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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/m2 and 1000 

W/m2. 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 

accommodate 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 (5MW 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] 
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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. 
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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. 
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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: 

1. What is the offshore wind resource potential along South Africa (> 100 km offshore)? 

2. How far offshore would be acceptable for an offshore wind system? 

3. What is the resultant rotor torque and potential energy output? 

4. 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). 
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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. To utilize 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. 
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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. 
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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. 

2.1 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 Oil), [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 

 

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]. 

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%

-1.5% -0.3% 0.4% 1.4%% Change
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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 (PPAs), 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] 

 

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 

Region Country Installed Capacity [MW] No. of Turbines

Belgium 871.2 231

Finland 84.4 18

Denmark 1273.1 510

Germany 5342.3 1167

Ireland 25.2 7

Netherlands 1117.8 365

Sweden 191.2 79

UK 7347.8 1796

China 2409.9 676

Japan 41.3 22

South Korea 35 15

Taiwan 8 2

Vietnam 183.2 102

America United States 30 5

Europe

Asia
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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]. 

 
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 HAWTs, [38]. Researchers from Sandia 

laboratories have investigated the difference between HAWTs and VAWTs 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 HAWTs 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].  

2.5.1 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]. 

2.5.5 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].  

2.5.6 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 

2.7.1 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. 

2.7.2 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 accommodate 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 HVDC 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/m2 to a maximum 

of 1201 W/m2 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. 

Link to article: 

https://iaeme.com/MasterAdmin/Journal_uploads/IJMET/VOLUME_10_ISSUE_6/IJMET_10_06_00

6.pdf  
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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/2-67-1616049303-15IJMPERDAPR202115.pdf  
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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-

15IJMPERDDEC202115_Corrected_No_Formatting_08.12.2021.pdf  
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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. 

 

 

  



101 

 

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 𝑃𝑚 Mechanical Power 

𝐴𝑆 Surface Area of Turbine RPM Revolutions per Minute 

𝐴𝑇 Wind Tunnel Test Section Area T Torque 

𝐴𝜔 Swept Area VAWT Vertical Axis Wind Turbine 

B No. of Turbine Blades 𝑈𝑐 Corrected Wind Speed 

𝐵𝑓 Blockage Factor 𝑈𝑓 Wind Speed without Turbine 

𝐵𝑅 Blockage Ratio 𝑈𝑡 Wind Speed with Turbine 

c Blade chord length 𝑈∞ Freestream Wind Speed 

𝐶𝑃 Coefficient of Power σ Solidity Ratio 

D Turbine Diameter δ Helix Angle 

DC Direct Current ρ Density of Fluid 

H Turbine Height ω Rotational Speed 

𝑃𝑓 Power of the fluid ώ 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 (𝐴𝜔) 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. 

𝐴𝑅 = 
𝐻

2𝑅
 (1) 

Using a solidity ratio (𝜎) 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. 

𝜎 =  
𝐵𝑐

𝜋𝐷
 (2) 

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 (δ) 

was calculated to be 51.85°. 

ώ = 
𝐵𝐻

𝜋𝐷 tan𝛿
 (3) 

The tip speed ratio (λ) is the relationship of the turbine rotational speed (ω) in comparison to the fluid 

velocity (𝑉) 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. 

𝜆 =  
𝑅𝜔

𝑉
 (4) 

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

of the fluid, the wetted area (𝐴𝜔), the freestream fluid velocity (𝑈∞).  

𝑃𝑓 = 
1

2
𝜌𝐴𝜔𝑈∞

3 (5) 

The mechanical power (𝑃𝑚) 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. 

𝑃𝑚 =  𝑇𝜔 (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]. 

𝐶𝑃 = 
𝑃𝑚
𝑃𝑓

 (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 (𝐵𝑅) was needed to correct the 

freestream fluid velocity (𝑈∞) due to the effect of the projected surface area of the wind turbine (𝐴𝑆) 

impeding the wind flow through the wind tunnel test section (𝐴𝑇). The relationship is represented in 

Equation (8), [11].  

𝐵𝑅 = 
𝐴𝑆
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 𝐵𝑅 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 (λ) and coefficient of power (𝐶𝑃) as shown in Equation (4) and Equation (7) respectively by using 

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

𝐵𝑓 =
𝑈𝑡
𝑈𝑓

 (9) 

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

to the wind tunnel flow velocity without the turbine rotor (𝑈𝑓)  
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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 (𝜀𝑡) 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. 

𝑈𝑐 = 𝑈∞(1 + 𝜀𝑡) (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 (σ) 25 % 

No. of Blades (B) 4 

Blade Chord Length (c) 34.5 mm 

Blade Wrap (ώ) 100 % 

Helix Angle (δ) 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. 



110 

 

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/m3 

Mach Number 0.028 

Dynamic Viscosity 1.825 x 10-5 kg/ms 

Wind Speed 7.5 / 8 / 8.5 / 9 / 9.5 m/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]–

[7]. 

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 VAWTs 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 VAWTs 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 𝐶𝑃 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 λ of the 

turbine and conversely, higher solidity ratio, greater than 40 %, tend to increase the 𝐶𝑃 and decrease the 
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corresponding λ 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 (𝜋𝑟2) 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 (𝛾) 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: 

𝑃𝑟  =  
𝑃𝛾

𝑃𝛾0
 ≈  cos𝑃𝑝(𝛾) (1) 

The above equation approximates the power ratio (𝑃𝑟) which is the relationship between the yaw 

misaligned production (𝑃𝛾) and the yaw aligned production (𝑃𝛾0) which also may be modelled via 

utilising a cosine function. The variable 𝑃𝑝 varies however, research indicates that this is between 1.88 

< 𝑃𝑝 < 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 

𝛾 (°) 𝑃𝑟  =  cos
2(𝛾) 𝑃𝑟  = 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 m2. 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 =  
1

2
𝜌𝐴𝐶𝑃(𝜆, 𝛽)𝑣

3 (2) 

Where ρ 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 𝜆 and the blade pitch denoted by 𝛽. 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 (𝑣𝐶𝑢𝑡 𝑖𝑛) at an increased rate, with respect 

to increasing wind speed. Zone 3 is where the turbine operates at the rated wind speed (𝑣𝑅𝑎𝑡𝑒𝑑) 
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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 (𝑣𝐶𝑢𝑡 𝑜𝑓𝑓) 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 kW.  

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.  



126 

 

 

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 VAWTs. 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]: 

∆𝑈(𝑥) 

𝑈∞
 =  

1

2
 (1 − √1 − 

2𝐶𝑇

𝛽𝐹 + [
𝛿𝐹
𝐷⁄ ] 
) 

(3) 

Where 𝑈∞ is the freestream velocity of the incoming wind, 𝐶𝑇 is the thrust coefficient of the turbine, D 

is the turbine rotor diameter, ∆𝑈(𝑥) is the difference of the freestream velocity 𝑈∞ and 𝑈𝜑(𝑥), where 

𝑈𝜑(𝑥) is defined as the wake velocity that is in the streamwise direction of the turbine. Within the above 

equation the factor 𝛿𝐹 is taken as the expansion factor of the wake and 𝛽𝐹 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: 

𝛿𝐹  =  
1

2
 
(1 + √1 − 𝐶𝑇)

√1 − 𝐶𝑇
 (4) 

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: 

∆𝑈(𝑥) 

𝑈∞
 =  

1

2
 

(

 
 
1 − √1 − 

2𝐶𝑇

8 [𝜎
(𝑥)

𝐷⁄ ]
2

 
)

 
 
 × exp(− 

𝑟2

2 𝜎(𝑥)2
) (5) 

Where, within this representation of the distribution, 𝜎(𝑥) is the wake width that is assumed to expand 

linearly. The wake width is represented as follows: 

𝜎(𝑥)  = 𝑘(𝑥 − 𝑥𝑁𝑤) + 
𝐷
√8
⁄  (6) 
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Where 𝑘 is the expansion rate of the wake and 𝑥𝑁𝑤  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 𝐼𝑢. The function of 𝜎(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 =  0.38𝐼𝑢 + 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: 

∆𝑈(𝑥) 

𝑈∞
 =  𝐶𝑈(𝑥) × exp(− 

𝑦𝑛𝑦

2 𝜎𝑉𝑦
2) × exp(− 

𝑧𝑛𝑧

2 𝜎𝑉𝑧
2) (9) 

The function 𝐶𝑈(𝑥)  is defined below as follows: 

𝐶𝑈(𝑥)  =  

(

 
 
2𝛾−2 − √2

𝛾−2 − 
𝐶𝑇

8 𝜎𝑉𝑦
2
𝑛𝑦⁄
 𝜎𝑉𝑧

2
𝑛𝑧⁄  Γ (1 𝑛𝑦⁄ )  Γ (1 𝑛𝑧⁄ ) 

)

 
 

 (10) 

Where the function 𝐶𝑈(𝑥) represents the local scale velocity function of the wake in both planes and 

spatial lengths which account for exponents 𝑛𝑦 and 𝑛𝑧 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 𝜎𝑉𝑦 and 𝜎𝑉𝑧 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 (𝜉 =  𝐻 𝐷⁄ ) has a direct 

relationship with 𝜎𝑉𝑧 and both terms are shown below: 

𝜎𝑉𝑦 = 𝑘𝑉𝑦𝑥 + 𝜀𝑉𝑦 

(11) 

𝜎𝑉𝑧 = 𝑘𝑉𝑧
𝑥
𝜉⁄ + 𝜀𝑉𝑧 

Considering the that the initial wake width is equal and the terms 𝑛𝑦 and 𝑛𝑧 are the values where 𝑥 = 0 

as 𝜀𝑉𝑦 and 𝜀𝑉𝑧 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.  



131 

 

 

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 5 

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 7-12: Wind Farm Layout (a) Tight Spacing (b) Short Spacing (c) Large Spacing  
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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 

so 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) 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. 

b) 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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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 

c) 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. 

d) 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.  

e) 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.  

f) 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, 100 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 VAWTs 

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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APPENDIX A 

The following Appendix depicts the editing certificates from an accredited editor. The scope of the 

editing certificates includes language, layout and reference checks for the submitted journal article 

publications. 
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APPENDIX B 

Appendix B contains the Journal acceptance letters for the published journal articles for the respective 

chapters of the thesis. 

 

  
















