-2 shows the installed wind capacity for the African continent, sourced and compiled from
independent analysis from International Renewable Energy Agency (IRENA) Capacity Statistics 2021,
[9]. The installed wind capacity is increasing over the last 2 decades due to multiple reasons such as
growing demand, and policy changes within African nations incorporating the shift towards renewable
energy resources. However, offshore wind provides significantly more potential due to the abundance

of resources found offshore with minimal obstruction to the wind flow regime.

Figure 1-2: Installed Wind Capacity - Africa

Figure 1-3 below shows the leading countries which have contributed to the growth of the wind energy
sector within Africa due to onshore wind. It can be seen that Egypt, Morocco, and South Africa are the
leaders in installed capacity with South Africa being the highest-ranking country, mainly due to the

success of the REIPPP programme highlighted in Figure 1-1 contributing to the high rate of deployment.



Figure 1-3: Installed Wind Capacity in Africa by country

However, as land becomes scarce and the economic potential of coastal land becomes more valuable
for other economic contributions such as agriculture, and commercial and industrial trade, the
incorporation of large wind farms will become challenging to develop and construct. Encroachment
within residential zones may also pose its challenges due to aesthetic disputes and noise play a
significant role, [10]-[13].

The offshore wind potential for wind farms is typically higher than that of the onshore counterparts due
to the lack of obstructions such as trees, buildings, and uneven terrain, [14]-[17]. Offshore wind farms
also lack the socio-economic challenges that the onshore wind farms, however, still require these impact

assessments about marine life and other pertinent factors, [13], [18]-[20].

South Africa has recently had a challenging time about energy provisions from the current energy
provider for the state. The energy providers from the Independent Power Producers (IPPs) may only
provide energy when significant resources are available. As previously shown, the location of
renewable generation, in particular onshore wind, is located in regions along the coast which are not

spatially distributed to allow for the equal evacuation of generated power to inland regions.

The current orientation of onshore and offshore wind turbines is built on the traditional 3-bladed
horizontal axis wind turbine design. The challenges with these types of turbines are the need for
complex control systems which need to pitch the turbine blades and yaw the entire turbine towards best
suited incoming wind relative to the main hub of the turbine. A vertical axis wind turbine, however,
does not need such complex control architecture due to the cross-flow nature of the turbine that accepts
wind flow from any horizontal direction. The use of such a turbine in offshore conditions has added the
benefit of reduced support structure eccentricity conditions as the main generator is located at the base
of the turbine. Large offshore wind turbine designs also reduce the need for gearboxes as permanent

magnet generators are used to achieve large power outputs at lower rotational speeds.



The research conducted in this thesis highlights the energy which can be extracted by the offshore wind
potential along the South African coastline in the eastern and western coastal regions. The proposed
solution is developed based on previous research conducted by Cunden, K in [21] and [22] and is an
adaptation of a hydrokinetic cross-flow turbine based on the Gorlov helical turbine concept. The wind
turbine is envisioned to be coupled via a floating offshore platform to harness both ocean and wind

resources simultaneously for maximum energy production.
1.2 Research Questions

The proposed doctoral project was to design and analyse a novel floating hybrid vertical axis wind
turbine coupled with a vertical axis ocean current turbine. Cunden, K [22] had previously designed and
simulated an offshore novel vertical axis ocean turbine to harness energy from the Agulhas current. It
is proposed that the design of the ocean turbine be utilized, as a basis, for the design of the wind turbine.
Both turbines would provide power to an offshore substation and transmit power to the onshore
transmission connection point. This system would aid in the possible reduction of energy demand or
supply-constrained South African coastal region networks.

The proposed research would aim to answer some critical questions which would shed light on possible
energy solutions for the national and global energy sector. The following are the key research questions

that are planned to be answered by the study:

What is the offshore wind resource potential along South Africa (> 100 km offshore)?
How far offshore would be acceptable for an offshore wind system?

What is the resultant rotor torque and potential energy output?

> w e

What are the possible transmission systems that may be used to evacuate power from the wind

farm?
1.3 Aims and Objectives of the study

The renewable energy sector, nationally and globally, has experienced rapid growth due to various
factors impacting government subsidies, the need for affordable energy, and new funding for

sustainable energy creation.

Currently, the wind turbine market is dominated by the traditional Dutch Windmill type design which
is known as the horizontal axis wind turbine (HAWT). These types of turbines exploit the aerodynamic
lift generated as the wind passes over an airfoil turbine blade. These conventional systems are well-
known engineering designs and robust by nature. Another type of wind turbine, which is becoming

common in the sector as well as a growing area of research, is the vertical axis wind turbine (VAWT).



The proposed project could prove to be of significant benefit for the offshore renewable energy industry
and the energy sector as a whole. As offshore wind turbines are still emerging into the energy space.
The proposed design has the potential to offer a clean and effective source of power generation for the
country and the global energy industry. The technology also could reduce the demand and a possible
solution for electrifying coastal regions.

The thesis aimed to understand if a vertical axis wind turbine may be suitable for electrical power

generation at offshore locations along the South African coastline.
The research objectives are in accordance with the aims set out for the study as follows:

1. Toutilize literature reviews to gain an understanding of parameters and governing equations to
be used in the numerical modelling

2. Obtain offshore wind and ocean velocity profile data for South Africa.

3. Locate the minimum offshore distance from the coast which would not disrupt existing marine
traffic.

4. Analyse the results from the numerical simulations to understand each turbine’s performance
under offshore conditions.

5. To construct and test a prototype of the wind turbine in a wind tunnel.

6. Comparison of the results from testing with that of simulation.
1.4 Layout of the dissertation

The following thesis is set out to achieve the aims and objectives which are accomplished in 7 chapters.

Each of the 7 chapter’s content is summarized below.

Chapter 1 presents the background to the study which outlines the need for more sustainable energy
solutions and explains the potential of offshore wind compared to onshore wind energy production. The
contents of this chapter consist of research questions including the aims and objectives of the study, the
layout of the dissertation, the scope of the study, the original contribution of the study to the renewable

energy field, and lastly relevant contributing publications.

Chapter 2 consists of an in-depth literature review that investigates previous research which has been
conducted in the same or similar field of study. This review consists of an examination of conference
proceedings, international peer-reviewed journal articles, dissertations on a master’s and doctoral level
as well as reputable reports from international government agencies. The study elaborates on the types
of wind turbines and compares the orientations, compares types of foundations including anchoring

options, and elaborates on possible electrical transmission systems for grid connection.



Chapter 3 investigates and provides findings of a resource assessment of offshore wind locations
identified and summarises the wind profile along various regions along the South African coastline.
The evaluation utilizes synthetic meteorological wind resource data which was filtered considering
shipping routes for development. The study highlights four possible sites which may be developed for
far offshore wind farms.

Chapter 4 outlines the numerical simulation of the proposed vertical axis wind turbine design consisting
of an investigation of various aerodynamic profiles and then comparing the lift and drag characteristics,
turbine height to the radius, blade wrap, and turbine solidity. The objective was to understand the

sensitivities of these parameters on the turbine rotor torque profile and power curve.

Chapter 5 elaborates on the design and fabrication of the wind tunnel which was used to test the
fabricated scaled wind turbine. The wind tunnel was utilized to analyse various fabricated models of
the vertical turbine. The wind tunnel was designed to have minimum turbulence intensity within the

testing chamber to provide a laminar flow to the turbine.

Chapter 6 details the design and fabrication of the scaled vertical axis wind turbine. The results logged
were the turbine speed and electrical output via a DC generator. The torque was calculated based on the
relationship of the logged power and speed. The tested turbine results were compared to numerical

simulations of the turbine incorporating correction factors due to blockage within the wind tunnel.

Chapter 7 compares the chosen turbine design to that of commercially available reference HAWT and
VAWT configuration turbines. The chapter also investigates the predicted Annual Energy Production
(AEP) in 3 different wind farm layout configurations.

Chapter 8 summarises the findings from the investigations and concludes the thesis and also includes

recommendations for future work to be considered.
1.5 Scope of the study

The research within the thesis was focused on the design and evaluation of a vertical axis cross-flow
turbine system aimed at extracting energy from the natural offshore wind resources and supplying

coastal regions of the country.

The research consists of a resource assessment, numerical simulations of the vertical wind turbine,
design and fabrication of a small-scale prototype of the turbine, fabrication of a suitable wind tunnel as

well as testing of the scaled turbine.



1.6 Original contribution of the study

The concept of a vertical axis wind turbine for offshore energy production, off the coast of South Africa,
has not been investigated for far offshore locations requiring floating platform configurations for
harnessing the large potential. The thesis contributes to the scientific body of knowledge of the resource
assessment and potential offshore, the results from the investigation of various aerodynamic profiles

for the wind turbine.
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CHAPTER 2 : OFFSHORE WIND ENERGY REVIEW - THE
POTENTIAL FOR SOUTH AFRICA

The following chapter of the study investigates the various different literature and reports which were
published in international journals, reputable reports and articles as well as independent data analysis
based on trusted sources of information. The results presented in this chapter provide a strong
foundation for the further investigations conducted. The chapter highlight the evolution of the offshore
wind industry and the different types of configurations of offshore wind turbine technology including
reviews of offshore wind turbine foundations. The chapter concludes by assessing the potential of

offshore wind farm power generation for South Africa.
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ABSTRACT

Over the past decades, the energy demand of the world has increased dramatically due to
various contributing factors. Environmental impacts, policy, and wind resources impact the
size of wind turbines located onshore. Offshore wind technology can play a key role in the
decarbonization of coastal cities and assist the global transition towards cleaner electrical
generation sources. The offshore wind energy industry has progressed significantly over the
past decade due to a multitude of factors in the economic and technical sectors. Policy,
regulations, and innovative financing aided the development of the offshore wind industry.
Another contributing factor to the increase in deployment of offshore wind power has been
the evolution of turbine size for the offshore wind turbine sector. The following study aims to
review the key components of the offshore wind industry for a case study of South Africa. The
study examines the differences between turbine configurations such as HAWT and VAWT
designs of turbines, foundation types, and potential electrical network topologies for South
Africa.

Keywords: Offshore Wind, Offshore wind foundations, HVDC, HVAC, South Africa.

Introduction

Over the past decades, the energy demand of the world has increased dramatically due to various
contributing factors, [1]-[5]. According to the British Petroleum (BP) statistical review of global energy
supply, the major contributor to energy supply stems from fossil fuel sources (i.e. Coal; Natural Gas,
and Qil), [6]. However, there had been a decline in fossil fuel contribution and an increase in renewable
energy contributions from 2019 to 2020 as shown in Table 2-1 below. It was found that the major fossil

fuel contribution is natural gas and oil except for the Asia Pacific region which relies heavily on coal

for electrical energy generation.

Table 2-1: Energy Statistics by Fuel

Fossil Nuclear |Hydro & Other| Renewables
Total World 2019 62.9% 10.4% 16.5% 10.3%
Total World 2020 61.3% 10.1% 16.9% 11.7%
% Change -1.5% -0.3% 0.4% 1.4%

Major countries, like Japan, the European Union, and China, have since announced ambitious
decarbonization plans for the long-term to shift their respective states to a net-zero economy and achieve

the respective carbon emission reduction goals. This was seen even through the Covid-19 pandemic

which had minimum effect on the renewable energy policy targets or incentives, [10].
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The policies which have been developed over the decades have been a key driver for large-scale
renewable energy deployment globally as well as cost reductions and innovation in the renewable
energy space. Countries across the world have slowly been moving away from feed-in tariffs (FiTs) and
feed-in premiums (FIPs) towards more competitive set tariff options (competitive auctions, green
certificates, corporate power purchase agreements (PPASs), etc.) for large-scale systems or portfolio
based distributed generation projects. It is forecasted that in the next half-decade the policies and
regulatory frameworks which enable competitive environments will make up 60% of all global

renewable energy expansions, [7].

Figure 2-1 shows the major contributing policies which support wind deployment across the global
markets of wind deployment. The support mechanisms and policies coupled with decreasing materials
and other supply costs are attributed to the main key drivers of wind deployment over the next half-
decade. Considering all of the wind capacity which is set to come online within the next five years, 40%
are supported by FiTs and FIPs which are trailed by 35% which are supported by competitive auctions.

Competitive auctions are prevalent in all regions except the United States of America and China, [7].

Figure 2-1: Supporting Policy Schemes for Wind Energy, [8]
2.2 Status of Offshore wind

Offshore wind technology can play a key role in the decarbonization of coastal cities and assist the
global transition toward cleaner electrical generation sources,[6], [9]. Figure 2-2 shows a graphical
representation of the statistics of onshore and offshore wind technology installed capacity from the year
2000 till the year 2020, [10]. The figure accounts for the global installed capacity over the two decades

and it can be seen that the offshore capacity is slowly increasing and a steady rate.

This may be due to various factors such as an increase in energy yield in offshore sites as well as larger
turbine capacities that can be deployed offshore which are not suitable for onshore integration, [9],

[11]-[13]. Recent trends have also shown that deployments are increasingly moving further offshore
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into deeper water depths forcing innovation in floating platform designs, [14]-[18]. In addition to these
factors the offshore wind farms have minimal noise and visual negative impacts, however,
considerations concerning marine ecosystems are still required when deploying these solutions, [17],
[19]-[21].

Figure 2-2: Onshore & Offshore Wind Installed Capacity 2021, [10]

H. Diaz and C. Guedes Soares analysed data from [22] which is shown in Table 2-2 indicating the major
regions which have dominated the installation of offshore wind turbines. It can be seen both onshore
and offshore that Asian and European markets have dominated the wind sector with the most installed
capacity. The data depicts the dominance of the European and Asian markets in the aggressive
installation of offshore wind farms. In the European sector, it was found that the United Kingdom (30
wind farms), Germany (19 wind farms), Denmark (13 wind farms), and the Netherlands (6 wind farms)
have the most installed offshore capacity. In the Asian market, the leaders are China (21 wind farms)
and Vietnam (2 wind farms), [17].

Table 2-2: Installed Offshore wind Capacity, [17]

Region Country Installed Capacity [MW] No. of Turbines
Belgium 871.2 231
Finland 84.4 18
Denmark 1273.1 510
Germany 5342.3 1167
Europe
Ireland 25.2 7
Netherlands 1117.8 365
Sweden 191.2 79
UK 7347.8 1796
China 2409.9 676
Japan 41.3 22
Asia South Korea 35 15
Taiwan 8 2
Vietnam 183.2 102
America United States 30 5

A contributing factor to the increase in deployment of offshore wind power has been the evolution of

turbine size for the offshore wind turbine sector. Environmental impacts, policy, and wind resources
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impact the size of wind turbines located onshore. Offshore wind energy about onshore wind energy
does have many advantages concerning wind energy production, [23]-[25]. Larger turbines may be
deployed offshore due to the lower impacts of terrain on the wind resource which normally translates
to higher and more constant wind speeds as well as higher capacity factors, [25]-[28]. Figure 2-3 depicts
the evolution of wind turbine size over the last three decades. The increase in turbine capacity usually
is a result of an increase in rotor diameter. The benefits of larger rotor diameters can result in more

energy being captured as well as a more consistent output over the year, [13], [29].

300m 13-15 MW
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2 MW
100m 12MW
0.5 MW
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Figure 2-3: Evolution of wind turbine sizes, [30]

As mentioned in Table 2-2, Europe and Asia dominate the offshore wind industry currently with an
installed capacity of 24.9 GW and 9.4 GW respectively, [10]. Figure 2-4 shows the trend of installation
from the year 2000 to 2020 with Europe depicted in blue and Asia (predominantly China) highlighted
in red. China consists of 8.99 GW of offshore wind capacity which constitutes 95.4% of Asia’s offshore
wind installed capacity, [10]. The figure shows an increasing trend of offshore wind energy deployment
in the two major regions over the last ten years. It should be noted that the increases in turbine capacity,
subsequently rotor diameter, have led to large wind farms being developed within the regions as seen

in the figure.
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Figure 2-4: Average global offshore wind farm capacity and turbine size 2000 — 2020, [13]

It can be seen that the offshore wind energy industry has progressed significantly over the past decade
due to a multitude of factors in the economic and technical sectors. Policy, regulations, and innovative
financing aided the development of the offshore wind industry. This will continue as energy markets
adapt and learn from one region to another but there are still some hurdles to overcome over the coming
years, [31]-[33]. However, further decreases in costs are predicted as well as technology to allow for
deeper sea deployment to harness more abundant wind resources, [34]-[36].

2.3 Types of Offshore wind Turbines

There are two main types of wind turbines which are grouped as Horizontal Axis Wind Turbines
(HAWTS) and Vertical Axis Wind Turbines (VAWTS) and are recognized based on the axis of rotation
of the turbine blades, [37]. The offshore wind industry adopted the HAWT type systems first due to
years of existing research and the success of onshore HAWT systems, however, this was assumed and

did not consider the variance in offshore environmental conditions, [38], [39].

Wind turbines are subject to a theoretical limit first identified by Joukowsky, Betz, and Prandtl during
the early 1900s which defined the flow regime around an airfoil utilizing and integrating various
mathematical models of the time, [40], [41]. Researchers use this in wind turbine design as a theoretical
limit to which the turbine can extract energy from the wind resource. Airfoils are geometrical shapes
that can either be symmetrical or asymmetrical to create a local pressure variance to create lift, much
similar to that of an airplane wing, [42]-[44]. The design of the airfoil is of importance to maximize the
power output from the wind turbine, [45].
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Figure 2-5: Comparison of HAWT and VAWT systems,

Research from [46] had initially indicated the investigations of VAWTs were low due to fatigue
constraints, however, due to the need for systems to be deployed further offshore research has shown
that VAWT systems are at an advantage over that of HAWTSs, [38]. Researchers from Sandia
laboratories have investigated the difference between HAWTs and VAWTSs for deep offshore
applications and some of the findings are shown in Figure 2-5. Results from the researchers show that
the center of mass of the offshore VAWTS, compared to that of traditional HAWTSs is lower which had

led to a decrease in substructure costs, [47].

2.4 Offshore Wind Resource

The localised wind characteristics are required for the development of offshore wind farms, [48]. Due
to the lack of existing offshore meteorological stations, synthetic data such as MERRA and MERRA-2
are used internationally as a trusted source of data for the initial feasibility investigation of the wind
farm development. Various studies have been conducted on the validity of the utilisation of the MERRA

datasets for onshore and offshore wind farms.

Olauson et al. had initially modelled the wind power potential in Sweden by using the MERRA-2
datasets, [49]. Staffell et al. were amongst the initial researchers that have used MERRA-2 and validated
its use for the purpose of wind power generation for 23 European countries during 2016, [50]. Cali et
al. had investigated and analysed the potential site locations for offshore wind farms in Turkey by using
the MERRA dataset in 2018 with good correlation to the LiDAR measurement campaign, [51].
Hassoine et al. had used the MERRA-2 dataset to evaluate the optimal placement of the wind turbines

for a large offshore wind farm and had shown that the dataset was a reliable source of information for
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the energy prediction of the wind farm, [52]. The studies provide favourable conclusions on the use of
the synthetic datasets for use of energy prediction of offshore wind farms.

2.5 Offshore wind Turbine Foundations

Offshore wind turbines gradually developed from the more known onshore-based turbines towards
offshore locations for higher wind resources. A similar evolution had occurred with the foundations of
these turbines as the systems progressed further from the shoreline. The depth in which the offshore
wind farm system will be deployed is of importance when choosing a suitable foundation system
because the typical cost of implementing the system increases significantly in proportion to depth, [53].
The sea depth may be classified into three regions: Shallow water depth (0 m — 30 m); transitional depth
(30 m — 50 m) and deep water depth (50 m and greater), [54]. Offshore foundations for fixed systems
are broken into six types of fixed foundations, shown in Figure 2-6, which are typically implemented

in shallow and transitional depths, [54]-[56].

25.1 Gravity-Based Foundations

The gravity-based foundation systems were the first foundations to be used as wind turbines migrated
from onshore to offshore. The systems are designed based on the self-weight of the turbine to be
sufficiently able to resist the offshore forces and moments to allow for stability, [57]. The researchers
from [58] also give a large review of the evolution of gravity-based foundation systems. This type of
foundation is normally suited for shallow water depths, with the deepest wind farm being located in
Blyth (UK) in a water depth of 35.5 m, [17], [59].

A comprehensive construction procedure was described in studies conducted by researchers in [59].
One of the deficiencies of the gravity-based foundation system is that the foundation requires
identification of suitable bearing soil and levelling of the seabed soil before installation and the use of
considerable scour protection around the substructure. The most recent generation of gravity-based
foundations also requires a large onshore production and storage area including the required heavy

lifting machinery to hoist the substructures for transportation and site installation, [56], [58], [60].

2.5.2 Monopile Foundations

Monopile foundations utilize a single large-diameter steel substructure that is anchored sufficiently in
the seabed. The foundation is simple in design and manufacturing traditionally consists of joining
circular steel sections onshore and more than one substructure can be transported on a single vessel.
Due to the simplicity of the design, fabrication, transportation, and installation of the foundation; the
monopile system has become the most common type of substructure which is being utilized in current

offshore fixed base wind turbine farms. Connected to the substructure is another transitional cylinder
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that carries secondary structures such as access ladders, work platforms, and boat landings. This type
of foundation requires no prior preparation of the seabed and less scour protection, [56].

Monopile foundations are the most commonly used foundation methods for offshore wind farms in the
European region and 63% of the operational offshore wind farms consist of these foundation systems
as of 2018. Diaz and Soares also indicate that America utilizes this foundation method 100% of the time
and Asia roughly 43%, however, it should be noted that this type of foundation method is best suited
for shallow water depths, [17].

2.5.3 Suction Bucket Foundations

Suction bucket foundations or suction caisson foundations are sometimes divided into single and
multiple designs, [57]. These systems are becoming increasingly used in offshore applications due to
the convenience of transport and lower installation costs in comparison to the previous two foundation
methods, [17]. The foundation represents an upside-down bucket that is gradually lowered into the soft
seabed. The water is then pumped out creating a negative pressure which aids the mechanism to sink

deeper into the seabed without too much external force being applied, [17], [57].

2.5.4 Tripod Foundations

The tripod foundation uses a central steel tube structure on top of a three-legged steel structure which
is used to translate the loading of the wind turbine to the foundation. In comparison to that monopile
foundations, Tripod foundations may be more stable in extreme weather conditions, [61], [17]. Oh, K.Y.
et. Al. indicates that tripod foundations are more suited for transitional water depths as they provide the

required bearing capacity which is needed for such systems, [53].

255 Lattice Jacket Foundations

The jacket foundation systems use a steel lattice jacket structure to support the top bearing load of a
wind turbine. The lattice structure reduces the cross-sectional area of the foundations to reduce the
impact of wave loading on the structure, [62], [63]. These types of structures are suitable for transitional
water depths between 20 m and 50 m, [17], [62], [63]. This is the second most frequently used type of

foundation structure for offshore wind turbines, [63].

25.6 High Rise Pile Cap (HRPC)

The response of the offshore structure is important when designing offshore wind farms. The soil
properties of which fixed bottom offshore wind turbine structures are installed are also important
concerning Poison’s ratio; the shear modulus as well as the shear strength of the seabed soil, [53]. The
HRPC system comprises a concrete top structure bearing the load and a configuration of steel piping

that extends outwards as it descends into the depths of the [53] ocean, [17]. This type of offshore wind
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foundation is predominantly located in Asia with all of Vietnam’s offshore fleet utilizing these

foundations, [64].

Figure 2-6: Fixed offshore foundations

The above foundations are suitable for shallow and transitional water depths and would be too costly to
be developed for deeper waters due to the turbine requirements which would be higher than the highest
wave height in the desired location, [57].

2.6 Floating Offshore Wind Platforms

Floating platforms are being investigated for deep water applications with water depths of greater than
100 m as some regions do not have suitable continental shelves for fixed bottom foundations as
highlighted above. The developments are influenced by the oil and gas industry as it has made
significant advancements for offshore platforms, however, there are some differences due to different

aerodynamic and hydrodynamic loading forces of wind turbines on the platform structure.

Figure 2-7 illustrates the different types of floating offshore foundations available on the commercial
market. The Dutch tri-floater consists of a semi-submersible tripod structure which achieves static
stability by exploiting the buoyancy force mainly, which requires a large waterplane area. The spar
buoy consists of a monopile structure that occupies a low waterplane area, which is ballasted with water
or a solid ballast. This maintains the center of gravity below the center of buoyancy. Spar buoy floaters
are traditionally stable due to the large draught. The tension leg platform (TLP) system consists of a
submersible foundation that has a large buoyancy which is anchored via tension mooring lines. This

creates the require restoring moment needed for stabilising the turbine during operation, [65].
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Figure 2-7: Floating offshore foundations: (a) Spar-Buoy; (b) Semi-submersible; (c) Tension leg

All of these types of foundations utilize mooring cables to the ocean floor with large mooring cables
which are anchored to the sea floor. Some mooring lines are manufactured out of steel, some use a
hybrid polyester or nylon line which may be taut or have slack allowing for natural movement in the
ocean conditions, [66]. Figure 2-8 shows the different configurations of mooring lines that are used for
floating offshore wind turbines. Figure 2-8 (a) shows a steel catenary configuration consisting of steel
components, Figure 2-8 (b) is a taut configuration consisting of fibre and steel components and Figure
2-8 (c) is a hybrid configuration using counterweights and a buoy consisting of steel and fibre
components. The steel components are usually steel wires or steel chains and the fibre components are
usually polyesters or nylon fibres, [66].

Figure 2-8: Mooring Line Configurations: (a) Catenary, (b) taut, (c) hybrid
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For floating wind turbines, the cost and the stability of the systems as well as the scale of the farm are
required to achieve a financially suitable solution for power generation in deep waters. As shown above,
various mooring systems may be utilized for the tethering of the floating structure for stability, however,
suitable anchors are also required for the entire system. There are traditional gravity-based anchors,
anchor piles which are anchors that are piled into the seabed first, suction embedded anchors utilizing
negative pressure with an anchor at the base of the system, dynamically installed torpedo anchors which
are driven into the seabed, and drag embedded anchors which are also driven into the seabed and uses
drag forces to maintain the stability of the floating structure, [57], [67], [68]. These are some of the
many anchors which are used for floating applications within the oil and gas and floating wind turbine

industry.

Figure 2-9: Types of Anchors for Floating Systems
2.7 Offshore Wind Energy Grid Integration Systems

The following section of the study highlights the different potential electrical collector components,
systems, and configurations for offshore wind turbines to date. These types of systems are essential for
evacuating the electrical power generation from the offshore site to onshore locations where it may be

utilized within the respective electric grid.

Two main types of electrical transmission types exist for evacuation, both for onshore and offshore
applications, of power generation. The following study aims to highlight a high-level overview of the
offshore high voltage direct current (HVDC) and high voltage alternating current (HVAC) network

architectures.

The individual wind turbines are interconnected via an internal reticulation network at lower alternating
current (AC) voltages because the electrical output of each wind turbine is highly variable. The most
common generator type of wind turbines, for offshore applications, is the doubly-fed induction

generator (DFIG) due to its ability to operate under variable speeds, lower costs and losses in
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comparison to other generator types, [69]. The stator of the offshore wind turbine generators is usually
connected to a local rectifier which converts the power output to direct current (DC) and inverts the
power back to AC at a stable network frequency within the local reticulation network, [70]. This

configuration can be seen in Figure 2-10 below.

Figure 2-10: Wind Turbine Reticulation Network Architecture

271 HVAC

The HVAC system is the most traditional system being utilized for many years now for onshore
applications as it allows for efficient transiting of electrical power from power generators (coal-fired
power stations, nuclear stations, solar power stations, onshore wind power stations, etc.). Due to the
mature nature of the system, connection to the onshore transmission grid may be achieved via traditional
step-up transformers reducing the need for power electronic converters, [70]. The power is then
transmitted to shore via subsea cables and collected at an onshore substation for grid integration as

shown in Figure 2-11.

Figure 2-11: HVAC Grid Integration

The AC collection system works similarly to that of traditional AC grids onshore using an HVAC
transmission network. At the point of the AC offshore substation, the power from the wind farm is

collected and passes through a step-up transformer. The power is transmitted via HVAC subsea cables
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to an onshore substation that collects and steps down the power to the same frequency and voltage of
the electrical grid for integration.

272 HVDC

The HVDC system is a transmission method for evacuating power from the localized wind turbine farm
to the onshore grid integration point. As offshore wind farms migrate further from onshore connection
points, the HVDC transmission method becomes an attractive investment option, [71]. At an offshore
substation, the AC collector uses a traditional step-up transformer, to step up the voltage, which is then
converted to HVDC for power transmission to shore via subsea cables as shown in Figure 2-12.

Figure 2-12: HVDC Grid Integration

The HVDC network architecture utilizes a step-up AC transformer at the offshore substation collector
which then feeds into a controlled rectifier that transmits the HVDC power via subsea cable to an
onshore substation collector. At this point, the HDVC passes through an inverter which is then collected

into an AC step-down transformer which is integrated into the electrical grid.

There are two main types of HVDC transmission technology, the first which is the line commutated
converter (LCC) and the second being voltage source converter (VSC). The LCC requires a
compensator to support the voltage and reactive power that integrates to the offshore electrical common
bus bar. The VSC though, does not need the reactive power compensation and has the added benefit of
black-start capability, meaning it does not need conventional generation units to retrieve the electrical
system, [72].

2.8 Offshore Wind Potential — South Africa

South Africa has undergone significant changes concerning renewable energy deployment in the
country. The need for South Africa’s energy diversification was conceived in the Department of
Minerals and Energy (now Department of Mineral Resources and Energy — DMRE) White paper of
1998 which highlighted the need for primary energy diversification under objective 5 of the paper, [73].
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This was further followed by the 2003 update to the paper which extended the diversification to cleaner
energy generation in line with international commitments such as the Paris Accord, [74].

The Renewable Energy Independent Power Producer Procurement Program (REIPPPP) of South
Africa, launched in 2011, has received international recognition for the program’s success and lessons
learned as a mechanism to stimulate private-public participation in the renewable sector, [75], [76].
Figure 2-13 depicts a map of the successful renewable energy plants from bid windows 1-4 of the
REIPPP program, [77]. Concerning wind energy, the figure shows that the eastern and western cape

regions have the most installed wind energy in the country.

Figure 2-13: South African REIPPPP Technology Map, [77]

The REIPPPP and the Integrated Resource Plan (IRP) 2019 [78] do not yet accommaodate offshore wind
energy for South Africa as of yet. Cunden, K and Inambao, F.L had investigated the offshore wind
resource potential for South Africa in [28] deep-sea locations. This was to understand the potential of

floating offshore wind turbines and the benefits for coastal region energy supply.

The study had found that there is significant potential for the South African coastline along the eastern
and western coasts shown as potential site locations in Figure 2-14. The ocean depth, of sites that were
located 200 km to 500 km from shore, was found to be more than 2 km deep in some region which call
for the need for floating offshore wind turbines. The deep water regions are due to the steep continental
shelf which is found around South Africa. Studies conducted by researchers of [79] and [70] have shown
that HYDC may be viable for grid integration of far offshore wind farms due to the advantages of

HVDC compared to HVAC concerning the distance to shore.
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Figure 2-14: Identified Potential Site Locations, [28]

The site locations shown in Figure 2-14 have power densities ranging from 591 W/m? to a maximum
of 1201 W/m? between hub height ranges of 100 m to 200 m, [28]. However, due to the current needs
of the state, options that are roughly 100 km from the onshore connection may also be a suitable option
for an offshore wind farm development. This would require permit clearance for the oil and gas blocks,
clearance protocols for major shipping routes, existing fishing rights and environmental permitting

required to name a few, [80], [81].

The turbines may lay along the coastal regions which can be coupled with the appropriate floating wind
platforms as shown in Figure 2-7 and anchored to the ocean floor with a mooring system as shown in
Figure 2-8 may assist in developing large-scale floating offshore wind farms. Choice of the best-suited
anchor is required as shown in Figure 2-9 above. The study of the soil structure at various anchor levels
is required to ensure the wind farm is harnessed to the seabed during rough sea conditions. This also
requires a complex hydrodynamic study of the oceanic forces, induced resonance, and acoustic

vibrations on the mounting structure and rotating body.

2.9 Conclusion

The following study aimed to review the key components of the offshore wind industry for a case study
of South Africa. The study examined the differences between turbine configurations such as HAWT
and VAWT designs turbines. The types of foundations were also examined for an offshore application
for fixed and floating offshore wind turbines and the requirements for each of the configurations. The
power evacuation network architecture was also investigated and comparisons of HVAC to HVDC were
conducted. Studies conducted by [28] show the offshore wind resource potential for South Africa as

well as potential sites along the eastern and western coastline of the country.
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2.10 Future Work

Future work will include geotechnical research requires to be conducted per potential site to understand
the grain structure, soil composition, and ocean hydrodynamics to design a suitable offshore platform
and mooring system for the wind farm. The examination also is required of the onshore grid connection
points and the availability of capacity of the regional network for grid integration of the offshore wind

farm.
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CHAPTER 3 : OFFSHORE WIND RESOURCE ASSESSMENT OFF
THE SOUTH AFRICAN COASTLINE

The following chapter presents the offshore wind resource for South Africa. The article covers a
literature review and methodology of meteorological analysis for the offshore resource including saliant
factors such as shipping routes and oil and gas fields. The article shows consists of synthetic
meteorological, from WASP extrapolations, of data of 624 data points with three (3) hub heights of 0
m, 50 m and 200 m which was then refined down to the identified sites. The research also gives insight

into possible grid connection points and the level of connection which requires to be considered.

CHAPTER 3 - Cite this article: F.L. Inambao and K. Cunden, “Offshore Wind Resource Assessment
Off the South African Coastline” published in the International Journal of Mechanical Engineering
and Technology (IJMET), Vol. 10, Issue 6, June 2019, pp 95-119.
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ABSTRACT

The world is undergoing a paradigm shift as more people are becoming aware of
energy consumpiion patterns, reinforcing the need for developing cleaner and more
sustainable ways fo generate electrical energy. Globally, the development of onshore
wind farms iz sometimes impeded by factors such as aesthetic impact, acceptance by
the public, the threais to suwrrounding biodiversity, noise from the power plant and
possible land use conflicts. Due to these concerns, offshore wind planis have been
developed. Offihore wind energy is generally greater in comparison to that of onshore
wind energy because the wind speeds offshore are generally higher and more constant
with fewer obstructions to the wind resource. The offshore wind potential for South
African coastal regions was investigated and analysed in this situdy. Various factors
such as shipping routes, oil and gas exploration fields and possible fransmission
connection points were faken info consideration before selecting four data collection
sites. The predominant wind direction, mean wind speed, wind shear and spatial
geographic information was analysed for each site. The sites” wind direction did not
have any similarities, with each site having its own prevailing wind directions. Within
the 50 m hub height, Site 2 showed the best potential based on the power density. Site 1
and Site 3 showed similar power densifies to each other with Site 4 showing the lowest
power density. The distance to shore ranged firom 200 km to 300 km with a stesp
coniinental shelf drop to a depth of approximately 3 000 m. The study conductfed shows
that there is offshore wind potentfial off the coast of South Affica. Energy genevated by
this method could assist South Aftica fo increase access to energy, reduce expensive
transmission line losses fo coastal provinces, and assist the counfry fo fransifion
towards a more sustainable fiuture energy mix in line with developed nations.
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1. INTRODUCTION

The world is undergoing a paradigm shift as more people are becoming aware of energy
consumption patterns, reinforcing the need for cleaner ways to generate electrical energy. The
Internaticnal Fenewable Energy Agency (IRENA) iz an intergovernmental organisation which
supports countries in their efforts to attain a more sustainable energy future. Figure 1 was
constructed using IRENA’s Renewable Energy Statistics databases [1]. The trend in Figore 1
indicates rapid growth in the installed renewable energy capacity over the past decade across
all renewable resonrces.
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Figure 1 Total global renewable energy nstalled capacity

Druring the first five years of the millennim the European market dominated the renewable
energy porifolic. However, the Asian and the Worth American markets have now gained
significant market share. Figure 2 depicts the evolotion of the renewable energy capacity market
share across the major continents of the world. Asia has now taken the lead with the most
installed renewable capacity comprising 39 85 % (204.6 GW) of the market in comparison to
the Europeans with 33.2 % (170.6 GW) [1].
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Figure 2 Market share of renewable capacity 2000-2016
Cmshore wind and sclar photovoltaic (FV) technologies have experienced the larpest
amount of growth over the last decade in relation to other remewable technologies, as seen in
Figure 3 [1]. This can be atfributed to the matonty of technologies and rapid advancements in
the respective fields of study, as well as the ease of deployment in comparison to larger thermal
plants such as bicenergy and gecthermal power plants.
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Figure 3 Fenewable energy techmology growth

In many regions of the world, the development of onshore wind farms are sometimes
impeded by factors such as visual impact, acceptance by the public, threats to the swrounding
biodiversity, noise from the power plant and possible land vse conflicts [2]. The mmultiple
permmitaticns of these conflicts are likely to hinder the future development of onshore wind
farms. Due to these possible future impacts, as well as the added benefit of increased specific
production (1) (KWh/K'Wr), major developments in the world are moving towards offshore wind
farms [3. 4].

The potential of offshore wind energy is greater than that of onshore wind energy. This is
because the wind speeds found offshore are penerally higher and more constant with less
obstructions to the wind resource. Added to this, there are the fewer concerns regarding noise
pollution, aesthetic imact and most other types of land-based turbine restrictions [5]. The
development of offshore windfarms has led to an increase i turbine swept areas from larger
turbine blades resulting in an increase 1n generator capacity harvesting more energy per sqguare
meter. Thongh the advantages are numercus, some of the disadvantages of offshore wind
energy development inclode expensive marine foundations and the high costs of onshore
electrical grid integration [3]. For the purpose of comparison, Figure 4 shows the contribution
of energy produced by both areas of supply, normalised by the installed capacity during that
period.

Europe contributes a large amount to the growth of offshore wind installations because of
limited land area available for onshore developments [6], [7]. The largest offshore wind farm
in the United Kingdom was commissioned in 2012 and i3 the London Asray, consisting of a
total of 630 MW of generation capacity. A further 370 MW is planned for phase 2 development
[8]- China’s first commercial offshore wind project is located close to the Donghai Bridge in
Shanghai totalling 102 MW in capacity with gnd supply since June 2010 [9], [10].
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This paper aims to evaluate offshore wind energy potential for the development of a
conceptual offshore wind energy power plant facility off the South African coast The
investigation aims to wnderstand the average wind speed, dominant wind direction and wind
shear effects of particular locations in the region. Shipping routes and relevant bathymetry will
be investigated to better understand the environmental conditions which need to be cvercome
before development of an offshore wind farm.

2. LITERATURE REVIEW

Before developing the methodology for the offshore wind resource evalpation, an
understanding of best practice was required. L-hnthyandRal:.t{ll] conducted a review of

offshore wind energy assessments rega:dmg the main characteristics required for a resource
assessment. Their work outlined the various methodologies used for wind power projects and

the uncertaimties associated with wind energy assessments. The paper gave a basic
understanding of wind behaviour through periods of change (diwrnal, seasonal, monthly and
annual). The authors state that a minimmm data log of 1 metecrclogical year is required for an
assessment, however, more data would lead to a more accurate estumation of energy potential
for the given region.

Sharma and Ahmed [12] conducted research on the wind energy potential for the Fij1 1slands
of Kadavu and the Suva Peninsula. The authors gathered mean wind speeds and predominant
wind directions for each site based on 18 momth and 12 month mvestigation periods
respectively. Wind shear effects were also imvestigated fo understand the variation of shear
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force with respect to height. The authors vtilised the WASsP simulation tool to simulate a high
resolution (5 ko) resource map for both regions. The result of the simulations showed a good
potential for wind energy produoction.

Lima et al. [13] sought to estimate the offshore wind energy potential for Ceara in Brazil m
an effort to mcerease the maturity of the offshore wind energy sector. The study wiilised the
Regional Atmospheric Modeling System (RAMS) to estimate the average wind speed, direction
and power density for the area. The study considered the bathymetry and the shipping traffic
for the Ceara region. The anthors evaluated the average wind speed for three periods consisting
of El Nina, El Nind and Neutral years, each of which were evaluated through seasonal changes.
The results showed an average wind speed of 8 m/s and a power density of roughly 720 W/m®
no matter what the period.

Werapun et al. [3] conducted an offshore energy potential study for southern Thailand. The
study followed a similar methodology to the previous awthors’ utilising a 120m high
meteorclogical mast measuring data at different heights along the mast. The average wind speed
was seemingly low (4.28 m/'s) with the dominant wind direction stemming from the North
which resulted in wind power density being 85 W/m?. The area was simulated using the WAsP
stmmulation tool for nine base cases for wind farm layout and the authors found that the capacity
factors of the sinmlation ranged from 0.98 % to 2.68 %.

Eim et al. [14] mvestigated the potential for offshore wind farm site selection aimed at
finding the feasibility of an offshore wind farm site arownd the coastal regions of the Jeju
islands, South Korea. The evaluation categories in this study were: energy production and
economics, protected areas, hnman manne activities, and the manne ecology of the area. The
researchers concluded that the mumber of feasible areas for offshore deployment was low when
wtilising all factors of all the categories in comparison to just using the energy potential and
economucs of the region alone.

Mahdy and Bahaj [15] 1dentified that there 1s a global gap regarding the assessment of
offshore wind potential sites and thus proposed a new methodology of assessment for potential
offshore sites. The methodology was based on the analytical herarchy process in conjunction
with spatial assessment within a GIS domain. The methodology was developed with the aim of
assisting the scaling up of renewable energy from 1 GW to 7.5 GW 1 Egypt by 2020. The
authors hypothesised that the increase in renewable energy would come from larger offshore
wind installed capacity. Aseas identified were potential sites around the Fed Sea which was
duly estimated to be able to accommodate 33 GW of installed capacity. The researchers
concluded that the methodelogy which was developed could be applicable globally to produce
adequate offshore wind suitability maps for potential wind power locations.

3. METHODOLOGY

The main aim of this study was to identify an ideal offshore location to sifuate a large floating
offshore wind farm fo supply coastal regions of South Africa with clean renewable energy. The
conceptual assessment of this task was conducted based on methodologies found in the
literature. The methodology was governed by three criteria for site selection: impact on shipping
routes, spatial proximity to the electrical grid, and possible impact on fofure offshore o1l and
gas exploration.

Meteorological data set was obtained from the Global Wind Atlas which was developed by
the Technical Umversity of Denmark Department of Wind Energy [16], in WAsP data file
format. The data set consisted of 624 individual meteorological points contaiming wind resource
data (Figure 5). The wind resource data was interpreted using WASP simulation software. The
data set contained wind resource data for 12 sectored wind roses at each location and associated
wind profile frequency distributions at 3 hob heights of 0 m, 50 m and 200 m respectively.
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The analysis of the wind vector data was first filtered by understanding the prevalent wind
direction through evaluating the wind rose generated for the dataset. The wind rose along the
eastern coastline of the country exhibited two distinct wind directions — either stemming from
the north north east or from the south south west.

Google Earth

Figure 5 Meteorological data points

Once the resource data was obtained, the shipping routes were overlaid to gauge high and
low-density shipping paths (Figure 6). The potential sites were located in positions where there
was little to no marine traffic. The shipping routes were constructed using images obtamed from
the Marine Traffic website [17]. It is evident that the South African coast line experiences a
high volume of marine traffic.

Figure 6 Shipping routes [17]

The second criterion was spatial proxinuty to the national electrical grid. The transmission
electrical grid was sourced from the Africa Electrical Transmission Network (AICD) and
implemented in Google Earth as shown m Figure 7 [18]. The coastal ports of South Africa are
located at pomts a. b and ¢ which represent the KwaZulu-Natal. Eastern Cape and Western
Cape provinces respectively [19].

R
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Google Earth

Figure 7 Transmission electnical gnd South Afnica [18]

From the Eskom transmission expansion plan 2016 to 2025 [19] it was found that point
KwaZulu-Natal, Eastern Cape and Western Cape provinces in Figure 7 would increase by 841
MW, 609 MW and 656 MW respectively over the 10-year period. As the bulk of the power
stations supplying the country are located inland, the transmussion losses incurred while
transmitting energy to coastal regions are high. It was hypothesised that an offshore wind farm
would be able to minimise transmission losses by supplying energy to coastal regions. Added
to this was the resultant decrease in the loading on the onshore electrical grid. This may allow
for future capital to be transferred from many smaller distribution scale gnid upgrades to
prioritised transmission upgrades so as to address unserved customers or planned grid
expansion.

The third criterion was the location of offshore oil and gas fields. Although countries are
reforming to move away from fossil fuels, the commodity trading business around oil and gas
of any particular country has significant benefit to that country’s economy. Potential sites were
identified in areas where there would be munimal impact on exploration of the area by interested
organisations / companies. Figure 8 depicts the offshore oil and gas identified sites within the
coastal region of South Africa [20].

Figure 8 Offshore o1l and gas — identified sites [20]
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Potential sites for offshore wind farms were assessed based on all the above-mentioned
criteria. Figure 9 shows the identified potential offshore sites. The meteorclogical points have
a spatial resolution of roughly 50 km x 60 km. Site 1 and 2 slightly overlap with two of the
identified oil and gas areas. however, this was only due to the nature of the resolution of
meteorological data.

Google Earth

Figure 9 Identified potential sites

Once each site’s simulated wind data was analysed from each of the meteorological points
within the selected boundaries. an average wind speed for hub heights 50 m. 100 m and 200 m
was calculated. Wind speed is a key factor m site analysis as it 1s indicative of the potential
within the region for energy extraction.

4. SITE INVESTIGATION & ANALYSIS

This section of the investigation analyses each of the potential sites which were assumed based
on the above methodology and depicted in Figure 9 above. Wind resource data was difficult to
acquire. The use of satellite imagery tools (ASCAT. QuickSCAT, RapidSCAT etc.) did not
contain relevant data which could be readily used for the analysis of the wind potential at the
chosen sites. The International Renewable Energy Agency (IRENA) data was more suitable.
Irena is a free. online portal for the high-level assessment of renewable energy resource
potential at a chosen location / site [21].

The wind resource data was obtained from the Technical University of Denmark’s (DTU)
Global Wind Atlas portal which uses data from IRENA [16]. Data from this source was also
used to develop the Wind Atlas of South Afiica — WASA [16] which was developed for onshore
wind analysis of the South African coastline by various South African research bodies such as
the CSIR. South African Weather Services. University of Cape Town and the DTU Department
of Wind Energy. The wind atlas was constructed using various onshore meteorological sites in
conjunction with conventional forecasting tools such as the WAsP wind simulator.

The online portal allows for the rough selection of points for data collection. The potential
sites were mapped as estimated polygon shapes based on the co-ordinates of each of the
boundary points. The resultant wind statistical data was downloaded in WAsP format to be
analysed further. Wind speed and wind direction were analysed for each of the sites depicted in

Figure 9.

\
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4.1. Wind Direction

4.1.1 Site 1

Site 1 is located off the eastern coast of Durban. roughly 200 km offshore from the Durban
harbour in a south east direction or 115° bemmg. The site has an estimated perimeter of 600 km
and an estimated surface area of = 21 000 km-. Figure 10 is a graphical representation of Site
1. The site encompassed 11 of the meteorological data points obtained from DTU Global Wind
Atlas [16].

Figure 10 Potential — Site 1

A wind rose is a vector plot which denotes direction and frequency respectively. A wind
rose developed from the wind resource data compnses 12 sectors where Sector 1 encompasses
a bearing of 345° to 15° and thus the midpoint for Sector 1 of the wind rose plots was 0° with a
15° arc span on either side (Figure 11). Once a common understanding of the demarcation of
the sector boundaries was developed. the sectors within the wind rose were utilised as means
of reference to establish which direction the wind stemmed from for all the potential sites under
investigation.

Figure 11 Site 1 — Wind rose plots
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The most predominant wind directions were found to be Sectors 2 and 8 of each of the wind
roses for Site 1. The average wind speed for the area was calculated based on the mean wind
speeds of each of the meteorological stations analysed. The average wind speed for hub heights
50 m, 100 m and 200 m were 9.19 m/s, 9.25 m/s and 9.34 m/s respectively.

4.1.2. Site 2

Site 2 1s a larger site than Site 1. It 1s located roughly 300 km south of Port Elizabeth. It has an
estimated perimeter reading of 1 250 km and an estimated surface area of = 79 000 km®. The
site 1s located in a potential retroflection zone (2) for ocean currents as found by Cunden [22].
Figure 12 1s a graphic representation of the potential of Site 2. As seen in Figure 9, Site 2 has
minimum shipping route impacts but may lie on a possible potential oil and gas field. From the
meteorological data collected. the site comprised 36 individual meteorological data points
which were analysed at various hub heights.

Figure 12 Potential — Site 2

Within Site 2. the prevailing wind direction was found to be in Sectors 3, 4. 9. 10, and 11
(Figure 13). This indicates that the wind direction changes through an annual cycle. The average
wind speed for hub heights 50 m. 100 m and 200 m were 9.47 m/s. 9.55 m/s and 9.68 m/s

respectively.
Figure 13 Site 2 — Wind rose plots
http://www.iaeme com/ITMET/index asp 604 / editor/@laeme.com

45



Offshore Wind Resource Assessment Off the South African Coastline

4.1.3. Site 3

Site 3 is located roughly 290 km south (= 188° bearing) of Cape Town (Figure 14). The site has
an estimated perimeter of 463 km and an estimated surface area of = 13 332 km’. The site is
the smallest of the four identified potential wind farm sites.

Figure 14 Potential — Site 3

At Site 3 the prevailing wind directions were in Sectors 5 to 11. with the highest occurring
in Sectors 9. 10 and 11 (Figure 15). The distribution of wind over a span of 180° may be
attributed to the convergence of two significant climate zones. namely. the Atlantic and Indian
ocean zones. mixing in South Africa’s southernmost region The average wind speed for hub
heights 50 m. 100 m and 200 m were 9.12 m/s, 9.12 m/s and 9.27 m/s respectively.

Figure 15 Site 3 —wind rose plots

4.1.4. Site 4

Site 4 is located an estimated 570 km north west (= 298° bearing) of Saldanha Bay and is the
furthest potential site out of the four. The site has an estimated perimeter of 807 km and an
estimated surface area of = 37 419 km® The site has a minimum impact on oil and gas
exploration sites and shipping routes as seen in Figure 16.
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Figure 16 Potential — Site 4

Site 4’s wind rose plot is depicted in Figure 17 where it can be seen that the predominant
wind direction 1s south easterly (Sectors 6 and 7). This may be a result of the mixing climatic
conditions further south leading to a retroflected mass of wind moving towards the north from

the Cape peninsula region.

Figure 17 Site 4 - wind rose plots

4.2. Wind Speed

To gauge the wind speed potential in each of the site areas. each of the meteorological points
were mapped for hub heights of 50 m, 100 m and 200 m and an average wind speed was
calculated for each hub height respectively. It 1s known that wind shear profile has a logarithmic
nature and may be approximated in mathematics by means of the log wind profile equation
which takes into account factors such as surface roughness and atmospheric stability. The
equation which governs the logarithmic nature of the wind profile is as follows:

o= [o(2)-vo)
Where:

U Mean wind speed (m/s)
Height at which mean wind speed is located (m)
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its Frictional velocity (m/'s)
I Surface roughness (-)
Yid) Integrated stability function governing momentum (-)

The integrated stability function comprises the Obukhov Length Scale which includes
further parameters such as sea swface temperature, kinematic heat flux over the surface body
as well as the cube of the frictional velocity [24]. However, these factors are not easily found
in literature or readily available and for the analysis being conducted a more simplified version
of the above was vtilised in order to obtain a plausible understanding of the wind shear profile

for the site areas.
To extrapolate the wind shear profile the more commeon Wind Power Law was used [25]:

T ol 2
U= Uy (a} (2)
Where:
u Mean wind speed (m/s)
Uy Feference wins speed (m/s)
z Height at the mean wind speed (m)
zn Reference height (m)
e Empirical Coefficient accounting for the atmospheric stability (-)

Equation 2 has been found to be suitable to extrapolate wind shear for hub heights less than
100 m [23]. The 50 m hub height measurement was used as the first basis for extrapolation for
each of the sites. An iterative solver was used to extract the atmospheric coefficient required.
Figure 18 depicts a possible representation of the different wind shear profiles for each of
the sites. The extrapolation shows the changing wind shear at various hub heights below 100 m
based on the arithmetic average of mean wind speeds located within the boundaries of each site.
As expected, the mean wind speed located offshore 15 significantly higher that onshore with a

gradual increase in wind shear gradient.
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Figure 18 Extrapolated wind shear profiles

Wind resource is relatively unpredictable and erratic by nature; however, on consistent
monitoring and investigation of terrestrial based metecrological stations, a best fit curve was
found to adequately describe the wind resource which is based on the 2-parameter Weibnll
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distributicn. As shown in hiterature, the 2-parameter Wetbull statistical distribution 1s the most
common way of understanding wind potential [26—28].

The Weibull distribution gives one an appreciation of the probability of wind speed
occurences at a chosen site. The function requires three parameter inputs. one being a variable
and the two other parameters being static which define the distribution. The Weibull distribution
15 defined as follows:

kU k-1 (u k-1 3
P{U.k,c‘j:;(?) e{2) (3)
Where:
i Wind speed (m/s)
k Shape parameter (-)
C Scale parameter (m/s)

The shape parameter of the distribution defines how the probabilities of wind speed are
spread throughout the distribution. It is generally found that the larger the shape parameter the
closer the distribution tends towards becoming Gaussian in shape. The shape parameter for
wind distributions is usually near 2 [29]. The scale parameter defines the most probable speed
in the distribution (the mode valve). Traditionally with regards to wind resource analysis, the
larger the scale parameter is in value, the higher the mode of the distribution, which basically
means that the probability of a random wind speed value 1s less likely to be lower than the mode
of the distnbution [29], [30].

In relation to the four offshore sites, the WAsP forecasted statistical parameters were nsed
as a basis for defining wind resource dispersion over the site area. Each of the meteorological
points from each site, as depicted 1n figures™ 11; 13; 15 and 17, were analysed. WAsP gives an
empirical relationship of rounghness length and roughness elements taken from the deseription
given by Lettau [31]. The simple description is given as follows [31]:

(h.5)

Zp = 0.5 ? (4]
Where:
Z Foughness length (m)
h Element height {m)
5 Cross-sectional surface facing the wind (m®)
Ay Average element horizontal area (m”)

The above 15 more suited for terrestnial based applications as it considers various vegetation
and foliage effects in relation to the wind flow. Chamnock [32] provides a description of surface
roughness phenomena over water bodies and explains that the roughness length of different
surfaces directly affects the wind speed which WAsP further defines as ronghness classes. A
full list of surface roughness guidelines is illustrated in Appendix A. Chamock [32] developed
an equation which ignored the viscous effects and the surface tension of the water are ignored,
as follows:

2 g
Zp= b — (3}
S
Where:
Zy Foughness length (m)
Constant (-)
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u. Frictional Velocity (m/s)
g Gravitational acceleration (m/s”)

The WASP tool has defined a constant rounghness length of 0.0002 m for wind resource over
water bodies. Dunng the development of the software both a constant value and equation 5 was
used. The resultant constant value proved to give good results in comparison to equation 5 and
hence maintained the constant roughness value over water bodies. The DTU Wind Energy
project [33] used onshore high-resolution metecrological measurements taken over extensive
periods fo establish and develop WASA. The inferpolation of resulfs to offshore water bodies
was condocted within the WASP software based on the onshore readings and respective surface
roughness in relation to water bodies. For the identified offshore sites, these results were used
to deternune the probability distnbution of the resouwrce based on the statistical parameters
obtained from the data.

4.2.1. Site 1

Figure 19 shows the general wind charactenistics for Site 1. The Weibull distribution for the
two domunant sectors of the site’s general wind dwection was constructed vsing the wind
statistic parameters obtained via the online wind atlas synthetic data. Sectors 2 and 8 proved to
have the highest frequency and were analysed. It can be seen that Sector 2’s distribution 13 more
Gaussian in shape due to the k-shape factor being closer to 3. The skewness (close to 0) of
both data sets indicates a more normally distributed dataset. The mean wind speed for both the
sectors 15 10.5 m's at a 50 m hub height It may be noted that Sector 2°s probability density
distribution depicts more probable wind speeds between 6 m's and 15 m/s in comparison to
Sector §'s distribution which depicts a higher probability of higher wind speeds over 15 m/s.

Height Parameter
p— |Mean S n',.l'sl .19
|Power density [wifem?] 795,08
i |aar spaed _rr:.l':l 9.25
|='uw:f demsity [Wim®] a5z.00
Miean spemed [my's) o5l
M) e l
[Power density (W] aa2.27
a%

T

=t

Jim“|||||||||||||||Hm

.J
T 3%3a5222353333 543 325 RRRRANARRARR AR
Wbl g

Rrabai||Hy Depeyl-)
B

i

Figure 19 General wind charactenistics — Site 1
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4.2.2. Kite 2

The general wind characteristics for Site 2 are shown in Figure 20. It was found that Sectors 3
and 10 were the dominant wind directions for the site. The Weibull distributions of these sectors
are shown. Sector 3 has a higpher density for wind speeds of 5 m/s to 14 m/s and lower
probabilities of higher wind speeds. The distribution of wind speed in Sector 10 shows a lower
peak but higher density of probabilities between 6 m's to 16 m/s, including higher probabilities
of wind speeds greater than 15 m/s. The mean wind speed for Sectors 3 and 10 are 9.7 m/s and
11.1 m/'s respectively at a 30 m bub height.
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Figure 20 General wind charactenstics — Site 2

4.2.3. Site 3

Site 3 13 unigque as it is located at the southern tip of the conntry. This region is known to have
muixing of the warm Agulhas current (east coast) and the cold Benguela current (west coast).
Along with the trade winds stemming from the South Pole towards the equator and the Conolis
effect from the plamet’s rotation, Site 3 would be expected to have cross-coiting winds. The
wind rose shown in Figure 21 shows that the most frequent directions are from Sectors 9 and
10, although the span of wind directions in comparison to the other three sites is mmich larger
with relatively equal frequencies which is assumed to possibly be due to the cross-winds
occuiring at the site’s location Sectors 6 and 9 were chosen for analysis. The mean wind speed
for both sectors was relatively sinular with Sector 6 having a mean value of §.22 m/s and Sector
O having a mean value of 9.2 m's. Comparing the two probability distributions it can be seen
that Sector 9 has higher probabilities of higher wind speeds especially between wind speeds of
12 m/s to 20 m's_ in relation to Sector 6.
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Figure 11 General wind charactenistics — Site 3

4.2.4. Site 4

Figure 22 illustrates the general wind charactenstics for Site 4 located west of the Northern
Cape. The donunant wind directions are Sectors 6 and 7. Comparing the two probability density
distributicons, it is evident that Sector 6 expeniences higher valued wind speeds compared to
Sector 7. Both sectors have shape factors greater than 3 leading to the Gaussian shape of both
distnibutions. The mean wind speed for Sector 6 is 9.8 m/'s and Sector 7 15 7.8 m/s at 50 m hub
height. In comparison to the previous sites, Sites 4 and 3 have lower mean wind speed values

than Sites 2 and 1.
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Figure 12 General wind charactenistics — Site 4

http:/fworw izeme com/ITTMET /index_asp @



Freddie L. Inambao and Kumaresan Cunden

Each of the above sites were evaluated and Table 1 below encapsulates each of the sites’
wind mean speed and power density characteristics. It can be seen by evaluation of the data
table that Sites 2 and 3 have good mean wind speeds and encapsulate the most power density
of the four sites. There is a need to analyse each of the meteorological points within the area
chosen as the mean wind speed and power density varies over large areas.

Table 1 Site wind and power charactenstics

Meight | Paramessr Ste1  [ste2 [swe3d  [sees
som  |Mean speed [mis] 919 Ey| 9.1} 8.42
Power dersity [W/m2) | 79609 @3a.11| soe1| ssan
e Mean spead [mis] Q25 Q.55 5.1 £.50
Power dersity [W/m2) | 85200 1017.03] arssd  se100
oo |MeEn eed [mis] s.sal 9.(-31 9.2 .65
Power dersity [W/m3) | s&2.27] 120131] 103274  es4assl

4.3. Site Geographical Analysis

It is visnalised that the energy which is produced offshore from any of the potential sites will
be fed to the coastal regions. In order to be as cost effective as possible, utilisation of existing
electrical integration points is advised mitially (unless specific assets are required) for the most
optimum power transfer to shore. To gauge this, the distance to the site sub-integration point
(assumed to be the site central location) from the main feeder was investigated with regards to
surface elevation in respect to the standard sea surface level.

4.3.1. Site 1

Site 1 is based off the coast of Durban and has an area of 21 000 km? as previously stated. There
are two main power incomers as shown in Figure 23, namely, Klaarwater (a) and Illovo (b) with
each having 275 kV lines respectively [18]. Figure 23 shows that the distance to the different
tie in points is roughly 200 km with the elevation level to the centroid of the site area also
included. It is noted that the deepest point is roughly 3 000 m from the ocean surface.

Figure 23 Location of possible points of connection — Site 1
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4.3.2. Site 2

Figure 24 shows the distance from the various possible onshore connection points to the centre
of Site 2 which is assumed to be the central integration point of harvested offshore wind energy
for the site. The three potential connection points are Leeches Bay (132 kV), Poseidon (220
kV) and Proteus (400 kV), all of which are in the Eastern Cape. On average, the distance to
onshore connections is 409 km with the shortest distance being in relation to the Poseidon
substation. There is a distinct steep shelf drop off the Eastem Cape coastline.

Figure 24 Location of possible points of connection — Site 2

4.3.3. Site 3

Figure 25 shows the two closest transmission substations, either of which could function as an
integration point for Site 3, namely, Acacia (400 kV) and Palmeit (400 kV). On average the
distance to an onshore integration point 1s 280 km with Palmeit being the closest at a distance
of 275 km offshore. The diagram also indicates the coastal shelf declination which extends
further out than the previous site declinations.
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Google Earth

Figure 25 Location of possible points of connection — Site 3

4.3.4. Site 4

Site 4, as seen in Figure 26, is located 527 km on average from the western coastline of South
Africa. The province/state which is closest to the site is the Northern Cape. The province is the
largest in the country but has the lowest population in the country. Limited connection points
are located along the western coast. Only two transmission connection points could be located
but there may be smaller coastal distribution feeders where connection may be possible. The
two transmission substations are Gromis (400 kV) and Juno (400 kV), each having a distance
to site of over 450 km.
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Figure 26 Location of possible points of connection — Site 4

The gradual evolution of offshore wind farms are a result of most regions already utilising
most of the space onshore zoned for energy production structures as well as the higher resource
potential located offshore [6]. As shown above, the depths at each of the sites are far deeper
than what traditional offshore wind turbines are subjected to. For this reason, most of the wind
farms located at such distances offshore would require a floating structure as depths in these
regions are beyond conventional anchoring.

5. CONCLUSION

This article aimed to investigate the offshore wind potential for the South African coast. Various
factors were taken into consideration before demarcating potential sites for investigation, such
as shipping routes, potential exploration oil and gas fields and possible transmission connection
pomnts. Utilising this methodology, four potential sites were identified. The predominant wind
direction. mean wind speed, wind shear and spatial geographic information was analysed for
each site.

The wind direction for each of the sites were dependent on many factors which influence
the wind resource such as cross-wind interference and ocean currents. The wind direction did
not have any similarities between sites, with each site having its own predominant wind
directions. Site 1 had a dominant wind direction from a north easterly direction and the polar
opposite as well. Site 2’s prevailing wind direction was from the west and occasionally from a

http://www 1aeme com/ITMET/index asp @ editor@aeme.com
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north easterly direction. Site 3 had a large span of wind direction as it 15 located in a high mixing
zone of various strong wind forces. Site 4's principle wind direction was from the south east
aleng the western coastline of the Northern Cape province.

Within the 50 m hub height, Site 2 showed the best potential based on the power density.
In comparison Site 1 and Site 3 showed similar power densities to each other and Site 4
depicted the lowest power density. The general wind speed characteristics were analysed for
each of the sites and the average wind speed (taking into consideration all of the sites identified)
was 9.5 m/s with large power densities between 500 W/m? to over 1 000 W/im?2.

The distance to shore ranged from 200 km to 300 km with a steep continental shelf drop to
approximately 3 000 m deep. This means that the traditional means of offshore wind platforms
would not be adequate for anchoring the plant, and a floating offshore structure would be more
suitable. The use of a centrally located electrical energy collector hub within each site, with
possibly N — 2 contingency measures, could be usefl to connect to fewer feeder bays within
the closest transmission substation onshore. This could also allow for the filtering out the power
variations from widely spaced turbines.

The study conducted shows that there 15 offshore wind potential off the coast of South
Afirica. Energy generated by this method could assist South Africa to increase access to energy.,
reduce expensive fransnussion line losses to coastal provinces, and assist the country transttion
towards a more sustainable future energy mix in line with developed nations.
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APPENDIX
Appendix A
Ph?l:‘]ﬂ 2 Terrain surface characteristics Rﬂg%::ﬂ = spenﬁ;ll]m Wk

15 4(1.5m) 15
=1 tall forest =1
1.00 city 1.00

0.80 forest 0.20

0.50 suburbs 0.30

0.40 3 (0.40 m) 0.40

0.30 shelter belts 0.30

0.20 muany frees and/or bushes 0.20
0.10 farmland with closed appearance 2(0.10 m) 0.10
0.05 farmland with open appearance 0.05
0.03 fmhﬂﬁnﬂ;;m e 1 (0.03 m) 0.03
0.02 airport areas with buldings and trees 0.02
0.01 AITPOTt MIMWaYy areas 0m

0.008 MOWIL ZTa55 0.008
0.005 bare soil (smooth) 0.005
0.001 snow surfaces (smooth) 0.003

0.0003 zand surfaces (smooth) 0.003

0.0002 (uzed for water surfaces in the Atlas) | 0 (0.0002 m) o0

0.0001 water areas (lakes. flords, open sea) 0.0

“It should be noted, that in general the roughness length as applied in WAsP has to be
considered as a climatological parameter because the roughness of an area changes with
foliation, vegetation snow cover and so on. The energy production of a wind terbine must be
determined on the basis of climatology, primarily because of the variations of the weather;
however, the seasonal variations in the local terramn characteristics can also have a profound
influence.

It 13 recommended that land surfaces are not assigned roughness lengths smaller than 0.003
m (3 mum); this 15 especially important when met. masts, reference masts or tarbines are located
in such terrain with anemometer heights / heights / hub-heights more than 80 m ™

T
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NOTES
(1) Specific production is a factor which normalises an elecirical geperation plant’s
production by comparing the actoal generated energy with that of the mstalled
nameplate capacity of the generator(s). The nmts of measurement are EWh/kWp.
(2) A gettoflection zone is an area in which the flow in question encounters specific

obstacles which cause the flow to diverge from the original path and turn on itself, either
clockwise or anticlockwise m direction.
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CHAPTER 4 : OFFSHORE VERTICAL AXIS WIND TURBINE
SIMULATION

The following chapter presents the simulation of the vertical axis wind turbine for the sites which were
identified in and presented in Chapter 3. The paper shows the scaling the turbine and effect on turbine
parameters such as chord length. The research was conducted based on a parametric approach of
changing chord length, solidity ratio, and aspect ratio turbine parameters. The initial sites were
presented and the corresponding Reynolds numbers were calculated and applied to the simulations. The
simulations compares the previous NACA blade profiles with a Selig blade profile. The results,
conclusions and future work are also presented in the article.

CHAPTER 4 — Cite this article: F.L. Inambao and K. Cunden, “Offshore Vertical Axis Wind
Turbine Simulation” published in the International Journal of Mechanical and Production Engineering
Research and Development (IJMPERD), Vol. 11, Issue 2, April 2021, pp 187-204.

Link to article:

http://www.tjprc.org/publishpapers/2-67-1616049303-151JMPERDAPR202115.pdf
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1. INTRODUCTION

The world 15 undergomg a paradigm shift as more people are becommg aware of energy consumption patterns,
remforcing the need for cleaner ways to generate electrical energy. The use of coastal wind twbine farms 15
mcreasmg globally, as offshore wind conditions are more favourable than terrestrial based sites due to the wind
profiles located offshore [1], [2].

South Africa’s power supply consists of predommantly coal based power stations located mland This
pozes technical challenges to deliver power to the coastal regons and losses are mewred [3].

62



188 Freddie Inambao & Kumaresen Cunden

ard ot

Eskom power stations

NOATH WEAT

o A
~( =V
L.,J‘ =N
Vs .-

Ll j FREE STATE
& f
NORTHERN CaPs

B S o~
RS

-

WESTERN CAPE

=
@esm | Powwring yomr world
S a— -

Figure 1: Power Stations in South Africa [4]

The additon of offthore wind farms can aszst South African coastal regions by offseting central power
generation. Off:hore wind farms can prowide clean energy to the coastal rezions based on the sites shown m Inambao and
Cunden[2].

A suitzble wind twrbine confizwation 1s required for mvestzation of the estimated power production and anmmal
energy vield for the investigated sites. Buildmngz on the work conducted by Cunden [3], a verical axis wind twbine
2. LITERATURE REVIEW
Islam et al. [6] conducted an mvestization into the mrowmg trends within the wind mdustry and compared the traditional
Honzontal Axis Wmd Twbines (HAWT) to the Vertical Axis Wind Tuwbines (VAWT). The researchers mvestigated many
aspects mcluding the swtzbility for wind classes; control systems mmplemented; the aerodynamics of each system and the
companson of the respective energy production. The authors mdicated the need for enerzy storage systems to be coupled
wath the wind facility due to the intermittent nature of wind energy. An interesting result m the study was that the VAWT
could out-produce the HAWT system by 10 times for the same spanal area. This was because the HAWT systems requure
larger spacing between turbines as a result of inherent wake mterference compared to that of VAWT based systems.

Mmmmmmma&emmof&eHAWdeVAWTm.'Ihemain
distinction between HAWT and VAWT systems are related to the zerodynamics of the twbine The HAWT system
traditionally exploits the lift effect on the twrbine blade which 15 smnilar to that of an aeroplane while the VAWT system 153

Impact Factor (JCC): 9.6246 NAAS Ranng: 3.11

63



Offshore Vergeal Axds Wind Turline Stmulation 158

drag-based demizn. This changed recenthy with modification of the VAWT to also ufilise the hiff effect. A mapor advantage
of the VAWT 15 that 1t can aceept incommg flow from any direction and 15 less hindered wath wake effects from nearby
turbimes 1f orentated appropriately. If the WVAWT: are placed i the opposite direction as the neighbourms hobme. the
resultant efficiency of the turbine inereases. The assumphion 1= that the opposing spms form a control volume around both
turbines, reducing the drag interreference of the flow.

Colmenar-Santos et al [1] conducted research on the status, challenges and fihwe mpacts of Spamish offthore
wind developments. The article focused mamby on the electrical compenents of the system from the senerator to the
transmession systems. The paper mmvestigated the foumdation options for offthore wind tarbme facilihes as well as local
challenges whach hinder offshore development,and proposed sclutions. The mam 1ssues highlhishted were emaronmental
restrichons due to policy and resulanons and that the offshore shelf depth was madequate for the tradihonal offshore

FVStems.

Arramude et al [8] noted that there are vanous techmcal challenges for offthore wind horbmes including the tvpe
of twbme model to be ufilised in the power generation scheme. Wind farm designers consider several factors such as: the
wind speed and desipnated wind class of the chosen mite(s); the wzke effect= and electnical losses: the respective
emvironmental mopacts and resinchons; and power capacity and energy producthon for the chosen type of turbmes This
dafz 15 also used to inderstand the cost per wmit produced of the offShore facility. The researchers found that there was
higher energy production for lower power density twbines. The study concluded that this parameter 15 more reliable than
the selected capacity factor for 2 chosen wind twbine based on the sife.

3. METHODOLOGY

The mam objectve for this study was to vhhse the ates which were studied 1 [2] for the design of a helical cross-wand
verfical wind furbine. The design was based on the mveshgations conducted by [5] 25 a bazis for the desigm of a smitable
offthore wind turbime. Fach of the mwvestizated sites’ apprecomate area was used to deternvine the energy density with
respect to the proposed conceptual wind tuwbine desizn at that =site.

Each of the 4 sites” wind analysis data which were determumed 1n [2] were used m the cwrent study to understand
the effect on the rotor torgue of the fwhine. The mwveshizaton methodology for the above-mentoned mwvestization
objectves was as follows:

*# Combined analyss of [2] to gamge the absolute mmimmm mean and maxmm wind speeds with respect to a
chosen standard deviation for optimusing the firbine design

*  Parametne siudy of the proposed turbine desizn m [3]

#  The effect of varvng the hobine performance parameters on turbine rotor torque and the trbines power cuve

*  Analy=is of blade profiles and effect on rotor torque and powear cuve

#  The twrbme's respective power coefficient muves based on selected turbme awfoml profiles

*  The effect on power curves was found at vanous twrbine aspect atios

The numerical processing software called (JBlade [9] was unlized m the analy=i= of the tobines m ths study. The

srmulation soffware was first used m the wveshigation of a hydrokinehe iwbme studied m [3]. The study showed 2 good
WHWLGDrE. 8 editor@gipre.ong
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correlation wath other computer flnd dynamuc (CFD) software and empnical results obtamed from other researchers. The
same software was used with the addrhion of a iftmg hine model which was added to the package m 2019. Thus resulted in
understanding the effect of the wake field on the twbme spacing confizwration as recommended in [5]. Since the effact of
stacking was done in this study. the mean and standard deviation resultant wind speeds were taken for all hub heights
(50m, 100m, 200m) which were researched in [2]. This proved useful as each site had a umque dispersion of wind speed.

4. SITE INVESTIGATION AND ANALYSIS

This section of the mvestigation analyses each of the potential sites based on the above methodology. Wind resource data
was difficult to acquire. The use of satellite mmagery tools (ASCAT, QuickSCAT, RapidSCAT etc) did not contain
relevant data which could be readily used for the analy=is of the wind potential at the chosen stes. The International
Renewable Energy Agency (IRENA) data was more suitable. IRENA 15 a free, online partal for the hugh-level assessment
of renewable energy resource potennal at a chosen location / site [9].

The wind resource datz was obtamed from the Techmical University of Denmark’s (DTU) Global Wind Adas
portal which uses data from IRENA [10]. Data from this sowrce was also used to develop the Wind Arlas of South Africa —
WASA[10] wiuch was developed for onshore wind amalysis of the South African coastiime by vanious South Afnican
research bodies such as the CSIR, South Afnnican Weather Services, University of Cape Town and the DTU Department of
Wind Energy. The wind atlas was constructed using vanous onshare meteorological sites in conjunction wath conventional
forecasting tools such as the WA=P wind smmulatar.

The onlne portal zllows for the rough selection of pomnts for data collection. The potential sites were mapped as

estimated polvgon shapes based on the co-ordinates of each of the boundary points. The resultant wand statistical data was
downloaded m WASP format to be analysed finther.

4.1 Site Overview
4.1.1 Site 1

Site 1 (Fizure) 15 located off the eastem coast of Durban. roughly 200 km offshore from the Dwrban harbour in a south east
direction or 115° bearmg. The site has an estimated perimeter of 600 km and an estimated swrface area of = 21 000 km’.

Figure 2: Site 1
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4.1.2 Site 2

Site 2 15 a larger site than Site 1. It i located roughly 300 km south of Port Elizabeth. It has an eshmated perimeter reading
of 1 250 km and an estimated surface area of = 79 000 km’. The site 15 located in a potential retroflection zone' for ocean
currents as found by Cunden [5]. Fizure 12 15 a graphical representation of the potential of Site 2. From the metearological
data collected. the site compnsed 36 mdiidual meteorological data points which were analysed at vanous hub heights.
The average wind speed for hub heights 50 m_ 100 m and 200 m were 947 m/s, 9.55 m/s and 9.68 m/s respectively.

Figure 3:51te 2
4.1.3 Site 3

Site 3 15 located roughly 290 km scuth (= 188° beanng) of Cape Town (Fizure 4). The aite has an estimated perimeter of
463 km and an estimated surface area of = 13 332 km® The site 15 the smallest of the four identified potential wind
farm zites. The average wind speed for hub heights 50 m. 100 m and 200 m were 9.12 m/s. 9.12 m/s and 9.27 m's
respectrvely.

Figure 4: Site 3

! Aretrofiection zone iz an area in which the flow in question encounters specific obstacles which cause the flow to diverge from the original path and
turn on itself, either dockwize or anticlockwize in direction.
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4.1.4 Site 4

Site 4 15 located an estimated 570 ko north west (= 298° beanng) of Saldanha Bay and 15 the firthest offzhore of the four
potential sites. The site has an estimated permmeter of 807 km and an estimated surface area of = 37 419 km®.

Figure 5: Site 4

Table 1 desceribes the wind speed rezime for each ate m totahty. This means that the mean wind speeds at the
vanous hub heights reflect the overall wind speed effect at that pomt of measurement. In the case of synthetic data, as
which was used m [2] to obtzin Table 1 the mathematical equivalent 15 found as the sum of the effect of the wind profiles
from all wind directions.

Table 1: Wind Speed Potential Profile of each Site

Height |Parameter Site 1 Site 2 Site 3 Site 4
i Mean speed [m/s] 9.19) 9.48) 9.12 8.42
Power density [W/m?] 795.08] 939.11] 80811 550.71
i Mean spzed [m/s] 9.25 9.55 9.11 8.50
Power density [W/m?] 852001 1017.03] 875.56] 591.00
LER Mean speed [m/s] 9.3:' 9.6 9.27 8.65
Power density [W/m+] 982.27| 1201.31] 1032.78| 684.88

4.2 Simulation Parameters
4.2.1 Wind Speed

Each of the four sites have unique wind profile rezimes wath independent wind profiles and distnbutions. Table 2 mdicates
the mmimum mezn and maxinum wind speeds used for the simulation of offshore wind fwrbine design.

Table 2 chows the post analysis for each of the sites for the predommant wind directions as per the dismbutions
found in Appendix A
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Table 2: Post site analyzis - Wind Speed

Sites
Wind Speed [mfs]| 1 2 3 4
Min 18 5.1 49 7.9
Mean 1K ] a 74 00
Max B0 | 2o | w1 | 120

4.2.1 Turbine Parameters
The trbine which was used for the simmlation was based oo the research conducted by [3] and was further mvestigated to
understand if 2 hyvdrokmetic furbine desipn may be used for 3 wind hobine apphication.

The sohdity ratio (o) of a tobine represents the cireumferental blade area m companson to the void area of the
tuwrbme. The sohdity rafio can be represented as follows [3].

¥ :—; @
where:
o Sohdity Bato (-}
B Number of Blades (-)
c Chord length of the blade (m)
D Turbine Diameter {m)

Inihally a 1 MW torbine was desipned for as 2 smgle VAWT wdiuch may be seen m Appendix B However, the
blade chord lensths were too kigh for constuction and the struchmral stababity of thes twrbine was thought to be mpractical.
As chord length was the lomitng perameter, a paramefnic mvestigation was conducted by varving the twbine dizmeter and
sobidity rafio to find a swtable chord length for the terbine.

Table 3 shows the effect on the fwhbine chord length based on venation of the solidity ratio and trbine dizmeter
to obtzin smtable blade chord lengths to work wath,

Table 3: Effect on Blade Chord Length

Solidity Ratia o)
a5%| 20|  2sw| 30| asw
2 5| osaf o7e] o038 18] 137
& | 118 157 196 236 275
g 2 as| 177] 236] 295] 35| 24w
£ £ 20] 236 314 393] 4m| sso
s o 35| 295 38| asi| see| 687

The mvestgations conducted mn [11] mdicated that an Aspect Batio (AR) of | was the most stable through all
blade Feynolds numbers. The munrent mveshigation ammed to understand the effects of AR on the fiwbme rotor toque as well
as performance based on the hobme design.

The turbine which was designed m [5] forme the bazis for myveshpaton The mveshzation found that a 4 bladed
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twbine resubted in steady torque loading on the twhine rotor m comparison to a 3 bladed VAWT in the same category.
This paper mvestigates the effect of varving the blade number on the rotor torque and thorbime performance.

Blade wrap was used to understand the effect of helix angle on the fimwbme’s performance. Blade wiap 15 defined
as the percentage of 2 twhbine’s radhal coreumference whick 1= occupied by the collective amount of blades [5]. In somple
terms, thas 15 the mderstanding of bow much of the tarbine’s blades are In contact with the incomme flow. In the case of
100% blade wrap this would mdicate that the tarbine always has a blade m confact wath the freestream meoming flowr.
Less than a 100% would mdicate reprons of vouds which resuli= mn periodic vibrations on the rotor torque. Blade wrap 15
represented as shown:

BH

= ¥Dtand @
where:
w Blade Wrap (-)
B Fumber of Blades (-)
H Tuwbine Height (m)
D Tuwbine Dizmeter ()
] Blade Helix Angle (%)

(Blada v.9%63 software was used to sumulate the furbine confipmratons and obtam blade rotor torque [12]. The
following were chosen as hwrbine parameters to be investizated m the mumerical sooulations:

a Salidity Ratio (%) 0%/ 25% / 0%
e Blade Chord Length (m) 157/1.96/2.36
D Turbine Diameter () 10

AR Aspect Ratio () 1415725

B Tumber of Blades () 4

& Blade Wrap (%) 100%

4.1.3 Blade Profile Analysis

There are vanous types of blade profiles which may be used for twbme design. Vanous tvpes of cambered and
symmetrical profiles esast, and each has umique properties which dwectly affect the paformance of a twbine. Cambered
blades result in traling edzes which have negztive effects on hobine owtput for 2 VAWT type twbme. Symmetical blade
profiles were chosen ansing from myveshgations m [3] whech found that the downwind effect on blzde tangential torque
was minimised with a symmetrical profile n companson to a cambered profile. Smmlations of NACA 4 series, MACA 5
series and Sebiz profiles on a 3 bladed VAWT was conducted by [11]. The resulis gave an mmdicabon of how vanous
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turbme blades bahaved uwnder low to relatively high blade Eevnolds mumbers. From these resalts 3 blades were chosen
from each of the awfml profile groups which exdubited zood power cinve charactenishes through the chanzmg Revnolds
domains. The chosen blade profiles are depicted mn Figure 6.

-
=

Figure 6: Blade Profiles

The blade Feynolds mumber 15 the companson of the flmd fow velocity over the blade chard length 1 relation to
the prevalent wind speed entenng the blade cooumferential path as 1t moves through a smgle rotation, [3).

Romse = =5 @
where:
Reg, Blade Feynolds Mumber (-}
LI Relative meomme wind speed (m's)
c Chord length of the blade ()
v Einematic Viscosity of air at Sea Level (m?/s)

Each site had its own respective wind speeds as previously mentoned The results from Table 4 were used for
various hebine aspect ratios and radu to determme the blade Eewnolds mumbers per site. respectively

Tahle 4: Blade Bevnold: Numbers

Sive 1 Site: 2 Site 3 Site 4
Min 5,035,155 3 937,750 3,363, 110 5,090,709
Mean 11 B34, 767 10,651,250 8, E70, 606 11,180 234
Max 25 175,777 23 339,179 19,559,642 23, 230.179

In order to obfam the respective charactenstic cmves for each blade mofile the blade Reynolds number 15 required

accompanied by the respective Mach number for mummencal analyvzs. Added to the mumarical solver are the site ambient
conditions as a factor which 15 then meluded m the inferpolation caloulzhons.

The mital polar plot: were obtzined nsing XflrS EFOIL soffemre [13] for the Mmm, Mean and Max blade
Feyvnolds numbers for all sifes. The sofiware has two methods of analy=ing tranaton over the blade profile namely, forced
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and free transihon Forced prediction ocowrs over the fratling edge of the blade. Free transifion 15 predicted using the
simphfied envelope method to predict the growth of two-dimensional Tolbmem-Schlichting waves [14]. The user defined
mput of Mt in the sinilzhon allows the user to affect the envelope method based on real case scenanios [14].

The NCnt factor 15 a scale factor m the XPOIL somulation extiapolating the ambient physics condifions over the
blzde profile. The number represents the amount of ambient condhon mterference where 9 15 the closest to a clean wand
tunnel and 1 represents a large amowunt of inferference or a duty wind fumnel [14], [15]. In a real scenano this was
considered to represent the partionlate conditions which may be expenenced offshore from arbome water through waves
or sand clouds moving acress the oceans. The stedies conducted by [14], [16] mdicate that the operating range for NCnfis
generally between 4 and 6.

Tahble 5 shows the parameters faken for the imfial somlatons of the polar charactenstc cuves of each
blade.

Table 5: Blade XlfrPolar Parameters

Re Mach Merit
Min 3163 110 0,0 1 9
Mean 10021 993 00 9
Mlax 25175 777 0,02 1 9

Figure 7 shows the ratio of Ift to drag versus the blade’s angle of attack (Acd)
rangmg from -25% to 25° It can be seen that the MACA23018 blade profile had higher perfrrmancecurves under more
confrolled ambient conditions taken as NCnt 9. The NACAG32]15 profile seems to underpaform at a lower Reynolds
mmaber, however, all blade profiles seem to exhibit stable performance for both WOt 1 and NCnt 9.
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Figure 7:Lift'drag Coefficient: vsAcA

Figure 8 shows the ratio of Lifi versus the blades” angle of attack (Aocd) over the 3
blade Reyoolds number scenarios shown m Table 5 abowve As shown m [15], the profiles which were fhcker
performed better throughout the Eeynolds distribution. Based on these findings the blade profiles chosen for tarbine
simmalations in thas stedy were NACAN] S5 NACA2301S and Selig 51046 due to therr thicker profiles
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and mital charactenstic hift and dag charactenstic curves.
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Figure 8: Lift'dragCoefficient vaAeA

Since the mitial polar plots only predict for a hoofed AcA range, an extrapolation 15 required. Two types of
extrapolzhon methods exist for asrodynamic / bydrofol blade profile polar plots. Inveshzations conducted by [17] gave
deeper m=sight mto the extrapolafion methods and the basic asswmphons wsed for each
Viterna Method
The Viterna method 15 the most commonly wsed method of extrapolation of blade profiles, [17]. The Viterna method relies
on the mitial polar plots to extrapolate the data from &,y to 90% using the following [18]:

2

cos* @
= A, sinZa + A;— (4)
sing
€, = B,sina+ B, cosa (5
where:
Cp % 111+ 0.0184R (6)
c
-"‘:I. - Dmax m
2
By = Cpmar ()
: 5in @geqy
A, =L - C sinrg, ) COS@g ) ———— 9y
z LEtall D sealt! ot
c — Cpmer5in® &
B, = DErall D Stail (10}

C{'IS-: @Eeran

The affect or Aspect Ratio (AR) has little effect on the result as 1f 15 only a zmall frachon n obtaining the drag
coefficient for the method. The Vitena method does not, however, consider the pressure or shan finchon force dismbuthon
of the profile. However, wath reasonable assumptions m relation to the simmlation the Viterna method provides reasonable
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estimates for early design conmiderations [17], [19].
MMontgomerie Method

The Montzomene method 1= formulated around the assumphon that theve 1= some potentizl flow around the awrfoal at Aol
of 0% At higher angles of attack the assumption is that the anfioil behaves lke a basic thin plate under flow conditions. For
miemedizte Aof a tansfomation fimchon F15 mivoduced to simulate the Sow physies behaviowr over the profile. The
mterpolafion occurs betwesn the thin plate behaviour (&) and the potental flow cwrve () whach can be represented as
follow= [20]:

€, = ft+i(1—fs (11}

Where the hme function (f) 15 a tangent to the C; curve at Aod = . The tensformation fimetion 15 determined from the
matial polar plots of £, vs a. The fimehon 1= calenlated 2= folloas [20]

1

f= G+rman —
Where:
1 1
k=(z-D— )

The miroduchon of @, mto the solving of the vanable (k) 15 defined as the angle where the & starts to deviate
from the potenfial aove () [17]. Thas angle can be computed wsmg the following fomula:

iy _Eﬂ'z
= — 14
T (1—&) (9
And the & vanable 15 desenibed as the fimetion [17], [20]:
B _
G= [& (13}

The mvestigations conducted by [17] mdicated that for a detziled understandmyz of the flow physics in the
mumyericzl solver, the Montpomene method produces a2 closer result than that of the Vitema due to the terative
transformation function that 15 moorporated m the Montzomerie method. This was the bamis of choosing the Mont zomerie
methed for extrapolatmg the polar plots for the chosen blade profiles shown m Figure 9.
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Fizure 9: Final Selected Airfoil Profiles

5. RESULTS

The extrapolated blade profile data was used m the double multple streamtube model as desenbed m [5], [21] It was
found m [5] that a higher discretisation of the mitial fwbine blade results in more reasonable results. Fizure 10 shows
the blade discrefiszbion which was refined to be wsed for each blade simlzbon The discrefisstion allows for a

higher resolution of mderstandimg on the perfarmance curves for the hobine.

Figure 10: Blade Dhzcretization

Figure 11 depicts the results from the simmlation for all 3-blade REevnolds mummber scenancs mentioned earher
n companson to varying solidity ratio by changmg the blade chord length. It can be seen from the results that the high
solidity ratio favours the hobme performance curve as the hobime can mantam performance over a larger tip speed rabo
(TSE) range The resultz also show that the symmefrical profiles of NMACADDLS and Selig S1046 have a higher
performancs curve thanMACATI01E.
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Figure 11: CP Curves for Varying Solidity Eatios
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Figure 12 shows the point at whach the NMACAZ3018 profile starts to show signs of instability as the tangentia
force on the blade seems to peak shehtly through the TSR of 2.8. Thas 15 not vet evident on the torque cutput on the roto
Figwe 13 shows the torque assessment at TSE. 3.4 of the blade profiles. It 15 seen that both the MACA2301E and the
MACADDLS profiles start to becoms unstable whech 15 evident in the torque profile on the rotor, whereas the 51046 profil

seams to be more stabla
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Fizure 13:CP Aszeszment 2

20

The zbove results chow the affect of thucker svmmetne blade profiles on the torgue cutput of a helieal VAWT
design according to [5]. Based on these results the 51046 profile was chosen for the hehical VAWT design as if exhibats a
larger TSE operating range with relativelv steady torque profile on the twbine shaft through these ranges.

Figure 13 shows the tangenfial force on the blade as it moves through its coreumderental path of the
twbme on the bottom nght comer. It can be seen that 1n companson to the previous TSKE m Figwe 12 above, the
forces on the MACAQDD]S and NACAI0IE profiles zeem to undergo some stall or fuctuation on the blade which gets

translated back to the horbme rotor.

Fizure 14 depicts the vanation of the performance cuve duwe to the change m AR while using the S1046
profile and a selidity ratio of 20% by uhlismg a chord length of 1.57Tm. The results show that an AR of 1.5 outwesghs that
of 2.5, The operatng range of the twobme has been extended to £3.75 which allows the twhine fo operate longer at a

stable cutput 1o companson to to the AR=of 1 and 2.5
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Fizure 15 shows the analyms of the torque profile of the different aspect ratios. The results show a TSE of 2.2
with all profiles showing stable condifions on the furbine rotor. At TSE 3.45 the AR of 1 becomes unstable first and
15 seen with the black line m the torgue profile. For a TSE of 3.75 the resulis show that both the AR of 1 and 2.5 becoms
unstable whach 1= reflactedin the tarque profile of the turbine. Thas shows that an AR of 1.5 seems smtable for finther
rveshgation as the operating renge of the hobine wath respect to tip speed rafio 15 larger than that of the compared ARs.

T5R 2.E -

I5H 245

TSR 2,75

Figure 15: Analysizs of Torque Profile

6. CONCLUSIONS
This arficle aumed to mestigate the hobme design mmvestizated 1 [$]im the confext of sinmlar charactenshes to those found
m the sites identified m [2]. The paper mvestigated mulaple airfol profiles which were namowed down to 2 single
symmetnic blade profile The blade profiles were examined across the mmyrmm mean and maomum wind speeds of the
sites. Thiz was translated to equivalent blade Reynolds members which were used m the spmulations. Post assessment of the
mitzl performance ceves allowed for reduchon of twhine parameters to solidiy ratio and blade profile whach were
favourable for the twhime owtput. The torque profiles were examined over the TSE operating range as well as the effect of
aspect rabo on the torbime’s performance.

The Seliz senes 51046 displayved fvowrable results for an offhoare tarbime m companson to the other blade
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profiles examined via the numerical simulations. The perfromance of thes profile 1= shown i Figure 7 wiuch compares the
performmance curves in the mm. mean and maxinmm wand speeds translated to blade Revnolds numbers. It was exidant
that an increase m sclidity ratio decreased twbine perfomance by narowing the operating TSR range of the tobines
as shown i Figure 7 companng the cwrves across the Reynolds dismbubon. The results show that the S1046 profile
exchibits a stable torque on the tubine rotor at high TSEs compared to the WMACA2301E and MACADILS profiles. The
aspect ratio shifis the fwbines performance anve vertically; however, the performance result 15 not scaled hnearly. The
results deprct that an aspect ratio of 1.5 has a larger TSE operating range than a lower aspect ratio of 1 and a higher aspect
ratio of 2.5, Comparison of the torque profiles also shows more stabality with the aspect ratio of 1.5,

6. FUTURE WORK

Future work 1= planned to assess the hohine design m a farm lavout to be firther assessed on the ates menhoned m Table
2. The next part of the senes of work wall mveshgate a 51046 bladed helical hobine wath an aspect ratio of 1.5 under
the =ste condiions menfioned i [2] and o the pest analy=is of the mtes conducted mn thus myveshpanon. The horbine
will also be tested wnder NCnt walues of betereen 4 and 6 as recommended by [14]. [16]
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CHAPTER 5 : DESIGN, CONSTRUCTION AND TESTING OF LOW-
SPEED WIND TUNNEL

The following chapter presents the design, construction and testing of a low-speed wind tunnel for the
purpose of testing a small scale version of the vertical axis wind turbine. Simulation of turbines normally
utilise input parameters which are based on assumptions leading to approximated results. The results
are required to be verified against scaled model testing usually conducted in wind tunnels. The wind
tunnel was based on an open circuit design to minimise the space requirements. The method of
construction, design wind flow speed requirements, testing results and conclusions were documented
within the article.

CHAPTER 5 — Cite this article: K. Cunden and F.L. Inambao, “Design, Construction and Testing
of Low-Speed Wind Tunnel” published in the International Journal of Mechanical and Production
Engineering Research and Development (IJMPERD), Vol. 11, Issue 6, December 2021, pp 237-256.

Link to article:

http://www.tjprc.org/publishpapers/2-67-1639046376-
151 JMPERDDEC202115 Corrected No Formatting 08.12.2021.pdf
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1. INTRODUCTION

The current versions of wind tunnels have been m exstence for roughly 130 vears. Pror to this, the best approach
was to attach a scaled model to 3 whirhing arm as first whhsed by Benganan Fobins (1707 — 1751) which made a
large contribution to the early study of flmd mechanies [17, [2].

There are many different wmd tunnel design types depending on the apphicaton. Wind funnels which are
classified based on the velocity of the fimd m the test chamber are knowm as subsome, transome, supersomc and
Iypersome [3]. The Mach number can be used as 2 smplified way of inderstanding the type of wind tunnel beine
used. The subsonic wind tunnel (M = 3) can vary in cross-sectional area of the test section from less than 1 mx 1 m
to systems large enough to encompass a full scale mdustnal truck or large aweraft models [4]. The testing of scaled
wind tunnel models 15 tested n subsome wind turmmels.

There are vanous asrodynamic phenomena which can ocour at low speeds and low Eeynolds numbers, one
beaing a laminar separation bubble which may lead to 2 decrease m hft as well as an increase n drag leadimg
mstabality, and unintended wibrational response [5]-8]. Computatonal models are umally conducted and vahdated
or optimised via wind tunnel testing and such models are uwsed throughout research faciliies, umversities,
governmentzl orgamsahons and industry [4]. Some studies have been conducted m the past decades which have
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proved some of the capabilites of robust mathematical models for simmlations of aerofoils at both igh and low Beynolds
numbers which can be found m [9]-[11].

Wind tunnels are widely used to conduct asrodynamic tests for full or scaled versions of components [12]-[15].
Thess systems assist enginesrs o make sppropriate design decisions and aid researchers in understanding thermo-faid
systemns. Wind tonnels provide an sppropriate mesns for researchers, enginesrs. and scientists to investigate complex thenmo-
fluid dymamic problems which are not always adeguately capmred by computational modsls and mimerical simmlations.

This study aimed to desizn a wind tummel capable of being used 1o test a small-scale verfical axis wind iobine which
was designed and elsborated in [16]-[18]. An open cinouit design was chosen as this type of wind tunnel design has shown
relizble results in previcns researchers investgatons [19], [20]. This research paper consists of the methodology nsed, the
desizn methods applied, the phased constaction of the wind mnnel system, and the results from the systam

LMETHODOLOGY

The wind nmnel was designed and fabricated for the purpose of festing a novel wind torbine airfoil design as described n
[14], [18]. The wind tonne] was required to have suitable scaled conmaction, with test and diffnser sections being capable of
developing 2 @ m/'s flwid welocity within the testing chamber. This value was basad on the average wind spesd observed in
[21] for potential offshore wind sites. The following methodological factors were applied to desizn, calibrate and test the
wind umnel sysiem:

# A maximum furbine dismeter ($) and height of 150 mm

* A maximum target fuid speed of  m's in the testing chamber
# Selection of appropriate axial fan DT fan conmoller

# Calibration of wind tannel axial fan

# Calibration of test chamber incremental steps

* Measure flow speads at each section

*  Evalnate the mrbulsnce imtensity of each secton

3, DESIGN OF WIND TUNNEL

The axial fan was obiained first as the wind monel desizn constraints were dependent on the maximmm wind speed of the
fan chosen. A market scan was conducted of both DC and AC powered fans. The price was alse 3 factor in choosing an
appropriate cost-effective axial fan. A light 12 WV DC fan was chosen and sourced from a light vehicle radiator umit. This led
to obtaining a 300 mm, 12 V, 30 W radiator fan with a 30 A AC o DC power supply to meet the electrical demand of the
fan. A market scan was conduacted for varions DC motor conmollers with a variable potenfiometer for conmolling the pulse
width medulaton (FWH) waveform output to the motor by varying the resistance fo effectively change the DT voltage
supply.

Flnid flow in piping or ducting requires movement of fluid for the desired result of the system being utilised (i.e.,
refinery piping. water reficnlation nemworks, power station cooling nemaorks erc.). All these sysiems experience some form
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of losses — major and minor. Bajor losses are normally due to fchonal effects in fully developed fow which is dependent
on the area of the duct Minor losses are normally the result of inlets and exits due to ares changes in the decing system
[22].

The zalected wind mnnel system was split info four major sections, namely, the settling chamber, comitaction (inlat),
testing (middle) and diffuser (exit) sections with an open circuit wind tunnel design. The first part of the system was
responsible for mking air fom 3 netural amospheric state and developing the flow to achieve laminar condifions via the
safiling chamber. The conmaction nozzle was designed to accelerate the flow to desired spesds with minimum losses and
tuwbnlence fo the flow entering the testing section of the system. The testing section was required to have a fluid speed of
Im's to meet the mean wind speed conditions investizated in [21]. The diffuser section of the wind mmmel was designed
based on the consiraint of the axial fan maxinmm spead.

31 Settling Chamber

The settling chamber has a umiform cross-sectional area owver its length [8] as its function was o stabilise the flow entering
the system. The settling chamber was desizned to achieve laminar conditions within the testing region of the wind mmnnal.
This is nommally done by wtlising some form of lamimar flow element (LFE]) [23] which resembles 3 group of soaws covenng
the inlet flow area Each stoaw elsment was narmrow sncugh o achieve a RBeynolds Muomber less than B (Bl == 23000 shown
in equation (1) below [22].

Ry = Drimbeliube m

]

where: R,y - Reynolds momber for laminar flow (Crit = 2300); p - Fluid density (kgp'm"); Fas- Fluid Velocity
{m's); Dype - Diameter of mbe (m); x - Dynamic viscosity of air (kg/m-xs)

The minimm diameter of the fube elements was foond to be = 34 mm when setting the Feynolds nmmber to 2300,
The soaws being used had a diameter of 5 mm resulting in 2 Beynolds nomber of 338 39 which was suitable fo develop
stable flow for the test section of the wind mnnel. The plastic straws, which were grouped in bondles of 55 to &) individual
straws, were ufilised as laminat flow elsments. Figure 1 is a graphical representation and layount of the plannsd setiling
chamber.

R = H

" v
1 1 L= B

Figure 1: Settling Chamber Figure 1: Seftling and Confraction Section

The straws were stacked vertically, as shown in Figure 1, so as to cover the entive inlet of the conraction section
By amanging the straws in this way, the incoming flow was segmented into various siream mbes to develop the fow o 2
lamimar state throngh a smaller bydranlic area. The flow rate for the entite hydranlic area equates to the som of the flow rates
of each laminar flow element 3z well a5 the linear pressure drop relationship to achieve laminar flow [22].
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3.} Comtraction Section

The contraction secton of the wind mmnel was direcily coapled to the setiling chamber. The purpose of this secion of the
wind mnnel was 1o accelerate the finid flow to the testing section by zradually reducing the cross-sectional area per a umit

distance from the setiling chamber. The contraction angle (o) was desizoed at = 20° fom a height of T{mm reducing to
200mm over a length of 500mm.

The fan ouiput was assamed to be 4 m's based on mital testing of the fan without completion of the full wind
tmnel as the fan induces flow through the system. The mass fow rate was caloulated based on the contimoity equation (2]
[22]. [24] and taking the density of air to be constant throughont the system. The mass flow rate was caloulated o be 03688
m*/s using an area of 0.09 m* for the fan Using this the inlet and exit velocities of the contraction section were found to be
1 m's and 9 27 m's respecively.

M= ol ()

where: M - Mass flow rate (m®/s); I - Flow velocity (m's); 4 - Hydraulic cross section area (m®); g - Flow density
(kzm’)

For systems where the flow rate is relatively low resulting im subsonic conditions, the fluid behaves as if if is an
incompressible fuid For the purpose of calmlating initial zas states at key points of the wind tmmel, it was assumed that
the flowr was isenfropic since the changes in flow variables scross the entire system were gradual and not significantly large.
The izeniropic process alloars for changes in the thermaodynamic variables of @ gas, althongh the heat capacity of the substance
iz required 1o be constant [25]. For this desizn, the heat capacity of the system was assumed constant resulting in the ratgo of
specific heats {equation 3) bemg constant [24].

. 3)

where: k - Batio of specific heats (-); G, . Specific heat af constant pressure (Tkz K); O~ Specific heat at constant
volmne (Tkz K)

To check if the entire wind numnel can be classified az a sobsonic system, a Mach number iz needed. If the Mach
munber i= less than 1 the flow regime is classified as subsonic and if the Mach pumber i greater than 1 the flow regime is
clazzified as supersomic. The Mach nmmber is defined in equation (4) and is the relatonship of the fluid velocity to the speed
of soumd of the same fluid:

M== 9

C

where: M - Mach momber (-); F - Fluid velocity (m's); ¢ - Speed of sound at fluid state {m's)

Impact Factor (JCC): 9.6146 NAAS Rating:- 3.11
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Since the flwd iz air and iz modelled around the ideal gas equaton, the speed of sound is a foncton of specific hears and
temperature of the fluid. The speed of sound of the finid can be calonlated with equation (3) to atain the Mach mumber.

¢ = JERT (5

where: ¢ - Spead of somnd (m's); k - Bato of spacific heats (-); R - Unigue gas constant (Tkg mol K); T - Flnd
temperature (F)

The speed of sound comesponding to the fluid velocity found at the exit of the contracton section was 343.11 m's
at a temperatre of 20 “°C. The Mach number for the test section was caloulated to be 00027 which was siznificantly lower
than 1, classifying the wind tonne] system as & subsonic system As stated above, for sobsonic conditions the flow regime
may be ireated as incompressible flow throughout the system, taking heat capacities as constant [22], [24], [25]. The
Bemoulli equation () 1= commonly wsed o defermine the siagc pressure of the system by understanding the dynamic
pressure via the velecites as caloalated above and ilusrated i Figure 2. This was reduced to eguation (7) mking that the
static head diffsrential between all points of the system is § m as the system is horizontally orientated.

P+ oV + pghy = Py + SpVy" + pghy (6)
P+ 2oV = Py ol ™
where: P - Pressure (kPa); F- Flow velocity (m's); p - Flow density (kg'm™); b - Static head {m)

Equation {7) was a sunitable method for caloolating the pressare of each section of the wind fumnel However,
incorporation of the specific heat capacities of the flwid resulted in more accurate calonlations, so stagnation equivalents were
used as the enthalpy and intermal ensrgy componsnts were also catered for. The stagnation state values are squivalent stafe
vartables as if the flow was adiabadcally reduced to smtonary [24].

LS.
ref (8)
Po [1 oy e z]k-"fk 1)
Pra g o )
Pa k-1 71 FrE=1)

= [14+—M
Pt [ ‘"-"] {10}

where: T, p. P, - Stagnation state variables {temperature — K, density — kg'm’, pressure — Pa);, THT. Prep: Fﬁ‘f
Temperaturs — (K}, density — (kgm'), Pressure — (Pa); M - Mach number (-); k - Ratio of specific heats (-]

The surmounding ambient thermodynamic air state was used as mifial reference gas properes which was applied to
equations (8) to {10). Taking the reference zas state conditions shown at the inlet of the conracton section in Figure 2 above,
the Mach momber was 0,003, and the stapnation pressure (F,) and stagnation temperamre (T,) were 101 38 kPa and 202 47
“K, respecavely. These values were used to compute the ontlet pressure () of the contraction section and lecal temperanre
{T;) which were found tobe 101 365 kPa and 292 627 “K, respectively.

Equation {11} was used as a standard thermodynamic method for determining the changs in enfropy from the
coniracion inlst to outlet. The change of enmopy was 00400 kTkg-E which may be an indication of fiction in the system
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not factored in previonshy.

By — 8y = E'pl.n%—ﬁln%
1 a1 {1 1:'
where: 5;- 5; - Change in entropy (kTkg-K); Cp . Specific beat af constant pressare (Tkg E); T - Floid temperanire
{E); B - Unique gas constant (kg mol E); F - Fluid pressame (kPa)

The contraction section is 3 nozzle which accelerates the fluid flow to the festing chamber and can also be assessad
by understanding the relationship between the inlet cross-sectional area to the outlet of the contraction section which is
referred fo as the nozzle area ratio. This parameter shonld be large enongh to attzin maxinmom fluid acceleration and low
total pressure losses in the upsiream sestling chamber [8]. Smdies from [26] indicate that a nozzle conraction ratie which is
in the range of § to 10 is adequate. Baties below § resulis in higher pressure losses in the npstresm sectons typically at the
screens used for laminar development, while ratios higher than 10 are not beneficial to the system fluid mechanics and is
wastefinl The nozzle rago of the oormrent system was found to be 9.17 which is in line with the findings of [24].

The values calimlated for the settling and confraction sections seemed to have been adaquate to achisve the desired
results at the test section of the wind tonnel. The states from the oufpuat of the conitaction section were wsed as input for the
test section of the wind monel.

3.3 Test Sechon

The turbine which was desizned in [16], [17] and was further developed and pumerically assessed in [18], ntilised a Selig
51044 blade profile with the centre of mass at roughly 30 % of the blade profile. The twbine was constrained based on the
maximum width of the testing chamber = 180 mm considering clearance and tolerances for the norbine in the section. Figure
3 illasirates the testng chamber for the mrbine, whese the turbine was located on axis {a).

1] [a)! 2]
L 4 : ]
t ]
| i
¥, = 8,22m/s . : : v, = 9,22mys
&, = 0,04m? X | : A, = 0,04m?
N = 0, 36BBMYS % : : A = D,3688Ms
1 .
F,=101.365KPa E : F,=101.365kPa
1 .
T, = 292,627°K ; i T, = 292,627°K
- L !
i ':'
(= &
H = 4E0mm

Figure i: Testing Section.

The test section of the wind hmnel was designed o encompass one furbine fo test torgue and potentizl cutput power
from the design in an effort to validate designs presented in [18] which was an adapiation from the designs of [146]. The
testing secton was assmmed to be frictionless for the design phase to have nagligible pressure drop over the length of the
section.

Findings which were reported in [27] indicate that the testing chamber length would be best maited in a range of 0.5
to 3 times that of the mlst crpss-sectionsl ares This was becanse of the flow requiring & minivoom of 0.5 imes that of
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the cToss-sectional area to develop the flow from the contracton section and avoid boundary layer separation. If lengths of
the test section excesd 3 times the length of the inlet cross-sectionsl area, boundary thickness may oconr. The test section
which was designad had a length which was 2.3 gmes that of the bydranlic inlet area, which was acceptable.

3.4 Diffuser Section

Since the chosen wind fummel system was based on an open circuit design the posigon of the fan was chosen o be located at
the end of the diffuser to have an induced fluid flow field. This allowed the finid to be puolled through the system passing
through the settling chamber for flow soaightening, entering the confraction section for accelerating the flow to the test
zection and finally recovering the flow via the diffuser and out the system from the work done by the axial fan.

Within the diffuser section of the wind tumnel there iz 3 relationship between the cross-sectional area of the fan to
that of the testing section owtlet area or nlet of the diffuser. As shown in [26] an aspect rado range is imposed on the
relationship between the fan and testing outlet cross-sectional areas which is showm in equation {12):

__fFam - g
Afest Swctlom 12

L
I

where: Ap,, - Cross-sectional area of Fan (m%); Appr spcnion - CT055-sectional area of test section {m®)

The aspect ratio of the diffoser section was found to be 2.83 which was adequate a5 ratios above 3 results in irregunlar
fan inlet flow speeds and lower than 2 canses an increase in wind hmnel dimension snd fabrication costs. Figore 4 shows the
fluid flow states fromm the inlet to the cutlet of the diffoser and throngh the axial fan The thermodynamic states were achieved
by wsing equations (§) to (10} with reference values because of the testing chamber analysis.

=l i
= W, = drms . .
Viedllmh T ] o soomne § - £
A =0 - : 3 . 5
z - R M =IEEEmYs 3 i
-:_.. M = 03638 P, = 101,377y ! e
3 LA BEkF = i
-=! o = 100 3E5kF T,s HLETE L= 3Eewm
. T, = MBI - .
" " W 4
L = 200Tem H = 1140mm L& 530w

Figure 4: Diffuser Secbon.

A 12 W D radiator fan was sourced (80 W) for the system which can generate a flow velodty of 4 m's o 5 m's.
However, the fan required an spproprizte contoller to contol the flow speed whilst testing the turbine over fiud velocdties
from 0 m's to 9 m's in increments of 0.5 m's steps of analysis. The hydraulic area of the fan was 0.0962 m* utilising a
hydraulic radms of 350 mm. The diverging angle of the diffuser (8) was found to be 18.43° from the horizontal over a length
of 1,14 m. The state equation (10) was used to find the outlet diffoser pressure, shown above, which shows suitable recovery
through the diffuser section.

4. CONSTEUCTION
This section shows the constuction of the wind fumnel] system Simple materials were used based on ease of supply and
affordable prices. Each section of the wind tunmel was constucted separately and then joined via the section bases.
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Table 1: Materials List — Settling Chamber and Contraction Section

Section Materials Size (LxBxW) Qant.
Pine wood 700 mm x 22 mm x 22 mm 2
Pine wood 520 mm x 22 mm x 22 mm 2
Masonite 80 mm x 520 mm x 3 mm 1
Settling charmber Steel straight bracket | 45 mm x 45 mm x 15 mm 8
Steel L bracket 40 mm x 15 mm x 3 mm 4
Wood screw 3.5 mmx 16 mm 15
Mesh 3.5mm x 16 mm 1
Plastic straws 530 mm x 720 mm + 15,000
Pine wood 5 mm x 100 mm 2
Pine wood 700 mm x 22 mm x 22 mm 2
Pine wood 520 mm x 22 mm x 22 mm 2
Pine wood 460 mm x 22 mm x 22 mm 1
TR . Pine wood 230mmx22mmx2mm | 4
Masonite 650 mm x 22 mm x 22 mm 2
Masonite 500 mm x 520 mm x 3 mm 1
Wood screw 3.5mmx 16 mm 10

The materials used for the construction were pine wood, Masonite, wood screws, masking tape, rubber sealer and
ghue. The exterior aesthetic of the system did not affect the performance of the wind tunnel, so this was not considered as a
priority in the design. The construction of the wind munnel also catered for key testing pomnts in the system for the testing of
wind speed and temperature.

Table 1 shows the material list for the construction of the settling chamber and contraction section. The mesh served
as an extra layer of hydraulic refinement after the laminar flow elements and as a screen to hold the bundles of straw in place
as flow was induced through the system.

Figure 5 shows the front and top view of the settling (3a) and combined settling and contraction section (b) of the
wind tunnel. The points highlighted in (b) as (1) and (2) are testing sections which comresponds to Figure 2. Test holes were
drilled with a diameter of 20 mm to allow for the anemometer used for measunng wind velocity.

L

Figure 5: Constructed Settling Chamber and Figure 6: Testing Section — (a) Front View, (b) Top View
Contraction Section — (a) Side View, (b) Top View of Testing Section.

Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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The materials used for this section of the wind mmnel was Masonite board as shown above and rubber seal which
was used to ensure minimum leakage Masonite was chosen for each of the sections due to the smooth profile of one side
reducing friction losses in the system. Table 2 shows the material list for the testing section of the tunnel

Table 2: Materials List — Testing Section

Section Materials Size (LxB8xW) Qnt.
Testing n Masonite 460mm x 210mm x Imm
Rubber seal £40mm x 15mm x 3mm 2

Figure 6 shows the constructed testing section of the mnnel where the mrbine would be subjected to aerodynamic
loading. Figure § (a) depicts the side view and (b) the top view of the section of the system The point indicated (a) in both
pictures corresponds to the axis shown in Figure 3 above.

Figrue 7 shows the top view (a), side view (b) and the front view of the fan (c). The points labelled (3) and (4)
correspond to the points indicated in Figure 4 above. The matenials list for the diffuser saction and fan section are reflected
in Table 3.

Table 3: Materials List — Diffuser and Fan Section

Section Materials Size (LxBxW) Qnt.
Pine wood 850 mm x 22 mm x 22 mm 2
Pine wood 700 mm x 22 rnm x 22 mm 2
Masonite 1000 mm x 650 mm x 3 mm 2
Diffuser section Masonite 1000 mm x 520 mm x 3 mm 1
Steel straight bracket | 45 mm x 45 mm x 15 mm 2
Steel L bracket 40 mm x 15 mm x 3 mm 4
Wood screw 3.5 mmx 16 mm 30
Pine wood 700 mm x 22 rm x 90 mm 2
Pine wood 500 mm x 22 mm x 90 mm 2
. Pine wood 650 mm x 22 rom x 22 mm b §
Fan section
Pine wood 230 mm x 22 mm x 22 mm 4
Masonite 1000 mm x S00 mm x 3 mm : |
Masonite 650 mm x 500 mm x 3 mm 2

=)

Figure 7: Diffuser Section and Fan — (a) Diffuser Top View, (b) Diffuser Side View, (c) Fan.
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The system was joined together via the base of each section of the mnnel. The fan required DIC power for

operation so0 3 12 WV AC to DC power supply was sourced (Figure 8). The fan was set to operate on constant full
lead rating if connected to the power supply directly. To conirol the fluid flow within the test section, proper conitel of the
fan was required.

T
&

Figure §: AC to DC Power Supply Fizure 9: Motor Controllers — (a) 30 A, (b) 8 A

Currently motor controllers are pulse width modulation (FWA) controllers. By adjusting the potentiometer on the
device, the duty cycle of the motor is changed resulting in speed control via confrolling the voltage. Inidally an § A FWM
controller was sourced bat on testing it was not sufficient to control the motor stably at full load. This led to obtaining a
larger 30 A PWM motor controller which ran the fan at full load withoot any fluciustions in cutpat as experienced by the 8
A motor controller. Both motor conirollers are showm in Figome 9.

Figmre 9 (a) shows the conmmoller which was chosen which has a linear relationship with the D owtput voltage in
relation to the percentags output of the LED when uwsing the potentometsr to control the PWM outpot. This led to the
mapping of the fan speed to the testing section speed which will be elaborated upon i the next section.

£ CONTROL AND INSTRUMENTATION

The following section of the paper explains the different tools and devices used for the control and mstmmentation of the
system o measure suifable variables in the wind mumnel The major insiroments which were used was a wind apemometar
for flow speed and tempersture and the motor controllsr for induced flow conmol. The methodolegy applied was to map the
controller percentaze output, reflected on the LCD showm in Figure 9 (3}, with the test saction speed in increments of 0.5
m's

A portable handheld sensor was used for measuring flow speed =0 as not 35 to cawse major distrbances to the fow.
A hot wire ansmometsr was chosen. This device also had telescopic capability which resulted in ease of measorement at the
exiremifies of the contraction and diffuser inlet and out sections respectively. Figure 10 shows the anemometer which was
used to measure the flow and femperamre of the system. The devices” data was logged in per second readings n comma
separated vale format (csv) which was exporied and analysed in Microsoft Excel However statistical data cleaning was
required to the logged datm which is further explained in the resnlis section of the article

Impact Facter (TCC): 9.6246 NAAS Raring: 3.11
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Figure 10: Hot Wire Wind Ansmometer.

Ac showmn im Figure 9, 3 motor conmel was wsed to confrod the fan speed The motor controller chosen also had 2
linear relationship with the output DC voltage being regulated by the potentiometer to conirol the motor. Takle 4 shows the
mapping of the confroller outpat o the 0.5 m's increments for flow speed M the testing chamber of the wind unnel system

Table 4: Mapping of DT Controller fo Test Section Flow Speed

Percentage |Voltage [DC]
(1)1 (3,00
o {0, 55 Test Section Speoed Percentage WflnEe [
10 115 0,50 15% 1,73
15% 153 1,00 19% 217
20% 230 1,50 % 253
5% 25 2,00 % 334
0% 4,45 2,50 EEL] 380
15K N EE 3,00 EL 1] =37
A% 4,150 £ Y% 495
45'% 5,18 400 a0k 552
5% 5. 450 5% a7
55'% 1,0 5,00 hik b5hb
B b, S0 L] 1% 102
L5 d s 6,00 [ 755
rylhy ] B,0% 6,50 1% 817
/5% 8,53 7,00 L] 874
HI% 5.0 750 1% 9142
S 5T 8,00 Bk 985
GirE 1085 8,50 91k 1047
R 1093 9,00 R 11,04
100 1150 9,50 EEE 11,39

6. RESTLTS AND DISCUSSIONS

This saction of the research shows the results from the testing points reflected inm Table 4 to walidate the design of the wind
tmnel system The data from the snemormeter is read a5 comms separated valoes and processed im Microsoft Excel. To
evaluate the system at varions testing points on the wind monel, the tests were conducted for a period of 5 mimufes resuling
im 300 data points for sampling. However, for the incremental changes and calibrating the fan | the testing period was 1 minute
per increment with 3 setiling time of 45 seconds. The wind tonnel results were taken from testing the system
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at full load conditions as the assumption was the conditions below full load wounld be valid based oa the results from full
leading of the fan

There were five key testing points on the wind mummel which started at the entrance of the contraction section (ontlet
of the sefiling chamber) towards the exit of the conraction chamber then onto the tesdng section and followed by the diffusar
inlet and diffussr exit readings. The average fow speed, the stagnation pressure and the nrbulsnce infensity were investgated
from the data gathered. The researchers in [28] utilised the reot mean square (FMS) method to post process the measured
hot wire anemomsier data to nnderstand the mrbalence intensity. The murbalence intensity is defined in equation (1 3) as the
ratio of velecity flucmations from the mesn feesoeam wvelodty [E], [29], [30].

T _i" - U rMy
U= (13)
where: T.J. - Turbulence intensity (%); 1 gy - Foot mean square of the velocity fluctuations (m's); I7.. - Mean flow
welociiy (m's)

The BMS is nommally used when the dismibotion is known and typically Gaussisn im chaps, however, the
distribution of the sample set was not known in this instance. Fesearchers in [31] demonswated that the standand BALS
formula should be corrected with the variance being considered and applied. The term u gy Was defined as the amount of
velocity floctustion ffom the mean welocity for the messured sample m the fotal population size. After applyimg this
correction, the mrbulence mtensities were resolved as per equation (13) above.

The mrbulsnce intsnsity af each point of measurement in the system was calculated based on empirical readings as
this iz an input parameter in the computation flwid dynamic (CFDY) model within the two tuobolence wansport equatons being
k-z and k-o respectvely. The £ tenm of the wansport equation defines the tarbulent kinetic energy and the £ term represents
the dizzipation of the nrbulent energy. The o term can be taken as the specific ralence dissipadon and is the rate at which
the floid iz converted mto internal thermal energy [32]. Equaton (14) shows the relatonship betaeen k and turbulence
intensity.

k = 32 gy
=g (14

where: k- Turbulent kinefic energy (Ikg); I - Turbalence intensity (%); L7 - Mean flow velociny (m's)
6.1 Settling Chamber

Pre- and post-constmaction of the settling section measurements were conducted at the test chamber of the system o gauge
the flow regime with and without a settling chamber. The meamrement was based on incremental changes to the fan spead
resulting in roughly 0.5 m's velecity intervals for a 30 second duration. The following results show the change in stability of
the flow shown in Figure 11.

Impacr Facter (FOC): 86248 NAAS Raring: 311
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Figure 11: Pre-Settling and Post-Setthing Chamber Results.

Figure 11 also depicts the results after the addition of the settling chamber laminar flow elements. There was a
significant change in the stability of the flow after tesung section speeds increased passad 3 m/'s. The introduction of the
laminar flow elements proved the setling chamber flow sTaightening capabilities at the tesang section, demonsanng
adequate testing conditions when varying flow speed range incrementally. There are signs of instability over speads of 7m's,

however. the disturbance did not significantly affect the testing conditions.

From the sattling chamber the fluid enters the contraction section of the system for flow acceleration Dunng the
acceleranng process of the flow the fluid experiences minor changes in flow uniformity due to friction and seam joins
between sections. Figure 12 shows the results of the instantaneous velocity and turbulence intensity for the inlet of the
contraction nozzle. The inlet of the contraction chamber was located at point (A) as shown in Figure 12 and was taken as the
resultant output of the settling chamber. The results show a stable velocity profile at full load of the system which 1s what
was required. The averaged state velocity, temperature, Mach munber and pressure were found to be 1.096 m's, 292.67 K,
0.00319 kP2 and 101 38 kPa respectively. The turbulence intensity was calculated to be 0.84 % for the section showing that

the settling chamber had successfully developed the flow to a laminar state.
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Figure 11: Contraction Mozzle Inlet — Velocity and Turbulence Intensity.
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Figure 13: Contraction NMozzle Ouilet — Velocity and Turbulence Imtensity.

Figure 13 shows the resulis from the measurements taken at poimt (B) shown in the Sgore for the outlst of the
confraction nozzle. The average accelerated flow welocity at (B) was found to be 544 m's, an increase of 4.9 x that of the
inlet speed of 1.086 m's. The averaged state variables were 544 m's, 293 25 *E Mach pumber of 0.016 and 101.37 kPa
taken as inlet conditons for the test saction of the system. The turbulence intensity was .98 %.

The testing section results are shown in Figure 14 below which were measured at point (C). As stated in [27] the
flow requires a mininmm of 0.5 times the bydranlic diameter or length for the flow to fully develop from the conmacton
nozzle outlet. This was taken into consideration and the test results were recorded at a distance eguivalent to the hydraulic
lengih (204 mm) from the owtlet of the coniraction section. This messurement location was also taken to be adequate for the
testing of the murbine as proposed in [16]-[18] for fomre experiments.

The results shown in Figure 14 shomr that the flnid accelerated adequately o mest the desired finid velodity of @ m's
with the section reaching an average speed of 9.23 m's with a turbulence intensity of 0.76 %. This proved that the testing
saction had adequate stable developed flow for the testing of mrbine desizms The average temperatore within the saction
was measured to be 202 50 *E 101.38 kPa and the Mach nomber was caloulated to be 0.02469 and operated at

Impact Facter (JCC): 9.624§ NAAS Rating- 3.11
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subsonic conditions.
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Figure 14: Testing Section — Velocify and Torbuolence Intensity.

The diffussr inlet receives fluid flow from the fest section was required to recover appropriately before merging
back to aimospheric conditions of the large conirel vohmme. The results of the inlet sampling points are shown in Figure 15
measured at point (D). It can be seen fom the results that the instamtaneouns velodty messured at the diffuser inlet of the
system transitions inte an unstable profile in comparison to the previous sections of the system. The averagad state variables
for the messwred locations for fluid velocity, femperamre, Mach mmber and pressure were 7.67 m's, 294 18 "K, Mach
mumber of §.022 and a pressure of 101.28 kPa. The turbulence intensity at this point was calonlated to be 0.76 % which was
stable snd regarded as non-noiolent with a non-steady velocity profile.

Wimams mre ol Lsadow 1]

LEEEL =)

Figure 15: Diffuser Section Inlet — Velocity and Turbulence Intensity.

Figure 16 shows the results which were obtamed from messurerments &t point (E) of the diffoser section The
instamianaons velocity profile was foond to be unstable as this was relatively close to the axisl fan. The siate variablas for
thiz location were 3.3]1 m's mean velocity, fluid temperature of 204.03 °E, a Mach mumber of {.011 and pressure of 101 378
kPa The mrbulence intensify for the region was caloulated to be 791 % which was roughly @ x higher than the
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previous sections of the wind toonel system.
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Figure 16: Diffnser Section Ouilet — Velocity and Torbuolence Intensity.

Table 5 shows the aggregated state variable results for all the sampling points identified above in Figure 2, Figure
3 and Figore 4 respectively. Analysing the results, the state variables are in good agreement with the design requirements as
stated aborve which proves that the wind tunne] system wonld be smitable to perform tests on the chosen wind furbine.

Table 5: Resulis from Sampling Points Table &: Torbulence Classification
4] [2] 3] 14] 15 Turbulence | Turbulence Intensity
Mean Velocity [m/s]| 1,09 5,44 9,24 7567 151
| stagnation Pressure [kPa)| 101,379 | 101375 [ 201365 | 10037 | 1m3a Very Low 05%-1%
Mm;e Temperature ["K]| 292,67 a3 25 2 G 20417 204103 “‘EI]II:[.I."I'J lq"i g 5?‘
MachNo.| 0032 | ooisss | oozsss | oozaaz | oo1100 -
Turbulence Intensity [%]| 0,84 0,98 0,76 0,76 7,91 High 5%-20%

Table 5 also shows the tarbulence intensity of each of the sampling points. It was evident that the laminar fowr
elements accomplishad the desited function of flow straightening Som the contacton chamber to the point of entering the
diffuser section of the wind tonne] The high norbulsnce intensity experienced at point (E) was atiriboted to the Sowr fully
TeCovering to amoespheric conditions as well as the mfluence of the indoced draft from the fan. Table § shows the turbolence
classification 2= a fumction of turbulence mfensity [33].

Using this as a benchmark it can be seen that the turbunlence profile was very low from the outlet of the satiling
charmber to the inlet of the diffoser secion of the system. These conditions were showna to be in good relation to those of the
mumerical calcnlated state vanables which proves that this wind tmne] desizn can be ufilized for the testing of novel wind
turbines and aerofoils for validation and optimisation.

7. CONCLUSIONS

The research conducted I the smdy aimed to investigate the design of 3 low-speed wind tmnel for the purpose of tesing
novel wind torbines and aercfiodl desizns. The system was designed in acoordance with best practice from industry in the
fields of thermodynamics and flwid dynamics. The wind funmel was split inte four major sections for design purposes, being
the sefilimg chamber, the confraction nozzle the festing secton and the diffuser section. Each section was designed and
fabricated individually and assembled 25 a complete system for testing.

Impact Facior (JCC): 96146 NAAS Rating: 3.11
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The testing of the system was conducted af various points thronzh the operationzl length of the wind fummel and

megsurements were recorded for evalnation and validation of state varisbles. It was found that the state vaniables at each

mezsurement locaton were in good cormrelation to those of the numerical methods used for the design, thus proving that the
desizn and fabricated wind tunmel was adequate for the festing of wind morbines and serofioils alaboratad im [18], [21].

8. FUTURE WOEK

The current system design is planned fo be utilised to caloolate the potental of the mrbine which was designed in [17], [18].
The addifion of 3 microconmeller fo simulate meteorological measured condiions is being ovestizated to nnderstand the
turbine’s response and elecmical cutput to floctuating wind loading.
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CHAPTER 6 : FABRICATION OF TURBINE NOVEL SMALL SCALE
TURBINE

The following chapter constitutes the fabrication of a small scale vertical axis turbine. The turbine was
designed based on the principles which were highlighted in Chapter 4. The turbine was then modelled
in a 3 dimensional (3D) landscape and exported to be post processed in a 3D printer processing software
to create suitable print slices resulting in a smooth finish on the turbine blades. The blades were
constructed in sections which were connected to form a single turbine helix blade. The blades were
assembled to create a turbine which was tested in the constructed wind tunnel. A DC motor was used
to measure the turbine output and a hall effect sensor was used to measure the turbine speed via a
microcontroller used to process the data. The results had shown that the turbine design in comparison
to the simulation results had a good correlation. This shows the potential for a scale version of the
turbine for offshore power generation.
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FABRICATION AND TESTING OF SMALL SCALE HELICAL WIND
TURBINE

Kumaresan Cunden and Prof. Freddie Inambao

Department of Mechanical Engineering, University of KwaZulu-Natal

Durban, South Africa

ABSTRACT

Wind energy is one of the most abundant resources being exploited with wind turbines
having the traditional horizontal axis wind turbine configuration. Traditional horizontal axis
configurations are being utilized in onshore and offshore wind farms; however, the
investigation of vertical axis wind turbine configurations has been increasing. The following
study aims to investigate the design of a helical vertical axis wind turbine. A small-scale helical
vertical axis wind turbine was designed based on previous investigations and research. The
turbine was tested at wind speeds ranging from 7.5 m/s to 9.5 m/s. The results showed that
the wind turbine was in good agreement with numerical simulations under typical
environmental conditions.

Keywords: Vertical Axis Wind Turbine, Helical Wind Turbine, Small Scale Wind Turbine
Blade Design

NOMENCLATURE AND ABBREVIATIONS

AR  Aspect Ratio P, Mechanical Power

Ag Surface Area of Turbine RPM Revolutions per Minute

Ap  Wind Tunnel Test Section Area T Torque

A,  Swept Area VAWT Vertical Axis Wind Turbine
B No. of Turbine Blades U, Corrected Wind Speed

By Blockage Factor Ur Wind Speed without Turbine
Bg Blockage Ratio U; Wind Speed with Turbine

c Blade chord length U Freestream Wind Speed
Cp Coefficient of Power o Solidity Ratio

D Turbine Diameter ) Helix Angle

DC  Direct Current p Density of Fluid

H Turbine Height ® Rotational Speed

Py Power of the fluid » Turbine Blade Wrap
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6.1 Introduction

Wind energy is one of the most abundant resources being exploited with wind turbines having the
traditional horizontal axis wind turbine configuration. The onshore turbines have been in commercial
operation globally in many electrical grids for many years, [1], [2]. Recently wind turbines have been
migrating to offshore locations to harness greater resource availability and potential due to a lack of

environmental obstructions, [3]-[5].

Traditional horizontal axis configurations are being utilized in onshore and offshore wind farms;
however, the investigation of vertical axis wind turbine configurations has been increasing. One of the
main advantages of vertical axis turbines, in comparison to horizontal axis turbines, is that they are not

as limited to the direction of wind flow and can operate under crosswind conditions.

The following study aims to investigate the design of a helical vertical axis wind turbine that was
described in [6]. The study was conducted to determine the characteristics of the turbine when subjected
to wind loading forces within a controlled environment. The empirical investigation aimed to identify
the start up wind speed as well as how the simulation results compared to a small scale model test of
the design. The stud provides an overview of the fabrication process and the materials used for the

construction of the small scale turbine which included support struts.

The following study aims to investigate the design of a helical vertical axis wind turbine. The layout of
this article consists of the methodology, the turbine design parameters, the fabrication process of the
small-scale turbine, a numerical simulation of the turbine, the experimental configuration followed by

the results, discussions, and conclusions of the findings of the investigation.
6.2 Methodology

The following small-scale helical axis wind turbine was designed based on investigations and finds
from the research conducted by Cunden and Inambao in [1] and [2]. The design has focused on a Selig
1406 17% thickness blade profile which is an asymmetrical blade profile. The results from [6]
investigations showed that the profile had performed favourably in comparison to the NACA

symmetrical profiles which were assessed. The fabrication of the turbine is detailed in Section 6.4.

The turbine was constructed and tested in the wind tunnel which was designed and constructed in [8].
The power was measured using a DC motor which was logged with a ChipKit uC32 microcontroller
configured to log the current, voltage, and electrical power of the turbine at the rotor. A tachometer was
developed with the aid of a digital hall effect sensor to measure the turbine rotational speed. The

description of the experimental setup is detailed in Section 6.5. This experimental setup was used to
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assess the rotational speed of the direct drive wind turbine and relate the rotational speed to that of the
power output of the scaled modelled turbine which provided insight into the larger scale wind turbine.

6.3 Turbine Design

Horizontal axis wind turbines (HAWT) represent the most common wind turbine design which is found
globally. These turbines traditionally consist of three blades with complex blade geometry and design,
however, they also have a relatively high generation performance, [9]. One of the disadvantages of these
turbines is that they have limited the direction of wind incoming from the turbine. A vertical axis wind
turbine (VAWT), in comparison to the HAWT, has a simpler blade geometry and has the advantage of

being a cross-flow turbine and is not limited to the lateral direction of incoming wind flow.

Figure 6-1 represents a basic discretization of a helical axis wind turbine which was used as the basis

for the fabrication of the small-scale wind turbine evaluated for this study.

Figure 6-1: Helical Vertical Axis Wind Turbine

The turbine was designed based on the constraints of the wind tunnel which was designed and
constructed by Cunden, K, [8] to test the small-scale helical wind turbine. Further investigation results
indicate that the aspect ratio (AR) relationship to solidity directly affects the turbine power output. The

following study utilizes an AR or 1 to maximize the swept area (4,,) of the turbine.

The turbine was limited based on the wind tunnel testing chamber height. Equation (1) shows the

relationship of the turbine height in comparison to the turbine radius known as the turbine’s aspect ratio.
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The resultant turbine radius is 87.5 mm and the diameter (D) is 175 mm using a turbine height of 175
mm.
H
= 1
AR >R (1)
Using a solidity ratio (o) of 25% from the results of the study which was conducted in [6] the blade

chord length (c) was calculated based on Equation (2) resulting in a blade chord length of 34.5 mm.

_Bc
)

(2)

g

The blade wrap of a VAWT describes the number of the turbine’s blades that are in contact with the
fluid. The results from [7] indicated that four turbine blades with a 100% blade wrap had resulted in a
smoother torque profile on the rotor shaft. Using the above constraints and results the helix angle (3)

was calculated to be 51.85°.

BH

- 3
® nDtané @)

The tip speed ratio () is the relationship of the turbine rotational speed (®) in comparison to the fluid
velocity (1) shown in Equation (4). This parameter is used to evaluate the turbine’s parameters in the
numerical solver from the results obtained from the testing of the small-scale turbine within the wind

tunnel.

Rw
A= (4)

The power in the fluid (Py) is described in Equation (5) where the power is a function of the density (p)

of the fluid, the wetted area (4,,), the freestream fluid velocity (Us,).
1 3
Pf = EpAono (%)

The mechanical power (PB,,) is described in Equation (6) which can be related to Equation (5). Using
the relation of the two equations and understanding the rotational speed of the turbine by using Equation

(4) the torque can be calculated.
P,=Tw (6)
The coefficient of power (Cp) for a wind turbine is the ratio of the mechanical power which is extracted

by the turbine is about the amount of power within the fluid shown in Equation (7). The turbine
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maximum Cp is constrained by the Betz limit which is the theoretical maximum limit a turbine may
extract from the fluid, [7].

Pm
Cp= 2
PT P (7)

Usually, turbine rotors are tested within wind tunnels and are near the test section walls which is not
the case when operating in natural environments. This challenge arises from a blockage effect that has
two main components the solid blockage and the wake blockage. The solid blockage is a result of the
turbine’s projected blade area impeding the wind tunnel flow and the wake blockage is the wake effect

of the turbine which may not dissipate the wake energy as would be in natural conditions, [10].

When testing the VAWT within a wind tunnel the blockage ratio (Bg) was needed to correct the
freestream fluid velocity (U, ) due to the effect of the projected surface area of the wind turbine (Ag)
impeding the wind flow through the wind tunnel test section (A4). The relationship is represented in
Equation (8), [11].

As
Bp= -2
R AT

(8)
Research conducted by [11] notes where the blockage ratio exceeds 10% the results which are found
are required to be corrected by the blockage factor. Various methods have been developed to calculate
the blockage effect for wind tunnel testing. The research conducted by [12] derived correction factors
related to drag and pressure coefficients to develop a semi-empirical factor whereas [13] suggested a
simple method using 25% of By to correct the freestream velocity. Methods that were proposed by [14]
had successfully built on the finds of [12] to a Savonius drag-type turbine. Investigations from [15]
proposed correction methods based on utilizing the actuator disk theory and correcting the tip speed
ratio (A) and coefficient of power (Cp) as shown in Equation (4) and Equation (7) respectively by using

the blockage factor (Bf) shown in Equation (9).

U
B =~ )
Ur

The blockage factor proposed by [15] relates the wind tunnel flow velocity with the turbine rotor (U,)

to the wind tunnel flow velocity without the turbine rotor (Uy)
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Methods proposed by [13] were also adopted to correct the wind velocity incoming the turbine rotor
with Equation 10. The factor (&;) is described as 25 % of the blockage ratio described in Equation (8).

These factors were used in the correction of the test results data detailed in Section 6.6 of the study.

Ue = Up(1+ &) (10)

Table 6-1 shows the final turbine rotor specifications used for the fabrication of the helical turbine based

on the consolidation of the above design parameters.

Table 6-1: Turbine Specifications

Design Parameters Detail
Aspect Ratio (AR) 1
Turbine Diameter (D) 175 mm
Turbine Height (H) 175 mm
Solidity (o) 25 %
No. of Blades (B) 4
Blade Chord Length (c) 34.5 mm
Blade Wrap (@) 100 %
Helix Angle (3) 51.85°

The specifications from Table 6-1 and the correction factors were used in the fabrication of the turbine

and the analysis of the results from the wind tunnel testing.

6.4 Fabrication Process

The following section of the study details the fabrication process of the helical VAWT highlighting the
blade discretization and strut design for the turbine. One of the challenges experienced when fabricating
the turbine was blade manufacturing. Due to the twist angle of the helical profile, the turbine blade was

segmented.

A three-dimensional (3D) printer was used to fabricate the turbine blades, couplings, bearing
mountings, and upper and bottom struts. The fabrication process of a turbine blade is described in [16]-
[18] of traditional HAWT blades. The turbine blades are hollow and consist of an outer shell that forms
the aerodynamic shape to produce a resultant lift force. The helical blade which was designed to have
a total helix angle of 51.85° was sectioned into five pieces of the same height and interlocked resulting

in a piecewise helix angle of 10.37°
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Figure 6-2 depicts one of the five designed blade segments and Figure 6-3 depicts a partial and fully
fabricated blade segment. The partially fabricated blade segment was captured to illustrate the hollow
nature of the turbine blade.

Figure 6-2: Blade Segment Figure 6-3: Blade Segment

The blades were sectioned into 5 interlocking pieces which were stacked on top of one another to form
a full turbine blade as shown in Figure 6-4. The interlocking of the blade segments was fabricated to
have a tolerance of £0.1 mm to ensure a tight fit when assembled which is shown in Figure 6-5.

Figure 6-4: Turbine Blade Assembly Figure 6-5: Blade Interlock

The blades were assembled and fixed to an upper and lower strut with a center tube shaft which was
used to stabilize the turbine and transfer the extracted energy to be useful mechanical energy for power

generation. Figure 6-6 depicts the fully assembled turbine prototype for testing.
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Figure 6-6: Turbine Assembly

The turbine and coupling components were assembled and tested within a wind tunnel at wind speeds
of 7.5 m/s to 9.5 m/s.

6.5 Experimental Configuration

The following section of the study elaborates on the configuration of the experimental setup as well as
the instrumentation used for the investigation of the VAWT in the wind tunnel setup. Figure 6-7

illustrates the experimental set-up of the VAWT within the wind tunnel as well as the DC motor

coupling used to measure the power output from the turbine.

Figure 6-7: Experimental Set-up
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Figure 6-8 shows the instrumentation and other devices used to log the experimental data from the
designed VAWT. The turbine was connected to the DC motor using a hexagonal socket and a tight-fit
connection to the DC motor shaft. This was where some losses occurred as a result of inertia and torque
of the DC motor as well as frictional losses through the coupling system to the motor shaft. The voltage
sensor was sued to determine the output voltage and current to calculate the power output of the turbine.
The Hall effect sensor was used to measure the rotational speed of the turbine shaft by counting the
pulses generated by the Neodymium magnet. The readings were processed and logged by the ChipKit

uC32 microcontroller and saved to the PC for post-processing.

Figure 6-8: Instrumentation

The above instrumentation was interfaced with a computer via a serial communication cable. The results
were logged in 5-second intervals to average out instantaneous fluctuations at the rotor shaft which may

have not been accurately captured due to feedback and resolution from sensors.
6.6 Results and Discussion

The following section of the study elaborates on the results of the wind tunnel testing for the designed
VAWT. Three tests were conducted by varying the wind tunnel wind speed by 0.5 m/s and the results

were logged in 5-second intervals and allowed to settle for 5 minutes.

Figure 6-9 below shows the power measurements, of the three averaged tests which were conducted, in

comparison to the rotational speed (RPM) at the rotor of the turbine.
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A numerical simulation was performed for the turbine utilizing a double multiple stream tube analysis.

The numerical simulation had the specifications which are shown in Table 6-2 below.

Table 6-2: Simulation Parameters

Simulation Parameters Detail
Temperature 20 °C
Density of Air 1.204 kg/m?®
Mach Number 0.028
Dynamic Viscosity 1.825 x 10° kg/ms
Wind Speed 75/8/85/9/95m/s

Figure 6-9: Experimental Results

Figure 6-10 represents the corrected values of the power measurements considering Equations (9) and
(10) factoring in the blockage effects of the turbine in the wind tunnel. The freestream wind speed and

the corrected power were used to calculate and plotted against the measured data.
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Figure 6-10: Experimental Results Corrected

Figure 6-11 shows the results of the wind tunnel test in comparison to a numerical simulation performed
for the turbine. The measured results are in good relation to that of the freestream numerical solver
results after utilizing the correction methods. The variations shown may be a result of vibration due to

misalignment of turbine bearings and vibrations of the motor used whilst in operation.

Figure 6-11: Measured compared to Simulation

The above results illustrate the turbine design may be developed for practical operations onshore and

offshore for wind speeds having a mean of 9 m/s. Challenges may arise from turbine blade
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manufacturing as the helical VAWT requires a twist angle which may be challenging for casting a single
blade. One of the solutions may be to fabricate the blade in segments. Further investigations should be
conducted into the fabrication of large-scale VAWTS.

6.7 Conclusions

A small-scale turbine rotor was designed using the formula described and was tested in a wind tunnel
over a varying speed of 7.5 m/s to 9.5 m/s. The turbine blades were fabricated in sections due to the
helical nature of the blade. The turbine output power and rotational speed were measured at each wind
speed. A numerical simulation was performed considering an unbounded condition of flow which were
in good comparison to the measured results after utilizing the appropriate correction factors. The torque
profile of the turbine may be calculated, at different wind speeds, by utilizing the measured power and
turbine rotational speed. Further research should be considered on varying strut designs and positions

as well larger turbines with smaller segments for the turbine blades.
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CHAPTER 7 : COMPARISON OF HELICAL VAWT TO REFERENCE
VAWT AND HAWT FOR OFFSHORE APPLICATIONS

The offshore wind energy market has experienced a recent boom in demand due to a global need of
cleaner sources of energy production. The trend of investments, within the renewable energy technology
basket, have been dominated by private sector investment due to the commercial viability and
competitive nature of the sector. Vertical Axis Wind Turbines (VAWT) for offshore wind farms have
good potential in comparison to the traditional Horizontal Axis Wind Turbines HAWT designs. The
following study compares the designed helical VAWT to that of available VAWT and HAWT reference
turbines which are constructed for offshore wind deployment. The study compares the power curve of
each of the respective turbines, the impact of torque fluctuations on the rotor and the impact of torque
fluctuations on the rotor and the wake impacts on energy production. The potential Annual Energy
Output (AEP) of each of the respective turbines was also determined by exploring 3 types of wind farm
turbine arrangements. The results proved favourable towards the helical turbine due to the nature of
VAWT systems and the ability to be located closer together than that of HAWT systems. The results
also show that the capacity factor is higher, and the wake losses are lower for the helical VAWT system,

even under tightly spaced conditions.
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7.1 Introduction

The offshore wind energy market has experienced a recent boom in demand due to a global need of
cleaner sources of energy production. The market is driven by climate change commitments of various
nations as well as various governmental subsidies and other financing mechanisms within the public
and private sectors respectively, [1]. The trend of investments, within the renewable energy technology
basket, have been dominated by private sector investment due to the commercial viability and
competitive nature of the sector. Onshore and offshore wind technologies have also seen a large
contribution of public sector investment which aid in the promotion of these technologies, [2]. The
various government subsides and drive of nations to achieve net zero ambitions by 2050 has been one
of the many drivers for investor confidence, especially within the offshore wind market, [3]. Various

nations are now investigating the potential of offshore wind technologies to achieve these targets, [4]—

[71.

Currently, there are a number of developments being undergone with respect to floating offshore wind
farms which are located across Europe. There a few prototype floating offshore wind farms that are in
operation which are the Hywind Scotland [8] and Kincardine [9] wind farms in Scotland and the
WindFloat Atlantic [10] wind farm in Portgual. Recently, China has also deployed its first floating
offshore wind prototype off the coast of Yanjiang city, [11]. These prototypes consist of traditional
Horizontal Axis Wind Turbine (HAWT) systems with a tri-based semisubmersible floating platform.
The Hywind Tampen wind farm also uses a HAWT, however, utilises a concrete ballast spar buoy
system and is the largest operational floating wind farm (88 MW) to date, located more than 140 km
offshore from Norway [12].

The cost of offshore wind turbines are expected to decrease as the turbine capacity increases. However,
the HAWT system faces structural integrity challenges as blade sizes and subsequent support structures
continuously increase. Larger rotor diameters result in higher cyclic loading on the main rotor and
blades due to gravitational loads, [13]. Other fluid dynamic loads, such as wind shear and localised
turbulence intensity, can affect Annual Energy Production (AEP) if not accounted for as well as
structural loading on the blade root, [14]. The buoyancy and requirements for stability of floating
offshore HAWT systems also have unique engineering requirements as the traditional HAWT system
poses challenges such as eccentric moments increasing complexity of the semisubmersible structure,
[15].

Vertical Axis Wind Turbines (VAWT) for offshore wind farms have good potential in comparison to
the traditional HAWT designs. The HAWT design turbine have an operational wind speed up to a
maximum of 25 m/s until which the turbine would have to be shut down to protect itself from damage.

The VAWT system, however, has a much higher theoretical threshold for wind speed cut-off and can
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withstand more extreme weather conditions in comparison to the HAWT design, [16]. Notably, VAWT
wind farms can have denser turbine packing in comparison to HAWT wind farms due to the positive
effect of wake interference and the recovery of internal wakes of VAWT designs, [16]-[18]. As
previously highlighted, the HAWT design undergoes cyclic structural loading on the turbine blades due
to gravity, but the conventional VAWT system experiences cyclical torque fluctuations at the rotor level
which may have adverse effects for both mechanical and electrical transmission and control systems,
[16].

The study which was conducted had the aim of investigating the potential of offshore wind farms to be
installed far offshore from the South African coastline at various selected regions. The study had
focused the technical investigation on a helical bladed, vertical axis wind turbine (VAWT) for the
application in deep sea locations. A helical VAWT design was chosen due advantages such as lower
recovery moment, lower centre of gravity, omnidirectional operation reducing yawing requirements and

reduced cyclical rotor torque.

7.2 Current Status of Commercial VAWT Design

The two aerodynamic classifications of VAWTSs comprise of drag and lift based designs. The Savonious
design is based on a drag based aerodynamic system which is commonly found on wind anemometers
used for measuring wind speed on meteorological stations. The lift based VAWT designs have three

main types that are the Darrieus, H-Type Darrieus or straight bladed Darrieus and helical turbines.

There are some VAWTSs which were developed for onshore applications; however, these are at a small
scale in the order of 100 kW or less, [18]. There has since been numerous research and development of

floating VAWT concepts and prototypes. Some notable concepts are summarised in Table 7-1.

Table 7-1: Summary of VAWT Research and Development

Turbine Name Turbine Type Country Reference
NOVA V-Shaped VAWT United Kingdom [19], [20]
Deepwind Curved Darrieus Denmark [21], [22]
Floating Axis Straight Darrieus Japan [21], [23]
Vertiwind Helical Rotor France [24], [25]
SeaTwirl Straight Darrieus Sweden [26]

Table 7-2 shows the available reports and data of National Renewable Energy Laboratories (NREL)
reference HAWT and Sandia National Laboratories VAWT. It should be noted that the C, of a turbine
is dependent on the solidity of the turbine and the Reynolds number experienced by the turbine blades,
[27]. Solidity rations of less than 10 % tend to decrease the Cp and increases the corresponding 4 of the

turbine and conversely, higher solidity ratio, greater than 40 %, tend to increase the Cp and decrease the
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corresponding 4 of the turbine, [18], [27]. From Table 7-2, it can be seen that the Cp values for both

turbines are similar based on existing literature and results.

Table 7-2: HAWT and VAWT Characteristics

Turbine Power Rating Type Cp (Max) Reference
NREL 5 MW HAWT 0.48 [28]
Sandia 100 kw VAWT 0.4 [29]

Another factor which is used to compare the HAWT and VAWT systems are that of the swept area of
turbines. The swept area is generally viewed as the area which is exposed to the free stream wind
velocity used to extract energy from the flow. For HAWT systems the swept area is calculated based
on the area of a circle (r?) where r denotes the blade length. For VAWT systems the area is based on
the area of a rectangle (H x D) where H represents the total blade / turbine height and D represents the
turbine diameter. Figure 7-1 is a graphical representation of the variance between swept area of the
HAWT and VAWT turbines respectively.

Figure 7-1: HAWT and VAWT Swept Area

The VAWT in comparison to the HAWT also has the additional benefits of the ability to convert wind
energy from any direction due to the crosswind functionality, but with a HAWT this is not the case.
The HAWT requires additional control and equipment to control the turbine yaw angle to direct the
turbine in the predominant direction of the wind flow. Research which was conducted by [30] indicate

the relationship of power production of HAWT’s and yaw misalignment. The yaw misalignment (y) is
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the angle in which the rotor swept area of the HAWT is not perpendicular to that of the wind resource.
This results in a reduction of power which was found to be proportional to the following equation:

P
P. = + = costr(y) @
Yo

el

The above equation approximates the power ratio (B.) which is the relationship between the yaw
misaligned production (B,) and the yaw aligned production (B, ) which also may be modelled via
utilising a cosine function. The variable P, varies however, research indicates that this is between 1.88
< P, < 5.14 for offshore wind turbine applications, [31]-[33]. Figure 7-3 is a comparison of HAWT and

VAWT power reduction based on the power ratio which is derived from the yaw misalignment. It should
be noted that the VAWT system has theoretically no reduction of power due to the crosswind

capabilities.
Table 7-3: HAWT and VAWT Characteristics, [18]
Yaw Angle HAWT corrected by Howland et al. [30] Theoretical VAWT
v (°) B = cos*(y) B =1
+5 0.99 1
+10 0.97 1
+15 0.93 1
+20 0.88 1
+25 0.82 1
+30 0.75 1

7.3 Designed VAWT compared to Reference HAWT

The NREL 5 MW HAWT turbine was used as the initial reference for comparing the designed helical
VAWT. The scaling and sizing of the VAWT was on the basis of swept area of the HAWT. The NREL
turbine has rated power of 5 MW, rotor diameter of 126 m and is pitched regulated as a control
mechanism, [34]. This resulted in a swept area of 12,462 m?. The VAWT design was upscaled by
changing the turbine diameter, keeping the aspect ratio constant at 1 and maintaining a solidity ratio of
20 %. SeaTwirl uses a Darrius straight bladed turbine design, so a similar type of turbine was created

with the same swept area, aspect for the comparison of the two VAWT systems.

Figure 7-2 shows the comparison of the power coefficient curves of the helical VAWT and NREL
reference turbine. The figure depicts that the HAWT turbine has a larger tip speed operational range,
however, the power coefficient is lower in comparison to that of the VAWT turbine. This means that
the HAWT has a higher rotational speed to that of the VAWT during operation. This may lead to an
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increase in mechanical fatigue for various transmission components of the machine. The higher power
coefficient of the VAWT indicates that advantage of the machine to extract energy from the incoming
flow.

Figure 7-2: Power Coefficient - VAWT and HAWT

The power curve of a wind turbine is relationship of the freestream wind speed, at the turbine’s hub
height, and the corresponding active power generated by the turbine [35]-[37]. The relationship
between the wind speed and power output (P) of the turbine is non-linear and may be approximated by
the following equation:

P = %pAcp(A,ﬁ)w @)

Where p is the air density, A is the swept area of the turbine, Cp is the coefficient of power for the
turbine, v is the velocity of the wind. It should be noted that the coefficient of power is a function of the
tip speed ratio denoted by A and the blade pitch denoted by 8. The power curve of a turbine has different

zones of which the turbine operates.

Figure 7-3 shows the zones of the wind turbine with respect to the power curve. Zone 1 is where no
power is generated and the turbine requires to overcome inertial and aerodynamic forces to start
rotating. Zone 2 is when the turbine starts generating power (vt i) at an increased rate, with respect

to increasing wind speed. Zone 3 is where the turbine operates at the rated wind speed (Vggteq)
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generating constant power output at the rated power of the turbine. Zone 4 is when the turbine stops

generating power at the cut off wind speed (v¢y; o55) to protect the machine from failure.

It can also be seen that a power curve which has a gradient shift to the left indicates an improved
efficiency and gradient shift towards the left indicates a reduced efficiency. Power curve efficiency can
decrease due to wear and deterioration of the turbine blades and upgrades to the turbine blades may

restore or increase the efficiency of the turbine, [37], [38].

Figure 7-3: Power Curve

Figure 7-4 shows the comparison of the NREL reference wind turbine and the designed helical VAWT.
Figure 7-4 compliments that of Figure 7-2 and depicts the added efficiency of the VAWT to that of the
HAWT. This shows that the VAWT design has an added advantage to that of the HAWT for power
generation. The VAWT operates at a lower rotational speed, does not require pitch control, can operate
under extreme weather conditions and does not require yaw control due to its inherent cross wind

capabilities.
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Figure 7-4: Power Curve - VAWT and HAWT

7.4 Designed VAWT compared to Reference VAWT

The next comparison of the helical turbine was to the Sandia 34-meter two bladed wind turbine and
three bladed VAWT which is currently being investigated for offshore wind applications by SeaTwirl,
a Swedish company as shown in Table 1 [26]. The Sandia turbine consists of two troposkin / curved
blades and was designed to have a rated power output of 500 kW. The helical and straight bladed

turbines were also scaled to produce a power of 500 kKW.

Figure 7-5 shows the comparison of the two turbine’s power coefficient curves in relation to the tip
speed ratio It can be seen that the helical turbine has a higher Cp to that of the Sandia turbine and
operates at a lower rotational speed. This is because of the increased solidity of the helical and straight
bladed turbine’s to that of the Sandia turbine, due to the number of turbine blades. The Sandia turbine
also has a shorter chord length by a factor of roughly 2 and has a non-uniform aerofoil distribution along
the blade length.
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Figure 7-5: Power Coefficient - Helical vs Sandia vs Straight Darrius

To understand the benefits of the helical turbine in comparison to an existing VAWT of Darrius straight
bladed design, the power coefficient and torque coefficient was also examined in the analysis. The
results of the analysis are in Figure 7-6 below and show the increase in efficiency of the helical turbine
design to that of the straight bladed turbine design. The torque coefficient is based on the quotient of
the power coefficient (Cp) and tips speed ratio (TSR). This can lead to the optimum point of the power

coefficient curve to define the limits of the power curve for the turbine.

The low TSR and high torque results in the turbine operating under a lower rotational speed. This can
result in less turbine noise production and lower cyclic fatigue and stress on the turbine blades in
comparison to traditional HAWT systems. The lower TSR and higher torque coefficient can also lead
to the wake recovery being shorter in length in comparison to the HAWT counterpart. This can lead to
shorter spacing of turbines in the inter-row and transverse directions leading to a more densely packed
turbine farm resulting in a potentially larger energy production per square kilometre. The wake
modelling which was used to predict the Annual Energy Production (AEP) is shown further in section
7.5.
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Figure 7-6: Power Coefficient and Torque Coefficient — Helical vs Straight Darrius

Figure 7-7 shows the torque profiling of the two vertical turbines (Helical and straight bladed Darrius
turbine). The figure shows that at low wind speeds to high wind speeds, the helical turbine has a
smoother more consistent torque profile on the turbine rotor. This results in a smoother transmission of
mechanical power and lower fatigue and cycle loading on mechanical components of the machine. The
analysis also shows the stability of the turbine at higher wind speeds allowing for a relatively constant
power output. This is desirable for offshore applications as wind shear coefficient is lower than onshore

sites with higher wind speeds.
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Figure 7-7: Torque Profile of Helical vs Darrius Straight Blade Turbine

The rotor torque profile is of significance as this affects the mechanical and electrical power output of
the turbine. The mechanical power output has direct effects on the mechanical systems such as bearings
and gearbox which has a direct result on the electrical output from the generator. The rotor torque was
compared at wind speeds of 4 m/s, 9 m/s, 12 m/s and 18 m/s respectively based on approximations of

the operating zones shown in Figure 7-3.

Figure 7-8 shows the power curves of both VAWT’s and it can be noted that the helical turbine has a
higher efficiency to the Sandia turbine resulting in a larger energy production. However, in comparison
to the straight bladed design (such of that of SeaTwirl) the power curves are almost identical. This
shows the potential of both helical and straight bladed VAWT systems to that of previous research and
commercially available large scale turbines. However, to understand the true potential of helical
turbines, the rotor torque was also evaluated for each of the helical and straight bladed turbine

respectively.
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Figure 7-8: Power Curve — Helical vs Sandia vs Straight Darrius

The above analysis of turbines depicts the potential of the helical wind turbine in comparison to a
reference large scale HAWT and reference VAWT turbines from two reputable research laboratories
(NREL and Sandia). However, there is the need for understanding the Annual Energy Production (AEP)
of farm of turbines at a specific site. Wind turbine spacing is a key factor when sizing a wind farm.
HAWT systems and VAWT systems have different requirements for turbine spacing when it comes to

optimising a wind farm potential site.

7.5 Wake Modelling

One of the main factors in spacing analysis is the wake development for HAWTs and VAWTSs. The
rationale behind the spacing of wind turbines is due to the recovery of the wake which is formed due to
the turbine operation in the streamwise and crosswind directions. The HAWT systems typically have 3
to 5 diameters spacing in the crosswind direction and between 6 to 10 diameters in the streamwise
direction which is aimed to achieve roughly 90% to 95% of the power output of an isolated wind turbine,
[39].

The most common used wake model which is used to assume the predicted wake is the model which
was proposed by Jensen [40] that assumed a top-hat shape for the velocity deficit and also a linear wake
expansion rate which had typical values of 4% to 5% for offshore wind turbine systems and 7.5% for

onshore wind turbine systems, [41], [42].

Commercially available wind simulation software, which is used to determine the AEP of a proposed

wind farm, utilises the Jensen wake model to understand the losses within the wind farm. However, this
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model tends to underestimate the deficit velocity because of the top hat profile assumption due the
derivation solely being based on the conservation of mass, [43]. Additional research which was
conducted by [44] had considered the conservation of mass and momentum within the control volume
of analysis surrounding the turbine. The following equation shows the normalised wake deficit velocity
that assumes as top hat profile as proposed by [44]:

Al(]](x) _ % 1ol ZC6T 3)
® Br + [ F/D]

Where U, is the freestream velocity of the incoming wind, C; is the thrust coefficient of the turbine, D

is the turbine rotor diameter, AU (x) is the difference of the freestream velocity Uy, and U, (x), where
U, (x) is defined as the wake velocity that is in the streamwise direction of the turbine. Within the above
equation the factor 85 is taken as the expansion factor of the wake and S is the ratio of the cross-
sectional area of the wake after the initial wake expansion to the swept area of the turbine blades and is
represented by the following:

5, 1(1+4 J1-¢p) @)

S 2 1- Cr

The conclusions of the investigations by [43] explain that the assumption of a top hat profile on wake
velocity deficit can lead to substantial errors because of the underestimation of the deficit velocity at

the wake centre and also the overestimation at the wake edges within wind farm predictions.

Following this, predictions of a Gaussian distribution can better represent the wake deficit velocity of
the turbines within the wind farm. Studies which were based on numerical and experimental analysis
by [45], [46] which was then followed by [43] including conservation of momentum and mass had led

to the representation of a Gaussian model as shown in the equation below:

(%)

AU (x 1 2C r?
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Where, within this representation of the distribution, o(x) is the wake width that is assumed to expand

linearly. The wake width is represented as follows:

o(x) = k(x = xw) + P/ = (6)
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Where k is the expansion rate of the wake and Xy, is the distance at the end of the near wake. The

variable k would have to be estimated which was based on the freestream velocity of the region and the
turbulence intensity of the resource represented by I,,. The function of o(x) is dependent on the
turbulence intensity of turbulence within the streamwise direction. An empirical linear relationship
between wake expansion rate and streamwise turbulence intensity was proposed by [47] which was

based on large-eddy simulations under neutral atmospheric conditions as shown in the equation below:
k = 0.38I, + 0.004 (7)

It is important to note that the wake expansion growth is linear function which is directly proportional
to k. This results in a direct relationship top the turbulence intensity. Thus, higher turbulence intensity,
which usually occurs at lower wind speeds, normally lead to a faster wake recovery through the
downstream direction. Figure 7-9 (a) and (b) shows the wake deficit distribution of a HAWT along the

downstream distance for both the horizontal and vertical planes based on equation (5).

The above wake functions are representative of the deficit velocity in the x-y plane (top / horizontal
plane). The main contributors to the horizontal plane stems from the blade inducted vortices as found
by [48]. The wake within the x-z plane (vertical plane) is similar to that of the horizontal plane of the
HAWT but for VAWT the vertical plane wake recovery is different as the wind shear layers are
impacted by the turbine tip vortices [49]. The blade induced vortices are in no way identical which
results in a complete three dimensional wake, [50]. For the wake representation of a VAWT, due to the
shape of the turbine, [51] had proposed a modification of equation (5) to produce a super Gaussian wake

over two spatial planes, that consider horizontal and vertical planes.

Figure 7-9: Wake velocity deficit distribution downstream - HAWT (a) Vertical Plane, (b) Horizontal Plane

The super Gaussian model considers the two spatial planes being the horizontal and vertical planes

which affect the VAWT downstream wake deficit velocity. The work which was conducted by [51]
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shows the uneven expansion of the wake in the horizontal and vertical planes of the VAWT. The
following equation is a representation of the super Gaussian model:

AUG) = Cy(x) Xexp (— v > X exp (— 2™ ) )

2 2
Ue 2 oy, 2 oy,

The function Cy; (x) is defined below as follows:

Cr
- 2
8 oy, /™ oy, /e T (1/ny) r (1/,12)/

Cy(x) = (zy—z — |2r—2 (10)

Where the function Cy (x) represents the local scale velocity function of the wake in both planes and
spatial lengths which account for exponents n,, and n,, that define the three dimensional wake according
to the Gaussian function. A full derivation of the super Gaussian wake function can be found in [51].

The variables oy, and gy, are terms which govern the distribution of the velocity deficit through both

planes for the VAWT system. They are both dependent on the turbulence intensity of the flow within
those planes similar to that of equation (7). The aspect ratio of the VAWT (¢ = H/D) has a direct

relationship with oy, and both terms are shown below:

Oy,

= kyx+ ¢
y Vy+Vy

(11)
O-Vz = sz x/f + SVZ

Considering the that the initial wake width is equal and the terms n,, and n,, are the values where x = 0
as ey, and &y, are evaluated as the initial wake. Figure 7-10 (a) and (b) show the velocity deficit
distribution along the streamwise direction of the wake in the vertical and horizontal planes,
respectively. It can be seen that the top hat nature of the wake is noticeable in the VAWT system along
the vertical plane, however, typically develops to a more Gaussian shape around 10 diameters
downstream. The wake becomes more complex when exposed to higher Reynolds numbers as the wake

tends to meander through the streamwise direction.
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Figure 7-10: Wake velocity deficit distribution downstream - VAWT (a) Vertical Plane, (b) Horizontal Plane

For the HAWT systems the initial spacing was 10 diameters in the downstream direction and 8
diameters in the crosswind direction as found by [52]. Literature suggests that the wake recovers within
6 diameters crosswind and 7 diameters downstream which was taken for the VAWT systems, [50], [53],
[54]. Research also suggests that VAWT farms may have a denser turbine layout to that of HAWT
farms due to the positive influence of wake on the downstream turbine performance, [55]-[57].
However, to understand the comparison between the turbines, 3 sets of spacing configurations were

chosen as shown in Table 7-4.

Table 7-4: Wind Farm Spacing Assumptions

Turbine Type Crosswind Spacing Downwind Spacing
Tight Spacing 3 )
Short Spacing 6 7
Large Spacing 8 10

Research conducted by [58] shows 4 potential sites which may be suitable for offshore wind
deployment. Figure 7-11 shows the potential aggregated wind rose and wind speed distribution for the
site (Site 4) which was chosen for the investigation of turbine layouts. The aim of the investigation was
to understand the effect of spacing of the designed turbine to that of a similar turbine in both HAWT
and VAWT configurations.
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Figure 7-11: Wind Rose and Wind Distribution for potential Site

Figure 7-12 shows the possible wind farm layouts as per the assumptions in Table 7-4 above. Each of
the respective simulations had considered a straight bladed Darrius turbine to estimate what existing
commercially available VAWT systems can produce, a HAWT configuration turbine based on the
NREL offshore reference turbine all of which are compared to the designed helical turbine. All of the
turbines were sized to a capacity of 5 MW. The simulations were also adjusted to accommodate the

wake characteristics as shown above.

The results of the simulations have shown that for the tight spacing of each of the turbines, the helical
turbine has 7.7% and 14.2% increase in AEP in comparison to the straight Darrius turbine and NREL
offshore reference turbine respectively. When considering the short and large spacing options the helical
turbine had an increase of 7.7% and 13.5% increase in AEP respectively. On average the wake loss
decreases from an average of 11.3%, 5.2% and 3.5% for the 3 spacing options respectively. Figure 7-13

shows a comparative loss of energy, in comparison to the helical design, per a month of operation.

Figure 7-14 shows the monthly energy output of the helical turbine, for the 3 spacing options shown in
Table 7-4, and the average wind speed per month. The results show that even at low wind speeds the
turbine performs well and has good production. In comparison to the HAWT and VAWT reference
energy production, the helical turbine has 9.7% and 22% respectively increase in energy production,

during the low wind speed months, on average.
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Figure 7-13: Annual Energy Production (AEP) Loss compared to Helical Turbine

The results show the helical VAWT has an increase in power production in comparison to the available
VAWT and HAWT reference turbines respectively. The turbine also has favourable results when it
comes to wind farm layout as the VAWT systems can be packed closer together in comparison to
HAWT systems. Comparing the results of the 2 VAWT systems, the helical turbine is favourable as the
impact on rotor torque shows that the helical turbine provides a smoother torque profile than that of the
straight blade Darrius option. This allows for smoother transfer of mechanical power through the

transmission system.

The helical system indicate that it may be useful for far offshore regions in a tightly spaced configuration
S0 as to create an area which is dense enough for large power evacuation to an offshore substation. The
positive benefits of using HVDC transmission systems with this turbine configuration in a wind farm
is the black start capability of the system. For island areas and areas where coastal region energy demand

is projected to grow, the option of offshore wind farms can prove to a viable source of clean energy
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Figure 7-14: Helical Turbine monthly production profile

The increase in energy output of the turbine can lead towards a cheaper option for energy production in

offshore locations. This requires future economic modelling to consolidate the transmission system

which is to be used in relation to the distance from shore and the water depth.

7.6 Advantages of Helical VAWT

The helical turbine which is designed and explained in Chapter 4 was compared to that of existing

commercially available reference vertical and horizontal axis turbines of utility scale. The following

section of the study summarises the advantages of the helical VAWT to the reference HAWT and
VAWT chosen:

a)

b)

A clear advantage of a VAWT system compared to a HAWT system is the ability to accept wind
flow from all directions or cross-flow. Table 7-3 shows the correction which is required when using
a HAWT configuration from the ratio of yaw misalignment production to yaw aligned production.
This is because the HAWT system does not have cross-flow ability and needs to yaw in the direction
of the freestream flow. The VAWT system has a theoretical ratio of 1 due to the configuration not
needing a yaw system and the cross-flow ability of VAWTS.

The VAWT had incorporated the helical blade orientation utilizing four blades based which
incorporated 100 % blade wrap. The blade wrap was significant due to the lower fluctuation of
torque on the turbine rotor. It was found, from the simulation results, that the use of a symmetric
Selig aerodynamic blade profile had preferable results in comparison to the NACA symmetric
aerofoil. The Selig blade profile exhibited better rotor torque characteristics than that of the NACA
profiles when the turbine experiences higher tip speed ratios (TSRs). Other VAWT systems do not
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d)

e)

f)

explicitly declare the aerofoil profile due to company Intellectual Property, however, comparing
results from literature which state that NACA profiles are used for VAWT’s, the Selig symmetrical
profile shows positive results for the use in the helical VAWT resulting in a better performing power
curve as shown in Figure 7-2 and Figure 7-5 of HAWT and VAWT comparisons, respectively

The turbine blades of HAWT configurations are subjected to gravitational loading and stresses along
the blade profile due to wind shear changes resulting in cyclic loading and fatigue on the turbine
blade roots. The reversing stress which occurs at the root of HAWT blades are not apparent in
VAWT configurations which is another added advantage. The VAWT blades do undergo larger
bending moment stresses along the blade which can be resolved with in-line blade stiffeners
designed to provide aerodynamic stability in the heave and roll motion. The mechanical stress along
the span of the turbine blade is reduced due to mechanical stiffeners and modular blade design and
construction. The VAWT design has reduced cyclic fatigue along the root of the turbine blade due
to these stiffeners and supports on both ends of the blades. The shape of the stiffeners can be designed
to support the turbine in the heave and roll motion aiding in turbine stability.

The comparison of a helical VAWT to the reference HAWT shows that the VAWT has a lower tip
speed operating range resulting in lower rotational speed. The VAWT configuration and power curve
vs TSR (Figure 7-2 and Figure 7-5) show that the VAWT optimal operational point occurs at a TSR
within a range of 2 and 2.2 meaning that the turbine has a lower operational rotational speed. This
means that the turbine would experience lower environmental impacts and create less noise
compared to the HAWT counterpart. Lower rotational speed of the turbine also leads to lower
environmental impact losses such as leading edge erosion resulting in a potential lower operational
and maintenance (O&M) budget on leading edge and blade trailing edge maintenance.

HAWT systems usually have a constant torque profile on the rotor with the aid of pitch control and
blade design. The choice of helical blade design with a 100 % blade wrap ensures that the blade
profile is always within the flow, to reduce the torque ripple on the rotor which is usually experienced
by other VAWT configurations. Figure 7-7 shows the comparison of torque profile on the rotor of a
straight bladed Darrius VAWT, which is currently available, to that of the designed turbine at various
operating wind speeds. The results show a clear advantage of helical turbine blade design to that of
the straight bladed design, with a smoother torque profile allowing for smoother mechanical power
transmission.

Initial wake modelling considered a top-hat profile which was proposed in the late 1980°s by Jensen.
Developments in the wake modelling of turbines have shown that a Gaussian profile is more
representative of the wakes generated by the turbines when operational. The HAWT configuration
has larger wake profiles and thus requires larger inter-row spacing and transverse turbine spacing.
The wake dissipation factor also varies between the two configurations. A comparison was done of
tight spacing, short spacing and large spacing of both types of turbines, accommodating for wake

dissipation factors respectively. The results in Figure 7-13 show the deviation of the existing VAWT
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and HAWT turbines to that of the helical blade design. The results clearly show that the helical
turbine design produces more energy than the other two counterparts. This can be attributed to the
increase in efficiency reflected in the turbine power curve vs TSR shown in Figure 7-4 and Figure
7-8 respectively.

7.7 Selection of Helical VAWT

Based on the above advantages, the helical VAWT was chosen for the application for the potential
offshore wind farm. In order to understand the potential of the wind farm, the turbine power curve was
used to conduct a high level Annual Energy Production (AEP) for one of the sites described in Chapter
3. The wind speed and wind direction were obtained via online satellite date used for the simulation on

an hourly profile.

The choice of a helical VAWT system result in larger AEP due to higher efficiency power curve
compared to existing HAWT and VAWT systems (Figure 7-4 and Figure 7-8) and denser turbine spacing
in farm configurations. The larger AEP and denser packing of turbines within a given offshore area, with
an optimal electrical reticulation architecture and electrical transmission system can lead to a lower

levelized cost of energy (LCoE) of the farm in comparison to existing HAWT based farm systems.

7.8 Conclusion

The study had aimed to investigate the designed helical turbine to that of a reference HAWT and VAWT
turbine respectively, each of which are available in the commercial market. The investigation consisted
of comparing the turbine’s power curves, torque profiles, wake modelling, wind farm layout and energy

output for each turbine and turbine layout.

The findings have shown that the helical turbine had an increased efficiency based on power curve
comparison of both the HAWT and VAWT references. The torque profiling on the turbine rotor also
had positive advantages with a helical design when compared to a straight bladed turbine. The torque

fluctuations decrease allowing for a smoother transfer of mechanical power to the generator.

Wake modelling of the turbines has shown that the Gaussian profile has a stronger prediction compared
to commonly used wake techniques. The eddy-viscosity modelling was chosen when simulating the
turbines which represents as a Gaussian profile. The wake decay for VAWT and HAWT are different
and when comparing results, the VAWT had favourable results in comparison to the reference VAWT
and HAWT turbines.

The study found that the helical VAWT had a larger AEP and could accommodate a denser packing of

turbines within a given offshore area. With the appropriate choice of inter turbine electrical reticulation
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architecture and electrical transmission system to shore, the entire wind farm concept can lead to a lower
levelized cost of energy (LCoE) of the farm in comparison to existing HAWT based farm systems.

In conclusion, the study shows the benefits of using a helical VAWT in comparison to the straight blade
VAWT and reference HAWT. This shows the potential for a helical VAWT in an offshore environment
for power production and shows potential for use in far offshore floating applications.
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CHAPTER 8 : CONCLUSION

8.1 Conclusion

This thesis aimed to investigate the suitability of vertical axis wind turbines (VAWTS) to extract the
vast potential wind energy resource off the coast of South Africa. The study examined the existing
developments within the offshore wind industry by examining journal articles and leading industry
reports. The investigations then considered the offshore wind energy potential using synthetic wind

resource data extrapolated to hub heights of 50 m, 200 m, and 150 m.

The VAWT systems used for offshore wind applications are unique and the use of a helical blade profile
has significant benefits for the industry. One of the challenges with traditional offshore wind turbines
is the use of complex control systems for the pitch and yaw systems allowing for the best extraction of
the resource. The use of a VAWT allows for cross-flow power generation which results in cost
reductions and increased turbine availability. The helical VAWT was designed by examining various
aerodynamic blade profiles at different turbine aspect ratios which were then prototyped and tested. The
results were obtained from the simulations and tests were found to complete the objectives of the study

and the following conclusions were drawn:

1. There initial resource assessment had identified potential sites for South Africa examining the
eastern and western coastline of the country. Avoiding the busy shipping trade routes and
understanding the oil and gas plots allowed for the selection of five potential offshore wind
farm sites. The five sites are located roughly 200 km offshore of the coast and have significant
potential for wind farms with a mean wind speed of 9 m/s which is more than typical onshore
requirements which are in the range of 6 m/s to 7 m/s.

2. The turbine was fabricated and prototyped to be tested, on a small scale, within a wind tunnel.
The test results confirmed the simulation results; however, the tests had indicated that an aspect
ratio of 1 provided more favourable results in comparison to the aspect ratio of 1.5. The aspect
ratio of 1 had shown that the turbine also had better start-up as well as provided better torque
and power output in comparison to the turbine with an aspect ratio of 1.5.

3. Larger turbines may be developed at a suitable size as well as with scalable modular solutions
also being considered throughout the turbine development. This would result in small turbine
diameters but larger wind farm densities to extract more of the offshore wind resource and
effectively utilize the space of the ocean. The helical VAWT blade configuration can be built
in modular sections allowing for ease of blade repair and maintenance in comparison to
traditional HAWT systems.

4. The vertical axis design of the system proves suitable for offshore applications and with the

ability to harness cross-flow wind resources, the turbine may reduce offshore costs resulting in
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feasible power generation. The turbine also has the benefit of being modular by stacking the
turbines on top of one another. By stacking the turbine, the system allows for a small turbine
diameter as well as a small blade chord length. This allows for ease of manufacturing and
deployment from onshore to offshore as well as offshore construction. The modular capabilities
allow for ease of maintenance and reduction of wasted ocean spatial dispersion as VAWTSs
require less inter-row spacing of turbines.

5. The helical turbine, in comparison to other reference VAWT designs, show that the torque
profile on the turbine rotor is smoother resulting in smoother power output from the turbine
during operation. The choice of helical blade design with a 100 % blade wrap ensures that the
blade profile is always within the flow, to reduce the torque ripple on the rotor which is usually
experienced by other VAWT configurations.

6. The chosen design of turbine (Helical blade configuration) proves to be a favourable turbine
design in comparison to similar turbines within the market. The results from a high level Annual
Energy Production (AEP) indicate that the helical turbine has a higher capacity factor, lower
inter-turbine wake losses and larger production per square kilometre in comparison to the
commercially available HAWT and VAWT counterparts. This type of turbine has the ability to
perform well under extreme weather conditions, normally occurring in offshore locations.

7. The system allows for the use of permanent magnet generators at the base of the turbine
structures which means safer operations and maintenance regimes. This reduces the need for
complex mechanical transmission systems such as gearboxes, reducing the points of critical

failure of the system.

8.2 Future Work

The future work of this thesis study would lead toward back-end engineering design and investigation
of suitable port facilities within South Africa. Suitable shipping vessels such as large barrages would
be needed to transport the floating offshore platforms together with the turbine components for offshore
assembly. The use of offshore subsea cables also needs to be investigated further concerning offshore
hybridized electrical grids consisting of high voltage alternating current (HVAC) and high voltage
direct current (HVDC) for the most optimum power transmission to onshore substations. The dynamic
power generation requires to be modelled and integrated with grid integration studies to understand the
influence of offshore transient power flow into the coastal electrical network. Many of the components
of the entire system have the capabilities to be locally produced in the country resulting in significant
economic value and decent job creation. This would be advantageous coupled with the onshore wind
network of artisans and technicians allowing for further skills development in the offshore wind power

market.
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