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Abstract 
 

Installing a turbine in a duct generally will increase the flow through the rotor. If there is flow 

confinement due to limited water depth, the presence of lateral boundaries, or the presence of 

adjacent turbines, a further flow enhancement through the rotor will be achieved. It appears there 

are no or limited studies on ducted turbines in a tidal farm. In recent times, a duct equipped with 

a flange (referred to as a wind-lens) has attracted extensive attention. Unlike the traditional early 

designs of ducted turbines that rely on increasing the area ratio between the inlet and duct exit 

diameters, it depends on creating a low backpressure region through a strong vortex formation 

behind its broad flange and hence, a substantial increase in the wind speed. Although wind-lens 

has demonstrated significant power augmentation, a vast majority of investigations on wind-lens 

designs are mainly based on several existing typical shapes. Therefore, the wind-lens design is 

still far from optimal. In addition, the power performance of ducted turbines in a tidal farm, as 

well as the interaction effects between adjacent ducted turbines, have not been investigated in 

detail before.  

The present study carried out a thorough analysis of the hydrodynamics of different flanged duct 

shapes (symmetric and asymmetric) for both uni-directional flow and bi-directional flows and 

hence proposed an optimum wind-lens design. The analysis was performed using data obtained 

from numerical and experimental modelling of flanged duct tidal turbines which were isolated or 

within an array. The numerical assessment employed an actuator disk representation of the rotor 

that provides an axial resistance to the flow, and thus models the extraction of linear momentum. 

And based on the proposed optimum flanged duct type (i.e., duct Type C) obtained from the 

numerical simulation, physical experiments were carried out in an open-channel recirculating 

water flume with a 1:200th scaled flanged duct tidal stream model representing a turbine of 

diameter 20𝑚 in a water depth of 44.4𝑚. Raw data sets were obtained using a Prony brake and a 

side-looking ADV. Analysis was presented in terms of power performance, wake velocity ratios 

and turbulence intensities. Conclusions were drawn from the comparisons of the power 

performance and interaction effects between flanged duct tidal turbines or the bare (non-duct) 

turbine in isolation or an array. 

The numerical results showed that a flanged duct turbine with an inlet-arc flap and a curved 

flange can achieve a maximum value of 𝐶𝑃
∗ (duct area-based power coefficient) close to the Betz-
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Joukowsky limit (BJL) for flow from either direction while the symmetric duct turbine showed a 

maximum 𝐶𝑃
∗ of about 60% of the BJL. The effect of flow confinement on 𝐶𝑃

∗ showed 𝐶𝑃
∗ 

increases with blockage ratio, 𝜖 and the ratio of the peak power coefficient of ducted turbine over 

the peak power coefficient of bare turbine varies slightly with the blockage ratio.  

The experimental results showed that ducted turbines generate higher power per rotor unit area 

instead of duct area. The power coefficient obtained for the flanged duct turbines was within the 

range of a 200 kW OpenHydro demonstrator device i.e., about 0.3 with a 2.5𝑚/𝑠 rated flow 

speed. Results were qualitatively similar to the numerical results. The results further revealed 

that a second turbine axially installed 10 rotor diameters from an upstream turbine 

underperformed for each of the individual devices. A reduction of about 20% for the bare turbine 

and about 25% for the ducted turbines compared to the corresponding upstream turbine. The 

ducted turbines still performed better than the bare turbine in terms of the peak power 

coefficient.  The power reduction implies that the performance of the second turbine mainly 

depends on the axial distance between the turbines for the in-line configuration considered. 

Therefore, power reduction in this region can be improved if the turbines are placed apart such 

that they are minimally affected by the wakes from the turbines directly upstream. 

For all devices, the experimental investigation showed that the velocity of incoming flow 

decreases while the corresponding streamwise turbulence intensity increases as the flow passes 

through the turbine. The decreasing range of wake velocities and the increasing range of 

turbulence intensities were both the largest for the ducted turbines and the lowest for the bare 

turbine. However, all devices showed monotonically increasing and decreasing trends for the 

variations of wake velocities and turbulence intensities with increasing axial distance. Across the 

axial distance downstream, the bare turbine absorbed lesser energy from flow and exerted 

smaller effects on its wake than the ducted turbines. 

 

For all devices, the wake gradually recovered up until the recovery of flow was detected at about 

13 and 20 rotor diameters downstream for bare and ducted turbines respectively. The turbulence 

intensities at those respective axial distances were slightly smaller than that at the inflow 

boundary. This finding is comparable to previous studies that downstream spacing could be in 

the order of 15-20 rotor diameters. The velocity ratio profile in the bare rotor wake compared 

well with published data from a recirculating water flume/channel and the spread in data was 
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identified to be due to the differences in the range of turbulence intensities, blockage ratio (thus, 

variations in the thrust) and turbine model. 

 

For the two in-line turbines, the downstream bare turbine recovered faster than the downstream 

ducted turbines. At 24 rotor diameters downstream and beyond, the velocity ratio of the 

downstream bare turbine was very close to that of the isolated one (correspondingly at 15 rotor 

diameters downstream and beyond). At these distances, the second downstream turbine operated 

as if it was in isolation. For the ducted turbines, unlike in the isolated case, the wake flow ratio 

persisted beyond 30 rotor diameters downstream for the two ducted turbine arrangements with 

the turbulence intensity slightly less than the upstream conditions. However, the peak power 

coefficients of the downstream ducted turbines were still higher than that of the downstream bare 

turbine. Therefore, the deployment of additional ducted turbines in a tidal farm may have an 

advantage. Although, the precise economic estimates of energy cost are unavailable at the 

present state of development. 

 

The originality of this study is that it is the first to experimentally explore duct performance and 

far wake characteristics of flanged duct turbines with the in-line arrangement, and with the 

optimal shape of the duct determined by numerical simulations. Thus, this study has provided a 

comprehensive set of experimental data to the research community that will guide the course of 

future marine current turbine research and for validating theoretical and numerical methods. It is 

envisioned that the efficient and cost-effective deployment of full-scale tidal farms solely 

depends on the progress in finding optimum duct shape (or size), blade design, and turbine array 

layout. 
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CHAPTER ONE 

Introduction 
 

This chapter gives an insight into the purpose of undergoing this research by presenting the 

background of this study, existing tidal turbine concepts, significance, and values of this study 

alongside the research objectives and scope. Also presented is the outline of the flow structure of 

the thesis followed by a summary of the keynotes of this chapter.  

 

1.1 Background 

 

Humanity and its environment are endangered by extreme weather events such as droughts, 

typhoons, and hurricanes, resulting from rapidly changing climatic conditions. These drastic 

changes in climatic conditions are because of man-made influences leading to an increase in the 

level of emissions of greenhouse gas (GHG) such as carbon dioxide, methane, and nitrogen 

oxides. 

In 2015, a landmark agreement was reached among 194 countries in Paris on efforts to combat 

climate change. The agreement aims to provide finance, technology, and capacity-building 

support to all parties. It also proscribed that parties shall submit periodic updates of their 

nationally determined contribution (NDC) to know their progress and support needs and future 

plans. Although to this date, only 189 parties have ratified this convention (UNFCCC, 2020). 

Among the GHGs, CO2 has the largest global portion of contributions to the greenhouse effect 

with 65 per cent originating from fossil fuel and industrial processes as seen in Figure 1.1 and 

one of the main targets of the Paris agreement is long-term CO2 emission reduction. Figures 1.1 

and 1.2 show GHG emissions by gas and economic sector based on global emissions from 2010 

respectively.  

The electricity and heat production sector represents the largest sole source contributor to GHG 

emissions contributing to about one-quarter of the global GHG emissions (Figure 1.2) and 

primarily involves the burning of fossil fuels.  
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 Figure 1.1. Global greenhouse emission by gas (IPCC, 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.2. Global greenhouse emission by economic sector (IPCC, 2014). 

 

On the other hand, the fuel energy price rose by 2 per cent in 2017 compared to the previous year 

according to International Energy Agency, IEA (2018) with a 1.4 per cent increase in global 

energy-related carbon dioxide emissions in 2017 (REN21, 2018). This is worrying news for the 

climate goal of 2030. Therefore, to eliminate the dependency on fossil fuels, future climatic 

changes and associated nasty environmental impacts, a global zero-carbon solution (clean 
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energy) is sought for. Thus, research motivations are high for exploring the future economy of 

clean energy production and to provide a clean and sustainable system. This has led to a 

significant global investment in renewable power amounting to USD279.8billion in 2017, a 2 per 

cent increment over the previous year (REN21, 2018).  

 

Figure 1.3. 2016 world gross electricity production by source (IEA, 2018). 

 

In terms of renewable capacity additions in 2017, solar Photovoltaics (PV) accounted for nearly 

55 per cent followed by 29 per cent wind power and 11 per cent hydropower. These capacity 

additions grew most notably in Asia accounting for about three-quarters of the global solar PV 

additions and slightly less than half of global wind power additions, with China leading the race 

(REN21, 2018). But investment in the first half of 2018 saw wind power go up by 33 per cent at 

USD57.2billion while solar PV went down 19 per cent compared to the first half of the previous 

year (Bloomberg, 2018a). 

Despite the rapid expansion in renewable energy capacity and output, especially in solar PV, 

wind and hydropower, combustible fuels still account for 67.4 per cent of world gross electricity 

generation (Fig. 1.3) as reported by IEA (2018). In Hong Kong, the total GHG emission accrued 

to 40.6 million tonnes of carbon dioxide in 2018 which is about 0.5 per cent increment over the 

previous year, while population growth over the same period amounts to about 0.8 per cent 

(Environmental Protection Department, 2020). The primary reason for significant fossil fuel 

reliance in global electricity generation is the modest rise in the continued growth in global 

energy demand that is, continuous economic and population growth, thus poses a threat to 

meeting our daily thirst for energy in a clean and sustainable system. 
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Among the resources of clean energy, wind resource seems to be the central player at present in 

the transition to a cleaner future as it has received a greater portion of investments over the 

decades and to hasten the need to meet energy supply security and international emission targets 

of 2030, alternative clean energy resources such as solar, hydropower, tidal, geothermal etc. must 

play an intermittent role. As a result, there has been an increased interest in the exploitation of 

the future economic and predictability of renewable resources for the generation of power. One 

of the highly predictable, notwithstanding variable intensity, renewable resources that have 

attracted immense attention is tidal power which is a consequence of the gravitational effects of 

the rotational motion of the moon and the sun with respect to the earth (Bahaj, 2013). According 

to REN21(2018) report, the year 2017 saw optimism prevailed in the industry and developmental 

efforts channelled towards ocean energy especially tidal stream and wave energy in a bid to 

bringing it closer to commercialization with a promise of greater production scale and cost 

reduction. 

 

1.2 Tidal Turbine Concepts 

 

In the following sections, methods of harvesting tidal energy are discussed followed by the 

classification of tidal turbine configurations with examples. 

  

1.2.1 Extraction Methods 

 

The existing methods of extracting tidal energy are classified into two: by harvesting the energy 

from a tidal reservoir built behind a barrage or by direct extraction from a tidal stream. The 

former method involves the construction of a low dam across a bay or estuary such as the La 

Ranch scheme (Frau, 1993). The potential energy generated behind this dam as a result of tidal 

variations of the ebb and flood is converted into electricity as the flow exit the barrage. This 

method is the same as the conventional hydropower plant except that tidal currents flow is 

bidirectional. However, the cost of construction of dams, the environmental and ecological 

impacts remain major developmental mitigating factors to be resolved in tidal barrage 

technology (Rourke et al., 2010; REN21, 2018). Nevertheless, its availability and reliability with 

excellent potential give it a notch over other renewable energy technologies. 
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The latter method mimics the wind turbine technology except that water currents flow across 

hydrofoils to generate a torque that drives the generator from where power is transmitted to the 

land through cables. Although water is much denser than air with a relatively low flow rate, a 

typical water flow speed of 2-3𝑚/𝑠 is considered practically significant and economically viable 

for tidal energy extraction. Tidal stream turbine also referred to as the marine current turbine 

(MCT) is still in an early stage of development compared to other renewable sources and as 

mentioned earlier, its working principle is like those developed for converting wind energy, with 

the three-bladed horizontal-axis turbine (ducted or non-ducted) predominantly adopted. It is 

envisioned that the rapid maturity gained in wind technology can make a significant impact in a 

marine application and maybe design ideas that failed in the wind market may be better suited in 

the marine application too. Thus, developers continue to investigate a broad range of different 

technologies to achieve successful deployment of full-scale tidal farms (Rourke et al., 2010). 

According to IEA, tidal energy is theoretically estimated to be up to 1200 terawatt-hours (TWh) 

of electricity potential while Eurobarometer (2006) reported an estimate of 300GW (excluding 

offshore wind) by 2050 saving 500million tonnes of CO2 emissions with the creation of 680,000 

direct jobs. Today, there is almost 4.3MW of commercialized tidal stream installed capacity with 

the largest two plants located in South Korea – the Uldolmok Tidal Power Station and Northern 

Ireland– MCT’s SeaGen (Council, 2016). In early 2017, Scotland’s MeyGen Tidal Stream 

Energy completed the first phase of her 6MW horizontal-axis turbine. Also, Nova Innovation 

installed a third 100KW direct-driven turbine in Shetland, Scotland claimed to be the world’s 

first grid-connected tidal array (REN21, 2018). 

 

1.2.2 Tidal Stream Generation 

 

Marine energy technology developers are exploiting different types of tidal turbine 

configurations. There are 94 tidal device developers listed by the European Marine Energy 

Center (2017a) (EMEC) as the time of writing this report. The United Kingdom continues to lead 

the pathway in researching generation technologies and developing conceptual tidal project 

designs. The tidal stream devices are akin to underwater wind farms and at present, the European 

Marine Energy Center (2017b) has identified six main configurations; namely: horizontal axis 

turbine, vertical axis turbine, oscillating (or reciprocating) hydrofoil, enclosed tips (venture), 
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Archimedes screw and tidal kite. Among these configurations, the first three are more well-

developed types of technology and are illustrated in Fig. 1.4. 

 

 

 

 

 

 

 

 

Figure 1.4. Tidal turbine configurations (a) vertical crossflow turbine (b) horizontal axial- 

flow turbine (c) oscillating hydrofoil (Entec UK Ltd, 2007). 

 

The reciprocating hydrofoil uses a hydrofoil attached to a lever arm to cause a lift on either side 

of the lever as the tidal current flows over the hydrofoil. This resulting up and down movement is 

then used to drive a rotating shaft, either mechanically or by using hydraulics to generate 

electricity. Examples include an oscillating hydrofoil operated by Pulse Tidal in the Humber 

estuary (Don, 2009) and a Stingray project by Engineering Business Ltd (2005). 

In the case of crossflow turbines, energy is extracted from water flows perpendicular to their axis 

and can be deployed vertically or horizontally depending on the position of the turbine axial 

plane relative to the flow direction. It is also referred to as the Darrius turbine concept. Examples 

include a ducted vertical turbine developed by Blue Energy International (2018), Kobold turbine 

(vertical axis) by Ponte di Archimedes International S.P.A (2018), vertical axis turbine (floating) 

by Edinburgh Design Ltd (Entec UK Ltd, 2007), Gorlov turbine by GCK technology (Gorlov, 

1995) and the horizontal axis device developed by Ocean Renewable Power Company (2018) 

called TidGen. 
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Figure 1.5. R&D effort for tidal technologies tested at full-scale (Magagna et al., 2016). 

 

 

The axial-flow turbines mimic wind turbines to extract energy, but this time from moving water. 

The tidal stream forces the turbine mounted on a horizontal axis to rotate thereby generating 

power and in the year 2016, it accounted for about three-quarters of the tidal turbine devices 

tested (Fig. 1.5). Examples include the world’s largest tidal stream turbine (1.2MW) developed 

in 2008 by Marine Current Turbine Ltd (2018) in Strangford Lough, Northern Ireland, Atlantis 

Resources Cooperation AR 1000 tidal turbine tested at European Marine Energy Center (2018c) 

between 2011 and 2012, and Voith hydro’s 1MW plant (Voith Hydropower, 2018). 

The freestream axial-flow devices, where the rotor is placed directly in the tidal stream, are this 

far reminded in the forefront of marine energy technology development. Water being 800 times 

the density of air means that the blades will turn at a slower rate in water relative to the air, a 

similar power is generated as it is proportional to the density of the fluid and the cube of 

velocity. Therefore, to augment flow and power output in axial-flow turbines ducted turbines 

have been proposed and have since gained support from tidal device developers. This support is 

most likely stemming from the significant improvement in the performance of ducted horizontal 

axis turbines in wind technology (Van Bussel, 2007). Also, the question of justification of 

balance in the cost of additional material relative to performance improvement for ducted tidal 

stream devices remains unravelled. Nevertheless, owing to uncommon advantages associated 

with such device: directionality of flow, blade-tip protection, and deployable in low-speed sites, 
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to quantify the effect of the duct on the power production of uni-directional and bi-directional 

turbine concepts as it relates to tidal streams forms the basis of this present study. 

 

1.3 Thesis Objectives and Scope 

 

Mitigation (2011) reported that horizontal axis tidal turbines are likely to follow a similar 

development path to wind turbines, where larger capacity turbines will be deployed depending 

on the progress in finding optimum duct shape (or size), blade design, and turbine array layout. 

In recent times, a duct equipped with a flange (referred to as a wind-lens) has attracted extensive 

attention. Unlike the traditional early designs of ducted turbines that rely on increasing the area 

ratio between the inlet and duct exit diameters, it depends on creating a low backpressure region 

through a strong vortex formation behind its broad flange and hence, a substantial increase in the 

wind speed. Although wind-lens has demonstrated significant power augmentation, a vast 

majority of investigations on wind-lens designs are mainly based on several existing 

conventional shapes. Therefore, the wind-lens design is still far from optimal. Many numerical 

and experimental data exist for wake characteristics of a single tidal stream rotor (non-ducted), 

however, it appears that the power performance of ducted turbines in a tidal farm, as well as the 

interaction effects between adjacent ducted turbines, have not been investigated in detail before. 

Hence, there are no or limited data available concerning the performance and wake 

characteristics of ducted tidal turbines within an array. It has also been demonstrated for a bare 

turbine that the performance of downstream turbines declines if it is subjected to the wake of the 

upstream turbine (Myers & Bahaj, 2012) and a higher upstream ambient turbulence tends to 

reduce the wake influence length (Maganga et al., 2010; Mycek et al., 2014). Thus, this study 

places emphasis on flanged duct turbines in bi-directional tidal flows. The main objective of this 

research is to investigate the hydrodynamics and wake structure of single row and two axially 

aligned flanged duct turbines in a bi-directional flow numerically and experimentally.  

 

For the numerical aspect, several carefully designed flanged duct tidal turbines with different 

duct shapes (symmetric and asymmetric) for both uni-directional flow and bi-directional flow 

will be investigated for power augmentation and hence propose an optimum design. The 

assessment is carried out using the computational fluid dynamics (CFD) tool- Open-Source Field 

Operation and Manipulation (OpenFOAM). Further analysis to address the influence of blockage 
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ratio (𝜖), where  𝜖 = 𝐴/𝐴𝑐 (𝐴 and 𝐴𝑐 are the rotor area and the approaching flow cross-sectional 

area respectively) on the performance of the ducted tidal turbine would be explored.  

 

In the experimental investigations, we note that the wake characteristics associated with ducted 

tidal stream devices are seldom investigated. Here, we aim to experimentally examine in detail 

the interaction effects between the flanged duct and non-ducted marine current turbines in terms 

of performance and wake characterisation using the optimum duct design obtained from the 

numerical aspect of this research. Wake mapping is represented in terms of the centerline, lateral 

(crossflow), and vertical profiles of flow ratios and streamwise turbulence intensity. The wake 

measurements include downstream locations up to 20 and 30 rotor diameters for the single row 

and two in-line turbine arrays respectively since a thorough understanding of wake evolution is 

essential in developing efficient and robust tidal farm design. The first part of the experiment 

was dedicated to investigating the performance and wake characterisation of single (non-ducted) 

and flanged duct turbines. The performance and wake characterisation in reversed flow is also 

examined. In the second part, we considered two axially aligned configurations for each of the 

cases considered in the first part with a longitudinal spacing of 10 times the diameter (𝐷𝑡) from 

the upstream turbine. Conclusions are drawn from the performance and interaction effects 

between two in-line marine current turbines compared to the results obtained from the cases of 

isolated turbines. 

 

1.4 Significance and Value of the Study  

 

Marine energy technology designs and development approaches are still in early-stage and the 

need to devise efficient and cost-effective tidal stream converters that will cope with the varying 

flow conditions of ocean energy remains a challenge to tidal developers. Computational fluid 

dynamics (CFD) validated with experimental data remains a very useful tool to help predict and 

provide vital information for community-scale tidal project design search and optimisation that 

will be used in the future by developers (Blanco Ilzarbe & Teixeira, 2009). Thus, this study will 

not only boost knowledge and confidence in tidal ducted turbine designs and performance but 

also contribute to global warming. Also, the novelty of this research is that it is the first to 

experimentally examine ducted tidal stream converters in isolation and within an array in terms 

of power augmentation and wake characterisation as it has been identified to be critical to 
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trimming cost down (Goltenbott et al., 2017; Marine Renewables Canada, 2018). Overall, a 

valuable set of experimental data set is produced for the research community which provide 

useful design information that will guide the course of future marine current turbine research and 

for validating theoretical and numerical methods. 

 

1.5 Thesis Outline 

 

This section presents the flow structure (Fig. 1.6) of this thesis report: 

Chapter two introduces the ducted turbine and its mechanism. This is followed by a discussion of 

industrial proposed ducted tidal devices and a compressive review on ducted axial flow for both 

wind and tidal currents.  

 

Chapter three presents a detailed numerical methodology employed in turbine modelling and an 

overview of the CFD tool used in this present study- OpenFOAM. Also, the descriptions of open 

channel flow and assumptions for modelling free surface effect for tidal turbine are discussed. 

 

Chapters four discusses numerical model setup and validations followed by analysing all 

numerical data generated for several flange duct devices considered in the present study. 

 

Chapters five introduces the experimental design and set-up of the model turbines used across all 

experiments. Test facility characteristics and array configurations tested as well as the flow 

measurement equipment, ADV and analysis procedure are outlined. Wake mapping is 

represented in terms of velocity ratios and turbulence intensity.   

 

Chapter six analyzes and discusses experimental results following the procedures previously 

outlined in chapter four. 

 

Chapter seven outlines conclusions on information gained from the findings, and 

recommendations for future work. 
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1.6 Chapter Summary 

 

This chapter elaborated on the threat posed by greenhouse gases (GHG) emissions and efforts 

made so far to combat climate change since the Paris agreement in 2015 to foster the exploration 

of clean energy productions and technologies among member states. The optimism and industrial 

developmental efforts gained since 2017 were highlighted as tidal and wave energy show 

promising signs to come in on commercialization. It is followed by providing detailed tidal 

turbine concepts and innovations in marine energy technology embarked by developers. The 

ducted tidal turbine was then introduced as the focus of this present study owing to its 

availability and predictability. Also, the significance of the study, key research objective and 

thesis scoped were emphasized. The next chapter provides a comprehensive review of ducted 

turbines as proposed by developers and analyses of relevant research on axial flow ducted 

turbines both unidirectional and bidirectional in the wind and tidal technologies. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. Overall flowchart of the thesis.  



 

12 
 

CHAPTER TWO 

 Literature Review 
 

With the aim to reduce the human-induced climate change effect and the consideration of a rapid 

increase in energy price, research on clean energy production is actively promoted. As 

previously stated, global investment in renewable energy in 2017 was USD279.8 billion, a 2 per 

cent increase over the previous year (REN21, 2018). Although wind energy is still the major 

source of clean energy, water flow energy (tidal energy and wave energy) has received attention, 

and efforts have been put into its commercialization (REN21, 2018). Turbines have been 

developed a long time ago and are mainly used to extract wind energy. According to Okulov and 

Van Kuik (2012), the analytical study of turbine performance can be traced to Betz and 

Joukowsky in 1920. One remarkable solution of Betz-Joukowsky limit (BJL) theory is that the 

maximum amount of power that can be extracted from the fluid flowing through the turbine is 

𝐶𝑝 = 16 27⁄  of the total available flow power, where 𝐶𝑝 is called the power coefficient. To 

increase the value of 𝐶𝑝, the concept of a ducted turbine has emerged in the past several decades.  

 

2.1 Ducted Turbines 

The concept of ducted turbines (or diffuser-augmented) is the most commercially viable 

approach to increasing power output from a smaller diameter turbine. In this design, the turbine 

is placed inside a duct and the rationale behind consolidating a duct is to compel a convergence 

of fluid flow into the duct thereby creating strong vortices behind the duct resulting in a low-

pressure locale and consequently more stream into the duct. This concept has been studied for 

many decades, even though no commercially successful designs have been developed to date 

(Sivasegaram, 1986; Van Bussel, 2007).  Ducts proposed for wind and tidal turbines are 

basically of two types: unidirectional and bidirectional ducts (diffusers). Both induce increased 

mass flow rate either at the duct’s inlet (unidirectional) or at the throat of the duct where the rotor 

is positioned (bidirectional).  
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2.2 Diffuser Augmentation Mechanism 

Power augmentation well-developed devices can be categories into ducted augmentation, tip-

vane, and vortex augmentation systems. Others include obstruction type, wind deflection and 

vortex screw augmentation systems. The axial-flow turbines are well suited to all these power 

augmentation systems. 

 

 

 

 

 

(a)             (b) 

 

Figure 2.1. (a) Traditional wind energy extraction process (b) diffuser augmentation wind 

energy extraction process (Van Bussel, 1998).   

 

The basic mechanism for power augmentation is to achieve mass flow enhancement. This is 

triggered either by increasing the mass flux through the wind turbine or by promoting wake 

interaction behind the rotor. Figure 2.1a depicts the mechanism for an increase in mass flux 

resulting from the exertion of a perpendicular force on the approaching fluid due to the presence 

of a duct around the rotor but absent in the energy harness process in the traditional bare turbine 

(Fig. 2.1a). By virtue of Newton’s third law, an opposite force will be exerted by the fluid in an 

attempt to establish equilibrium, which is only possible if more fluid is forced through the duct. 

Consequently, the outward radial forces widen the streamtube downstream of the rotor with an 

increase in mass flow through the turbine. This implies a greater power output as power is 

proportional to the cube of flow velocity than that of traditional bare turbines with the same rotor 

diameter. 

On the other hand, an explanation has been provided from the perspective of vorticity bound 

(Vries, 1979). Here the duct generates inward radial forces as the fluid inside it accelerates. 

These inward radial forces correspond to a ring of vortex distribution around the rotor plane. As 
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the bound vorticity confined within the vicinity of the rotor increases, it causes a higher mass 

flow through the turbine.  

In the wake interaction with the external flow, a greatly reduced pressure region compared to the 

undisturbed free stream flow is created behind the rotor called the wake region. On recovering 

the exhausted kinetic energy behind the rotor by the mixing of the wake flow with the 

undisturbed free stream flow, more mass flow is caused to flow through the ducted augmented 

turbine (Fig. 2.1b). Diffuser horizontal axis wind turbine inherited these dual benefits in 

enhancing mass flow rate (hence, power augmentation) and remains the most actively 

investigated concept over the past decades (Van Bussel, 2007).  However, the BJL curbs the 

theoretical maximum power extracted from the fluid to about 60 per cent for a single actuator 

disk. The BJL, nevertheless,  has been demonstrated by some researchers (Igra, 1976 &1981; 

Hansen et al., 2000; Abe et al., 2005) to be exceeded with the introduction of duct to generate 

significant suction at the duct exit as long as a significant sub-atmospheric pressure at the duct 

exit and a large pressure recovery within the diffuser is maintained (Gilbert et al., 1978); 

implying prevention of flow separation in the diffuser (or diffuser stall) due to adverse pressure 

gradients. The demonstrations of performance gain in relation to that of a bare turbine have been 

questioned as the vast majority of the works used rotor area as the reference area instead of the 

outer area of the duct as the reference area, as well as the neglect of the effect of the blockage 

ratio(𝜖), specifically in tidal turbines. 

Therefore, the optimal geometric shape for ducted turbine performance and their economic 

benefit remains unclear. As a result, ducts of different geometries are continued to be 

investigated in the search for a suitable duct shape that may prove to be competitive to the cost of 

energy thereby making them commercially viable (Van Bussel, 2007).   

 

2.3 Industrial Ducted Tidal Turbines  

As previously stated, the idea of ducted turbines has been extended in the context of tidal power 

generation probably inspired by the significant innovations in the performance of ducted 

horizontal axis turbines in wind turbine technology (Van Bussel, 2007). Detailed information on 

these devices from developers is not readily made available to the public domain while some 
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information is released through other channels. In what follows, a brief overview of some 

bidirectional and unidirectional ducted tidal devices developed in the industry is presented.  

 

2.3.1 Rotech Tidal Turbine (RTT) 

 

Rotech Tidal Turbine (RTT) is a 1MW horizontal axial-flow tidal turbine developed by Lunar 

Energy Tidal Power (2006) located in the United Kingdom. The key feature is the bidirectional 

duct that encloses the rotor which accelerates tidal flows thereby increasing energy extracted 

from the rotor. Developers claim that this key feature helps it to avert the need for a pitch or yaw 

control making it simple to design and less expensive. Structurally, it comprises a gravity 

foundation, hydraulic motor, generator with the duct length and diameter 19.2m and 15m 

respectively (Fig. 2.2). In 2004, a one-twentieth model was tested, but installation methodology 

was redesign in 2011with a target of 2.4MW turbine. 

 

 

 

 

 

 

 

 

Figure 2.2. Rotech Tidal Turbine (Lunar Energy Tidal Power, 2006). 

 

2.3.2 Solon Tidal Turbine 

 

This is a 500KW rated horizontal-axis bidirectional device developed in 2006 by Atlantis 

Resources Corporation(2018) based in Singapore. It is similar to the device developed by Lunar 

Energy Tidal Power but without an aperture at its centre (Fig. 2.3). It was successfully tested in 

August 2008, and in the early 2010s, the company discontinued the Solon Tidal Turbine project 

to focus on freestream (non-ducted) tidal turbines citing financial crisis as their reason. 
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Figure 2.3. Solon Tidal Turbine (Atlantis Resources Corporation, 2018). 

 

Atlantis Resources Corporation recent projects include: a successful deployment of  AR1000, a 

1MW freestream horizontal axial-flow turbine with fixed pitch blades and commissioned at 

European Marine Energy Center(2018d) in 2011, installation of AR1000 on (China Energy 

Conservation and Environmental Protection) CECEP’s Daishan demonstration site in China in 

2014 and according to World Energy Council (2016) report, Atlantis Resources Corporation 

acquired MCT and SeaGen Ltd in 2015, and in collaboration with Lockheed Martin, started and 

installed AR1500 project in Pentland Firth, Scotland and the Bay of Fundy, Canada in Summer 

of 2016. 

 

2.3.3 Open-Center Tidal Turbine 

 

The Ireland based OpenHydro Ltd (2018) developed the 250KW-1MW Open-Center Tidal 

Turbine and installed it at EMEC in 2006. The center section of the rotor is open and fixed to the 

seabed with a tripod gravity foundation, but the enclosure was designed to house the generator 

parts unlike RTT (Fig. 2.4).  It is the first tidal current energy company to connect to the United 

Kingdom national grid and start electricity generation. In 2013, it was acquired by DCNS and 

ongoing installations include a 4MW Cape Sharp project in the Bay of Fundy, Canada that will 

incorporate two 2MW OpenHydro turbines and the Raz Blanchard 5.6MW 4 device project 

(World Energy Council, 2016). However, in July 2018, EMEC announced the decision by Naval 

Energies to liquidate OpenHydro. 
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Figure 2.4. Open-center Tidal Turbine (OpenHydro Ltd, 2018). 

 

2.3.4 Clean Current Tidal Turbine 

 

In 2006, Clean Current Power Systems Incorporation (2013) installed a 65KW bidirectional 

horizontal axis rotor enclosed by a diffusing duct similar to an OpenHydro device at the Race 

Rocks ecological station, British Columbus, Canada (Fig. 2.5). And with the combination of 

solar and battery systems, it became the first completed marine renewable energy system to 

displace diesel on the island. However, due to the poor performance of its water-lubricated 

bearing system, it was removed and reinstalled in 2008. Then, in June 2015 it exited the 

hydrokinetic industry (Bloomberg, 2018b). 

 

 

 

 

 

 

 

Figure 2.5. Clean Current Tidal Turbine (Clean Current Power Systems Incorporation, 

2013). 

 

2.3.5 Hydro Helix Tidal Turbine 

 

This project was developed by the French-based company-HydroHelix Energies (2014) and 

designed like Lunar RTT except that it is pre-oriented to face the tidal currents (unidirectional).  
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It consists of a 200KW turbine while the expected tidal energy unit is an average of 1MW (Fig. 

2.6). 

 

 

 

 

 

 

 

Figure 2.6. Hydro Helix Tidal Turbine (HydroHelix Energies, 2014).    

    

2.3.6 SeaUrchin Vortex Reaction Turbine 

 

This is a scalable ocean, tidal or river turbine (2KW-1MW), designed dissimilar to the 

conventional wind turbine designs by Elemental Energy Technologies (2017) in conjunction 

with RPC Technology (Fig. 2.7). The developers claim that it is a 3rd generation self-aligning 

turbine that can be optimized to operate at a low flow rate (about 1.5𝑚/𝑠) making it deployable 

in the greatest range of locations around the world. Between 2011 and 2012, 2KW micro 

SeaUrchin was successfully tested in Australia, Pune and India. A feasibility study has also been 

completed for the 1MW utility-scale turbine. Elemental Energy Technologies is now pursuing a 

completely new turbine design, the Maco. 

 

 

 

 

 

 

 

Figure 2.7. SeaUrchin Vortex Reaction Turbine (Elemental Energy Technologies, 2017). 
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2.3.7 MEGAWATTBlue  

 

Guinard Energies (2017) are developing river and tidal ducted unidirectional hydrokinetic 

turbines. MEGAWATTBlue technology is declined in a range of turbines from 66 cm (2.5KW) 

to 8 m (1MW) rotor diameter. It carried out demonstrations of its P66 (3.5KW) tidal turbine (Fig. 

2.8) in Brest harbour in 2017. The provider claimed that with the hybrid renewable production 

system- P66, photovoltaic and battery electricity will be provided to the non-interconnected areas 

(islands). P66 was recently exhibited at the International Conference on Ocean Energy held in 

June 2018 at Cherbourg. At present, the construction of the P154 (20KW) turbine is underway 

and is planned to be installed at the end of 2018 in French Brittany. 

 

 

 

 

 

 

Figure 2.8. MEGAWATTBlue (Guinard Energies, 2017).    

 

 

2.3.8 Underwater Electric Kite 

 

This unidirectional hydrokinetic turbine (Fig. 2.9) is developed by UEK Corporation (2014). No 

further information is released to the public domain. 

 

 

 

 

 

 

Figure 2.9. Underwater Electric Kite (UEK Corporation, 2014).                 
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Table 2.1. Summary of ducted tidal turbines from developers. 

Country Project Developer Rotor 

Configuration 

Capacity Status         Other News 

United 

Kingdom 

Rotech 

Tidal 

Turbine 

Lunar Energy 

Ltd 

Horizontal Axis 

(Bidirectional) 
1MW 

• 1/20th model 

tested in 2004 

• 2.4MW planned 

for 2011 

• No updates 

Singapore 
Solon Tidal 

Turbine 

Atlantis 

Corporation 

Horizontal Axis 

(Bidirectional) 
500KW 

• 500KW tested in 

2008 

• Solon project 

suspended in the early 

2010s 

• Now developing free 

stream tidal turbines 

• AR1000 commissioned 

in 2011 at EMEC and 

demonstration in 

CECEP’s Daishan, 

China in 2014 

• Acquired MCT and 

SeaGen Ltd in 2015 

• AR1500 installed in 

Pentland Firth and the 

Bay of Fundy in 2016 

United 

Kingdom  

Open-

Center 

Tidal 

Turbine 

OpenHydro 

Ltd 

Horizontal Axis 

(Bidirectional) 

250KW –  

1MW 

• 250KW tested 

and installed at 

EMEC in 

2006/2007 

• Acquired by DCNS in 

2013 

• 4MW Cape Sharp and 

5.6MW 4 device Raz 

Blanchard projects 

(underway) 

• Liquidated in 2018 as 

announced by EMEC 

Canada 

Clean 

Current 

Tidal 

Turbine 

Clean Current 

Power 

Systems 

Incorporation 

Horizontal Axis 

(Bidirectional) 
65KW 

• Installed in 2006 

• Removed and 

later reinstalled 

in 2008 

• Exited hydrokinetic 

industry in 2015 

France 
Hydro 

Helix  

HydroHelix 

Energies Ltd 

Horizontal Axis 

(unidirectional) 

250KW – 

1MW 
• No information • No update 

Australia 

SeaUrchin 

Vortex 

Reaction 

Turbine 

Elementary 

Energy 

Technologies 

Ltd 

Horizontal Axis 

(unidirectional) 

2KW – 

1MW 

• 2KW tested in 

Australia, Pune 

and India 

between 2011 

and 2012 

• 1MW feasibility 

study completed  

• Now developing a new 

turbine design called 

Maco from 2013 

France  
MEGAWA

TTBlue 

Guinard 

Energies 

Ltd 

Horizontal Axis 

(unidirectional) 

• 3.5KW 

(P66) 

• 20KW 

(P154) 

 

 

• 3.5 KW tested 

in 2017 

• 20 KW 

underway 

 

 

• 20KW demonstration 

planned for the end of 

2018 

United 

Kingdom 

Underwater 

Electric 

Kite 

 

UEK 

Corporation 

Horizontal Axis 

(unidirectional) 
• Not 

known 
• Not known • Not known 
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2.4 Research Studies on Ducted Turbine  

Many studies have investigated the claimed superiority of diffuser-augmented turbines to extract 

an increased amount of power over bare turbines by developers. Although some research 

demonstrated diffuser enhancement in turbine performance especially for unidirectional ducted 

turbines (unlike bidirectional ducts), no diffuser-augmented turbine has been proven to be 

commercially viable to this present date. 

In the next three sections, analytical frame, analyses of diffuser-augmented turbines of wind and 

tidal studies are presented. 

 

2.4.1 Analytical Framework 

 

One of the pioneers to acknowledge the potentials associated with diffuser-augmented wind 

turbines was Betz and Joukowsky in 1920. These authors formulated the diffuser-augmented 

axial wind turbine theory, in which the upper bound to the maximum amount of energy that can 

be extracted from the air stream flowing through an idealized actuator disk (no energy loss) was 

described and referred to as Betz-Joukowsky limit (BJL). BJL, 𝐶𝑝 = 16 27⁄  (where 𝐶𝑝 is called 

the power coefficient) implies that no ducted turbine can extract energy more than a bare turbine 

even if an additional wind flow is directed into the turbine by the diffuser. 

 

Research interest in ducted turbines was abandoned because of the assertion from Betz-

Joukowsky theory. However, in the 1950s, a one-dimensional (1D) analytical study on ducted 

windmills by Lilley and Rainbird (1956) suggested otherwise. Their findings showed that a duct 

could provide at least a 65 per cent increment in power over a bare turbine with the same 

diameter and a direct function of the viscous loss, diffuser exit ratio and the external shape of the 

duct. 

Lawn (2003) used a 1D theory to analyze the performance of a shrouded turbine by treating the 

ducts upstream and downstream of the turbine as contractions or expansions having specified 

diffuser efficiencies. Lawn deduced that by choosing a more lightly loaded design a 33 per cent 

enhancement in the power coefficient over a bare turbine of the same diameter can be achieved. 

In other words, for a given diffuser efficiency, there is an optimum turbine resistance for 
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generating maximum power, because the swallowing capacity of the duct is increased as the 

resistance decreases.  

Due to lack of theoretical insight into optimising the performance of ducted axial wind turbine,  

van Bussel (2007) adopted a modified version of the standard actuator disk momentum theory 

and showed that power augmentation in a duct system is reliant on the increase in the duct exit 

ratio and/or back-pressure drop at the exit. The theory predicted an upper bound of  8 9⁄  for 

pressure drop similar to that for a bare wind turbine. This however neglected viscous loss and 

flow separation effects. 

Jamieson (2008) developed a generalized Blade Element Momentum (BEM) theory to deduce 

the limit for energy extraction from ducted devices. This new limit places the BJL as a special 

case of energy extraction in open flow. For a confined environment like the tidal system, Garrett 

and Cummins (2007) carried out a 1D analytical study for a bare tidal turbine and found that the 

maximum power coefficient, 𝐶𝑝,𝑚𝑎𝑥 of a bare turbine is proportional to the blockage ratio (𝜖) i.e.  

𝐶𝑝,𝑚𝑎𝑥 ∝ 1 (1 − 𝜖)2⁄ . This implies that for a bare turbine, the BJL caps the theoretical maximum 

power extracted from the fluid at about 60 per cent for a single actuator disc in an unconfined 

environment and 0.6(1 − 𝜖)−2 for a confined environment. 

 

2.4.2 Analyses of Diffuser Augmented Wind Turbines 

 

Gilbert and Foreman (1979) succeeded in increasing the fluid flow inside the duct by utilizing 

several flow slots to control the boundary layer but failed to prevent pressure loss by flow 

separation. To improve this design, a group in New Zealand in the 1990s developed a multi-

slotted duct diffuser to prevent flow separation within the duct (Phillips et al.,1999). This device 

was called Vortec 7, but it failed to be commercialized due to an additional requirement of a 

yawing mechanism and the high cost incurred. Igra (1981) introduced the use of a ring-shaped 

flap to improve ducted turbine performance. His result showed that using an appropriate ring-

shaped flap an 80 per cent power augmentation could be obtained while about 25 per cent power 

augmentation was achieved in its inner rear part. 
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Hansen et al. (2000) used an actuator disk CFD model to show that the BJL can be exceeded by a 

ratio relative to the increase in mass flow through the rotor. The author concluded that the 

actuator disk approach is sufficient for modelling the rotor. However, this conclusion is false as 

the actuator disk model assumes no flow swirl.   

Philips et al. (2003, 2008) carried out Vortec 7 design optimization using CFD and was validated 

with a series of wind tunnel tests. The CFD model successfully predicted the flow behaviour 

with the diffuser, but the power prediction from the wind tunnel show deficiencies to that of the 

CFD model. This, they attributed to the poor performance of the 𝑘 − 𝜔 turbulence model in 

capturing boundary layer separation in the CFD model. 

A new concept of the ducted turbine was developed with a flange attached at the exit of the duct 

(Fig. 2.11) called wind-lens (Abe & Ohya, 2004; Abe et al., 2005; Ohya et al., 2008). Abe and 

Ohya (2004) computational and experimental results based on another kind of diffuser-

augmented system equipped with a large flanged attached at the exit of the shroud showed that 

loading coefficient has a strong relationship with flow separation and that the best performance 

of a flanged diffuser is considerably smaller than that for a bare wind turbine. Abe et al. (2005) 

carried out a numerical and experimental investigation of the flow fields of a small wind turbine 

with a flanged diffuser. The result indicated a power coefficient increment by a factor of 4 

compared to the bare wind turbine.  Ohya et al. (2008) demonstrated that the flanged-diffuser 

plays the role of a device for accelerating and collecting airflow and automatically controls the 

yawing motion. Parameters investigated were diffuser opening angle, flange height, hub ratio, 

centre-body length and inlet shroud. Results from the wind tunnel and field experiments were in 

good agreement with power augmentation of about 4-5 times that of the bare wind turbine of the 

same rotor diameter and speed.  

Kardous et al. (2013) carried out a numerical simulation, Particle-Image-Velocimetry (PIV) 

visualization and wind tunnel experiments to investigate the effect of the flanged height on wind 

velocity increase at the inlet section of an empty flanged diffuser. The result showed that the 

presence of the flange alone is responsible for the additional acceleration of the wind between  

13 per cent to 23 per cent. The authors further identified a critical ratio (flange height/inlet 

section diffuser diameter = 0.1) beyond which the flange height seems insignificant to wind 

velocity increase. The study however neglected the effect of turbine resistance in the airflow and 

duct interaction.   
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El-Zahaby et al. (2017) studied the effect of the flange angle of a diffuser turbine and found that 

flow acceleration at the entrance of the diffuser is optimized at an angle 15° with a 5 per cent 

power coefficient increment compared to the diffuser with a normal flange. 

 

 

Figure 2.11. Schematic cross-sectional view of increasing wind flow speed mechanism 

around a flanged diffuser (Ohya et al., 2008). 

 

2.4.3 Analyses of Diffuser Augmented Tidal Turbines 

 

The study of ducted tidal stream devices has been examined by several researchers. Setoguchi et 

al. (2004) investigated the performance of a bidirectional diffuser for a tidal stream in a wind 

tunnel. The diffuser consists of a diffuser-straight part-diffuser and brims mounted at both ends 

of the diffuser system. The straight case with a brim height to rotor diameter ratio of 2.0 showed 

the best performance with an increased flow velocity of about 1.3 times the freestream flow 

velocity. The authors did not consider a case with a turbine present. 

As part of the MegaWattForce project from Guinard Energies,  Munch et al. (2009) and Luquest 

et al. (2011) carried out turbine performance assessment using BEM theory. Calculations showed 

flow velocity augmentation inside the diffuser. However, simulations were performed in open 

flow conditions. Gaden and Bibeau (2010) performed a parametric study of diffuser augmented 

tidal turbine using a momentum source model. Investigations involved varying diffuser size and 

angle with a result indicating that there are an optimum size and angle beyond which power 
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augmentation becomes insignificant. On rescaling the power coefficient with the device outer 

diameter, the authors found that the power increment was twice that of a bare turbine.   

Shives and Crawford (2010) characterised the efficiency of a tidal turbine by defining 

efficiency (𝜂) as the ratio of power produced (𝑃) by the device to the power extracted(𝑃𝐸) from 

the flow (𝑖. 𝑒. 𝜂 = 𝑃 𝑃𝐸)⁄ . The authors concluded that there is a trade-off between power and 

efficiency for a given turbine design in the tidal stream turbine. This study, however, neglected 

the effect of drag, discrete number of blades, blade tip loss and wake swirl. Shives (2011) used 

analytical and numerical modelling to study the unidirectional duct of the aerofoil cross-section. 

The author’s results acknowledged that the non-ducted turbine can produce more power per 

installed device frontal area. Shives and Crawford (2011) further implemented a validated CFD 

modelling approach on several duct designs to gain insight into the effects of viscous loss, flow 

separation and base pressure on mass flow increment provided by the duct. The author found that 

viscous loss in the inlet is negligible for the cases considered, flow separation and increase in 

diffuser expansion, inlet contraction and inner exit angle led to a significant diminish in diffuser 

efficiency. They concluded that it is worthwhile to pursue a flanged diffuser that creates a large 

base pressure effect.  

Sun and Kyozuka (2012) combined the CFD method, BEM theory and circulating water channel 

(CWC) experiment to investigate the performance of a bare turbine and a unidirectional brimmed 

diffuser from wind-lens technology. The presence of a diffuser proved to effectively improve the 

performance of the tidal turbine by a factor of 2.5 compared to the bare turbine. Calculated 

results from both CFD and BEM were in good agreement with the experimental result for tip 

speed ratio (TSR) of about 3.0 but CFD failed to capture the experimental results for the TRS 

more than 3.0. This shortfall in the CFD result was attributed to the omission of the turbine 

resistance in the simulation. Fleming (2011) introduced tip loss correction into the CFD-BEM 

model developed by McIntosh et al. (2011). The authors found that the tip vortex generated by 

the rotor is absent in a ducted turbine. Belloni (2013), carried out a numerical investigation of a 

bi-directional tidal turbine. Actuator disk and CFD-BEM models were employed in the analysis 

of ducted, open-centre and bare turbines. Belloni (2013) study showed that the performance of 

devices are greatly affected by increasing blockage and power output from ducted turbines is not 

more than that from a conventional turbine relative to the outer diameters of the devices. Fleming 

et al. (2016) analysis on a series of bidirectional duct geometries and showed that absolute power 

augmentation by a duct is a consequence of the increase in blockage.  
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Table 2.2. Maximum values of 𝐶𝑝 and 𝐶𝑃
∗ for various ducted turbines. 

Investigators Type of Ducted   

Turbine 

Blockage 

ratio, 𝜖, and 

Corresponding 

BJL 

𝐶𝑝 𝐶𝑃
∗ 𝐶𝑝 (bare) 

Fleming 

and Willden 

(2016) 

Bi-directional: 

B 

C 

D 

E 

H 

𝜖=0.131 

BJL=0.784 

0.82 

0.85 

0.63 

0.48 

0.60 

 

0.46 

0.48 

0.483 

0.43 

0.45 

0.85 

Belloni 

(2013) 

Bi-directional 

 

 

Bi-directional 

 

 

Open-center 

𝜖=0.035 

BJL=0.644 

 

𝜖=0.2 

BJL=0.938 

 

𝜖=0.035 

BJL=0.644 

0.63 

 

 

0.94 

 

 

0.59 

0.42 

 

 

0.62 

 

 

0.39 

0.63 

 

 

0.90 

 

 

0.63 

Shives and         

Crawford 

(2011) 

Scaled NaCA0015 

aerofoil (D7) 
𝜖= 0.03 

BJL=0.638 

1.10 0.38 0.58 

Ohya et al. 

(2008) 

Flanged diffuser 

(𝐿 𝐷⁄ = 1.25; ℎ 𝐷⁄ =
0.5;  𝜃 = 4°) 

n.a 

(open-type 

test section) 

1.38 0.21 0.26 

Abe 

and Ohya 

(2004) 

Flanged diffuser 

(𝐿 𝐷⁄ = 1.25; ℎ 𝐷⁄ =
0.35;  𝜃 = 15°) 

𝜖=0.011 

BJL=0.606 

1.30 0.32 0.60 

Hansen et al. 

(2000) 

NaCA0015 

aerofoil(deformed) 
𝜖=0.0041 

BJL=0.605 

0.94 0.51 0.59 

Igra (1981) Shroud with ring-

shaped flap (NACA 

1412) 

n.a 

(pilot-plant 

exposed to the 

atmosphere) 

1.79 0.45 0.74 

 

The authors concluded that normalising with the outer diameter of any device, ducted turbines 

yielded a low power coefficient compared to bare turbines. In continuation, Allsop et al. (2017) 

developed a numerical BEM theory model to analyse flow through a duct in interaction with a 

high-solidity embedded rotor. The rotor power and thrust predicted by the ducted BEM theory 

model show almost to be identical to the CFD-BEM study, for TSRs up to the optimal operating 

condition while overestimation was observed at higher TSRs. Borg et al. (2020) also utilised 

blade-resolved CFD to analyse the hydrodynamic performance of a ducted, high-solidity tidal 
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turbine, particularly within the presence of duct-rotor influence. The resultant hydrodynamic 

performance characteristics highlighted a peak power coefficient and thrust coefficient of 0.34 

and 0.97 respectively at a nominal TSR of 1.75.  

However, the demonstrations of performance gain in relation to that of a bare turbine have been 

questioned as the vast majority of the works used rotor area as the reference area instead of the 

outer area of the duct as the reference area, as well as the neglect of the effect of the blockage 

ratio.  The maximum values of 𝐶𝑝 (rotor area is used as the reference area) and 𝐶𝑃
∗ (maximum 

duct cross-sectional area is used as the reference area) for various ducted turbines reported in 

some selected literature are listed in Table 2.2. It shows that only the maximum 𝐶𝑝s are nearly 

equal to or greater than the BJL while the maximum 𝐶𝑃
∗s are all below the BJL. Therefore, this 

further affirms that the geometric shape of a duct for a turbine with optimum power performance 

remains unclear. 

Section 2.3 presented several full-scale marine current energy converters undergoing 

demonstrations towards achieving commercial viability of marine current energy technology.  

The development of arrays composed of multiple turbines has been identified as the future 

marine energy industry (Funke et al., 2016; Goltenbott et al., 2017; Marine Renewables Canada, 

2018). To date, array design has focused on grids of turbines with identical power coefficients 

(Vennell et al., 2015). The layout of such arrays is site-specific as several factors determine inter-

device spacing; flow field generated by the MCT devices, water-depth constraints, turbulent 

mixing, lack of field data and environmental impacts (Blunden & Bahaj, 2007; Myers & Bahaj, 

2012). A turbine array layout is mainly classified into (1) regular or staggered (2) inter-spacing 

(lateral or longitudinal) between generators. We recall that kinetic energy extraction of any 

turbine causes a reduction in the momentum of the downstream wake flow. Hence, for multiple 

configurations of tidal turbine array, some turbines might be in the wake of the upstream 

turbines. As a consequence, may lower power performance. Therefore, it is crucial to understand 

the flow characteristics of the wake as it is directly related to the overall turbine array 

performance and wake effect on the performance of downstream turbines to determine the 

appropriate spacing between turbines. The wake structure and its dissipation are simplified by 

considering the wake as two distinct regions: near and far wake. According to the description by 

Bahaj et al. (2007b), the near wake is where the flow field is significantly influenced by the rotor 

specific geometry, device support structure and performance of the turbine. This region is 
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typically characterized by slow-moving fluid, high turbulence and vortices shedding from the 

blade tips and the device support structure. Typically, the near wake extends up to 4 rotor 

diameters downstream, in which time the ambient turbulence of the freestream flows breaks 

down the bounding vortices while the far wake is characterized by wake dissipation and 

expansion.  The far wake is largely influenced by convection and turbulent mixing with the 

ambient flow and extends up to the point far downstream where the velocity profile approaches 

the existed velocity upstream of the rotor. The velocity profile in the wake of a wind turbine is 

presented in Fig. 2.12. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Velocity profile in the wake of a wind turbine (Sanderse, 2009). 

 

Experimental array studies have been conducted on the interaction of a relatively small number 

of turbine arrays due to the high costs and complex measurement arrangements for detailed flow 

representation. Myers and Bahaj (2009) studied the influence of the device structure and the 

rotor on the near wake mapping of a tidal current turbine. Upstream inflow measurements were 

acquired using both Acoustic Doppler Velocimeter (ADV) and a Laser Doppler Velocimeter 

(LDV). Results showed that the support structure has a large influence up to 5 rotor diameters 

downstream of the rotor and at 10 rotor diameters the velocity recover to about 80% of the 

freestream velocity. Maganga et al. (2010) combined LDV and PIV to investigate the efficiency 

of a tri-bladed horizontal axis turbine quantified by the measurement of the thrust and the 

amount of power generated by the rotor for various inflow conditions and characterise both near 

and far wake generated by the turbine. Higher turbulence flows showed to recover more rapidly, 
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as did flows with a lower thrust. Their experiment also shows that misalignment of a fixed 

turbine would result in a significant loss of thrust and power. Myers and Bahaj (2012) 

experiment using several multiple actuator disks arrangement to quantify the flow field around a 

2-row array, device/device interaction as well as a study of the structure of the far wake region 

where subsequent devices could be installed. Their results highlighted that for a single row array 

a close lateral separation increases the thrust force acting upon adjacent rotor disks while 

optimum lateral separation leads to an accelerated jet flow passing between adjacent rotor disks. 

This flow possessed 22% more kinetic energy than the flow far upstream with no measurable 

negative effect upon the 2 actuator disks paving way for a synergistic effect whereby an array of 

devices can generate more power than an equivalent number of isolated machines. Javaherchi et 

al. (2013) utilized the ADV and PIV system to characterize the flow upstream from the turbine 

and in the wake of the turbine at the blockage ratio of 20%. Four turbine spacing configurations 

were tested. They considered axially aligned configurations and configurations with the upstream 

and downstream turbines at a lateral offset from the middle turbine by 0.5 rotor diameter. Their 

results showed that for the axially aligned configurations, the downstream turbine extracted more 

power than the middle turbine, which indicates that the combined wake of the upstream and 

middle turbines recovers velocity more quickly than the wake of the upstream turbine alone. For 

the turbines at a lateral offset, the turbine configuration with 5 rotor diameters separation resulted 

in more power extraction than the middle turbines in the axially aligned configurations.  High 

turbulence intensity from the tips of the rotor was observed at 3 rotor diameters downstream of 

the rotor plane and diffuses towards the centerline at 5 rotor diameters downstream. Stallard et 

al. (2013) conducted an experimental study investigating the influence of bounding surfaces on 

the structure of the wake of tidal stream turbines. They considered both staggered and axially 

aligned configurations. The result presented showed that the mean velocity deficit along the 

centerline of the wake of a single rotor reduces by 80% at 2 rotor diameters downstream and 

subsequently recovers to within 20% and 8% of the incident flow at 10 rotor diameters and 20 

rotor diameters downstream respectively. The normalized turbulence intensity is between 10% 

and 15%, with the maximum occurring 3 rotor diameters downstream. For lateral spacing of 

three rotor diameters between adjacent rotor centers, the wake of each rotor is very similar to that 

of an isolated rotor while lateral profiles at distances greater than six-rotor diameters indicate a 

nearly constant velocity deficit and little variation of turbulence intensity between the centers of 

the outermost rotors of the array for rows of two, three and five rotors. Mycek et al. (2014) used 

LDV to investigate the performance and interaction effects of two-device systems compared to 
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that of a single device. Results demonstrated that increasing the inter-device spacing to retrieve 

higher individual power can only be done to the detriment of the total number of turbine rows in 

a given space when considering an array of devices. It was also observed that going from 3% to 

15% turbulence intensity decreases the power coefficient by a maximum of 10% while the wake 

recovery is reduced by more than 5 rotor diameters. A more recent experimental study by Chen 

et al. (2017) on a detailed investigation of wake evolution behind a horizontal axis turbine with 

three blades was conducted in a recirculating water flume employing ADV. Their result 

indicated that velocity reduction in the wake was a result of the kinetic energy extraction and 

blockage effects of the tidal stream turbine rotor and stanchion, and due to a low TSR and 

blockage of the hub, the maximum velocity deficit was located at the wake core. The result 

further showed that in the near wake, the stanchion has a significant influence on the wake 

structure while in the far wake, the wake turbulence is strong and anisotropic and would affect 

the performance of turbines located downstream when considering turbines in an array. Chen et 

al. (2019) confirmed that the attenuation processes of near wake hydrodynamics were dependent 

on rotor characteristics while the far wake recovery was mainly influenced by ambient 

turbulence intensity. Su et al. (2018) carried out numerical and experimental investigations on 

the hydrodynamic performance of a horizontal tidal current turbine showed that maximum power 

conversion efficiency could reach up to 47.6% while all the power efficiencies are over 40% for 

TSRs ranging from 3.5 to 6. It also revealed that the yaw angle does not affect its efficiency 

significantly when it is less than 10° while the flow patterns and pressure distributions in the 

wake region are found to be indeed 3D and turbulent. 

 

Several CFD studies have also been reported with a more detailed representation of tidal turbine 

rotors to further investigate the wake characteristics of single turbines and small arrays. Lee et al. 

(2010) used a steady incompressible 3D flow simulation to investigate the optimal layout for 

ocean generators. The authors assumed that wake interference is the dominant factor in 

determining minimum inter-row spacing and found that the appropriate turbine spacing is three 

(3) times the turbine diameter. Turnock et al. (2011) suggested from their CFD analysis that 

placing turbines in regular patter outperformed staggered configuration. The authors' deduction 

was based on flow velocity recovering from one rotor simulation. Malki et al. (2014) used CFD-

BEM to examine wake recovering and turbine performance for different turbine array layouts. 

Staggered configuration resulted in 10% turbine performance improvement contrary to Turnock 

et al. (2011) hypothesis. Nash et al. (2015) used a numerical approach to investigate tidal turbine 
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layout optimization. The authors recommended spacing of 3-4 rotor diameters across-stream and 

1-4 rotor diameters along a stream with the downstream rows staggered to avoid wake effects of 

the upstream turbines. A detailed review by Vennell et al. (2015) suggested that there is still 

much to learn about inter-row spacing in optimizing array layout. Lin et al. (2015) developed a 

3D shallow water equations (SWE) model for predicting distributions of velocity deficit and tidal 

energy density. The model revealed for a prospective tidal energy farm that the velocity deficit 

areas are in strip shapes with the maximum velocity attenuation around the hub height and due to 

blockage ratio, the velocity values increased at the bottom and surface of the turbine similar to 

the work by Chen et al. (2017). Additionally, the recovery of the wake is slower in the turbine 

array case than in the single turbine case. Liu et al. (2016) carried out a fully resolved numerical 

simulation with two inline tidal turbines with the second turbine located 8 rotor diameters 

downstream of the first. Their results showed that the downstream turbine can only produce less 

than 50% of the upstream one in terms of power at such a distance. The velocity contours show 

the downstream turbine working in the flow containing significantly reduced wake flow speed 

and a further reduction in the wake of the downstream turbine. Also, a significant increase in 

turbulence intensity is observed at about 4 rotor diameters downstream of the second turbine due 

to the accumulation of turbulence induced by rotating behaviours of both turbines and a faster 

velocity downstream recovery.  

 

The wake of a ducted turbine has received little attention except for a few recent experimental 

and numerical studies on the flow within the cavity and around the periphery of duct exit of a 

flanged diffuser structure of a wind turbine (Abe et al., 2005; Ohya et al., 2012) and an 

experimental study of a model diffuser augmented tidal stream turbine on the impact of the 

diffuser upon the turbine's performance in yawed flows (Cresswell et al., 2015). Cresswell et al. 

(2015) examined the effects of diffuser augmentation on wake propagation and recovery. Their 

findings showed that the performance characteristics of an individual turbine are significantly 

improved by diffuser augmentation under yawed flow, but its wake recovery was found to be 

poor, recording a wake recovery rate that is less than half that of a bare rotor at 9 rotor radii 

downstream. This reduced wake recovery implies that array spacing would need to be greater for 

diffuser augmented turbines coupled with additional measures to promote wake mixing for array 

deployment. Shives and Crawford (2010) argued that less aggressive duct designs seem more 

appropriate, and efficiency becomes more critical as the tidal farm grows. 
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The literature review on tidal flows shows that studies published have either focused on 

computational or experimental investigations examining power performance and wake 

characterisations of mostly non-ducted tidal turbine systems. Some other computational studies 

focused on the power performance of ducted tidal turbines while one experimental study on 

wake characterisations of a single ducted tidal turbine to our best knowledge. As most tidal 

current sites are bi-directional and with bathymetry constraints, array layouts will necessarily 

take the form of highly optimized geometric configurations with reduced lateral inter-device 

spacing (Myers & Bahaj, 2012). This study is the first to place emphasis on the array of flanged 

duct turbines in bi-directional tidal flows. In this study, several carefully designed flanged duct 

tidal turbines with different duct shapes (symmetric and asymmetric) for both uni-directional 

flow and bi-directional flow are investigated for power augmentation and hence propose an 

optimum design. This assessment is carried out using CFD. As at present, there are limited 

experimental data available on duct performance and wake characterisation of ducted tidal 

turbines. Due to power augmentation associated with the ducted turbine, there exists an acute 

need for more experimental data to provide valuable information on the performance and wake 

characterisation of ducted tidal turbines. The novelty of this study is that it is the first to 

experimentally explore duct performance and far wake characterisations of flange-ducted 

turbines in isolation and within an array. Using the proposed optimum design from Maduka and 

Li (2021), the performance of each turbine and flow characteristics of the wake of flange-ducted 

turbines are experimentally examined for a single row turbine and two tidal turbines arranged in 

tandem with the second turbine located at 10 rotor diameters downstream of the first.  

 

2.5 Chapter Summary 

The concept of diffuser-augmentation turbines is the most commercially viable approach studied 

due to the inherent power augmentation potential even though no commercially successful 

designs have been developed to date. The literature surveyed showed there is an upper bound to 

the amount of power that can be extracted from fluid and according to BJL, this amounts to 

about 60 per cent. However, authors working on unidirectional diffuser-augmented turbines 

seem to disagree on this limit value. Some argued that the increase in mass flow caused by the 

presence of the diffuser results in an increased power coefficient. These researchers have based 

their analyses on the area of the rotor diameter other than on the area of the outer diameter. The 
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demonstrations of performance gain in relation to bare turbines have been questioned by some 

researchers. They argue that renormalizing the power coefficient with the device outer diameter 

reduces it below the BJL. Hence, the upper bound to the amount of power augmentation possible 

is yet unknown as of to date which is part of what this research will try to answer.  

Studies on bi-directional diffuser tidal turbines showed that no research outcome on turbine 

performance has outperformed conventional turbines. However, tidal devices developers have 

claimed that duct devices have hydrodynamic superiority, better yawed flow condition and a low 

cost of maintenance relative to the bare turbines. As a result, the duct concept has emerged as the 

preferred design in tidal stream technology with different geometries continued to be 

investigated in the search for a suitable duct shape that may prove to be competitive to cost of 

energy thereby making them commercially viable. 

Although developers detailed data are usually commercially confidential and therefore are not 

made available to the public domain. However, the provision of funding to tidal industries poses 

a threat to development and commercialization relative to another renewable resource despite its 

uncommon potential. Recently, EMEC announced the decision by Naval Energies to liquidate 

OpenHydro. 

The literature surveyed further revealed that the actuator disk approach and CFD-BEM model are 

the most frequently employed in turbine performance analysis with little experimental studies on 

the ducted tidal device available in the literature. However, It was identified for tidal energy 

study, the performance of devices are greatly affected by increasing blockage, turbulence, drag, 

discrete number of blades, blade tip loss and wake swirl. 

A new type of duct (wind-lens) equipped with a flange at the periphery of the diffuser exit has 

shown that an average of about 18% additional wind speed increment resulted inside the duct 

compared to a diffuser without a flange. It was also shown that the presence of a diffuser proved 

to effectively improve the performance of the tidal turbine by a factor of 2.5 compared to the 

bare turbine. There is no study on the hydrodynamic and wake nature of diffuser with a flange to 

quantify the effect of such a system on power production in marine current energy studies. Thus 

the novelty of the present research is to quantify the effect of a duct equipped with a flange in 

tidal power production. 
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The year 2017 has highlighted a promising sign to the optimism and industrial developmental 

efforts gained in the commercialisation of tidal and wave energy technology. Multiple tidal 

stream converters in arrays have been identified to be critical to trimming costs down and 

commercialisation. The layout of such arrays is site-specific as several factors determine inter-

device spacing: flow field generated by the MCTdevices, water-depth constraints, turbulent 

mixing, lack of field data and environmental impacts. Turbine layout configuration approach in 

either regular or staggered configuration and inter-spacing between generators remains an active 

research focus as there is still much to learn about inter-row spacing in optimizing array layout. 

Although some experimental data exists for the wake of a single tidal stream rotor, limited data 

is available concerning the performance and wakes of multiple ducted tidal turbines. The key 

research focus of this study is to assess flanged ducted tidal power augmentation and wake 

characterisation of single row and in-line configurations numerically and experimentally. 
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CHAPTER THREE 

Numerical Method 
 

In this chapter, the fundamental governing equations of fluid dynamics are presented followed by 

a detailed description of the numerical development. 

 

 

3.1 Numerical Approach 
 

In the subsequent sections, the fluid dynamics fundamental governing equations were stated 

followed by the explanation of the Actuator Disk theory. The Reynolds-average Navier-Stokes 

equations were derived and discussed with respect to turbulence modelling. Overview of the 

CFD tool is presented and finally, descriptions of open channel flow and assumptions for 

modelling free surface effect for tidal turbine  

 

3.1.1 Governing Equations  

 
 

The properties and motion of fluid dynamics are describable with the fundamental governing 

equations of fluid dynamics. They are represented with three mathematical statements of 

conservation laws of physics:  

• Mass conservation (i.e., what flows in must flow out) 

• Momentum conservation (i.e. Newton’s second law applied to a continuum) 

• Energy conservation 

The derivation of these equations and their explanations can be seen in many texts, an example is 

Davidson (2015). These equations are summarised as the Navier-Stokes equations and the 

continuity equation. The former is derived from the principle of conservation of momentum 

applied to a fluid particle that is subjected to inertial effects, while the latter arises from the 

principle of conservation of mass, Newton’s second law and energy conservation. The ratio of 

the inertial effects on the fluid to the viscous effects (flow friction) is characterized by the 

dimensionless quantity called Reynolds number,𝑅𝑒. In the present study, heat transfer is 
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negligible and the flow is an incompressible fluid. Thus, the problem reduces to continuity and 

momentum equations, eqs. (3.1) and (3.2) respectively and are  written in the tensorial form: 

 

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0                                                                   (3.1) 

 

                         
𝜕𝑢𝑖

𝜕𝑡
+

𝜕(𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝑣 (

𝜕2𝑢𝑖

𝜕𝑥𝑗
+

𝜕2𝑢𝑗

𝜕𝑥𝑗𝜕𝑥𝑖
) +

1

𝜌
𝑓𝑀,𝑖                       (3.2) 

 

where 𝑥𝑖 is the 𝑖 − 𝑡ℎ spatial dimension, 𝑢𝑖 is the 𝑖 − 𝑡ℎ component of velocity, 𝜌 is the fluid 

density, 𝑡 is time, 𝑣 (= 𝜇 𝜌⁄ ) is the kinematic viscosity (𝜇 is the dynamic viscosity) and 𝑓𝑀,𝑖 is 

the momentum source in the 𝑖 − 𝑡ℎ direction. In steady flow cases, the first term in the 

momentum equation is identically equal to zero. The equations are for laminar flows. For 

turbulent flows, Reynolds-averaging is conducted, and the resulting equations will be closed in 

many forms. These equations are a system of dependent non-linear partial differential equations 

in which no analytical solutions exist (Wendt, 2009) and thus, they must be solved numerically. 

Details about the Reynolds-averaging and turbulence modelling is described in section 3.1.4. 

 

 

3.1.2 Actuator Disk Model 

 
 

Linear actuator disk theory has been the basic theory for the analysis of rotors and propellers. Its 

development can be traced back to Betz and Joukowsky in 1920. It is developed from Bernoulli’s 

principle for a steady, inviscid, incompressible and irrotational flow and the turbine modelled by 

a disk with a streamtube flow in an axial direction. The flow within the streamtube does not 

interact with fluid around it and its direction is along one dimension (say x-axis as indicated in 

Figure 3.1) perpendicular to the boundary. Thus, there is a conservation of mass rate flow at any 

position along the streamtube. While there is a pressure difference just before and after the disk, 

the pressure far upstream and far downstream is considered equal to the static pressure of the 

freestream. The pressure difference is caused by the rotor disk as it extracts kinetic energy from 

the fluid flow. Considering that the fluid is incompressible, the energy extraction results in a 

decrease in the velocity of the fluid creating a decelerating velocity gradient in the fluid flow 
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within the streamtube, the streamtube expands giving rise to the static pressure increase. The 

static pressure drops below the ambient atmospheric pressure as the fluid flows across the disk. 

The axial points indicated in Figure 3.1 are explained below as: 

• Point 1 represents the far upstream region. The flow is not affected by the presence of the 

disk and the flow parameters are said to be at the freestream and are defined as 𝑢0, 𝑝0, 𝐴0 

• Points 2 and 3 are the regions just before and after the disk respectively. The flow 

velocity at these points is continuous and the cross-sectional area is equal to the area of the disk 

but there is a discontinuity in pressures across the disk. Thus, the flow parameters at these points 

are defined as 𝑢2 = 𝑢3 denoted as 𝑢𝑡 , 𝐴2 = 𝐴3 = 𝐴 ; 𝑝2 and 𝑝3.  

• Point 4 is the region far downstream of the turbine and has ambient or freestream 

pressure as point 1. The velocity of flow and cross-sectional area of the turbine are defined as 

𝑢4 𝑎𝑛𝑑 𝐴4. 

 

 

 

 

 

 

Figure 3.1. The Actuator Disk Model within a streamtube. 

 

The discontinuity of the pressure at the actuator disk acts as an external force to extract axial 

momentum as well as energy. However, the declaration of continuous flow along the streamtube 

demands an increase in pressure following Bernoulli’s equation. The mass flow rate, �̇� along the 

streamtube must remain invariant according to Betz is given by 

 

                                                 �̇� = 𝜌𝑢0𝐴0 = 𝜌𝑢𝑡𝐴 = 𝜌𝑢4𝐴4                                                 (3.3) 

The axial velocity attenuation at the entrance of the streamtube and across the turbine disk, 

where 𝑎 is the axial flow induction factor, is given by 
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                                                                   𝑢𝑡 = 𝑢0(1 − 𝑎)                                                           (3.4) 

 

The thrust force, T of the turbine disk is also given in terms of momentum flux and in terms of 

the pressure difference Δ𝑝 at the actuator disk that produces the force as 

 

                                                                −𝑇 = �̇�(𝑢4 − 𝑢0)                                                     (3.5a) 

                                                 𝑇 = Δ𝑝𝐴 = 𝜌𝐴(𝑢0 − 𝑢4)𝑢0(1 − 𝑎)                                       (3.5b) 

 

The Bernoulli equation for the upstream, using the definitions of the flow parameters at various 

points, is  

 

                                                             𝑝0 +
1

2
𝜌𝑢0

2 = 𝑝2 +
1

2
𝜌𝑢𝑡

2                                               (3.6) 

 

And for the downstream, the Bernoulli equation is 

 

                                                           𝑝3 +
1

2
𝜌𝑢𝑡

2 = 𝑝0 +
1

2
𝜌𝑢4

2                                                 (3.7) 

 

Subtracting the upstream and downstream Bernoulli equations will result in 

 

                                                           Δ𝑝 = 𝑝2 − 𝑝3 =
1

2
𝜌(𝑢0

2 − 𝑢4
2)                                        (3.8) 

 

Substituting Eq. (3.8) into Eq. (3.5b) gives 

                                                              𝑢4 = 𝑢0(1 − 2𝑎)                                                              (3.9) 

 

Equations (3.4) and (3.9) show a proportionate attenuation in the axial velocity at the upstream 

and downstream. These equations are useful in the definition of the two dimensionless factors, 

the thrust, 𝐶𝑡 and the power 𝐶𝑝 coefficients that serve as measures of the turbine force and power 

extracted from the disk respectively. They are solely dependent on the induction factor and are 

given as 
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                  𝐶𝑡 =
𝑓𝑜𝑟𝑐𝑒 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑓𝑜𝑟𝑐𝑒
=

𝑇

1
2 𝜌𝐴𝑢0

2
= 4𝑎(1 − 𝑎)            (3.10) 

 

                    𝐶𝑝 =
𝑝𝑜𝑤𝑒𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑓𝑙𝑢𝑖𝑑

𝑝𝑜𝑤𝑒𝑟 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑓𝑜𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
=

𝑇𝑢𝑡

1
2 𝜌𝐴𝑢0

3
= 4𝑎(1 − 𝑎)2        (3.11) 

 

 

 

 

 

 

 

 

 

Figure 3.2. Theoretical plot of 𝐶𝑡 and 𝐶𝑃 against 𝑎. 

 

Figure 3.2 indicates the BJL, the maximum thrust and power coefficients for an unconfined 

system. The thrust coefficient 𝐶𝑡 has a parabolically symmetric at about 𝑎 = 0.5, corresponding 

to a maximum 𝐶𝑡  = 1, which enables the rotor thrust to gain equality with the dynamic pressure 

force of the disk. The power coefficient, 𝐶𝑃 peaks at about 0.59 for axial induction factor of 𝑎 =

1/3 contributing to a harvest of about 59 per cent of the kinetic energy of the fluid flowing along 

the streamtube.  

It is pertinent to recall that the streamtube is an idealization that enabled the application of mass, 

momentum, and energy conservation laws for the description of actuator disk theory modelled as 

a porous disk within the assumptions made. This simplification is different from reality where 

flows around discrete blades are more swirled, complex, and decelerated creating streamwise 

velocity discontinuity inside and outside the streamtube. The actuator disk has the characteristics 

of attenuating the linear momentum which has been shown numerically and physically through 
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the actuator disk, making it possible to extract linear momentum as well energy from the flow 

like a physical rotor would do. Thus, it finds application in modelling wind turbines (Abe & 

Ohya, 2004), in tidal energy research (Shives & Crawford, 2011; Belloni et al., 2013; Fleming & 

Willden, 2016) and numerical investigation rotors with discrete blades (Gaden & Bibeau, 2010). 

Furthermore, the actuator disk model has the further edge in terms of device design over a 

discrete blade in that, irrespective of the complexities of flow, the dynamics can be well 

represented via actuator disk with negligible cognizance to the discrete blade and angular 

momentum effects but takes a harvest of the linear momentum.  

 

3.1.3 CFD Software 

 
 

The solver employed for this study is the non-commercial CFD tool- OpenFOAM (Open-Source 

Field Operation and Manipulation) window version 17.06. The uniqueness of OpenFOAM is that 

it offers users the possibility to easily create and extend the existing functionality. The overview 

of the OpenFOAM structure is described in Figure 3.3. OpenFOAM operates in 3D by default 

but can be instructed to solve a 2D problem by specifying an empty boundary condition on 

boundaries normal to the third dimension for which no solution is needed. The pre-processing 

data (mesh, fields, properties, control parameters, etc.) needed to start a simulation are stored in a 

set of files within a case directory, unlike other CFD packages. The basic OpenFOAM directory 

structure is described below. 

 

• Zero directory 

In this folder, the initial values and boundary conditions are specified for velocity, 𝑈, pressure, 𝑝, 

turbulent viscosity, 𝜈𝑡, specific kinetic energy, 𝑘, turbulent specific dissipation, 𝜔 etc. 

 

• Constant directory 

This directory stores the polyMesh from the mesh generated. It also contains files specifying 

properties like transportProperties (kinematic viscosity) and turbulenceProperties. 

• System directory 

This folder contains setting parameters associated with the solution procedure and includes: 

controlDict where run control parameters are set e.g., start/end time, time step and parameters for 

data output; fvScheme where discretization schemes are specified; fvSolution where equation 
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solvers, tolerances and other algorithm controls are set; createBaffles contains the command that 

makes internal faces into boundary faces without duplicating any point etc. 

 

 

 

 

 

 

 

 

 

Figure 3.3. Overview of OpenFOAM structure (Greenshields & OpenFOAM, 2016). 

 

The robustness of OpenFOAM for engineering problem analysis has been extensively studied in 

the literature. Lysenko et al. (2013) investigated turbulent flow separation over a planar bluff-

body using OpenFOAM and ANSYS FLUENT. The authors' results showed that there is 

minimum deviations between the two CFD tools and they agreed fairly well with experimental 

data and other numerical solutions. Robertson et al. (2014) carried out verification and validation 

study for bluff-body fluid flows using OpenFOAM. The study identifies a second-order linear 

upwind scheme as the most efficient and accurate for Renolds-average Naiver-Stokes (RANS) 

simulations and it outperformed FLUENT in delta wing vortex breakdown predictions. Liu et al. 

(2016) investigated the instability and sensibility analysis of flows in OpenFOAM applying 

direct and adjoint Navier-Stokes equations linearized around a base flow. The study revealed that 

only a few minor modifications in the source code are enough for OpenFOAM solver to carry 

out global instability analysis of 3D flows in engineering applications. 

 

 

3.1.4 Turbulence Modelling 
 

 

There are two distinct types of flow, namely laminar flows (or streamline flows) and turbulent 

flows. Laminar flows occur when fluid flow in parallel layers, with no disruption between the 

layers while turbulent flow regime is characterized by rapid changes in pressure and velocity in 
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time and space. The Reynolds number quantifies whether a flow is laminar or turbulent and is 

defined as   

 

                                         𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
=

𝑢𝑳

𝑣
                                                             (3.33) 

 

where L is the characteristic length of the flow. Thus, turbulent flows associated with tidal 

stream turbines are characterized by high Reynolds numbers and low Reynolds numbers describe 

laminar flows. 

 

The numerical solution of the Navier-Stokes equations for turbulent flow is extremely difficult 

and due to its inherent chaotic nature requires very fine grids to resolve all turbulent scales and 

fine resolution in time (Direct simulation). To counter this, decomposition of the instantaneous 

variables, velocity components and pressure, into a mean value and a fluctuating value is 

preferred. The resulting equation is referred to as the Reynolds-average Navier-Stokes (RANS) 

equation and is the most commonly employed in CFD for modelling turbulent flows. For this 

purpose, we divide the total flow into an average, 𝑢�̅� and a fluctuating component, 𝑢𝑖
′̅ as  

 

                                                         𝑢𝑖 = 𝑢�̅� + 𝑢𝑖
′̅                                                                           (3.34a) 

                                                         𝑝𝑖 = 𝑝�̅� + 𝑝𝑖
′̅                                                                           (3.34b) 

 

Applying Eqs. (3.34a) and (3.34b) into Eqs. (3.1) and (3.2) give the Reynolds-average Navier-

Stokes (RANS) equation 

 

       
𝜕𝑢𝑖̅̅ ̅

 𝜕𝑥𝑖
= 0          (3.35) 

 

   𝜌 (
𝜕𝑢�̅�

𝜕𝑡
+  

𝜕(𝑢�̅�𝑢�̅�)

𝜕𝑥𝑗
) =

𝜕

𝜕𝑥𝑗
(−�̅�𝛿𝑖𝑗 + 2𝜇𝑆�̅�𝑗 − 𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) + 𝜌𝑓�̅�     (3.36) 

Where 𝑓𝑖 denote the external body-force term, 𝜇 is the dynamic viscosity, and 𝑆�̅�𝑗 is the mean 

rate of strain tensor given by 

 

  𝑆�̅�𝑗 =
1

2
(

𝜕𝑢𝑖̅̅ ̅

𝜕𝑥𝑗
+  

𝜕𝑢𝑗̅̅ ̅

𝜕𝑥𝑖
)       (3.37) 
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The term 𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  in Eq. (3.36) is called the Reynolds stress tensor and represents the correlation 

between fluctuating velocities. It is an additional stress term due to fluctuations in velocity and is 

unknown. The Reynolds stress tensor needs to be modelled to close Eq. (3.36). This is called 

closure problem i.e., unknown variables is more than the number of equations i.e., ten (three 

form velocity components, pressure and six from stresses) to four (continuity equation and three 

components from the Navier-Stokes equations). To approximate these fluctuations in velocity 

turbulence models are introduced. These models are classified into two- eddy viscosity models 

and Reynolds stress models. In the Reynolds stress model, all stresses are solved directly, and 

they are not widely used due to the complexity associated with the model while eddy viscosity 

models are widely used as they require one or two transport equations and are implemented in 

most numerical codes such as OpenFOAM to solve engineering problems.   

 

In eddy viscosity turbulence models, the Reynolds stresses are related to the velocity gradient 

through the turbulent viscosity. This relation is called the Boussinesq assumption and is given as  

 

                   𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ =
2

3
𝜌𝑘𝛿𝑖𝑗 −

1

2
𝑣𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+  

𝜕𝑢𝑗

𝜕𝑥𝑖
)                          (3.38) 

 

The term 
2

3
𝜌𝑘𝛿𝑖𝑗 is required by tensorial algebra purposes when solving a turbulence model with 

the turbulence kinetic energy, 𝑣𝑡 are the turbulent viscosity (or eddy viscosity) and 𝑘 is the 

turbulent kinetic energy given by 

 

                                                           𝑘 =
1

2
𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ =

1

2
(𝑢𝑖

′ + 𝑣𝑗
′ + 𝑤𝑗

′)                                       (3.39)  

      

Eddy viscosity models are categorized based on the number of transport equations solved to 

obtain 𝑣𝑡 and are as follows: 

• Algebraic (or zero-equation) turbulent models 

These models do not put into consideration the transport effects of turbulence and are only 

suitable for simple shear-layer dominated flows. The two well-known zero-equation models are 

the Baldwin-Lomat model and the Cebeci-Smith model.  

• One-equation turbulent models 
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In these models, one turbulent transport equation usually the turbulent kinetic energy is 

introduced which is its only advantage over the zero-equation models (rather than using a 

mixing-length scale). The turbulent length scale 𝑙 is the only unspecified part of the model. 

Examples include the Baldwin-Barth model and the Spalart-Allmaras model. However, for it to 

be implemented in separated flows, a model in which the transport effects on turbulence length 

scale are also accounted for is preferred.  

  

• Two-equation turbulent models 

These models are the bedrock of most of the turbulence model research and compute not only the 

turbulent kinetic energy, 𝑘 but also the turbulence length scale, 𝑙. They are said to be complete. 

In other words, these models can be used to predict the properties of a given turbulence flow 

with no prior knowledge of the turbulence structure (Wilcox, 1998). To complete closure of the 

turbulent kinetic energy, 𝑘, equation, a second transport equation is needed and is model 

specific. One of the most popular models employed is the dissipation rate of the turbulent kinetic 

energy, 휀, called 𝑘 − 휀 model and the second is the specific dissipation rate of turbulent kinetic 

energy, 𝜔, called 𝑘 − 𝜔 model. For details of available turbulence models in the CFD tool used 

in this study- OpenFOAM, see Greenshields and OpenFOAM (2016) and a comprehensive 

description of turbulence modelling for CFD (Wilcox, 1998).  

 

The turbulence model employed in all simulations in this study is the 𝑘 − 𝜔 𝑆𝑆𝑇 (shear-stress 

transport) model developed by Menter (1994) by modifying the 𝑘 − 𝜔 model of Wilcox to 

account for the transport principal turbulent shear stress with respect to dependency on 

freestream values of 𝑘 and  𝜔.  The well-known separation prediction capabilities in adverse 

pressure gradients, as generally expected along the entire duct surface (Menter et al., 2003; 

Shives & Crawford, 2011), is the reason for choosing 𝑘 − 𝜔 𝑆𝑆𝑇 model in this present study.  

According to Menter (1994), 𝑘 − 𝜔 𝑆𝑆𝑇 model should be the model of choice for aerodynamic 

applications and the transport equations are given as  

 

The turbulence specific dissipation rate, 𝜔 equation 

 

𝜕𝜔

𝜕𝑡
+

𝜕(𝑢𝑖𝜔)

𝜕𝑥𝑖
= 𝑃𝜔 +

𝜕

𝜕𝑥𝑖
[(𝜈 +

𝜈𝑡

𝜎𝜔
)

𝜕𝜔

𝜕𝑥𝑖
] − 𝛽𝜔2 + (1 − 𝐹1)𝐶𝐷𝑘𝜔      (3.40) 
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The turbulence specific kinetic energy, 𝑘 equation 

 

𝜕𝑘

𝜕𝑡
+

𝜕(𝑢𝑖𝑘)

𝜕𝑥𝑖
= �̃�𝑘 +

𝜕

𝜕𝑥𝑖
[(𝜈 +

𝜈𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
] − 𝜌𝛽⋆𝜔𝑘       (3.41) 

The production terms in 𝜔 and 𝑘 are evaluated as  

𝑃𝜔 = 𝛼𝑺2       (3.42) 

 𝑃𝑘 = 𝜈𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜕𝑢𝑖

𝜕𝑥𝑗
  ; �̃�𝑘 = 𝑚𝑖𝑛(𝑃𝑘; 𝑐1𝛽⋆𝜔𝑘)     (3.43) 

The turbulence viscosity, 𝜈𝑡 is then obtained using 

 

 𝜈𝑡 = 𝑎1
𝑘

max(𝑎1𝜔𝐹23𝑺)
         (3.44) 

with 

 𝑺 = √2𝑆�̅�𝑗𝑆�̅�𝑗 , the invariant measure of the strain rate, and 𝐶𝐷𝑘𝜔 =

max (2𝜎𝜔2
1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
; 1.0𝑒−10), the positive portion of the cross-diffusion term.  

The model coefficients are 𝛼𝑘1 = 0.85, 𝛼𝑘2 = 1.0, 𝛼𝑤1 = 0.5, 𝛼𝑤2 = 0.856, 𝛽1 = 0.075, 𝛽2 =

0.0828, 𝛾1 = 5/9, 𝛾2 = 0.44, 𝛽⋆ = 0.09, 𝑎1 = 0.31, 𝑏1 = 1.0 and 𝑐1 = 10.0 

 

with 

The blending functions are defined as   

 

𝐹1 =  tanh (𝑎𝑟𝑔1
4); 𝑎𝑟𝑔1 = min [max (

√𝑘

𝛽⋆𝜔𝑦
;

500𝑣

𝑦2𝜔
) ;

4𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2]     (3.45) 

𝐹1 = tanh(𝑎𝑟𝑔2
2); 𝑎𝑟𝑔2 = max (

2√𝑘

𝛽⋆𝜔𝑦
;

500𝑣

𝑦2𝜔
)                  (3.46) 

 

accounting for switch formulation of the SST model between 𝑘 − 𝜔 and 𝑘 − 휀 at the wall to the 

outer part of the boundary layer and outside of it and only on the boundary layer respectively. 

The term 𝐹3was later introduced by Hellsten, (1998) to account for roughness layer in rough wall 

flows and evaluated as  

𝐹3 = 1 − tanh [(
150𝑣

𝑦2𝜔
)]      (3.47) 
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The performance of the 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model in predicting flow separation has been 

extensively studied in the literature.  Apsley & Leschziner, (2000) investigated the capability of 

−휀 ,𝑘 − 𝜔 and  𝑘 − 𝜔 𝑆𝑆𝑇 turbulence models to predict different turbulent closures (linear and 

non-linear eddy viscosity models and differential models) in a 2D asymmetric diffuser. The 𝑘 −

𝜔 𝑆𝑆𝑇 model was found to correctly predict the general evolution of diffuser flow though at the 

expense of early separation. 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model is the most preferred turbulence model 

used as it has been used in several ducted tidal turbine studies (Shives & Crawford, 2011; 

Belloni et al., 2013; Fleming & Willden, 2016). A compressive summary on the superiority of   

𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model in predicting complex flows is presented in Shives and Crawford 

(2011). 

 

3.1.4.1 URANS Model with k − ω SST Turbulence Closure 

 

The flow field around a flanged duct turbine is characterized as a typical bluff-body flow field 

with highly complex and unsteady aerodynamic and/or hydrodynamic phenomena: separation 

and re-attachment of the shear layer along the internal walls of the duct, vortex shedding from 

the flange in the external flow around the duct and mixing of the internal and external flows at 

the outlet of the duct. One of the primary focuses of this study is to investigate the performance 

of flanged duct turbines under bi-directional flow and propose an optimum design. Noting that 

turbulence is a time-dependent 3D process whose computational simulation is particularly 

challenging. Among the two-equation RANS models based on Boussinesq approximation, the 

URANS model with 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence closure was adopted in the present study. The 𝑘 −

𝜔 𝑆𝑆𝑇 model allows for direct integration through the boundary walls and shows superiority for 

wall simulation as previously stated. Although 3D LES (Large Eddy Simulation) or DES 

(Detached Eddy Simulation) is preferred to study the complex 3D flow around a bluff-body, Sun 

et al. (2009) demonstrated through simulation that 2D URANS solution contains 3D effect and is 

physical. Several other authors have extensively examined the practical applicability of the 

URANS 𝑘 − 𝜔 𝑆𝑆𝑇 approach. Sun et al. (2009) employed 2D URANS model with  𝑘 − 𝜔 𝑆𝑆𝑇 

turbulence closure to predict the motion-induced aerodynamic forces of a rectangular section 

with  𝐵 𝐷⁄ = 4 (where 𝐵 is the cross-sectional width and 𝐷 is the section depth) at a reasonable 

computational cost; also, the effect of the freestream turbulence was studied. A similar study was 
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carried out by Nieto et al. (2014) using OpenFOAM. Their result also proves that the 2D 

URANS model with  𝑘 − 𝜔 𝑆𝑆𝑇 turbulence closure can adequately model fluid-structure 

interaction responses, avoiding time-consuming 3D LES simulations or the development of in-

house sophisticated software.  Stringer et al. (2014) conducted URANS computations of flow 

around a circular cylinder for a wide range of Reynolds numbers. OpenFOAM was one of the 

solvers used. The simulation was 2D and the 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence closure was employed. The 

computed results were close to the experimental data in terms of coefficients of lift, drag, and 

vortex shedding frequency at the subcritical Reynolds number range. Stringer et al. (2014) 

further suggested using pimpleFOAM, a solver capable of outer loop time-stepping may improve 

high Re convergence in OpenFOAM. 

  

In the present research problem, the flow is generated by the actuator disk which creates a 

pressure drop across the disk. The effect of the duct is to divert more flow towards the disk. Flow 

separation and vortex shedding from the duct exerts a secondary effect on the flow through the 

disk. The URANS model with 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence closure is considered to be a viable tool for 

the problem. However, the rotating part of the turbine can be more correctly simulated using a 

moving mesh approach embedded in the CFD model (e.g., PimpleDYMFOAM), to capture the 

intricate flow patterns around a wind-lens, such as the flow around the rotating blades, the flow 

separation at the blade trailing edge, and the blade tip vortices. Nevertheless, the actuator disk 

approximation used in the present CFD showed the computational results were typically in good 

agreement with the experimental data illustrated in Fig. 4.7. As a result, the present 

computational procedure is still very useful for the initial performance evaluation of a new 

profile of wind-lens turbine. Details about the model verification are described in Chapter Four.  

In addition, the present computational procedure has been used to maintain an economical 

computational model (i.e., reduce model complexity which usually requires extremely large 

computational effort, large set-up time and being the preliminary design phase, a large number of 

cases and simulation iterations are required) while still being sufficiently accurate.  

 

 

 

 



 

48 
 

3.1.5 Open Channel Flow  
 

An open channel flow describes the fluid motion in the free surface flow because its flow 

boundary is freely deformable, in contrast to the solid boundaries. Assuming steady flow, 

constant density and temperature, and from the extended Bernoulli equation, the mechanical 

energy per unit volume of fluid moving along a streamline, 𝑢2/2 +  𝑝 +  𝜌𝑔𝑧 is constant. 

Rewriting in terms of energy per unit weight of fluid, we have  

 

𝑢2

2𝑔
+

𝑝

𝜌𝑔
+ 𝑧       (3.48) 

where z is the height of the streamline above an arbitrary datum. For a channel of a small slope, 

Eq. (3.48) is simplified to  

 

𝐻 =  ℎ0  +
𝑢2

2𝑔
      (3.49) 

where ℎ0  is the static head and is the depth of the flow, and H is called the total head. This 

indicates that the total head (i.e., specific energy) is equal to the sum of the depth of water and 

the velocity head. By differentiating 𝐻 by ℎ0, the critical depth at which the specific energy is 

minimum for a given volumetric flow rate can be obtained. A dimensionless number describing 

this relationship is the Froude number. It is expressed as the ratio of the inertial to the 

gravitational force acting on the flow 

 

𝐹𝑟  =
𝑢

√𝑔ℎ0
       (3.50) 

 

The minimum energy flow occurs at 𝐹𝑟 = 1 (i.e., critical flow). Flows at 𝐹𝑟 < 1 are termed 

subcritical while at 𝐹𝑟 > 1 is supercritical. In most natural and practical open channel flow 

conditions, the tidal flow is turbulent and tidal flows relevant for energy extraction are generally 

subcritical with 𝐹𝑟 around 0.2. In the present study, 𝐹𝑟 is less than 0.3. 
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3.1.6 Modelling Free Surface Effect for Tidal Turbines 

 
 

Actuator disk models have been applied to tidal current turbines (Garrett & Cummins, 2007; 

Houlsby et al., 2008; Whelan et al., 2009). Garrett and Cummins (2007) considered a tidal 

turbine in a rigid-lid channel. Whelan et al. (2009) included the deformation of the free surface 

while Houlsby et al. (2008) carried out a similar analysis with the inclusion of downstream 

mixing unlike Whelan et al. (2009).  Generally, the models assume that changes in the axial 

velocity of the flow dominate and that crossflow velocities may be neglected. Increasing 

blockage improves turbine performance, resulting in higher thrust and power coefficients over a 

larger range of tip-speed ratios (Garrett & Cummins, 2007; Houlsby et al., 2008; Whelan et al., 

2009; Kolekar & Banerjee, 2015; Ross & Polagye, 2020). Whelan et al. (2009) obtained a good 

approximation for a highly blocked flow pass tidal stream turbines near the free surface with the 

experimental tests. They concluded that agreement between the effects of free surface proximity 

and blockage with the experiment should improve further as the blockage is reduced. Consul et 

al. (2013) demonstrated that the effects of rigid-lid and free-surface deformation on the power of 

a crossflow tidal turbine to be negligible particularly for blockage conditions less than or equal to 

0.25. Kolekar and Banerjee (2015) investigated the effect of blockage on turbine performance 

characteristics using CFD analysis. Results showed that turbine performance generally increases 

with increasing the blockage ratio. No blockage corrections are necessary for blockage ratios less 

than or equal to 0.11 when compared to the unblocked case. Also, the performance with tip-

speed ratios less than 4 was found to be weakly dependent on the blockage ratio. For instance, as 

the tip-speed ratio increases from 1.46 to 2.93, a 6 per cent increase in 𝐶𝑝 from blockage ratio of 

0.042 to 0.42 was observed. However, the impact of blockage ratio on performance curves is 

significant with tip-speed ratios greater than 4. The peak 𝐶𝑝 increased from 0.32 to 0.46 for the 

blockage ratio increased from 0.042 to 0.42. On the effect of boundary proximity, their 

experimental investigation suggested for optimum performance in a confined system, the turbine 

rotational disk should be at least one radial distance away from the solid channel wall and half 

radial distance below the free surface. Ross and Polagye (2020) experimentally examined the 

effects of blockage on the performance of a crossflow and an axial-flow turbine. Both turbines 

were characterized by conditions of high blockage and negligible blockage while other 

significant parameters were held approximately constant. Overall, the effects of increased 

blockage ratio increase the turbine's power performance just as in previous studies. However, 
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error associated with blockage corrections is turbine geometries or test conditions specific. In the 

present numerical simulation, the solver employed is OpenFOAM, a free Open-source CFD 

software package based on the finite volume method as presented in section 3.2.3. The turbine is 

modelled as an actuator disk, the swirl and shedding of coherent vortices from the blades are not 

accounted for. This assumption may not be accurate if the turbines are close together as 

interaction among turbines may exist due to the swirling motion of blades. More so, the inflow 

cross-sectional area is a circle, and the actual shape of the inflow cross-section is assumed 

unimportant. This requires that the cross-sectional area is significantly larger than the cross-

sectional area of the rotor, and the effect of the free-surface boundary should not be important. 

To meet these conditions a relatively small blockage ratio is required. Nishino and Willden 

(2012a) showed that the influence of the aspect ratio is secondary to the blockage ratio when 

considering the efficiency of an array of turbines installed in a large rectangular tidal channel. 

 

 

3.2 Chapter Summary 
 

In this present study, we consider the incompressible flow which refers to a flow whose density 

remains constant in any fluid parcel, i.e., any infinitesimal volume of fluid moving in the flow. 

Then, the incompressible Navier-Stokes equations were described using the continuity and 

momentum equations. The resulting equations form a system of dependent non-linear partial 

differential equations in which (except few cases) no analytical solutions exist and thus, they 

must be solved numerically. Computational simulation of the hydrodynamic field around tidal 

turbines (or wind turbines) is particularly challenging and requires advanced numerical 

modelling to take into account turbulence and fluid-structure interaction. However, a simplified 

analytical approach such as the actuator disk theory can provide a good understanding of the 

flow field around horizontal axis turbines, as well as some useful preliminary results at the initial 

stages of design. Furthermore, the actuator disk model has the further edge in terms of device 

design over a discrete blade, in that, irrespective of the complexities of flow, the dynamics can 

be well represented via actuator disk with negligible cognizance to the discrete blade and angular 

momentum effects but takes a harvest of the linear momentum. The development of the actuator 

disk model follows Bernoulli’s principle. With the assumption that the flow is a steady, inviscid, 

incompressible and irrotational flow, the turbine is modelled by a disk within a stream-tube flow 

in an axial direction. The flow within the streamtube is assumed not to interact with the fluid 
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around it and its direction is along one dimension (say x-axis) perpendicular to the boundary. 

Thus, there is a conservation of mass rate flow at any position along the streamtube. A pressure 

difference is caused by the rotor disk as it extracts kinetic energy from the fluid flow.  

It was noted that the numerical solution of the Navier-Stokes equations for turbulent flow is 

extremely difficult and to resolve it, decomposition of the instantaneous variables, velocity 

components and pressure, into a mean value and a fluctuating value is preferred. The resulting 

equation is called the Reynolds-average Navier-Stokes (RANS) equation and is the most 

employed in CFD for modelling turbulent flows. In the present computational modelling, the 

solver employed for this study is the non-commercial CFD tool- OpenFOAM. Various 

approaches for solving fluctuations in velocity turbulent models were presented. Noting that one 

of the primary the focus of this study is to investigate the performance of flanged duct turbines 

under bi-directional flow and propose an optimum design. The flow field around a flanged duct 

turbine is characterized as a typical bluff-body flow field with highly complex and unsteady 

hydrodynamic phenomena: separation and re-attachment of the shear layer along the internal 

walls of the duct, vortex shedding from the flange in the external flow around the duct and 

mixing of the internal and external flows at the outlet of the duct. The two-equation RANS 

models based on Boussinesq approximation, the URANS model with 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence 

closure was adopted. The 𝑘 − 𝜔 𝑆𝑆𝑇 model allows for direct integration through the boundary 

walls and shows superiority for wall simulation and is the most preferred turbulence model used 

as it has been used in several ducted tidal turbine studies. An open channel flow and assumptions 

for modelling the free surface effect for tidal turbines are highlighted. In most natural and 

practical open channel flow conditions, the tidal flow is turbulent and tidal flows relevant for 

energy extraction are generally subcritical with 𝐹𝑟 around 0.2. In the present study, 𝐹𝑟 is less than 

0.3. The next chapter describes the computational domain and numerical model followed by 

model validations and presentation of simulation results. 
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CHAPTER FOUR 

 Numerical Results and Discussion 
 

In the subsequent sections, the numerical computation domain is described followed by the 

model set-up and implementation of the actuator disk model in the present study. The schematic 

representation of the carefully chosen duct types is illustrated and described. Before performing 

the simulations, grid convergence tests and validation of the present model set-up were carried 

out and presented. A numerical simulation data set for the study of flanged ducted tidal stream 

turbines have been generated. The CFD simulation examined the behaviour of a single turbine 

equipped with a flanged duct for several carefully designed duct shapes in terms of performance 

and influence of blockage ratio. Then an optimum duct design was proposed.  

 

4.1 Simulation Domain and Boundary Conditions 
 

Many practical flow problems are situated in axisymmetric geometries and generally, for 

axisymmetric problems, the physical quantities vary only radially and axially and are, therefore, 

two-dimensional. As a result, for many of these practical applications, the transport equations are 

solved on a 2D or a thin wedge 3D computational domain in order to drastically reduce the 

computational effort as only a section of the flow is computed. In the present study, the 

prediction of performance parameters is the main goal, therefore, taking the axisymmetry of the 

computational domain and the channel containing the turbine, the simulations of the flow 

provided relatively adequate accuracy while maintaining an economical computational model 

i.e., reduce model complexity which usually requires extremely large computational effort, large 

set-up time and being the preliminary design phase, a large number of cases and simulation 

iterations are required. Also, this assumption implies that the effects of free surface deformation, 

supporting structure and channel cross-section are negligible. The turbine region is discretized by 

unstructured grids around the rotor and structured grids upstream and downstream of the turbine. 

With the domain size normalized by the turbine diameter, 𝐷𝑡 = 20𝑚, the inlet, and outlet were 

5𝐷𝑡 upstream and 10𝐷𝑡 downstream of the duct respectively.  
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Figure 4.1. Computational conditions and boundary conditions. 

 

Simulation results for the case with a longer domain length (20𝐷𝑡) downstream of the duct are 

less than one per cent difference with the corresponding simulation results for the domain with 

10𝐷𝑡 downstream length, so the use of 10𝐷𝑡 downstream length is deemed adequate for the 

present study (Figure 4.1). The boundary conditions used are constant velocity, 𝑢0 = 2.0𝑚/𝑠 at 

the inlet, zero-gradient at the outlet, slip wall at the top, and no-slip wall with wall function 

treatment at the duct wall. The fluid is a water of density 𝜌 = 1000𝑘𝑔/𝑚3 and kinematic 

viscosity 𝜈 = 10−6 𝑚2/𝑠, resulting in the Reynolds number 𝑅𝑒 = 4 × 107  (length scale used is 

the turbine diameter, 𝐷𝑡).  The freestream turbulence intensity (FST) of 10 per cent was used in 

computing freestream inflow turbulence parameters. The inflow turbulence parameters are 

calculated from   

 

𝑘 = 1.5(𝑢0𝐼)2         (4.1) 

 

𝜔 =
𝑘

1
2⁄ (0.09)−1

4⁄

𝑙
             (4.2) 

where 𝐼 is the turbulence intensity and 𝑙 turbulent length scale (= 0.1𝐷𝑡 ) similar to the work by 

Nishino and Willden (2012b) and Fleming and Willden (2016). Also, a low freestream 

turbulence intensity of 0.1 per cent was tested for the case of a bare turbine. Table 4.1 shows the 

details of the simulation scheme.  
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Table 4.1.  Details of numerical simulation.  

Computational grid         Mixed (structured and unstructured) 

Scheme         Finite volume method 

Time advancement method         Euler 

Discretization of the convective term         2nd –order upwind scheme 

Coupling algorithm         pimpleFOAM 

Reynolds number         4x107 

 

 

The blockage ratio was set at 𝜖 = 0.131 unless otherwise mentioned for comparisons with 

previous works (Fleming & Willden, 2016). Figure 4.2 illustrates the definition of blockage ratio 

(𝜖) as implemented in the study. In the simulation, the outer rectangular region is replaced by a 

circular region of the same area as the simulation is axisymmetric.  

 

 

 

 

 

 

 

 

             𝐴 = 𝐴𝑑𝑒𝑣𝑖𝑐𝑒; 𝜖 = 𝐴
𝐴𝑐

⁄                             𝐴𝑑𝑒𝑣𝑖𝑐𝑒 = 𝐴 + 𝐴𝑑𝑢𝑐𝑡; 𝜖 =
𝐴𝑑𝑒𝑣𝑖𝑐𝑒

𝐴𝑐
⁄  

(a)                                                                           (b) 

 

Figure 4.2. Blockage ratio, 𝜖 definition for (a) bare (b) ducted turbines. 

 

4.2 Actuator Disk Implementation and Model Set-up 
 

 

The turbine is treated as an actuator disk with the wake swirl and discrete blade effects neglected 

(Shives & Crawford, 2011; Belloni, 2013; Fleming & Willden, 2016; Rahman et al., 2018). In 

the numerical model, the axial resistance induced by the actuator disk was represented by a 

pressure drop ∆𝑝 across the disk,  
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                                       ∆𝑝 =
1

2
𝜌𝑢0

2𝐶𝑡         (4.3) 

 

where 𝐶𝑡 is a pressure coefficient or load coefficient, and Eq. (3.11) was simplified to 

𝐶𝑝 = 𝐶𝑡
𝑢𝑡

𝑢0
         (4.4) 

where 𝐶𝑝 is the power coefficient using the rotor area as the characteristic area; and 𝑢𝑡 is the 

spatially averaged velocity at the rotor. Another power coefficient 𝐶𝑃
∗ can be defined using the 

area swept by the outer diameter of the duct 𝐴𝑑𝑢𝑐𝑡 given by 

𝐶𝑝
∗ =

𝑇𝐴𝑢𝑡
1

2
𝜌𝐴𝑑𝑢𝑐𝑡𝑢0

3
                (4.5) 

 

Equation 4.5 was further reduced to  

𝐶𝑝
∗ =

𝐴

𝐴𝑑𝑢𝑐𝑡
𝐶𝑝         (4.6) 

      

In our numerical analyses as illustrated in Figure 4.2, we note that for bare turbine there is no 

duct and 𝐴𝑑𝑢𝑐𝑡 =  𝐴, 𝐶𝑝
∗ = 𝐶𝑝. The induction factor a is defined by 

 

𝑎 = 1 −
𝑢𝑡

𝑢0
        (4.7) 

A negative value of a refers to the condition that the velocity of flow through the rotor is 

accelerated and greater than the ambient velocity. In OpenFOAM, the pressure-jump ∆𝑝 in Eq. 

(4.3) is specified by using the utility function ‘createBaffles’.  

 

As previously stated, the use of an actuator disk to simulate a turbine has the advantage that there 

is no need to resolve the blades explicitly and the number of grid points can be reduced 

significantly. Computational efficiency is important as there are a lot of scenarios to be simulated 

for various ducted turbines. The actuator disk imposes a streamwise resistance only and extracts 

the upper bound power from the flow. Additional losses due to swirl and shedding of coherent 

vortices from the blades are not accounted for. Furthermore, a specific rotor design may be 

required for each duct for optimum performance. For a fair and straightforward comparison of 
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duct performance, the assessment of the upper bound power extraction by the ideal rotor 

(actuator disk) is preferable. (Shives & Crawford, 2010; Fleming & Willden, 2016). All meshes 

were generated using Gmsh 3.0.6 (Geuzaine & Remacle, 2009) and imported into OpenFOAM 

using the conversion utility command, ‘gmshToFoam’.  

 

4.3 Choice of Duct Shapes 
 

Two types of ducts are carefully chosen. The first three ducts are of asymmetric shape (Type A, 

B, C) and the fourth duct is of symmetric shape (Type D), as shown in Figure 4.3. Asymmetric 

shape ducts are commonly used for a ducted turbine in unidirectional flow. Their performance in 

bi-directional (tidal) flow has however seldom been studied. Symmetric shape ducts are always 

used in bi-directional (tidal) flow as their performance is independent of the direction of flow.  

Type B is the design used in Ohya et al. (2008) for unidirectional flow. The vertical flange at the 

outlet is used to increase the suction in the wake and to generate a larger flow within the duct. 

This duct is primarily used for unidirectional flow but its performance in bi-directional (tidal) 

flow will be investigated. Type A is an improved design with a curved flange. It aims to produce 

better flow behaviour and less head loss under reversed flow conditions. For Type C duct, a 

small inlet-arc flap is added to improve the inlet flow condition and reduce the inlet head loss. 

Type D is symmetrical and consists of a Type A duct and its mirror image. Its performance will 

be identical for flow from both directions. In all cases, the duct thickness, 𝒕 = 0.025𝐷𝑡, rotor 

radius 𝑟 = 𝐷𝑡/2 =10m resulting in 𝑅/𝑟 = 1.31 (where 𝑅 is the duct radius) and position of the 

rotor  𝑋 𝐷𝑡⁄ = 0. The geometric parameter of the duct is 𝐿/𝐷𝑡  =  0.25 and the flange length to 

duct diameter ratio is  ℎ/𝐷𝑡  =  0.1125. The inlet-arc flap length and height were set to 𝑓 =

0.05𝐷𝑡 and ℎ𝑓 = 0.05𝐷𝑡, the length between the duct length and the flange periphery is  𝑆 =

0.125𝐷𝑡 (specifically for Type A and C duct types) and the inlet angle was set to  𝜃 = 4°. The 

choice of these values is based on a preliminary parametric study together with the results from 

previous works (Abe & Ohya, 2004; Ohya et al., 2008). Also, in the case with reversed flow 

direction, the flange height becomes 0.05𝐷𝑡, which falls within the recommended range of flange height 

of 0.04𝐷𝑡~0.06𝐷𝑡 by Limacher et al. (2020).   
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Figure 4.3. Duct geometries for cases with (A) curved flange (B) vertical flange (C) curved 

flange with inlet-arc flap (D) curved flanges at inlet and outlet. Not to scale. 

 

4.4 Mesh Definition and Grid Convergences 
 

The grid used in the CFD simulation is carefully chosen to satisfy the wall function 

requirements. A typical grid layout used in the simulation is shown in Figure 4.4. Grid 

convergence tests following the procedures recommended by the Fluid engineering Division of 

ASME (Celik et al., 2008) have been conducted with Type C ducted turbine. Some details about 

the grids used and the computed results of interest, 𝐶𝑝 (or  𝐶𝑝
∗)  are shown in Table 4.2. For wall 

function treatment (appropriate for high Reynolds number flow), the dimensionless distance, 𝑦𝑤
+ 

(= 𝑢𝜏𝑦𝑤/ 𝜈, where 𝑢𝜏 is the friction velocity, 𝑦𝑤 is the normal distance to the wall, 𝜈 is the 

kinematic viscosity of fluid) in the range 30 ≤ 𝑦𝑤
+ ≤ 300 was set.  
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Table 4.2. Grid convergence tests for Type C ducted turbine (with 𝐶𝑡 = 1.05, 𝐿 = 0.25𝐷𝑡, ℎ =

0.1125𝐷𝑡 , 𝑓 = 0.05𝐷𝑡 , 𝑆 = 0.125𝐷𝑡  & 𝜖 = 0.131). 

 

 

 

 

 

For the solutions, the order of convergence was obtained to be approximately 2. The grid 

convergence index for the medium grid and the fine grid was computed to be 0.95%. Figure 4.5 

shows the sensitivity of computed 𝐶𝑝 with grid size. Since the objective is to select the most 

appropriate mesh that will give acceptable results in less computational time, the medium grid 

was used in the subsequent simulations.  

 

 

 

 

 

 

 

         (a)  

(b) 

Figure 4.4. Typical grid layout (a) around the duct and turbine (b) before and beyond the 

duct and turbine. 

Grids No of cells 𝐶𝑝 𝐶𝑃
∗  

Coarse 26172 1.3540 0.7886  

Medium 104688 1.2521 0.7293  

Fine 418752 1.2256 0.7139  
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Figure 4.5. Sensitivity of 𝐶𝑝 with grid size. 

 

 

4.5 Initial Validation Studies 

Figure 4.6. Effect of freestream turbulence on 𝐶𝑝 with (a) a (b) 𝐶𝑡 for a bare turbine with 

𝜖 = 0.108.  

 

The first case is to simulate a bare turbine in a confined channel. The computed power 

coefficient, 𝐶𝑝 is compared with the corresponding power coefficient obtained from the actuator 

disk theory under confined flow. For this purpose, the blockage ratio of the channel is set to 𝜖 =

0.108 leading to  𝐶𝑝,𝑚𝑎𝑥 = 0.7448 (Garrett & Cummins, 2007). With all flow field residuals 

(velocity and pressure) set to 10-6, the simulations were performed with a transient solver and 

proceeded with a time step size of 0.0001s. Results were then evaluated by comparing the time-
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averaged flow fields and the value of the power output coefficients (Eqs. 4.5 & 4.6). The results 

are shown in Figure 4.6. It can be observed that the computed results for the low freestream 

turbulence (Low FST) case match the theoretical results closely. The increase of FST to 10% 

(High FST) increases the strength of turbulent mixing downstream of the turbine and increases 

the power generation and hence the coefficient 𝐶𝑝. In the present case with 𝜖 = 0.108, the 

increase in the maximum power output is about 8%. The present actuator disk validation results 

are qualitatively similar to those of Fleming and Willden (2016).  

Figure 4.7.  Axial distributions of streamwise velocity ratio (a) 𝐶𝑡 = 0.2 (b) 𝐶𝑡 = 0.9 and 

pressure coefficient (c) 𝐶𝑡 = 0.2 (d) 𝐶𝑡 = 0.9. 
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The model was then applied to simulate the flow through the wind lens of Abe and Ohya (2004), 

Type B duct in Figure 4.3, for two loading conditions: 𝐶𝑡= 0.2 and 𝐶𝑡 = 0.9. The computed 

variations of pressure coefficient 𝐶𝑃𝑠 and normalized velocity profiles along the centerline are 

shown in Figure 4.7. The pressure coefficient is defined as 𝐶𝑃𝑠 = (𝑝 − 𝑝0)/(0.5𝜌𝑢0
2), where 𝑝 is 

pressure, and 𝑝0 is the reference pressure of the approaching flow. It can be observed that the 

computed centerline pressure coefficient profiles and the computed centerline velocity profiles 

matched well with the corresponding experimental measurements by Abe and Ohya (2004). The 

present 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model predicted accurately the peak pressure coefficient and the 

peak velocity ratio for both cases, while the 𝑘 − 휀 turbulence model (Abe and Ohya, 2004) 

slightly overpredicted the peak velocity ratio and underpredicted the peak pressure coefficient for 

the case of Ct = 0.9. In the far wake region (𝑋/𝐷𝑡 >3) the decreasing trend before the recovery of 

pressure and velocity are predicted very well by the present 𝑘 − 𝜔 𝑆𝑆𝑇 model. In the near wake 

region (𝑋/𝐷𝑡 <3) the 𝑘 − 휀 turbulence model gives a better prediction of the profiles.  The 

inaccuracies in the simulations may be due to the errors in the experimental measurements, the 

errors incurred in the turbulence models, and the errors in the grid discretization. 

 

 

4.6 Numerical Analyses 
 

The remaining sections will now analyse the data set arising from the CFD utilizing the actuator 

disk approach described and implemented above for analyzing power output and the influence of 

blockage ratio in detail.  

 

 

4.7 Performance of Ducted Turbines with Ideal Rotor 
 

Extensive CFD simulations have been carried out for the preliminary parametric study. The 

optimum geometrical parameters of the duct obtained are relisted here as above:  𝐿/𝐷𝑡  =  0.25, 

 ℎ/𝐷𝑡  =  0.1125, 𝑓/ 𝐷𝑡  =  0.05, 𝑆/𝐷𝑡  = 0.125, 𝜃 = 4°. The criteria for choosing this set of 

parameters are based on the power output performance and the practicability in the realization of 

the duct. Also, the effects of duct length and flange height variations for Type B duct have been 

previously reported in Abe and Ohya (2004). In all cases, the rotor area is the same, and 
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simulations are run at least for five different values of  𝐶𝑡. The power coefficients for the ducted 

devices are represented by 𝐶𝑃
∗ and 𝐶𝑃 with different reference areas.  

 

 

 Performance of Turbines with Equal Frontal Area 
 

 

The power coefficient 𝐶𝑃
∗ is plotted as a function of the axial induction factor, 𝑎 and thrust 

coefficient, 𝐶𝑡 for duct Type A, Type B, Type C, Type C (Reversed), Type D, and the bare 

devices in Fig. 4.8. It can be seen that the asymmetric duct design (C and reversed C) shows a 

significant improvement in power output reaching a peak value of approximately 0.8 compared 

to the bare device of about 0.85, whereas the symmetric duct Type D attains a maximum power 

output of about 0.5, which is similar to that obtained from the best performing symmetrical duct 

designs by Fleming and Willden (2016). This significant improvement achieved by the duct 

Type C design can be explained as follows: in a duct, the flow expands along the inside wall 

unless a massive flow separation occurs in the near-wall region. As a result, the pressure 

coefficient rises and then the velocity decreases toward the duct exit. Owing to this, the flow 

must accelerate in advance near the duct inlet to compensate for the deceleration inside the duct. 

Thus, the approaching flow accelerates as a result of the low-pressure region generated behind 

the flange and reaches its maximum velocity around the inlet region. Similarly, the deceleration 

mechanism inside the flanged duct means that the pressure coefficient inside the duct must return 

to a much lower value at the duct exit. Because of this restriction, the approaching flow must 

accelerate more to lower the pressure coefficient around the duct inlet. Hence, the significant 

power augmentation of duct Type C is due to (1) the curved nature of the device which was able 

to streamline the flow along the duct avoiding massive flow separation near-wall region (2) the 

curved nature of the inlet-flap forced more mass flow convergence into the duct (3) the curved 

flange generated a large separation behind it thereby inducing a low-pressure (suction) effect. 

Thus, this inherent simultaneous action of duct Type C led to a significant increase in flow 

swallowing and transmission capability of the duct entailing a larger low-pressure zone. This is 

clearly illustrated in Fig. 4.10(b,c,d,e). Duct Type A (with curved flanged but without inlet-flat) 

showed massive separation in the near-wall region but the presence of the curved flanged 

resulted in higher speed fluid flow around the disk compared to duct Type B with a vertical 

flange while duct Type C and C (Reversed) avoided mass flow separation and also have high 
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mass flowing fluid around the disk as they are equipped with curved inlet-flap and flange. The 

velocity field and pressure field of the flows are further discussed in section 4.8. 

 

(a) 

 (b) 

Figure 4.8. Variation of 𝐶𝑃
∗ with (a) a (b) 𝐶𝑡 ( 𝐶𝑡 ranges from 0 to 2). 

 

The optimal performance of this duct device is however achieved at lower loading conditions 

(𝐶𝑡 < 1.2) and decreases with 𝐶𝑡 for 𝐶𝑡 exceeding 1.2. This proves that the performance of a 

flanged duct is strongly influenced by whether or not there exists a separation inside the duct just 
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as found in previous studies (Abe & Ohya, 2004). In addition, the loading coefficient has a 

strong relationship with the generation of separation. Thus, at a relatively small loading 

coefficient (𝐶𝑡<1.2), avoiding a massive separation near-wall region tends to give high 

performance for a flanged duct turbine. At 𝐶𝑡 > 1.2, massive flow separation occurs inside the 

duct device and the build-up of the recirculation region thereby limiting wake expansion. 

 

 Performance of Turbines with Equal Rotor Area 

 
 

The variation of the power coefficient 𝐶𝑝 (adopting the rotor area as the reference area) with the 

induction factor a and thrust coefficient, 𝐶𝑡 are shown in Fig. 4.9. The peak 𝐶𝑝 of type C ducted 

turbine is about 1.6 times that of the bare turbine while the peak 𝐶𝑝 of the Type D symmetric 

ducted turbine is merely close to that of the bare turbine. The magnitude of the pressure gradient 

increases with the size of the flange up to a certain size. Further increase in flange size will 

introduce a blocking effect restricting the flow into the duct (Ohya et al., 2008). Therefore, 𝐶𝑝 

increases with flange size up to a certain value. 

(a) 
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            (b) 

Figure 4.9. Variation of 𝐶𝑝 with (a) a (b) 𝐶𝑡 (𝐶𝑡 ranges from 0 to 2). 

 

4.8 Flow Field Distributions of Turbines 
 

To investigate the flow characteristics of various turbines, the computed flow streamline 

coloured with velocity normalized by the inflow velocity at or close to the maximum power 

output conditions are shown in Fig. 4.10. For the flow streamline integration over the domain, 

we were interested in illustrating features of the flow field distributions around the rotor, near-

wall region and downstream of the flanged duct turbine. In all the cases, we used a total of 

10,000 points (i.e., the number of points of integration) over the domain length for the 

streamlines to achieve a distinct visual description of the flow field. Similar upstream flow 

behaviour is observed for each of the devices. Differences arise as the incident flow impinges 

just on the rotor and downstream of the rotor. For the bare case, the velocity decreases as the 

flow approaches the rotor and gradually expands further downstream of the rotor wake (Fig. 

4.10a). For Type A duct, flow recirculation from the flange occurs in the external flow. As a 

result, a high-speed flow develops just downstream of the rotor but is counteracted by boundary-

layer flow separation along the internal walls of the duct. Further downstream, the high-speed 

flow quickly dies out forming a recirculation wake profile at a lower thrust coefficient (𝐶𝑡 = 1.0) 

and eventually expands (Fig.  4.10b). Similar to Type A duct, flow recirculation from the flange 

in the external flow occurs in Type B duct (Fig.  4.10c). Although no separation occurs along the 

internal walls of Type B duct, the Type A duct demonstrates the expanding curved flange not  
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Figure 4.10. Flow streamlines for (a) Bare (b) Type A (c) Type B (d) Type C 

(e) Type C Reversed (f) Type D. Flow direction is from left to right.  

 

𝑢𝑥/𝑢0 
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only generates a low-pressure region behind the duct peculiar to flanged duct devices for 

increasing flow swallowing capacity but also align and channels the flow out of the duct, hence, 

a greater flow rate.  This is a consequence of the increase in the aforementioned duct 

performance presented in Fig. 4.8 and 4.9. For Type C duct equipped with a curved inlet-arc flap 

ensures that no separation occurs along the inner boundary walls of the duct as it streamlined the 

flow into the rotor plane and along the duct walls. Also, the presence of the expanding curved 

flange at the periphery of the duct easily aligns and channels the flow out of the duct while still 

generating a low-pressure region behind the duct. This inherent simultaneous action led to a 

significant increase in flow swallowing and transmission capability of the duct entailing a larger 

low-pressure zone (Fig.  4.10d and Fig. 4.11d). A higher-speed flow concentration is seen around 

the rotor and downstream of the duct just before the duct exit, unlike Type B with a slightly less 

velocity spread around the rotor. Similar behaviour is observed in the reserved case (Type C 

Reversed) where the curved inlet-arc flap served as the duct flange (Fig. 4.10e). This further 

shows that a curved flanged type is preferred and hence, the best performing duct type (see Fig. 

4.8 and 4.9). For the Type D duct, the front curved flange generates a large recirculation zone 

just outside the duct (Fig. 4.10f). The recirculation bubble diverts more flow outside the duct and 

results in a lower flow rate through the rotor.  It should be noted that for the ducted turbines the 

peak power coefficient occurred at the loading condition with the thrust coefficient significantly 

smaller than that of a bare turbine. Also, the incorporation of the inlet-arc flap and the shape of 

the inlet-arc flap and flange is a strong determinant of the nature of the flow inside and around 

the duct and downstream. 

The pressure fields of various ducted turbines at or close to the maximum power output 

conditions are shown in Fig. 4.11. For the bare case (Fig. 4.11a), a pressure rise occurs in front of 

the rotor. This limits the approaching flow (at zero pressure) through the rotor. For Type A duct 

(Fig. 4.11b), a slight pressure rise occurs in front of the rotor but is counteracted by the action of 

the curved flange which diverts more flow into the duct. For Type B duct (Fig. 4.11c), the 

pressure rise is of a lesser extent due to the vertical flange which creates a lower pressure zone 

downstream. For Type C (Fig. 4.11d), no pressure rise occurs in front of the rotor (unlike Type 

A) and a suction zone occurs just downstream of the rotor. A larger flow thus is resulted.  For 

Type C reversed duct (Fig. 4.11e), a slight pressure rise occurs. This is counteracted by the 

action of the curved flange which diverts more flow into the duct. For Type D duct (Fig. 4.11f), 

the recirculation bubble just outside the duct is larger than that of Type C reversed. The 
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downstream part of the duct with curved flange shelters the rotor and causes the low-pressure 

zone to occur further downstream of the rotor, resulting in a lesser flow rate.   

 

Figure 4.11.  Pressure fields for (a) Bare (b) Type A (c) Type B (d) Type C (e) Type C 

Reversed (f) Type D. Flow direction is from left to right. 

𝐶𝑝𝑠 
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The variation of streamwise velocity ratio and pressure coefficient along the centerline for Type 

C and bare turbines are shown in Fig. 4.12.  At the location of peak power coefficient, the 

pressure coefficient just downstream of the rotor is the lowest, corresponding to 𝐶𝑡 = 1.05 for 

Type C duct, 𝐶𝑡 = 1.2 for Type C reversed duct. A peak velocity also occurs just upstream of the 

rotor. When the loading condition shifts away from that producing the peak coefficient, the peak 

velocity decreases and can be lower than the approaching velocity (case with 𝐶𝑡 = 1.2 for Type 

C duct), and also the value of the lowest pressure increase.   

 

Figure 4.12.  Axial distributions of streamwise (a) velocity ratio (b) pressure coefficient 

for bare and Type C ducted turbine. 

 

4.9 Effect of Blockage Ratio 
 

In placing arrays of turbines in a tidal channel more flow will be drawn into the turbines due to 

flow confinement from adjacent turbines. Garrett and Cummins (2007) have developed an 

analytical model to study the effect of flow confinement on the flow through a bare turbine. The 

effect of the blockage ratio on the peak power coefficient of the ducted turbines is studied by 

using CFD. Fig. 4.13 shows the variation of the maximum power coefficient (in terms of 𝐶𝑃
∗) 

with the blockage ratio. As stated previously, the blockage ratio is defined to be the cross-

sectional area of the rotor divided by the cross-sectional area of the flow bounded by adjacent 

turbines or solid boundaries. It is observed that the maximum power coefficient increases with 
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the blockage ratio and reaches a value of 0.78 when the blockage ratio is 0.131 (Garrett & 

Cummins, 2007). For a higher blockage ratio, the interaction between adjacent turbines may be 

significant and the inlet velocity may become nonuniform. This is beyond the scope of the study 

of the present work. In the present computation, the height of the channel is varied such that the 

required blockage ratio is achieved. The blockage ratio varies from 0.035 (relatively unblocked) 

to 0.131 chosen from related past studies (Belloni, 2013; Fleming & Willden, 2016). The results 

for Type C and Type D turbines are shown in Fig. 4.13.  

 

Figure 4.13. Variation of 𝐶𝑃
∗ with blockage ratio for bare, Type C, and Type D turbines. 

 

In all cases the peak 𝐶𝑝
∗ increases with the blockage ratio. The bare turbine consistently gives the 

highest 𝐶𝑝
∗ for a given blockage ratio, as the rotor size is increased and set equal to the duct size 

for the other cases. The relative performance of duct turbines varies little with the blockage ratio, 

with Type D turbine giving the least rate. For Type C turbine, its 𝐶𝑝
∗ is 88% of the corresponding 

𝐶𝑝
∗ of bare turbine over the range of blockage ratio covered. For Type D turbine, its 𝐶𝑝

∗ slightly 

varies from 62% of the corresponding 𝐶𝑝
∗ of bare turbine at blockage ratio 0.035 to 58% at 

blockage ratio 0.131.  Additionally, the numerical simulations done by Limacher et al. (2020) are 

of blockage ratio approximately equal to 0.01 and the highest 𝐶𝑝
∗ obtained was 0.576. In our 

simulation results shown in Fig. 4.13, the highest 𝐶𝑝
∗ obtained at the blockage ratio of 0.035 is 
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0.56 for Type C ducted turbine. Therefore, our results are comparable and consistent with those 

of Limacher et al. (2020).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

72 
 

CHAPTER FIVE 

Experimental Method 
 

In this chapter, we present a detailed description of the experiments in this study, including the 

procedures, design, and set-up of the model turbines. The main objectives are to investigate the 

interaction effects between turbines in an array.  

 

 

5.1  Experimental Approach 

 
 

Installation and testing of large-scale prototypes of turbines to ascertain turbine performance and 

justify for long time investments are capital intensive. It has been previously established that 

multiple tidal stream converters in arrays have been identified to be critical to trim cost down 

(Goltenbott et al., 2017; Marine Renewables Canada, 2018). As tidal power plant installation 

sites are limited, installing multiple tidal stream converters in close proximity may significantly 

alter the operational conditions of the energy converters, which in turn affects their performance 

and durability. Also, full-scale tidal turbine construction and measurements at the tidal energy 

power sites can have a substantial negative impact on the surrounding ecosystem or marine life 

forms.  Thus, experimental studies of model turbines in controlled environments e.g., 

laboratories will provide insights on the performance objectives of developed converter designs 

and wake characterisation arising from different array layout configurations and allow for a large 

unexplored parameter space for the design to be investigated. 

 

Additionally, experimental data sets (power performance and wake characteristics) provide vital 

information needed for the validation of numerical models for the design and optimization of 

tidal energy converters in prototype scale projects. This is also important for the future 

development of technologies for marine energy utilization.  

 

Experiments on flow through a micro-scaled (1:200th of a 20m diameter full-scale turbine) model 

turbine has been conducted in an open channel with water recirculating system housed in the 

Hydraulic Laboratory, Department of Civil and Environmental Engineering, The Hong Kong 

Polytechnic University, SAR, China.  In the experiments, the interaction effects between flanged 



 

73 
 

ducted turbines or non-ducted turbines on their power performances and wake characteristics 

were examined in detail.  Wake mapping was represented in terms of centerline, lateral 

(crossflow), and vertical profiles of velocity ratios and turbulence intensity. 

 

In the subsequent sections, the experimental design and set-up of the model turbines used across 

all experiments are introduced. Test facilities configuration of the array of turbines used in the 

experiments as well as the flow measurement equipment, ADV and the data analysis procedure 

are outlined. 

 

 

 Model Design  
 

The specific details of the micro-scaled model turbine are described in the following sections. 

 

 

 Blade Section Details  
 

 

Figure 5.1. Cross-section of NACA 4412 airfoil. 

 

 

It is well known that the NACA (National Advisory Committee for Aeronautics) airfoil series 

has been designed for aeronautical applications. Also, the wing sections now in common use are 

either NACA design or have been strongly influenced by the NACA investigations (Abbott & 

Doenhoff, 1959). The airfoil section of NACA 4412 is shown in Fig. 5.1. For the four-digit 

NACA airfoil section, the first digit is the maximum camber as a percentage of the chord, the 

second digit is the location of the maximum camber along the chord from the leading edge in 
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tenths of the chord, and the last two digits give the maximum thickness as a percentage of the 

chord (Anderson Jr, 2010). Pinkerton (1938) measured in considerable detail the aerodynamic 

properties of NACA 4412 section for Reynolds numbers (based on chord length, 𝑐) from 

100,000 to 8,200,000. Results showed that the pressure distribution on NACA 4412 section is 

practically unaffected by the change in Reynolds number except at the location where there is a 

flow separation. 

 

The aerodynamic properties of NACA 4412 airfoil section have been investigated using the 

flying hot-wire probe (Badran & Bruun, 2003; Al-Kayiem & Bruun,1991; Nakayama, 1985; 

Wadcock, 1978). Adopting the flying X-hot-wire probe to measure the U and V components of 

the flow field over NACA4412 airfoil, Badran and Bruun (2003) presented mean flow and 

Reynolds stresses results, obtained on the centerline plane of the airfoil, covering the boundary 

layers over the upper surface, the potential flow region, and the wake downstream of the trailing 

edge at a 15° angle of attack (AoA). Their results showed that an intermittent reverse flow region 

occurred near the trailing edge of the airfoil and then swept away with the streamwise flow. The 

values of the Reynolds normal and shear stresses were shown to increase continuously when 

moving away from the surface with downstream distance, while in the wake region, relatively 

large values of Reynolds stresses occurred. The AoA of 15° corresponded to the position of 

maximum lift for a NACA 4412 airfoil section. 

 

Chang (2004) carried out an experimental study to measure phase-averaged mean velocity and 

turbulent intensity in the near-wake region of an oscillating NACA 4412 airfoil at different 

Reynolds numbers.  In all cases measured, the results of Chang (2004) showed that the velocity 

defects were coupled with both the camber effect and the Reynolds number effect and that the 

Reynolds number effect may be associated with the laminar or turbulent boundary layer on the 

airfoil surface. The near-wake characteristics of an oscillating NACA 4412 airfoil were showed 

to be insensitive at Reynolds numbers between 𝑅𝑒 =1.9 × 105 and 4.1 × 105, while at 𝑅𝑒 =5.3 × 

104 a velocity deficit of much larger in magnitude and width was observed. Also, in the range 

between 𝑅𝑒 =5.3 × 104 and 1.9 × 105, a critical value of the Reynolds number existed, at which 

laminar separation or turbulent separation occurred in the near wake of an oscillating NACA 

4412 airfoil.  
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Vardar and Alibas (2008) investigated the rotation rates and power coefficients of miniature 

wind turbine rotor models manufactured using NACA profiles. Their results showed that the 

NACA 4412 profiles with zero-grade twisting angle, five-grade blade angle, double blades had 

the highest rotation rate and a power coefficient of about 0.3. 

 

Haque et al. (2015) carried out an experimental investigation to explore the possible 

improvement of the aerodynamic performance of airfoil by incorporating curvature at the leading 

edge of a NACA 4412 wing. In the experiment, a curvature was incorporated at the leading edge 

in such a way that the surface area from the middle of the wing towards the root increases and 

the area decreases towards the tip at the same rate while maintaining the overall surface area of 

the wing to that of the rectangular planform. From the analysis of their experimental data, it was 

observed that the lift coefficient of the curved leading-edge planform increases and the drag 

coefficient decreases at AoA below 12°  in comparison to that of the rectangular planform.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.  𝐶𝑙 and 𝐶𝑑 vs AoA plots for NACA 4412 at 𝑅𝑒 = 1 × 106. 

 

The coefficient of lift, 𝐶𝑙 and coefficient of drag, 𝐶d, which illustrate the performance of a 

hydrofoil in a certain flow is presented in Fig. 5.2 against the angle of attack, AoA for NACA 

4412 airfoil. The figure shows that from 0° to 15° there is a linear increase in lift and a relatively 

small increase in drag. A sudden steep increase in drag and a decrease in the lift are observed 

after 15°. At this angle, an aerodynamic stall is set in as separation occurs.  

. 
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Figure 5.3. The sketch of blade and rotor (measurement is shown in 𝑚 𝑚). 

 

 

In the present study, the design of blades is shown in Fig. 5.3 and is based on the NACA 4412 

airfoil. The blades were located 120°apart (3 blades in total) on the rotor and were fabricated in-

house from PLA (Polylactic Acid) filaments using a 3D printer.  They were rubbed with 

sandpaper to improve smoothness and arrive at a more homogeneous distribution of surface 

roughness. The three-blade rotor was geometrically scaled to the diameter of the rotor, 𝐷𝑡 of 

0.09𝑚 and the key design parameters are blade height 𝑟ℎ, rotor radius 𝑟 (i.e., total blade height, 

𝐷𝑡/2), and twist angle (Fig. 5.4). The spanwise distribution of the airfoils is done at every 10% 

successive interval of the blade. The hub is of diameter 0.02m and the distance between the hub 

circle and the blade root is 22% of the rotor radius (𝑟). The blade twist angle is designed to be 

higher at the root airfoil as it experiences fewer rotational forces on the blade and then gradually 

starts to decrease towards the entire span of the blade and zero twist at the tip. The hydrofoil 

cross-section profile is presented in terms of blade height-rotor radius ratio (𝑟ℎ/𝑟), chord length-

rotor radius ratio (𝑐/𝑟) and blade twist angle distribution in Table 5.1. The length of the nacelle 

connected to the rotor is about 0.1m. Although the model scale is small due to the limitation of 

the testing facility, the testing results are expected to be used as a reference for the design of 

prototype tidal turbines.  
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Figure 5.4. Typical blade (a) profile sections (b) twist along the blade span. 

 

Table 5.1. Geometric distribution of the base design blade sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Duct Design  
 

 

The duct shape used in the present experimental study is duct Type C shown in Fig. 3.6 and was 

fabricated in-house from PLA (Polylactic Acid) filaments using a 3D printer. It was 

geometrically scaled to the diameter, 𝐷𝑡 of 0.09𝑚 and a duct-rotor gap of 0.01𝑚 resulting in  

𝑅/𝑟 = 1.42. Figure 5.5 illustrates the duct design shape and scaled geometry of the experimental 

duct Type C. The radius of the duct section with the inlet arc-flap is 0.0545m and the radius of 

the duct section with rotor installation is 0.05m. The maximum outer radius of the duct section at 

the diverging zone is 0.06395m. The shape of the support structure facing the incoming flow was 

designed with an elliptical shape to reduce the impact on the flow field by minimizing the 

(a) 
(b) 
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crossflow dimension. The duct supporting pile has a diameter of 0.02m and a length of 0.05m 

with a base length of 0.05m and a thickness of 0.01m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. The sketch of duct design (measurement is shown in 𝑚 𝑚). 

 

 

 Test Facility 

 
 

The experiments were conducted in the open-channel recirculating water flume housed in the 

Hydraulic Laboratory, Department of Civil and Environmental Engineering, The Hong Kong 

Polytechnic University, SAR, China (Fig. 5.6). The open channel is 0.31𝑚 wide, 0.45𝑚 deep 

and 12.5𝑚 long. The turbine was installed in the open channel such that the distance between the 

flume bottom and the hub of rotor was 0.11𝑚. The water depth (𝑑) at the location of the rotor 

(denoted as 0𝐷𝑡) was maintained at 0.2𝑚 throughout the experiments. The diameter-depth ratios 

were 45% for rotor and 63.95% for duct. To achieve a more steady flow at the flume inlet, a 2𝑚 

long thin rectangular foam was placed on the water surface to damp the surface water level 

fluctuations.  

Duct support structure 
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(a) 

 

 

 

 

 

 

 

(b) 

Figure 5.6. (a) Top view of test section (b) Schematic of the open-channel recirculating 

water flume and the location of the three blades turbine. 
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 Hydrodynamic Performance 
 

 

As presented in previous chapters, the hydrodynamic performance of the tidal stream turbine is 

represented in terms of several parameters such as the power coefficient 𝐶𝑝, thrust coefficient 𝐶𝑡, 

blockage ratio 𝜖, tip-speed-ratio (TSR) and solidity 𝜎. The blockage ratio 𝜖 in the scaled model 

used in this study is approximately 10% based on rotor area while 𝜖 is approximately doubled 

(i.e., 20%) based on the duct area. The TSR ranges from 0 to below 4, as measured in the 

experiments.  However, we note that from Kolekar and Banerjee (2015), the turbine performance 

is independent of blockage ratio below 10% and at lower TSR (< 4), while it is significantly 

enhanced for blockage ratio greater than 10% and TSR greater than 4.0. In the present study, 

blockage corrections were not implemented as the blockage ratio is 10% if the rotor area is used 

as a reference, and there is insufficient information for the values of thrust. Instead of using 

blockage correction, the comparative results are also presented against the maximum power 

coefficient for each data set. The blockage correction is more precise and widely used for a 

system with a blockage ratio greater than 10%. The equation of blockage corrections for non-

dimensional coefficients are presented in Bahaj et al. (2007a).  

 

A Prony brake was used to measure turbine performance, i.e., the power coefficient 𝐶𝑝.  The 

mechanism of working of the rope brake dynamometer is shown in Fig. 5.7a and has been used 

for the present purpose with good results (Meher-Homji, 2000; Senior et al., 2008). Baron Riche 

de Prony first proposed his dynamometer in a memoir published in 1822. The rope Prony brake 

measures power developed by an engine by the method of absorption (friction). As illustrated in 

Fig.5.7a &b, the rope brake dynamometer uses a rope (friction belt) wounded around the rim 

(radius, 𝑟𝑑 ) of the pully rotating at a frequency 𝑓𝑞, a weight 𝑚𝑤 is attached to one end of the 

rope and a spring balance (counterweight), 𝑚𝑠 at its other end. The output power, 𝑃 is then 

calculated by applying the principle of torque produced by engine equal to frictional torque 

caused by the rope as 

 𝑃 = (𝑚𝑤 − 𝑚𝑠)𝑔𝑟𝑑Ω       (5.1) 

 

where Ω (= 2𝜋𝑓𝑞) is the rotor angular velocity and 𝑔 is the acceleration due to gravity (= 

9.81𝑚/𝑠2). The rotor angular velocity, Ω was measured by a digital laser tachometer (Fig. 5.7c) 
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with an accuracy of +/-(0.05% + 1 digit) focused on a reflective surface wounded around the 

shaft of the turbine. The TSR is then calculated as the ratio of the rotor tip velocity to the inflow 

velocity 

𝑇𝑆𝑅 =
Ω𝑟

𝑢0
       (5.2) 

 

Another characteristic of a turbine is its solidity, 𝜎. Solidity is a coefficient that reflects the 

turbine efficiency and is expressed as the ratio of the total blade area to the area swept by the 

turbine. 

𝜎 =
𝑛𝑐

𝜋𝑟
       (5.3) 

where 𝑛 is the number of blades. It has been shown that increasing the number of blades on the 

rotor of a wind turbine increases its performance albeit with diminishing returns i.e., impact on 

aerodynamic efficiency and impulsive noise (Tangler, 2000; Wenehenubun et al., 2015). Also, 

an increase in the number of blades reduces the operational range and the optimum tip speed 

ratio. Duquette et al. (2003) investigated the solidity and blade number effect on the performance 

of horizontal-axis wind turbines and showed that increasing the number of blades at a constant 

solidity resulted in a reduction in aerodynamic efficiency and power, contrary to the flat plate 

experimental results and the numerical predictions (Duquette & Visser, 2003).  

 

 

(a)                                                                                               (b) 
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      (c) 

 

Figure 5.7. (a) Schematic of Prony brake (Senior et al., 2008) (b) top view of Prony brake 

system (c) digital laser tachometer. 

 

Thus, a higher solidity would result in lower TSR which would lower cut-in speeds, reduce 

structural requirements, blade erosion, noise levels and a possible increase in energy extracted. 

These are some of the reasons why the majority of horizontal axis wind turbines are three (3)- 

bladed. However, the drawbacks on the weight, cost and turbine efficiency must be considered 

for the entire turbine design. In the present study,  𝜎 is 0.09, where 𝑐 has been considered in the 

calculation at 75% of the blade length. This is typical for practical micro (< 100KW) wind 

turbines with three-bladed rotors that reflect the design philosophy of large utility-scale machines 

(Duquette et al., 2003). 

 

 

 Flow Velocity Measurement 

 

Side-looking Acoustic Doppler Velocimeter (ADV, Nortek As, Rud, Norway), a Vectrino 

Profiler, was used to measure the time-varying flow fields to obtain the centreline (longitudinal), 

crossflow (lateral) and vertical flow profiles and calculate mean velocity and turbulence 

intensity. The ADV uses the Doppler effect to measure current velocity by transmitting short 

pairs of sound pulses, listening to their echoes and measure the change in pitch or frequency of 

the returned sound. Unlike standard Doppler profilers and current meters, the Nortek Vectrino 

Profiler is a bistatic sonar i.e., it separately transmits sound through the central beam and 

receives via the four passive receivers at an angle of 30° towards the transceiver. A 
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comprehensive description of the probe is presented in Craig et al. (2011) and Thomas et al. 

(2017). The ADV then calculates the time-varying velocity of the water in the x, y, and z 

directions in the Vectrino software over a sampling rate of 100 Hz recording 8000 discrete 

values of velocity. Throughout the measurements, the majority of the samples had a signal to 

noise ratio (SNR) and correlation coefficient (COR) above 21 and 90 respectively. The total flow 

velocity (time-varying) is given just as in Eq. (3.34a) with the time-averaged velocity, 𝑢�̅� =

1

𝑁
∑ 𝑢𝑖

𝑁
𝑖=1  and 𝑁 is the number of velocity samples (= 8000). The dimensionless longitudinal 

turbulence intensity 𝐼𝑥 is then defined as 

 

𝐼𝑥 =
√

1

𝑁
∑ (𝑢𝑖−𝑢𝑖̅̅ ̅)2𝑁

𝑖=1  

𝑢0
 x 100%      (5.4) 

 

Measurements of vertical profiles of undisturbed flow were taken at -6𝐷𝑡 and 6𝐷𝑡 downstream of 

the test section to ascertain the ambient current and turbulence conditions before conducting the 

experiments. The vertical profiles of the time-averaged velocities at the two cross-sections were 

very similar as depicted in Fig.5.8a. The longitudinal current velocities across the vertical 

direction, 𝑍 (-0.7𝐷𝑡 to 0.7𝐷𝑡) gradually decreased from 0.43𝑚/𝑠 below the hub height to about 

0.41𝑚/𝑠 near the water surface while in the hub region, the mean longitudinal velocity was 

approximately 0.42𝑚/𝑠 . The longitudinal turbulence intensity, 𝐼𝑥 distribution along the vertical 

direction is displayed in Figure 5.8b.  

 

. 

 

 

 

 

 

      (a) 



 

84 
 

 

 

 

 

 

 

 

 

 

 

 

          (b) 

 

Figure 5.8. Undisturbed flow profiles (a) Vertical Current (b) longitudinal turbulence 

intensity.  

 

The turbulence intensity at the two cross-sections mainly varied approximately by 1% with 

slightly stronger turbulence found close to the channel bed of about 11% and decreased to about 

10% near the water surface. For calculating dimensionless flow and longitudinal turbulence 

intensities throughout the experiments, a mean longitudinal inflow velocity, 𝑢0 of 0.42𝑚/𝑠 was 

adopted. The transverse components of mean flow velocity (𝑢𝑦 and 𝑢𝑧) in these regions are less 

than 0.05𝑢0, though not presented, and are not expected to influence rotor loading or wake 

recovery.  

 

 Limitations of Scaled Model Testing and Measurement Uncertainty  

 

For physical modelling, a common difficulty is that the geometrical size of turbines that can be 

tested is often limited due to the size of test facilities available. As one might expect, full-scale 

Reynolds numbers for a tidal channel are high, in the order of 107, and therefore fully turbulent. 

In order to extrapolate scaled model data to a full-scale prototype, it is expected that the model 

and prototype must obey the same physical laws and that relevant dimensionless numbers are the 

same either by kinematic or dynamic means (Kofoed et al., 2010). In tidal turbines, Reynolds 

number scaling is the most relevant as it considers fully submerged devices but is almost 
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impracticable to achieve for micro-scale models under laboratory conditions. Thus, when 

Reynolds number similitude is not possible, common industrial practice is to use the Froude 

number (𝐹𝑟) scaling or kinematic relations (Kofoed et al., 2010; Meyers and Bahaj, 2010). 

Although, linear scaling between the Froude number and Reynolds number cannot be achieved 

when the model/prototype ratio becomes too small. However, researchers have tolerated the 

discrepancy between model and prototype Reynolds numbers for the scaling of hydraulic 

channels by setting the conditions that Froude scaling is maintained. The Froude number, 𝐹𝑟 is 

expressed as the ratio of the inertial to gravitational forces acting on the flow (Eq. 3.50). In most 

natural and practical open channel flow conditions, the tidal flows relevant for energy extraction 

are generally subcritical with 𝐹𝑟 around 0.2. In the present study, 𝐹𝑟 is less than 0.3. The 

transition to turbulent flow occurs at Reynolds numbers of approximately 2 × 103 (Myers & 

Bahaj, 2012). The value of Reynolds number of incoming flows in the flume was 𝑅𝑒(=

𝑑𝑢0/ 𝜈) = 8.2 × 104. Generally, it is acceptable to assume that in an open channel flow the 

Reynolds numbers lie within the same turbulent classification (just as in the case presented in 

this study). Also, the Reynolds number in the present study exceeded 4.8 × 104, the threshold of 

Reynolds independence for mean flow statistics (mean velocity, turbulence intensity, kinematic 

shear stress and velocity skewness) as determined by Chamorro et al. (2012). Other previous 

research suggested that testing of diffuser flows wherein the inlet Reynolds number is above 7.5 

× 104, the pressure recovery, diffuser effectiveness and flow regime are independent of diffuser 

Reynolds effects for incompressible flow (Cockrell & Markland, 1963; McDonald & Fox, 1966). 

Though the present model size is necessitated by the limitation of the flume dimensions and 

more so, we did not intend to replicate any existing marine device but rather to present a good 

case study on performance characteristics and wake interactions for duct devices in isolation and 

within an array. The present 1:200th scaled flanged duct tidal stream model set-up, however, 

represents a turbine of diameter 20𝑚 in a water depth of 44.4𝑚. 

 

Another limitation in the present study is that the thrust on the turbine was not measured but a 

uniform flow rate of 90𝑚3/ℎ𝑟 was maintained throughout the experiment resulting in 

approximately within the value of the adopted mean longitudinal inflow velocity, 𝑢0 (based on 

the cross-section of the test channel at the position of the turbine). Meyers and Bahaj (2010) 

pointed out that the thrust coefficient of the rotor disk only has an obvious influence on the 

velocity deficit of near wake but less influence on the far wake. Park et al. (2007) showed that 



 

86 
 

the power coefficient of a wind turbine is very sensitive to change in model scale, but the thrust 

coefficient is independent of the scale effects. Therefore, the differences in scales of model and 

full-scale prototypes may result in dissimilitude between the flow regimes and thus, the 

performance of the turbines at model-scale may slightly deteriorate. Micro-scaled tidal turbines 

nevertheless have an important role to play with exciting prospects in meeting our daily thirst for 

clean energy and will contribute to meeting the target of a net-zero greenhouse gas emissions 

economy by 2050. 

 

In terms of ebb and flood tides, tidal current flows are nearly bidirectional. Therefore, a 

horizontal axial tidal turbine with unidirectional hydrofoils must be able to redirect its face to the 

current directions in order to achieve maximum current energy harvesting. There are different 

approaches to accomplish turbine alignment with the changing direction of the tides: yaw 

mechanism, blade pitch angle adjusting mechanism and a turbine with a bidirectional rotor (Liu 

et al., 2014; Nedyalkov & Wosnik, 2014; Frost et al., 2015; Guo et al., 2020). However, due to 

the severe maritime environment and the high cost of installation and maintenance, the first two 

techniques are not cost-effective in marine applications. The latter approach (i.e., the use of a 

bidirectional rotor) achieves about the same energy extraction capacity capability in either tidal 

current direction (Liu et al., 2014; Guo et al., 2020). Therefore, in the experiments, we 

considered the turbine to be a bidirectional rotor installed to a monopile and housed in a flanged 

duct. The performance of the devices is solely evaluated based on the performance of the rotor. 

For the reversed flows, the duct is rotated to study its performance under bidirectional flows. 

However, it is envisaged that the phase of the flood and the ebb-tidal cycles will vary greatly in 

real-world applications for bi-direction tidal flows and the whole device system must rotate when 

tidal flow turns over. As a result, it can be said that the present experimental set-up is an 

idealized case to some extent i.e., a monopile and a duct are coupled to the rotor, and the tidal 

cycles’ phase is assumed to be the same size and in opposite direction relative to the turbine. 

Hence, a better design should be adopted in field applications, such as the industrial applications 

shown in Fig. 2.2 (Rotech Tidal Turbine), Fig. 2.3 (Solon Tidal Turbine) and/or Fig. 2.6 

(HydroHelix Tidal Turbine) and a bidirectional rotor will be used such that its performance is 

independent of the flow direction.  

 

To further facilitate the possible use of experimentally determined data for commercial purposes, 

the uncertainty associated with such data are strongly recommended to be evaluated as it directly 
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reflects the economic feasibility of wind turbine plants (Frandsen et al., 1990). Thus, uncertainty 

affecting measurements are estimated by applying the law of propagation of uncertainty to 

quantities of interest (𝜆 and 𝐶𝑝) with the assumption that the uncertainty sources are independent 

(Frandsen et al., 1990; Taylor & Kuyatt, 1994; Kofoed et al., 2010; Coleman & Steele, 2018). 

That is 

𝑈 = 𝑈(𝑞1, 𝑞2, … , 𝑞𝑖)       (5.5) 

(𝛿𝑈)2 = (
𝜕𝑈

𝜕𝑞1
𝛿𝑞1)

2

+ (
𝜕𝑈

𝜕𝑞2
𝛿𝑞2)

2

+. . . + (
𝜕𝑈

𝜕𝑞𝑖
𝛿𝑞𝑖)

2

       (5.6)                                                        

where 𝛿 is the uncertainty in each parameter, 𝑈 is the quantity of interest, and  𝑞𝑖 are the measured 

variables. Since the different measurand errors provide different sensitivities, a combination of all 

would be useful in providing a more realistic uncertainty measure. Practically, significant 

uncertainties may be attached to power curve measurement, so applying propagation of 

uncertainty Eq. (5.6) in Eqs. (5.2) and combined (3.11) & (5.1), we have for the combined 

standard uncertainty of the calculated parameters of interest 

𝑇𝑆𝑅 = 𝑇𝑆𝑅(Ω, 𝑟, 𝑢0)       (5.7a) 

(𝛿𝑇𝑆𝑅)2 = (
𝜕𝑇𝑅𝑆

𝜕Ω
𝛿Ω)

2

+ (
𝜕𝑇𝑆𝑅

𝜕𝑟
𝛿𝑟)

2

+ (
𝜕𝑇𝑆𝑅

𝜕𝑢0
𝛿𝑢0)

2

        

(𝛿𝑇𝑆𝑅)2 = (
𝑟

𝑢0
𝛿Ω)

2

+ (
Ω

𝑢0
𝛿𝑟)

2

+ (−
Ω𝑟

𝑢0
2 𝛿𝑢0)

2

    (5.7b) 

⇒ the relative uncertainty in 𝑇𝑆𝑅, 𝛿𝑇𝑆𝑅𝑟 =
𝛿𝑇𝑆𝑅

𝑇𝑆𝑅
= √(

𝛿Ω

Ω𝑚𝑒𝑎𝑛
)

2

+ (
𝛿𝑟

𝑟
)

2

+ (
𝛿𝑢0

𝑢0
)

2

        (5.7c)                                    

and 

𝐶𝑝 = 𝐶𝑝(𝑚𝑤, 𝑚𝑠, 𝑔, Ω, 𝑟𝑑, 𝜌, 𝐴, 𝑢0)     (5.8a) 

(𝛿𝐶𝑝)2 = (
𝜕𝐶𝑝

𝜕𝑚𝑤
𝛿𝑚𝑤)

2

+ (
𝜕𝐶𝑝

𝜕𝑚𝑠
𝛿𝑚𝑠)

2

+ (
𝜕𝐶𝑝

𝜕Ω
𝛿Ω)

2

+ (
𝜕𝐶𝑝

𝜕𝑟𝑑
𝛿𝑟𝑑)

2

+ (
𝜕𝐶𝑝

𝜕𝜌
𝛿𝜌)

2

+

(
𝜕𝐶𝑝

𝜕𝐴
𝛿𝐴)

2

+ (
𝜕𝐶𝑝

𝜕𝑢0
𝛿𝑢0)

2

                            

(𝛿𝐶𝑝)2 = (
𝑔𝑟𝑑Ω

0.5𝜌𝐴𝑢0
3 𝛿𝑚𝑤)

2

+ (−
𝑔𝑟𝑑Ω

0.5𝜌𝐴𝑢0
3 𝛿𝑚𝑠)

2

+ (
(𝑚𝑤−𝑚𝑠)𝑔𝑟𝑑

0.5𝜌𝐴𝑢0
3 𝛿𝜔)

2

+ (
(𝑚𝑤−𝑚𝑠)𝑔Ω

0.5𝜌𝐴𝑢0
3 𝛿𝑟𝑑)

2

+
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3 𝛿𝜌)

2
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(𝑚𝑤−𝑚𝑠)𝑔𝑟𝑑Ω
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2

+ (−3
(𝑚𝑤−𝑚𝑠)𝑔𝑟𝑑Ω

0.5𝜌𝐴𝑢0
4 𝛿𝑢0)

2

    (5.8b) 

⇒ the relative uncertainty in 𝐶𝑝,  

𝛿𝐶𝑝𝑟
=

𝛿𝐶𝑝

𝐶𝑝
= √(−

𝛿𝑚𝑠

(𝑚𝑤−𝑚𝑠)𝑚𝑒𝑎𝑛
)

2

+ (
𝛿Ω

Ω𝑚𝑒𝑎𝑛
)

2

+ (
𝛿𝑟𝑑

𝑟𝑑
)

2

+ (−
𝛿𝜌

𝜌
)

2

+ (−
𝛿𝐴

𝐴
)

2

+ (−3
𝛿𝑢0

𝑢0
)

2
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(5.8c) 

The standard uncertainty values for velocity (𝛿𝑢0), density (𝛿𝜌), angular velocity (𝛿Ω), rotor 

radius (𝛿𝑟), rim radius (𝛿𝑟𝑑), and counterweight (𝛿𝑚𝑠) are equal to 0.01 (𝑚/𝑠), 0.04464 (𝑘𝑔/

𝑚3), 0.0005 (𝑟𝑎𝑑/𝑠), 0.0001(𝑚), 0.0001(𝑚), 0.000001(𝑘𝑔) respectively.  
𝛿𝐴

𝐴
= 2

𝛿𝑟

𝑟
 while the 

attached weight (𝛿𝑚𝑤) is neglected as it is a predetermined mass slot. The values with the 

subscript ‘mean’ are the average value of each measurement. Thus, the resulting relative 

uncertainties (Eqs. 5.7c & 5.8c) in 𝛿𝑇𝑆𝑅𝑟 and 𝛿𝐶𝑝𝑟
 are 2.4% and 8.4% respectively.  

 

 

 Turbine Layout Configurations 
 

 

The layouts of the arrangement of model turbines in the experiments are presented in the 

following sections. Locations of wake measurements are represented in terms of the distance in 

meters divided by the turbine diameter with reference to the rotor center of the upstream turbine. 

The origin of each experiment study is positioned at 0𝐷𝑡, the middle of the channel with 6.25m 

downstream away from the inlet and wake measurement extents are reported up to 20𝐷𝑡 and 

30𝐷𝑡 downstream for the single turbine case and two-inline turbines case respectively. 

 

 

 Single Row of Turbines 
 

 

In the single row of turbines arrangement, the lateral separation of adjacent turbines is 

determined by the channel width which is 0.31m. Only one turbine is required, and it is installed 

in the middle of the channel. For wake measurements and characterisation of the local flow, the 

origin of the coordinate system is placed at the position of the rotor, with the in-stream direction 

denoted by x, the cross-stream direction as 𝑦 and the vertical position by z. The ADV was 

mounted by a clamping system fixed on a carrying platform that was freely moved along the 

flow direction. The ADV can be moved along the vertical direction and lateral direction of the 

channel and was used to measure the time-varying velocities (𝑢𝑥 , 𝑢𝑦, 𝑢𝑧). The three-dimensional 

mean velocities and the dimensionless longitudinal turbulence intensity were subsequently 
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calculated. Detailed velocity measurements were carried out at six test cross-sections 

downstream to investigate the far wake characteristics. The interval between the cross-sections  

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b)            

Figure 5.9. Velocity measurement locations (a) Locations of cross-sections where 

velocity measurement was made, the numbers on the dash lines denote the distance (𝐷𝑡) 

from turbine rotor plane (b) locations of velocity measurement made at all cross-sections 

except the blade and duct swept area. 

 

was 2𝐷𝑡 from distance 4𝐷𝑡 to 10𝐷𝑡, then changed to 5𝐷𝑡 from distance 10𝐷𝑡 to 20𝐷𝑡. In the 

vertical direction, velocity samples were collected at thirteen heights, with an average spacing 
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of 0.01𝑚. The top layer and the bottom layer of the velocity measurements were both 0.01𝑚 

below the water surface and above the test channel bed. In the lateral direction, velocities were 

measured over the range 𝑌 (-0.7𝐷𝑡 to 1.0𝐷𝑡) with a spacing of 0.02𝑚. The schematic 

representations of locations of velocity measurement are illustrated in Fig. 5.9. Figure 5.10 

depicts turbine set-up in the open-channel recirculating water flume. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Single turbine set-up in the open-channel recirculating water flume (a) bare 

(b) ducted turbine in forward flow (c) ducted turbine in reversed flow. 
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 Two-inline Turbines  

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Velocity measurement locations (a) Locations of cross-sections where 

velocity measurement was made for two inline turbine arrays, the numbers on the dash 

lines denote the distance (𝐷𝑡) from the turbine rotor plane. Axially aligned turbine set-up 

in the test section (b) bare (c) ducted turbines in forward flow (d) ducted turbines in 

reverse flow. 
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To make tidal streams commercially viable multiple tidal stream turbines are likely to be placed 

in farms or arrays (Funke et al., 2016). Adcock and Draper (2014) showed that there is a 

significant interaction between multiple turbines deployed in a given region. In this section, a 

multiple-row array configuration is developed to further investigate the wake structure of a  

turbine in an array. An in-line arrangement is applied to the multiple-row array and the 

corresponding schematic of turbine spacing is shown in Fig. 5.11. For simplification, only two 

turbines were deployed with a separation distance of 10𝐷𝑡 throughout the experimental 

measurements. Similar to measurements for the case of single row turbine, detailed velocity 

measurements were carried out at five test cross-sections upstream of the downstream turbine 

and at seven test cross-sections downstream of the downstream turbine as illustrated in Fig. 5.10a 

to investigate the far wake characteristics for each turbine system. 

 

 

5.2 Chapter Summary 
 

The chapter introduced the design of model turbines and the set-up of experiments. We noted 

that studies in controlled environments will provide insights on the performance objectives of 

developed converter designs and wake characterisation arising from different array layout 

configurations and allow for a large unexplored parameter space to be investigated. Thus, a 

comprehensive 1:200th scaled tidal stream model experiment was conducted in an open channel 

housed in the Hydraulic Laboratory, Department of Civil and Environmental Engineering, The 

Hong Kong Polytechnic University, SAR, China. The experimental setup in the present study 

represents a turbine of diameter 20 𝑚 in a water depth of 44.4 𝑚. The working test section is 

0.31𝑚 wide, 0.45𝑚 deep and 12.5𝑚 long and the value of the Reynolds number of incoming 

flows in the open channel was 𝑅𝑒 = 8.2×104 indicating that the experimental conditions in the 

open channel are within the turbulent region.  The experiment is to examine in detail the 

interaction effects between flanged ducted and non-ducted marine current turbines in terms of 

performances and wake characterisation. Wake mapping was represented in terms of longitudinal 

(centerline), lateral (crossflow), and vertical profiles of velocity ratios and turbulence intensity. 

 

The blade design chosen for this study is based on the NACA 4412 airfoil. Three blades were 

used and were located 120°apart. The airfoil was constructed in-house and produced via a 3D 
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printer, then rubbed with sandpaper to ensure smoothness and a more homogeneous distribution 

of surface roughness. It was geometrically scaled to the diameter, 𝐷𝑡 of 0.09𝑚 and the key 

design parameters that defined the three-bladed rotor are blade height 𝑟ℎ, rotor radius 𝑟 and twist 

angle distribution. The duct shape used is the duct Type C whose performance was first 

numerically investigated using the actuator disk method. The duct was geometrically scaled to 

the diameter, 𝐷𝑡 of 0.09𝑚 with a duct-rotor gap of 0.01𝑚 resulting in 𝑅/𝑟 = 1.42.  The duct 

inlet and maximum outer radii are 0.0545m and 0.06395m respectively. The duct is mounted on 

an elliptical-shaped supporting pile of length 0.05m and a base length of 0.05m. The distance 

between the flume bottom and the hub of rotor is 0.11𝑚 and water depth (𝑑) at rotor location 

(0𝐷𝑡) was maintained at 0.2𝑚 throughout the experiments. Before doing experiments on 

turbines, measurements of undisturbed flow were conducted using the ADV at -6𝐷𝑡 and 6𝐷𝑡 

downstream of the test section to ascertain the ambient current and turbulence conditions. The 

longitudinal turbulence was found to vary from about 11% close to the channel bed to about 10% 

near the water surface for all systems while current velocities gradually decreased from 0.43𝑚/𝑠 

below the hub height to 0.41𝑚/𝑠 near the water surface. Throughout the control experiment, a 

mean longitudinal inflow velocity, 𝑢0 of 0.42𝑚/𝑠 was adopted for calculating dimensionless 

flow and longitudinal turbulence intensities. 

 

For the measurement of turbine performances, the principle of Prony brake was adopted which 

measures power developed by an engine by the method of absorption (friction). The Prony brake 

has shown good results in previous works specifically for this purpose. Locations of wake 

measurements were represented in terms of the distance in meters divided by the turbine 

diameter with reference to the rotor center of the upstream turbine. For a single-row turbine, 

detailed velocity measurements were carried out at six test cross-sections downstream at an 

interval of 2𝐷𝑡 from distance 4𝐷𝑡 to 10𝐷𝑡, then changed to 5𝐷𝑡 from distance 10𝐷𝑡 to 20𝐷𝑡. 

Then in the vertical direction, velocity samples were collected at thirteen heights, with an 

average spacing of 0.01𝑚. The top layer and the bottom layer of the velocity measurements were 

both 0.01𝑚 below the water surface and above the test channel bed. In the lateral direction, 

velocities were measured over the range 𝑦 (-0.7𝐷𝑡 to 1.0𝐷𝑡)  with a spacing of 0.02𝑚. Similarly, 

for the configuration of the two-inline turbine, detailed velocity measurements were carried out 

at five test cross-sections upstream of the downstream of the reference turbine and seven test 

cross-sections downstream of the second turbine.  
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CHAPTER SIX 

 Experimental Results and Discussion 
 

With the proposed optimum duct design from CFD solutions, a comprehensive scaled physical 

experiment was then conducted in an open-channel recirculating water tunnel to further assess 

the influence of the interaction effects between turbines of the same kind. The cases of bare 

turbine and ducted turbines were investigated to quantify the power performances and wake 

characteristics. The experiments included flow through isolated turbines and flow through two 

axially aligned turbines. The key findings were analyzed and presented in the following sections. 

 

6.1 Experimental Analyses 

 
From the preliminary extensive CFD simulation results analyzed and discussed in the preceding 

sections, the best performing duct type was identified as duct Type C. This was attributed to the 

incorporation of an inlet-arc flap and a curved flange and a consequence of an inherent 

simultaneous action leading to a significant increase in flow swallowing and transmission 

capability of the duct entailing a larger low-pressure zone. Hence, significantly improved peak 

power coefficient, although at the loading condition with the thrust coefficient significantly 

smaller than that of a bare turbine. The physical experiment geometrically scaled to the diameter, 

𝐷𝑡 of 0.09𝑚 was then conducted in an open-channel recirculating water tunnel using duct Type 

C and a three-bladed turbine based on the NACA4412 airfoil located 120°apart. The turbine was 

positioned at 0𝐷𝑡 mark in the tunnel and with an inflow velocity, 𝑢0(= 0.42𝑚/𝑠). The interaction 

effects of the duct on the performance and characteristics of wake evolution downstream of a 

flange ducted tidal stream turbine model was examined. The power performance was determined 

using the Prony brake while velocity and turbulence measurements were conducted using the 

side-looking ADV. Locations of velocity measurements were represented in terms of the 

distance in meters divided by the turbine diameter,𝐷𝑡 with reference to the rotor center of the 

upstream turbine. Velocity measurement locations were up to 20𝐷𝑡 downstream of the cases with 

an isolated turbine and 30𝐷𝑡 for the cases with two axially aligned ducted turbines or bare 

turbines.  
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6.2 Performances of Ducted Turbines with Real Rotors 
 

In this section, the power performance of the ducted turbines obtained from the physical 

experiments was presented and compared to that of the bare turbine. Firstly, the power 

performance of isolated turbines was analysed in section 6.2.1. Secondly, the power 

performances of the downstream turbines in the axially aligned arrangement were examined in 

section 6.2.2. The separation distance between the two axially aligned turbines was 10𝐷𝑡.   

 

6.2.1 Performances of Isolated Turbines in Single Row Arrangement 

 

The result for the variation of the power coefficient, 𝐶𝑝 (based on the rotor area) with the tip 

speed ratio, TSR is shown in Fig. 6.1. Notably, the power coefficient - 𝑇𝑆𝑅 curve is relatively 

short spanning, with a TSR range of 0.90 - 3.80. This is typical for a tidal stream rotor for which 

the maximum power is delivered at lower values of TSR (𝑇𝑆𝑅 < 4), leading to large torque 

production (Borg et al., 2020). The operating range of the bare turbine is about 9% (freewheeling 

𝑇𝑆𝑅 = 3.2) smaller than that of the duct Type C, and about 19% (freewheeling 𝑇𝑆𝑅 = 3.5) 

smaller than that of duct Type C Reversed (freewheeling 𝑇𝑆𝑅 = 3.8) turbine. Similarly, the 

operating range of duct Type C is about 9% smaller than that of duct Type C Reversed. The 

maximum 𝐶𝑝 of value about 0.18, 0.22 and 0.25 occurs at 𝑇𝑆𝑅 equal to 2.1, 2.5 and 2.9 for the 

bare, duct Type C and duct Type C Reversed respectively. The 𝑇𝑆𝑅 for optimum operation is 

increased by 36% for duct Type C Reversed and 19% for duct Type C as compared to that of the 

bare turbine. The duct Type C Reversed gives the best power performance and the peak Cp value 

is about 11% higher than that of the duct Type C. In numerical simulations, similar results are 

obtained although the peak 𝐶𝑝 for Type C Reversed is about 4% higher than that of Type C (Fig. 

4.9a, b). This enhancement in duct performance can only be a consequence of a strong reduction 

in inlet loss and unsteady pressure zone at the duct exit, thus inducing more flow into the interior 

region of the duct. The concentration of flow inside the duct is clearly supported by the higher 

incoming flow at the duct inlet depicted in Fig. 6.2 for duct Type C with no rotor present. Also, 

both ducted turbines are better than the bare turbine in terms of power performance. The peak 𝐶𝑝  

of duct Type C is 25% higher than that of the bare turbine, and the peak 𝐶𝑝  of duct Type C 

Reversed is 36% higher than that of the bare turbine. The power performance of the ducted 

turbines is similar to that of a 200 kW OpenHydro demonstrator device, i.e., 𝐶𝑝  about 0.3 with a 
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2.5𝑚/𝑠 rated flow speed (Polagye et al., 2010). To facilitate the comparison between the 

experiment and the numerical results, it is noted that 𝑇𝑆𝑅 and (1 − 𝑎) are both related to the 

freestream velocity and the numerical results (Fig. 4.9) were redrawn in terms of 𝐶𝑝 vs (1 − 𝑎) 

for the bare, duct Type C and duct Type C Reversed turbines as illustrated in Fig. 6.3. The curves 

all clearly follow the same trend as the curves obtained in experiments results but with larger 

magnitudes.  

 

 

 

 

 

 

 

 

Figure 6.1. Power coefficient vs 𝑇𝑆𝑅 for single row turbines. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Centerline velocity distribution. 
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For the experimental performance curves, duct Type C reaches freewheeling earlier than duct 

Type C Reversed, which is different from that shown in the numerical performance curves. The 

shift in the peak and/or freewheeling positions is likely due to that 𝑇𝑆𝑅 and (1 − 𝑎) do not bear 

a directly proportional relationship. However, Figure 4.9b (i.e., 𝐶𝑝 vs 𝐶𝑡) shows that Type C 

reaches freewheeling earlier than Type C if 𝐶𝑡 is employed instead of (1 − 𝑎), which is 

consistent with the experimental curves (Fig. 6.1). The comparatively substantial difference in 

the performance levels between the numerical and experimental results may be due to the use of 

a uniform actuator disk model in the numerical simulation. The actuator disk model tends to 

over-predict the turbine performance due to the omission of swirl and shedding of coherent 

vortices from the discrete blade. Another factor that could influence the performance is the 

sensitivity of the power coefficient to change in model scale (1:200 in the present study) as 

shown by Park et al. (2007).  

 

 Figure 6.3. CFD Power coefficient vs (1 − 𝑎) for single row turbines. 

 

Under laboratory conditions, the Reynolds number attained in the experiments was not 

sufficiently large and the flows did not reach the fully turbulent conditions for the rotor. This 

may affect the operational capabilities of the scaled turbines.  The extrapolation of the results to 

the prototype scale thus should be with caution. In the present experimental test setup, one of the 

limitations is that the loading coefficient on the turbine was not ascertained. Peak 𝐶𝑝 occur at 
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very low rotor loading (thrust) for the ducted turbines (Abe & Ohya, 2004; Belloni, 2013; 

Fleming & Willden, 2016; Maduka & Li, 2021). Thus, the actual value of the thrust in the 

present experiment (not measured) may also influence the duct performance. As highlighted in 

Bahaj et al. (2007a), the proximity of the water surface reduces the pressure difference across the 

turbine and thus contributed to the reduction in turbine performance. Notwithstanding, the results 

show that ducted turbines generate higher peak power per rotor unit area than that of the bare 

turbine.  

(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure 6.4. Normalized peak power coefficient vs peak 𝑇𝑆𝑅 & peak (1 − 𝑎) for single 

row turbines (a) experiment (b) numerical. 
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It also suggests an effective way to significantly increase the performance of a turbine of a given 

rotor size. In general, the data from the physical modelling implies that the results are dependent 

on turbine flow, device design and operating conditions with a reduction in operating range when 

working with smaller scales while larger turbine develops higher power performance (Rancourt 

et al., 2007; Watson et al., 2019). The outcome of experiments also agrees well with Betz’s 

findings in the technical memorandum for medium-speed windmills (Betz, 1928), Mycek et al. 

(2014), and Yigit (2020) with a peak power coefficient of about 0.3. For further analysis between 

the experimental and the numerical results, additional figures with quantities normalised in terms 

of 𝑇𝑆𝑅 or (1 − 𝑎) at the point of the occurrence of maximum 𝐶𝑝 are presented in Fig. 6.4. It can 

be seen that the performance curves for both the experiments and the numerical simulations 

overlap in the rising regions (0<
𝑇𝑆𝑅

𝑇𝑆𝑅𝑚𝑎𝑥
< 1) or (0<

1−𝑎

(1−𝑎)𝑚𝑎𝑥
< 1) for all turbines.  In the falling 

regions (
𝑇𝑆𝑅

𝑇𝑆𝑅𝑚𝑎𝑥
> 1) or (

1−𝑎

(1−𝑎)𝑚𝑎𝑥
> 1), some differences in the curves occur especially at the 

freewheeling points.   

 

6.2.2 Performances of Downstream Turbines in Two-axially-aligned 

Turbine Arrangement 

 

One way to evaluate the interaction effects between two turbines is to examine the performance 

of the downstream turbine which was installed at a distance of 10𝐷𝑡  downstream of the 

upstream turbine (section 5.1.3.2). The variation of Cp
down of the downstream turbine is with the 

associated 𝑇𝑆𝑅𝑑𝑜𝑤𝑛 is shown in Fig. 6.5a for different devices. This can show the degree of 

influence of the operating upstream device. The variation of 𝐶𝑝 of an isolated device as a 

function of the associated 𝑇𝑆𝑅 is already discussed in section 6.2.1. For a more convenient 

comparison, Fig. 6.5b depicts the curve of the normalised 𝐶𝑝
𝑑𝑜𝑤𝑛 (= 𝐶𝑝

𝑑𝑜𝑤𝑛 /𝐶𝑝 𝑚𝑎𝑥
𝑠𝑖𝑛𝑔𝑙𝑒

) of the 

downstream turbine against the associated normalised  𝑇𝑆𝑅𝑑𝑜𝑤𝑛 (= 𝑇𝑆𝑅𝑑𝑜𝑤𝑛/𝑇𝑆𝑅𝑚𝑎𝑥
𝑠𝑖𝑛𝑔𝑙𝑒

 ), 

where 𝐶𝑝 𝑚𝑎𝑥
𝑠𝑖𝑛𝑔𝑙𝑒

 refers to the 𝐶𝑝 𝑚𝑎𝑥 of the corresponding isolated turbine and 𝑇𝑆𝑅𝑚𝑎𝑥
𝑠𝑖𝑛𝑔𝑙𝑒

  refers to 

the 𝑇𝑆𝑅𝑚𝑎𝑥 of the corresponding isolated turbine.  The results (Fig. 6.5a) show that the 

reduction in the power coefficient is the least for the bare turbine (i.e., 20%), more for duct Type 

C (i.e., 22%) and the most for the duct Type C Reversed (i.e., 25%). 
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(a) 

 

 

 

 

 

 

 

(b)       

Figure 6.5. (a) downstream turbine Cp
down – 𝑇𝑆𝑅𝑑𝑜𝑤𝑛 curve (b) normalised downstream 

turbine Cp
down – 𝑇𝑆𝑅𝑑𝑜𝑤𝑛 curve with 𝐶𝑝 𝑚𝑎𝑥

𝑠𝑖𝑛𝑔𝑙𝑒
 and 𝑇𝑆𝑅𝑚𝑎𝑥

𝑠𝑖𝑛𝑔𝑙𝑒
 

 

The curves shown in Fig. 6.5b are similar to the curves in Fig. 6.4a and show that the 

downstream turbine is adversely affected by the presence of an operating axially aligned 

upstream turbine, with the reduction in power coefficient of up to 25%. This is due to the wake 

characteristics of the upstream turbine, which will be discussed in detail in the next section. The 

wake recovery of duct turbines was found to be relatively poor, with the wake velocity being 

slightly less than 5% for duct Type C (at 𝐼𝑥 of about 14%) and about 7% for duct Type C 
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Reversed (at 𝐼𝑥 slightly above 14%) to that of the bare turbine (at 𝐼𝑥 of about 12%) at 10 rotor 

diameters downstream (Fig. 6.6 in the next section). The experimental study shows that the 

performance of the downstream turbine mainly depends on the streamwise distance between the 

turbines for the aligned configuration considered. Therefore, power reduction in this region can 

be improved if the turbines are placed apart such that they are minimally affected by wakes from 

turbines directly upstream. Noting that minimizing the cost of energy rather than maximizing the 

energy production per land area is a typical interest to a tidal-turbine-farm design. The far wake 

characterisation is essential to understand the interaction of turbines in arrays on power 

extraction. These will be investigated in detail in the next section.  

 

6.3 Wake Field Analyses 
 

 

In this section, the far wake characteristics of the ducted turbines obtained from the physical 

modelling are discussed and compared to those of the bare turbine. Firstly, we analyse the far 

wake characteristics for a single turbine. Secondly, for the scenario of two in-line turbines with a 

separation distance of 10𝐷𝑡, we investigate the wake characteristics of the upstream turbine, and 

finally, in the presence of the operating upstream turbine, the wake characteristics of the 

downstream turbine is analysed and discussed.  

 

 

6.3.1 Wake Characteristics of Isolated Turbines  

The streamwise velocity averaged over the sampling time at a point in the turbine wake is 

referred to as 𝑢𝑥. In the experiments the incoming velocity 𝑢0was set at 0.42m/s and the turbines 

were under no-load condition. The variation of the mean centreline velocity ratio, 𝑢𝑥/𝑢0 with 

axial distance is shown in Fig. 6.6a, and the corresponding streamwise turbulence intensity, 𝐼𝑥 is 

shown in Fig. 6.6b. The results in Fig. 6.6 show that, at the downstream side of the turbine, the 

velocity of incoming flow decreased but the streamwise turbulence intensity increased. The 

reduction of wake velocities and the increase in turbulence intensities were both larger for the 

ducted turbines than those of the bare turbine. All the devices show monotonically increasing 

trends for streamwise velocity and decreasing trends for turbulence intensity against the axial 

distance.    
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(a) 

 

(b) 

 

Figure 6.6. Streamwise distribution for a single row turbine (a) velocity ratio (b) 

turbulence intensity. 

 

 

For the bare turbine, the velocities and turbulence intensities in the wake were less affected, and 

they recovered faster than those of the ducted turbines i.e., the bare turbine absorbed lesser 

energy from flow and exerted smaller effects on its wake than the ducted turbines.  At the axial 

position of  𝑋/𝐷𝑡= 10, the wake velocity ratio, 𝑢𝑥/𝑢0 recovered to 0.98 for the bare turbine, 0.93 

for duct Type C and 0.91 for duct Type C Reversed while the turbulence intensity was still larger 
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than that of the incoming flow for all the devices (about 12% for bare turbine and 14% for both 

duct turbines). For the bare turbine, the wake velocity gradually recovered at and beyond the 

distance of 13 𝐷𝑡, and the turbulence intensity was smaller than that of the incoming flow. At the 

position 𝑋/𝐷𝑡=6, both duct turbines had the same wake velocity and turbulence intensity but 

beyond this position, duct Type C recovered faster than duct Type C Reversed. For duct Type C, 

the wake velocity recovered to that of the incoming flow at about 𝑋/𝐷𝑡=19 and the turbulence 

intensity was still slightly larger than that of the incoming flow. For duct Type C Reversed, the 

wake velocity fully recovered at 𝑋/𝐷𝑡=20 with the turbulence intensity slightly smaller than that 

of the incoming flow.  

 

At the axial locations of 𝑋/𝐷𝑡= 4, 6 and 8, and 𝑋/𝐷𝑡= 10, 15 and 20, the change in the ratio of 

𝑢𝑥 to 𝑢0 along the z- and y-directions as well as their corresponding streamwise turbulence 

intensity, 𝐼𝑥 are shown in Fig. 6.7a, Fig. 6.7b, Fig. 6.8a, and Fig. 6.8b respectively. For all 

devices, the vertical (z) profiles of the streamwise velocity ratio 𝑢𝑥/𝑢0  shows that  𝑢𝑥 increases 

near the water surface and decreases near the seabed. The trend is not so apparent for turbulence 

intensities. The high velocity surrounding fluid mixes with the slow-moving fluid in the wake as 

axial distance increases thereby transporting momentum into the center of the wake. This causes 

wake expansion in the radial direction and a reduction in velocity deficit. At 𝑋/𝐷𝑡=4 (Figs. 6.7a, 

b), the bare turbine has a greater velocity ratio than the ducted turbines across the entire vertical 

profile while all devices have the highest level of turbulence near the water surface and the 

lowest level of turbulence near the bed. The wake recovery region of the bare turbine is shorter 

than those of the ducted turbines.  Beyond 𝑋/𝐷𝑡=8 (Figs. 6.7a, b), the vertical profiles become 

fairly uniform. The turbulence intensity decreases with the axial distance and the profile becomes 

fairly uniform from 𝑋/𝐷𝑡=10 onwards. At 𝑋/𝐷𝑡=20, the variation in turbulence intensity is less 

than 2% over the entire depth for all the devices. The bare turbine has the least turbulence 

intensity level (8%) while the ducted turbines have turbulence intensities close to that at the 

inflow boundary. The present results are similar to those reported in Stallard et al. (2013) and 

Tedds et al. (2014). However, the development of wake velocity deficit was incomplete in the 

vertical direction due to the limitation of water depth (less than 4 rotor diameters). The profiles 

of 𝑢𝑥/𝑢0 along y-direction are shown in Figs. 6.7and 6.8. The profiles are quite symmetric and 

are similar to the axisymmetric wake profile for wind turbines. The velocity profiles of the duct 

turbines have a larger velocity deficit in the central region as compared to that of the bare turbine 
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(a) 

(b) 

Figure 6.7. Streamwise vertical and lateral profiles (a) velocity ratio (b) turbulence 

intensity downstream of the single turbine at x = 4𝐷𝑡 - 8𝐷𝑡. (Blue symbol – bare; orange 

symbol – Type C; grey symbol – Type C reversed). 
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At the outer region, all the velocity profiles nearly overlapped. The wakes gradually expanded 

with increasing downstream distance and finally approached the uniform inflow condition (i.e., 

beyond 𝑋/𝐷𝑡=10). Their corresponding streamwise turbulence intensities, 𝐼𝑥 gradually diffused 

and became fairly uniform with increasing downstream distance and approached the inflow 

condition (at 𝑋/𝐷𝑡=15 and 20). The results imply that additional turbine(s) can be placed within 

the accelerated lateral positions, say 𝑌/𝐷𝑡 ≥ ±1.0 where the flow is greater than the inflow 

current velocity. Though the development of wake velocity deficit was incomplete in the lateral 

direction due to the limitation of channel width, the wake characteristics are qualitatively similar 

to those of the previous studies (Harrison et al., 2010; Maganga et al., 2010; Myers & Bahaj, 

2012; Mycek et al., 2014; Ceccotti et al., 2016).  

 

For all devices, the velocity deficit (Fig. 6.8a) is slightly less than zero (𝑢𝑥/𝑢0 >1) at |𝑧| <  4  

and  |𝑦| >  0 for 𝑋/𝐷𝑡= 15 and beyond, which implies that within these regions, the wake 

velocity is slightly greater than the inflow velocity. In general, turbulence enhanced wake mixing 

and velocity recovery. In this study, about 13 rotor diameters for the bare turbine and 20 rotor 

diameters for the ducted turbine is required for the velocity profiles returning to the uniform 

inflow velocity profile. Previous experiments demonstrated that centerline velocity deficits are 

still appreciable at 10 rotor diameters downstream and that streamwise spacing between two in-

line turbines could be in the order of 15–20 rotor diameters (Myers et al., 2008a, 2008b). The 

presence of the turbine support structure has a significant effect in the near wake (within 𝑋/𝐷𝑡=2 

downstream) inducing a significant velocity deficit and enhancing the turbulence intensity. 

 

The evolution of the mean centerline streamwise velocity downstream of the bare rotor, 

illustrated in Fig. 6.9, compares qualitatively well with published data (Maganga et al., 2010; 

Stallard et al., 2013; Tedds et al., 2014; Chen et al., 2017; Zang et al., 2019). Previous studies 

have shown that a direct comparison may not be really possible as a result of the 

interdependency of wake velocity reduction and rate of recovery of wake velocity on several 

factors. The spread of data could be due to the range of turbulence intensities and variations in 

the thrust and turbine model. In Maganga et al. (2010) a different model turbine was used, and 

the flow was of higher turbulence intensity (25%) and with a lower blockage ratio of 5%. The 

resulting velocity deficit was lower than that of the present study (blockage ratio 10%) in the 

wake region (𝑋/𝐷𝑡 < 6), and the velocity recovery rate was similar to that of the present study  
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(a) 

        (b)  

Figure 6.8. Streamwise vertical and lateral profiles (a) velocity ratio (b) turbulence 

intensity downstream of the single turbine at x = 10𝐷𝑡 - 20𝐷𝑡. (Blue symbol – bare; 

orange symbol – Type C; grey symbol – Type C reversed) 
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Figure 6.9. Normalised velocity for the bare turbine against published data. 

 

beyond 𝑋/𝐷𝑡=8. One cause of the difference in the results may be due to the difference in the 

blockage ratio used. A higher blockage ratio will cause a measurable increase in thrust 

coefficients and bypass flow velocity (and hence the wake recovery length scales). Stallard et al. 

(2013) employed a lower blockage ratio of 2.5% (inflow turbulence intensity of 10%) and the 

results gave a slower flow recovery as compared to that of the present study (blockage ratio of 

10%). Chen et al. (2017) employed a higher blockage ratio of 16.4% (inflow turbulence intensity 

of 2%), the results gave a more rapid flow recovering rate for the model turbine investigated. 

Zang et al. (2019) employed a blockage ratio of 8.7% (inflow turbulence intensity of 10%) and 

the results showed that the velocity deficit was smaller at the near wake zone (𝑋/𝐷𝑡 <5) and the 

flow recovery rate is slower beyond 𝑋/𝐷𝑡=5, as compared to those of the present study.   A 

much longer distance (>20𝐷𝑡) would be required for the velocity to return to the incoming 

velocity. The longitudinal variation of velocity deficit in the experiments by Tedds et al. (2014) 

compares qualitatively and quantitively well to that of the present study. Their experimental test 

condition was of inflow turbulence intensity 2% and blockage ratio of 16%, resulting in a 

maximum difference of about 7% in velocity compared to the present study.  

 

The rate of wake recovery for the ducted turbine could be more affected by the surrounding 

boundaries due to its close proximity to the seabed and water surface (flow depth is less than 4 

rotor diameters), which would constrain vertical expansion of the wake leading to a slower-
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moving region of flow on the underside of the wake thus persistence of the wake far downstream 

than it would affect the bare turbine (Myers et al., 2008a, 2008b; Myers & Bahaj, 2010). Also, 

the flow in the ducted turbine has a combination of duct and rotor wake effects. The flow 

surrounding the centerline axis has the greatest wake effect with a significantly low velocity 

compared to the bare turbine. This can be attributed to the additional flow losses induced by the 

presence of the duct and thus, a high turbulence intensity than that observed for the bare turbine. 

Hence, results presented so far demonstrated that several interdependent variables affect the rate 

of wake recovery and will have a significant impact on the spacing of marine current turbines 

within an array. The extent and structure of the wakes of each turbine created downstream will 

be most important for the determination of the inter-device spacing layout of an array of turbines. 

In the next section, we shall examine the evolution of the flow field in the presence of two 

operating tidal turbines axially separated by ten rotor diameters. 

 

 

6.3.2 Wake Characteristics for Two In-line Turbines   

 

Measurements of the streamwise velocity along the centerline of two in-line turbines were 

conducted and the results are shown in Fig. 6.10. In Fig. 6.10, the locations  𝑋/𝐷𝑡= 12, 14, 16, 

18, 20, 25 and 30 correspond to  𝑋/𝐷𝑡= 2, 4, 6, 8, 10, 15 and 20 respectively if the position of 

the downstream turbine is taken to be zero. Presently the position of the first turbine is set to zero 

and the position of the second turbine is at 𝑋/𝐷𝑡= 10.  

 

 

 

 

 

 

(a) 
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(b) 

Figure 6.10. Streamwise distribution of two axially aligned turbines (a) velocity ratio (b) 

turbulence intensity. 

 

For the upstream turbine, the variation of the streamwise velocity along the centerline is very 

close to that for an isolated turbine in the near wake region (𝑋/𝐷𝑡 <5) for all cases (Fig. 6.10a). 

The blocking effect of the downstream turbine becomes apparent in the region of 𝑋/𝐷𝑡 >5, the 

recovery rate of the streamwise velocity is reduced and the peak value of 𝑢𝑥/𝑢0 is about 0.9 for 

bare turbine, about 0.85 for Type C turbine, and about 0.8 for Type C reversed turbine. The 

location of the peak is around 𝑋/𝐷𝑡=8 for all cases. Further downstream the streamwise velocity 

is reduced due to the significant blocking effect of the downstream turbine. The approaching 

velocity to the downstream turbine can be inferred from Fig. 6.6a. For bare turbine, 𝑢𝑥/𝑢0~0.98; 

for Type C turbine, 𝑢𝑥/𝑢0~0.9, for Type C Reversed turbine, 𝑢𝑥/𝑢0~0.92. The lower 

approaching velocity (𝑢𝑥/𝑢0 <1) causes a lower velocity in the wake region. The velocity at 

𝑋/𝐷𝑡=12 in Fig. 6.10 is less than the velocity at 𝑋/𝐷𝑡=2 in Fig. 6.6a. Also, a longer distance is 

required for the recovery of the velocity to the inflow value. A distance of about 20𝐷𝑡 is required 

(Fig. 6.10) compared to the distance of about 15𝐷𝑡 for an isolated turbine (Fig. 6.6a).  

 

For the turbulence intensity downstream of the upstream turbine, the spatial variation is very 

close to that of the corresponding turbine in isolation in the near wake region, 0 < 𝑋/𝐷𝑡 < 8, for 

all cases (cf. Fig. 6.6b and Fig. 6.10b). The effect of the downstream turbine is negligible. At the 

region near the downstream turbine (8< 𝑋/𝐷𝑡 <10), the blocking effect of the downstream 

turbine enhances the turbine intensity slightly. For the turbulence intensity downstream of the  
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         (a) 

          (b) 

          

Figure 6.11. Streamwise vertical and lateral profiles (a) velocity ratio (b) turbulence 

intensity between the wake of the upstream turbine and upstream of the second turbine at 

x = 4𝐷𝑡 - 9𝐷𝑡. 
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downstream turbine, the spatial variation is close to that of the corresponding turbine in isolation 

in the far wake region (𝑋/𝐷𝑡 >16) for all cases. The turbulence intensity is slightly enhanced in 

the near wake region (10<  𝑋/𝐷𝑡 <16). This may be due to the incoming velocity profile 

towards the downstream turbine is not perfectly uniform due to the disturbance of the upstream 

turbine.  

    

Further comparison of Fig. 6.6a and Fig. 6.10 shows that at 𝑋/𝐷𝑡=24 and beyond, the 

streamwise velocity profile of the downstream turbine superimposed that of the isolated turbine 

for the bare turbine (cf. Fig. 6.6a at 𝑋/𝐷𝑡=15). That is, within this region, the second 

downstream turbine appears as if it is operating in isolation. In this region and beyond, the wake 

in the downstream turbine persisted compared to the isolated case for the ducted turbines. Thus, 

full recovery is extended beyond 𝑋/𝐷𝑡=30 considered in the present study for the two in-line 

ducted turbines. 

 

Figure 6.11 illustrates the vertical and lateral variation of the streamwise velocity and turbulence 

intensity at different locations within the region between the upstream turbine (𝑋/𝐷𝑡=0) and 

downstream turbine (𝑋/𝐷𝑡=10). The profiles are similar to those of the corresponding isolated 

turbine. At 𝑋/𝐷𝑡=9, there is velocity reduction of the profile as compared to the corresponding 

profile at 𝑋/𝐷𝑡 =8 for both cases of ducted turbines. This is due to the interferences of the 

corresponding downstream ducted turbine. For turbulence intensity, the profiles at 𝑋/𝐷𝑡=9 are 

quite similar to the corresponding profiles at 𝑋/𝐷𝑡=8. It appears the presence of the downstream 

turbine only affects the magnitude of the velocity and turbulence intensity at a short region 

(about a rotor diameter length) upstream and does not affect the lateral and vertical variation of 

the quantities.    

 

The vertical and lateral variations of the streamwise velocity at the region downstream of the 

second turbine are illustrated in Fig. 6.12a and Fig. 6.13a. The corresponding variations of 

streamwise turbulence intensity, 𝐼𝑥 are illustrated in Fig. 6.12b and Fig. 6.13b respectively. For 

all devices, the vertical profiles are similar to those of the corresponding isolated turbine (Figs. 

6.7 & 6.8), except that the velocity deficit is larger. Similar to the isolated cases, at 𝑋/𝐷𝑡= 20 

and beyond, the velocity profiles are nearly symmetric and approach uniform for all cases 

(Fig.6.13a). Further downstream (at 𝑋/𝐷𝑡= 30), the velocity deficit is less than zero at |𝑧| <0.7𝐷𝑡  
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(a) 

(b) 

Figure 6.12. Streamwise vertical and lateral profiles (a) velocity ratio (b) turbulence 

intensity downstream of the second turbine at x = 14𝐷𝑡 - 18𝐷𝑡.  
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for the case of bare turbine and at the surrounding region below the hub for the cases of ducted 

turbines. This implies that the flow is still not perfectly uniform there. Also, for all cases, the 

turbulence intensity decreases with the streamwise distance and the profiles at 𝑋/𝐷𝑡= 20 and 

beyond are quite uniform. At 𝑋/𝐷𝑡= 30, the variation in turbulence intensity is less than 2% over 

the entire depth (Fig.6.13b). For each case, the profiles are very similar to those of the 

corresponding case of isolated turbines.  

The lateral profiles (Figs. 6.12 &– 6.13) are very similar to those of the corresponding isolated 

turbine (Figs. 6.7 & 6.8). Similar to the isolated cases, at 𝑋/𝐷𝑡= 4 and beyond, the velocity 

profiles are symmetric around the centerline (𝑌/𝐷𝑡= 0). For the bare turbine (Figs. 6.13a), the 

velocity ratio is greater than unity (i.e., accelerated) over the lateral width variation (−0.7 ≤

𝑌/𝐷𝑡 ≤ 1) from 𝑋/𝐷𝑡= 20 and beyond. For duct Type C, the velocity ratio is accelerated at 

𝑋/𝐷𝑡= 30 over the width variation  |𝑦| > 0.3, while duct Type C Reversed is accelerated over the 

width variation  |𝑦| > 0.7 from 𝑋/𝐷𝑡= 20 and beyond. For all devices and at 𝑋/𝐷𝑡= 30, the 

variation in individual turbulence intensity over the entire lateral width is less than 1%.  

(a) 
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(b)  

 

Figure 6.13. Streamwise vertical and lateral profiles (a) velocity ratio (b) turbulence 

intensity downstream of the second turbine at x = 20𝐷𝑡 – 30𝐷𝑡. 
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CHAPTER SEVEN 

Conclusions and Future Work 

 

The overarching summary of the main conclusions drawn from the analyses presented in 

chapters 4 and 6 are outlined in section 7.1. Suggestions for future work are given in section 7.2. 

Section 7.3 highlighted the interesting contributions made by this thesis to shaping ongoing 

research in the actualization of a fuller picture of tidal farm efficiency. 

 

7.1 Conclusions  
 

There is growing concern over the threat posed by global climate change and as a result, has led 

to an increased interest in the research and development of renewable energy technologies. In 

order to diversify global energy contributions, marine renewable energies have been thrown into 

the mix as it offers one of the largest untapped sources of renewable energy. In recent years, 

marine renewable energies have gained tremendous interest with emerging technologies nearing 

the industrial stage. Among these untapped renewable energy sources is tidal current energy with 

the promise of regular and predictable production of electricity. Efforts to increase the mass flow 

through the turbine substantially along with the alignment of the wake flow in a bid to bringing 

tidal energy converters closer to a successful deployment of full-scale tidal farms remains a 

challenge to tidal developers. Decades of studies on the use of ducts around a turbine rotor has 

been identified to enhancing the performance of wind and tidal turbines due to the generation of 

a high suction region behind the duct through vortex formation. Based on research and 

development attained, two conventional types of ducts have been proposed for wind and tidal 

turbines: unidirectional ducts and bidirectional ducts. However, it is envisioned that the efficient 

and cost-effective deployment of full-scale tidal farms solely depends on the progress in finding 

optimum duct shape (or size), blade design, and turbine array layout. In recent times, a duct 

equipped with a flange (referred to as a wind-lens) has attracted extensive attention due to its 

promising narrative. Unlike the traditional early designs of ducted turbines that rely on 

increasing the area ratio between the inlet and duct exit diameters, it depends on creating a low 

backpressure region through a strong vortex formation behind its broad flange and hence, a 

substantial increase in the wind speed. Although wind-lens has demonstrated significant power 
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augmentation, a vast majority of investigations on wind-lens designs are mainly based on several 

existing typical shapes. Therefore, convergency towards the best wind-lens design profile has not 

yet been achieved. The flanged duct profile in the present study has a curved flange at the rear 

end and served to increase the pressure drop in the wake region thereby increasing the 

approaching velocity by converging the flow into the duct. It also has a flap at the front end to 

reduce the inlet loss and outlet loss in the forward flows and reverse flows respectively. It is 

expected that energy extraction from tidal currents is poised to make the quantum leap to full-

scale tidal-farm deployment in the near future. This study carried out a thorough analysis of the 

hydrodynamics of flanged duct tidal turbines. The analysis was performed using data obtained 

from numerical and experimental modelling of flanged duct tidal turbines in isolation or within 

an array. At the outset of this research, this study is the first to ever place emphasis on the array 

of flanged duct turbines in bi-directional tidal flows. In the numerical simulation, several 

carefully designed flanged duct tidal turbines with different duct shapes (symmetric and 

asymmetric) for both uni-directional flow and bi-directional flow were investigated for power 

augmentation and hence propose an optimum design. This assessment employed a numerical 

actuator disk that provides an axial resistance to the flow, and thus models the extraction of 

linear momentum. Based on the proposed optimum flanged duct type (i.e., duct Type C) obtained 

from the numerical simulation, the physical modelling was carried out and focused on a low-

budget small scale testing which is only achievable at laboratory facilities. The experiment was 

conducted in an open-channel recirculating water flume with a 1:200th scaled flanged duct tidal 

stream model. This model setup represents a turbine of diameter 20𝑚 in water depth of 44.4𝑚. 

The experimental data sets were used to explore flanged duct performance and far wake 

characteristics of flanged duct turbines in isolation and multiple arrays for both forward and 

reverse flows. Raw data sets were obtained using a Prony brake and a side-looking ADV. 

Analysis was presented in terms of power performance, wake velocity ratios and turbulence 

intensities. In both numerical and physical modelling employed in this study, the main 

conclusions are drawn from the comparisons of the performance and interaction effects between 

flanged duct tidal turbines and the bare (non-duct) turbine in isolation or in an array and are 

summarised here. 
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In Numerical Simulation: 

 

The maximum power delivered per rotor area by the asymmetric duct Type (C and Reversed C) 

is about 60% higher than that of a bare turbine while that of symmetric duct Type (D) is almost 

similar to the bare turbine. The significant improvement in the power output achieved by the 

asymmetric duct Type (C and Reversed C) was due to the curved flange at the rear end of the 

duct and arc flap at the duct inlet. The former feature served to generate an increased low 

backpressure region through a strong vortex formation while the latter ensured no inlet losses by 

streamlining flow into the rotor plane and along the duct walls. This inherent simultaneous action 

led to a significant increase in inflow swallowing and transmission capability of the duct 

entailing a larger low-pressure zone. The close peak power coefficients obtained by the best 

performing duct type (Type C) in both forward and reverse flows further revealed that a curved 

flange and inlet-flap type is preferred for a wind-lens profile. The performance of a flanged duct 

is significantly affected if there exists a separation inside the diffuser. Therefore, the 

incorporation of the inlet-arc flap and the shape of the inlet-arc flap and flange is a strong 

determinant of the nature of the flow inside and around the duct and downstream. The effect of 

the blockage ratio on the peak power coefficient showed that peak performance increases with 

the blockage ratio for all devices. The ratio of the peak power coefficient of ducted turbine over 

the peak power coefficient of bare turbine varies little with the blockage ratio, with duct Type D 

giving the least ratio. In general, although the actuator disk model was chosen in the present CFD 

simulation to allow for a fair and straightforward comparison of duct performance, the power 

extraction was over-predicted. Therefore, the performance reported here is the upper bound value 

corresponding to an ideal rotor (no energy loss) with an infinite number of blades. This 

assumption may not be accurate if the turbines are close together as interaction among turbines 

may exist due to the swirling motion of blades. 

 

In Experiment: 

 

Power Performance 

For the single isolated devices, the power coefficient - 𝑇𝑆𝑅 curve is relatively short spanning, 

with a TSR less than 4, typical for a tidal stream rotor solidity. The flanged duct turbine 
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exhibited a superior peak performance (power per rotor area) in the amount of 25% for duct 

Type C and 36% for duct Type C Reversed compared to the peak performance of the bare 

turbine. The peak power coefficient obtained for the flanged duct turbines is within the range of 

a 200 kW OpenHydro demonstrator device i.e., about 0.3 with a 2.5𝑚/𝑠 rated flow speed. 

Computational results were in good agreement with the corresponding experimental data, albeit 

at increased magnitude. This implies that duct Type C may well perform if installed in both flood 

and ebb current flows. The normalized power performance curves further reveal that both results 

have a good qualitative correlation for all the devices. 

 

For the two axially aligned devices, the investigations illustrated that the downstream turbine in 

the presence of an operating axially aligned upstream turbine performed poorly compared to the 

performance of the single isolated turbine. The underperformance of the downstream for each of 

the individual devices is least for the bare turbine (i.e., 20%) followed by duct Type C (i.e., 22%) 

and most for the duct Type C Reversed (i.e., 25%).  However, the peak power coefficients of the 

downstream ducted turbines were still higher than that of the downstream bare turbine. 

 

 

Wake Characterisation  

For the isolated system, all devices showed that the velocity of incoming flow decreases while 

the corresponding streamwise turbulence intensity increases as the flow passes through the 

turbine. The decreasing range of wake velocities and the increasing range of turbulence 

intensities were both the largest for the ducted turbines and the smallest for the bare turbine. 

However, all devices show monotonic increasing and decreasing trends for the variations of 

wake velocities and turbulence intensities with increasing axial distance. Across the axial 

distance downstream, the bare turbine absorbed lesser energy from flow and exerted smaller 

effects on its wake than the ducted turbines. The wake velocity ratio reached 0.98 for the bare 

turbine, 0.93 for duct Type C and 0.91 for duct Type C Reversed and turbulence levels remain at 

approximately 12% for the bare turbine and 14% for the ducted turbines compared to 

approximately 10% inflow turbulence level. Full recovery of flow was detected at about 13 and 

20 rotor diameters for bare and ducted turbines respectively. The turbulence intensities at those 

respective axial distances were slightly smaller than that at the inflow boundary. The velocity 

ratio profile in the bare rotor wake compares well with the published data from a recirculating 
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water flume/channel. The spread in data was identified to be due to the differences in the range 

of turbulence intensities, blockage ratio (thus, variations in the thrust) and turbine model. The 

rate of wake recovery for the ducted turbine could be more affected due to it is closer to the 

seabed and water surface (flow depth is less than 4 rotor diameters). This would constrain 

vertical expansion of the wake leading to a slower-moving region of flow on the underside of the 

wake thus wake flow persists farther downstream than the bare turbine. For the ducted turbines, 

the flow experiences a combination of duct and rotor wake effects. Therefore, the flow around 

the hub axis has the greatest wake effect with a significantly low velocity compared to that for 

the bare turbine. This was attributed to the additional flow losses induced by the presence of the 

duct and thus, a high turbulence intensity than that observed for the bare turbine. Across the 

depth of the test channel, the velocity recovers faster for the bare turbine than that for the duct 

turbines just as the turbulence intensity dissipates. Beyond 8 rotor diameters, the velocity deficit 

profile across the depth of the test channel is close to symmetric and returns to a fairly uniform 

deficit for all devices. Across the width of the test channel, the wake velocity ratio profile is 

symmetric about the hub center with a fast-moving flow bounding its far ends for all devices. 

This is akin to the axisymmetric wake profile in wind turbine wakes. Beyond 10 rotor diameters, 

the wake gradually expands with increasing downstream axial distance until it fairly approaches 

the inflow condition across the width of the test channel. 

 

For the two axially aligned arrangements, the profile of each wake behind two turbine 

arrangements remains similar to that of an isolated turbine, but at a slower flow recovering rate 

than in the isolated turbine case. The wake profile approaches that of an isolated turbine as the 

axial distance downstream is increased. For the bare turbine, from 24 rotor diameters 

downstream and beyond, the velocity ratio of the downstream turbine is the same as that of the 

isolated turbine (correspondingly at 15 rotor diameters downstream and beyond). At these 

distances, the second downstream turbine operates as if it is in isolation. For the ducted turbines, 

unlike in the isolated case, the wake flow ratio persisted beyond 30 rotor diameters downstream 

considered for the two ducted turbine arrangement with the turbulence is slightly less than the 

upstream conditions. However, the peak power coefficients of the downstream ducted turbines 

are still higher than that of the downstream bare turbine. Therefore, the deployment of additional 

ducted turbines in a tidal farm may have an advantage. Although, the precise economic estimates 

of energy cost are unavailable at the present state of development. The results demonstrated that 
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several interdependent variables affect the rate of wake recovery and will have a significant 

impact on the spacing of marine current turbines within an array. 

 

In general, we acknowledge that the small-scale experimental setting used in the present 

investigation cannot replicate the turbulent flow and complex environmental variability that exist 

at real tidal energy sites. More so, this study focused on the analysis of the hydrodynamic 

performance and far wake impact on flanged duct turbine in bi-directional tidal flows, while 

other important factors such as flow fluctuations due to waves, reliability, and maintenance cost 

were not considered. However, a comprehensive set of experimental data have been produced 

which will provide useful design information that will guide the course of future marine current 

turbine research and suitable data for validating theoretical and numerical methods. 

 

7.2 Recommendations for Future Study 
 

This research has investigated the hydrodynamics as well as the formation and nature of the 

wake region downstream of flanged duct tidal turbines. The originality of this study is that it is 

the first study to focus on the array of flanged duct turbines in bi-directional tidal flows, with the 

optimal duct shape determined by numerical simulations, and has provided opportunities for 

future work which will create new insights into the search for cleaner, cheaper solutions to the 

ever-increasing demand for energy as it offers hope in the development of tidal farms. Based on 

the results obtained from this experimental investigation, the following future investigations are 

suggested. 

 

▪ Further physical measurements of duct turbine wake characteristics are required to 

confidently identify mixing and wake interaction on an array level. Also, considerations of 

the effects of the various realistic flow conditions that may be encountered at tidal sites are 

recommended to develop a fuller picture of tidal farm efficiency. These include: 

 

• Experiments conducted in a wider testing flume with additional measurements of 

rotor thrust and torque (utilising a dynamometer) and rate of rotation (via optical 

sensors) is recommended. 
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• Measurements using a PIV system would be interesting as they can provide 

further insight and visual investigation of complex flow fields on wake evolution 

and the location of vortex structures in the near and the far wake. 

 

▪ The preliminary simulations presented in this thesis were modelled using the actuator disk 

model. For a more complete detailed CFD modelling which permits to consider the effects 

of swirl in the flow, based on real rotor geometry and blade aerodynamic coefficients and 

allow for a better comparison with the experimental results, it would be very interesting to 

carry out simulations using a 3D CFD-embedded blade element momentum model. This 

model is a computationally efficient method of calculating the power output based on 

previous studies. Additional CFD simulations to develop numerical models in a wide range 

of flow conditions using the present experimental data for calibrations would provide more 

insights into the actualization of tidal farms. An extension of the work of Garrett and 

Cummins (2007) for a bare turbine to include a ducted turbine would be an interesting 1D 

mathematical model to develop. 

 

▪ The present study has identified an optimum flange duct profile that may well be deployed 

in both flood and ebb current flows. Further shape optimization is recommended using a 

combination of CFD calculation and a multi-objective genetic algorithm (GA) process 

through varying design parameters. This effective shape design optimization method has 

been used by Liu et al. (2016). 

 

7.3 Contributions of Thesis 
 

 

The main contributions of this thesis are: 

 

Analysis of hydrodynamic of ducted turbines 

Previous studies demonstrated that adding a duct over a turbine leads to significant power 

augmentation. A recent duct type of interest is the wind-lens profile but a vast majority of 

investigations on wind-lens designs are mainly based on several existing typical shapes. 

Therefore, the wind-lens design profile is still far from optimal. The present study focused on the 
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hydrodynamics of several wind-lens design profiles and demonstrates that a wind-lens equipped 

with a curved flange and inlet flap is preferred. Interestingly, the close peak power coefficients 

obtained by the best performing duct type (Type C) in both forward and reverse flows further 

revealed that the present wind-lens profile is suitable in both flood and ebb current flows.  

 

Effect of blockage on ducted turbines 

The advantage of blockage effect on the performance of tidal turbines has been studied 

extensively in the literature. The present report is the first analysis of blockage variation on 

asymmetric and symmetric ducted devices. The results provide evidence that ducted turbines 

generate higher power performance per rotor unit area instead of duct area. It also confirms the 

increase of peak power coefficients with blockage ratio and shows that the ratio of the peak 

power coefficient of ducted turbine over the peak power coefficient of bare turbine varies 

slightly with the blockage ratio.    

 

Provision of useful design experimental data 

Due to power augmentation associated with the ducted turbine, there exists an acute need for 

more experimental data to provide valuable information on the performance and wake 

characterisation of ducted tidal turbines. At present, there is limited availability of such 

experimental data. The originality of this study is that it is the first to experimentally explore 

duct performance and far wake characterisation of flanged duct turbines with an in-line 

arrangement. Thus, this study has provided a comprehensive set of experimental data to the 

research community that will guide the course of future marine current turbine research and 

suitable data for validating theoretical and numerical methods.  
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