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Abstract 

 

Hydrokinetic turbines present an opportunity for generating renewable energy 

sustainably in support of microgrids. This research examines the performance and 

environmental impact of a 25-kW New Energy vertical axis hydrokinetic river 

turbine under freewheeling conditions, focusing on flow and turbulence behavior. 

Field measurements of flow velocity at the Canadian Hydrokinetic Turbine Test 

Center on the Winnipeg River are measured using an acoustic Doppler current 

profiler and an acoustic Doppler velocimeter. Measurements are taken at various 

distances downstream of the turbine, from 1 to 17 turbine diameters, to analyze 

turbulence intensity, turbulent kinetic energy, and mean velocity profiles. The 

results indicated that turbulence intensity was highest near the turbine, with 

peaks at the centerline reaching 84% in the first acoustic Doppler current profiler 

test and 119% in the second, while acoustic Doppler velocimeter measurements 

showed 41% and 55%, respectively. As expected, turbulence levels gradually 

decreased with increasing distance from the turbine and are documented. 

Additionally, the TKE values exhibited a similar trend, demonstrating significant 

energy dissipation and flow stabilization further downstream. The mean velocity 

profiles revealed the maximum velocity deficit near the turbine, which gradually 

recovered with distance. River in-situ values measured do not compare favorably 

with scaled turbine water tunnel studies. This comprehensive analysis, comparing 

acoustic Doppler current profiler and acoustic Doppler velocimeter data, provides 

valuable insights into the wake dynamics and turbulence characteristics of 

vertical-axis turbines, which are required for optimizing turbine efficiency and 

assessing environmental impacts. 
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Chapter 1  

 

Introduction 

 

The growing global population and the consequent rise in energy demand 

necessitate the exploration of renewable energy sources. The transition from fossil 

fuels to renewables is critical to addressing environmental concerns and ensuring 

energy security. Hydrokinetic energy, as part of the broader renewable energy 

mix, holds significant potential for contributing to a sustainable energy future. 

 

1.1 World energy demand 

According to the United Nations Secretariat (2008), the global population is 

projected to exceed 8.3 billion by 2030. Correspondingly, energy demand is 

anticipated to rise from 138.5 TWh to 678 TWh (Energy Information 

Administration, 2009). This substantial increase in energy consumption indicates 

that the current rate of energy use could deplete most remaining fossil fuel 

resources within this century (Manwell et al., 2002) and significantly increase the 

CO2 in the atmosphere which is presently at 420 ppm and increasing at 2.6 ppm 

per annum with new feedback loops potentially increasing this year. Currently, 

fossil fuels remain the predominant energy source, accounting for 78% of global 

energy consumption in 2014 (International Energy Agency, 2009). However, the 

excessive use of fossil fuels has numerous environmental repercussions, including 

global warming, air pollution, acid precipitation, ozone depletion, forest 

destruction, and the release of radioactive materials (Dincer, 2000). Moreover, the 

finite nature of fossil fuel reserves means that renewable energy sources must be 

developed to meet future energy demands (Kaltschmitt et al., 2007). 

 

Peak fossil fuel production, global warming, and the imperative to shift a 

significant portion of primary energy sources to renewables are key factors 

driving the development of renewable energy technologies (Templin and Rangi, 
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1983). Renewable energy is derived from natural processes such as solar fusion, 

geothermal fission, and planetary motion (Ocean Renewable Energy Coalition, 

2011). A diverse mix of renewable energy solutions will be necessary to replace 

fossil fuels effectively (Natural Resources Canada, 2011). 

 

Renewable energy contributed 19.2% to global energy consumption by the end of 

2014, growing at an annual rate of 2.6%, as reported by the Renewable Energy 

Policy Network for the 21st Century (REN21) in 2016. Unlike fossil fuels, 

renewable energy sources have a minimal environmental impact and help reduce 

global CO2 emissions while adding flexibility to the energy mix by decreasing 

reliance on limited fossil fuel reserves (Bullard et al., 2013). Various renewable 

energy sources, including solar, wind, hydro, and biomass, are increasingly 

replacing fossil fuels (International Energy Agency, 2015). Government policies 

promoting sustainability, energy security, and cost reduction have narrowed the 

cost gap between fossil fuels and renewable energy, making many renewable 

options more economically viable (McGowan, 1990). Researchers, energy 

companies, and stakeholders are increasingly focused on renewable energy 

sources to address the growing energy demand and the challenges posed by 

climate change (Khan et al., 2008). 

 

1.2 Hydrokinetic energy systems 

Hydrokinetic energy systems, such as those utilizing river and tidal flows, are 

gaining attention as emerging renewable energy technologies (Colby and Corren, 

2008). These systems, including HKT, convert the kinetic energy of flowing water 

into electrical energy (Muste et al., 2004). Unlike traditional hydroelectric power 

that relies on potential energy from dammed water, HKT harness the kinetic 

energy of free-flowing water, offering lower power densities but greater 

environmental benefits (Muste et al., 2002). 
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The significance of hydrokinetic energy lies in its potential to provide a sustainable 

and consistent source of renewable energy to support microgrids. Water currents 

are more predictable and less variable than other renewable energy sources like 

wind and solar power, ensuring a more stable and reliable energy supply (Khan et 

al., 2009). Moreover, hydrokinetic energy can be generated continuously, day and 

night, irrespective of weather conditions, thus complementing other renewable 

energy sources to create a balanced and resilient energy grid (Ebdon et al., 2021). 

 

HKT present a promising alternative for remote communities, such as those in 

northern Canada, which currently rely on diesel generators for electricity. These 

turbines not only offer a more cost-effective solution but also provide 

environmental benefits by reducing greenhouse gas emissions (El-Shamy, 1977). 

Moreover, HKT can be deployed in various water bodies, including oceans and 

rivers, making them versatile in their application (Baxter, 1985). 

 

VAHKT are particularly promising due to their ability to capture energy from 

water flowing in multiple directions, making them suitable for tidal and riverine 

applications (Salimjira & Khan, 2012). These turbines can operate efficiently at low 

flow speeds and have a lower environmental impact compared to horizontal axis 

turbines (Khan et al., 2009). VAHKT also have a simpler design, which can reduce 

maintenance costs and increase reliability (Salleh et al., 2019). 

 

The integration of hydrokinetic turbines into the energy grid can enhance the 

diversity and resilience of energy sources. By providing a steady and predictable 

supply of electricity, hydrokinetic turbines can help balance the intermittency of 

wind and solar power, contributing to a more stable and robust energy system 

(Laws & Epps, 2016). Furthermore, the use of hydrokinetic energy can stimulate 

local economies, create jobs, and promote sustainable development in coastal and 

riverine communities (Muller & Mueller, 2009). 
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1.3 Wake measurements 

HKT present a promising solution for generating renewable energy by harnessing 

the kinetic energy of flowing water in rivers and tidal currents. However, the 

operation of these turbines introduces complex flow dynamics that must be better 

understood to optimize their performance and minimize their environmental 

impact. One of the critical aspects of these flow dynamics is the turbulence 

generated in the wake of the turbine. 

 

1.3.1 Efficiency and performance 

When a hydrokinetic turbine operates, it disrupts the flow of water, creating a 

turbulent wake downstream. This turbulence can lead to several challenges: 

▪ Flow field influence: The turbulent wake affects the flow field around the 

turbine and any subsequent turbines placed downstream in a hydrokinetic 

farm. This can lead to reduced energy capture efficiency for downstream 

turbines, as they operate in a disturbed flow rather than a free stream 

(Gauvin-Tremblay & Dumas, 2022). 

▪ Energy extraction optimization: Understanding the turbulence helps in 

optimizing the placement and design of turbines. By strategically positioning 

turbines to minimize negative interactions from the wake, energy extraction 

efficiency can be maximized (Chawdhary et al., 2017). 

▪ Mechanical stress reduction: Turbulence can cause fluctuating forces on the 

turbine blades, leading to mechanical stress and fatigue. By studying the 

turbulence, engineers can design more robust turbines that can withstand 

these forces, enhancing their durability and reliability (Chawdhary et al., 

2017; Gauvin-Tremblay & Dumas, 2022). 
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1.3.2 Wake decay 

An important aspect of turbulence measurement is understanding wake decay, 

which refers to the gradual dissipation of turbulence and recovery of flow velocity 

as the distance from the turbine increases. Measuring wake decay is important 

because: 

▪ Impact on downstream turbines: The rate at which turbulence dissipates 

directly affects the performance of downstream turbines in an array. Faster 

wake decay leads to a quicker recovery of flow conditions, allowing 

downstream turbines to operate more efficiently (Guerra & Thomson, 2019). 

▪ Optimization of turbine spacing: Accurate measurement of wake decay helps 

in determining the optimal spacing between turbines. This ensures that 

downstream turbines experience less turbulence and more stable flow 

conditions, improving overall array performance (Aghsaee & Markfort, 2018). 

▪ Environmental considerations: Understanding wake decay is also vital for 

assessing the environmental impact of hydrokinetic turbines. The turbulence 

and velocity deficits in the wake can affect sediment transport and aquatic 

habitats. Measuring wake decay helps in designing turbines and deployment 

strategies that minimize these impacts (Jacobson et al., 2012). 

 

1.3.3 Environmental impact 

Integrating hydrokinetic turbines into aquatic environments introduces 

significant environmental challenges: 

▪ Sediment and nutrient distribution: The turbulence generated by turbines can 

alter sediment transport and nutrient distribution in the water. This can affect 

the local aquatic ecosystem by disrupting habitats, altering sediment patterns, 

and potentially harming species that rely on specific conditions for feeding, 

spawning, or shelter (Jacobson et al., 2012). 

▪ Ecosystem disruption: High turbulence can cause changes in the water quality 

and disrupt the natural behavior and lifecycle of aquatic organisms. For 
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example, fish can experience disorientation and increased vulnerability to 

predators in highly turbulent areas (Pavlov et al., 1982). 

 

1.3.4 Practical applications of turbulence data 

The data collected from turbulence measurements have practical applications in 

several areas: 

▪ Turbine array layout optimization: The insights gained from turbulence 

measurements are crucial for determining optimal spacing between turbines 

in an array. This helps in maximizing power output while minimizing adverse 

interactions between turbines (Aghsaee & Markfort, 2018). 

▪ Advanced design strategies: Both experimental and analytical studies have 

demonstrated how turbulence intensity (TI) impacts turbine efficiency. 

Advanced design and operational strategies can be developed to manage these 

effects, ensuring consistent and efficient turbine operation (Dhalwala et al., 

2022). 

 

1.4 Measurement techniques 

This study employs acoustic measurement devices which includes the ADCP and 

ADV as shown in Figure 1. These devices are particularly suitable for high-energy 

river environments due to their ability to provide detailed and accurate flow 

velocity and turbulence measurements. ADCP measure flow velocities over a wide 

range of depths, offering comprehensive velocity profiles, while ADV provide high-

frequency velocity measurements at specific points, allowing for detailed 

turbulence analysis. The combination of ADCP and ADV ensures a robust and 

precise understanding of flow dynamics, which is essential for optimizing the 

performance and environmental compatibility of hydrokinetic turbines.  
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Figure 1: (Left) SonTek RiverSurveyor M9 ADCP, used for comprehensive flow velocity 

and discharge measurements across the entire water column (SonTek, 2013). (Right) 

Nortek Vector 300 m, utilized for high-frequency velocity measurements at specific 

points (Nortek, 2005). 
 

1.5 Research objectives 

The objective of this research is to provide a comprehensive understanding of 

wake decay measurements behind a freewheeling VAHKT in an energetic river 

environment through in situ measurements. The specific research objectives are: 

1. In situ measurement of wake decay: Conduct in situ measurements of wake 

decay downstream of a 25-kW vertical axis turbine in an energetic river using 

ADCP and ADV techniques. This objective aims to capture real-world wake 

dynamics and compare them with existing computational fluid dynamics (CFD) 

simulations and water tunnel experiments. 

2. Comparison of ADCP and ADV results: Analyze and compare the flow velocity 

and TI data obtained from ADCP and ADV measurements. This objective will 

assess the accuracy and reliability of these two measurement techniques in 

capturing wake characteristics in an energetic river environment. 

3. Comparison with CFD and water tunnel studies: Compare the in-situ wake 

decay measurements with results from CFD simulations and water tunnel 

experiments conducted in previous studies. This objective aims to identify 

discrepancies between real-world and simulated wake behaviors, highlighting 
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the limitations of CFD models and the importance of in situ data for optimizing 

turbine design and array configurations. 

4. Evaluation of environmental impacts: Assess the environmental impacts of the 

wake generated by the turbine, including effects on sediment transport, aquatic 

habitats, and water quality. This objective will contribute to developing 

guidelines for the sustainable deployment of hydrokinetic turbines in river 

environments. 

 

By achieving these objectives, this research aims to provide valuable insights into 

the wake dynamics of VAHKT, enhance the accuracy of predictive models, and 

support the sustainable development of hydrokinetic energy projects. 

 

1.6 Methodology  

To achieve project objectives, the methodology was to obtain measurements at the 

CHTTC in Manitoba, Canada behind a 25-kW New Energy Corporation turbine. The 

turbine was made available to this project by the First Nation community of 

Sagkeeng. The CHTTC shown in Figure 2 is known for its high-turbulence flow 

environment with river boils, which provides an ideal testing ground for 

hydrokinetic turbines. The site's natural conditions, including fluctuating flow 

velocities and turbulent characteristics, closely mimic real-world scenarios, 

thereby enhancing the reliability and applicability of the experimental findings.  

 

The CHTTC was established to offer turbine developers a low-cost opportunity to 

test their devices in a river environment, in collaboration with researchers at the 

University of Manitoba. It has attracted significant interest from various HKT 

companies and now serves as a facility to test prototype designs. This center 

fosters collaboration between industry and researchers to advance the 

development of hydrokinetic turbines. 
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Figure 2: Aerial view of the Canadian Hydrokinetic Turbine Test Center (CHTTC) 

located near the Seven Sisters Generating Station. The CHTTC, marked by the red pin, 

is situated in a strategic position for testing hydrokinetic turbines, with proximity to 

both Jackfish Bay and Whitemouth Falls Provincial Park. The site offers a controlled 

environment with optimal flow conditions for turbine performance evaluation and 

research. 
 

However, the Winnipeg River experienced 2 years of drought making the velocity 

for this study in summer much lower than usual. In addition, the New Energy 

turbine power electronics was under development and not available during the 

testing, so tests were conducted in free-wheeling mode. 

 

1.6.1 Location and infrastructure 

The CHTTC is located on the Winnipeg River near Seven Sisters, Manitoba, 

downstream of the Seven Sisters Manitoba Hydro dam. This location is particularly 

suitable for testing hydrokinetic turbines due to several factors: 
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▪ Man-made channel: A portion of the river reach is a man-made channel with an 

approximately uniform depth, simplifying deployment planning and allowing 

specific types of turbines to be tested at isolated locations. 

▪ Debris management: The dam upstream removes most debris, and the lack of 

trees along the channel sides minimizes floating debris such as trees or logs, 

ensuring reliable turbine operation. 

▪ Variable flow conditions: River flow changes frequently due to environmental 

conditions and VAR control by operating a powered turbine as a motor, which 

reduces the flow. This variability allows for testing turbines in different flow 

speeds. 

 

1.6.2 Site characteristics 

The CHTTC site features a man-made channel approximately 1-km long, carved in 

granite bedrock. It has a width of approximately 60 m and a depth ranging from 9 

to 12 m. The flow velocity at the CHTTC ranges from 1.5 to 3.0 m/s, ideal for testing 

HKT operations. The site’s consistent flow conditions are supported by hourly 

discharge data available from Manitoba Hydro, aiding in correlating turbine 

performance throughout the HKT operations. The high flow velocity ensures that 

the channel remains unfrozen even during extremely cold winter conditions, with 

temperatures dropping to -30°C or lower for several weeks. The high turbulent 

flow and variable flow rate characteristics attract marine turbine manufacturers 

and developers looking for life-cycle project solutions and fully grid-integrated 

systems. The channel's cross-section is nearly rectangular, with right-angle edges 

and a smooth bed contour, devoid of considerable roughness, large boulders, or 

hydraulic jumps, making it an excellent testing environment. 

 

1.7 Contributions 

The research presented in this thesis provides significant contributions to the field 

of hydrokinetic energy, particularly in the understanding and optimization of 

VAHKT. The following key contributions are highlighted: 
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1.7.1 Enhanced understanding of turbulence characteristics 

▪ Detailed TI analysis: This study provides a comprehensive analysis of TI levels 

downstream of a VAHKT operating under freewheeling conditions. It 

demonstrates that TI peaks near the turbine and gradually decreases with 

increasing distance downstream, providing valuable data for optimizing 

turbine placement and design in hydrokinetic energy farms. 

▪ Vertical distribution of turbulence: The research reveals significant variations 

in TI with depth, showing higher turbulence levels near the water surface 

compared to deeper depths. This finding is crucial for understanding the 

vertical distribution of turbulence, which is essential for designing turbines 

that minimize environmental impact and maximize performance. 

 

1.7.2 Technical improvements 

▪ Integration of dual measurement techniques: By utilizing both ADCP and ADV 

for flow measurements, the study ensures robust and comprehensive data 

collection. The use of these complementary techniques enhances the reliability 

of the results and allows for detailed cross-validation, leading to more accurate 

and insightful findings. 

▪ Focus on freewheeling conditions: The research specifically investigates the 

turbine's behavior under freewheeling conditions, where it is not connected to 

an electrical load. This approach provides a baseline understanding of intrinsic 

flow patterns and turbulence characteristics without the confounding effects of 

load-induced changes. It serves as a critical reference for future studies under 

loaded conditions. 

 

1.7.3 Environmental and practical implications 

▪ Mitigation of environmental impact: The study's insights into turbulence 

characteristics and their impact on sediment transport, aquatic ecosystems, 

and fish safety are vital for developing environmentally sustainable turbine 
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designs and deployment strategies. The findings underscore the importance of 

considering environmental factors in the optimization of hydrokinetic energy 

systems. 

▪ Optimization of turbine array layouts: The research findings on wake recovery 

and turbulence decay are essential for determining optimal spacing between 

turbines in an array. Proper turbine placement can maximize energy extraction 

efficiency and minimize mechanical stresses and mutual interferences between 

turbines, leading to more efficient and reliable hydrokinetic energy systems. 

 

1.7.4 Contributions to future research 

▪ Comprehensive dataset for model validation: The turbulence data collected 

under real-world conditions provide a valuable resource for validating 

numerical models and simulations. This dataset can improve predictive 

models, leading to better turbine designs and more accurate assessments of 

turbine performance in various flow conditions. 

▪ Baseline for further investigations: This research serves as a foundational 

study for future investigations into the performance of VAHKT under different 

operational conditions. Future studies can build on this work to explore the 

effects of loading, varying flow velocities, and other environmental factors, 

thereby enhancing the overall understanding and application of hydrokinetic 

energy technologies. 

 

Thus, the research contribution is to advance the understanding of flow dynamics 

and turbulence characteristics in the wake of VAHKT when they are in operation 

and subject to large eddies found in energetic rivers. The methodological 

innovations, environmental considerations, and practical insights provided by this 

study contribute to the optimization and sustainable deployment of hydrokinetic 

energy technologies. 
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1.8 Outline 

In the next chapter, the literature review begins with an examination of risk 

optimization in the context of hydrokinetic energy systems. This includes a 

detailed discussion on the theory of risk optimization and how it applies to the 

performance and environmental impact of hydrokinetic turbines. The review then 

covers various studies on hydrokinetic wakes, highlighting the importance of 

understanding wake dynamics to optimize turbine efficiency and minimize 

environmental risks. The chapter also evaluates the potential risks associated with 

hydrokinetic energy systems, such as impacts on efficiency, environmental 

disturbances, safety of aquatic life, maintenance challenges, noise and vibration, as 

well as the influence on flood dynamics. 

 

In the following chapter, the experimental setup and methodologies used in the 

study are detailed. It begins with a description of the VAHKT used, including its 

specifications and deployment on a floating pontoon boat. The chapter then 

explains the acoustic and flow measurement instruments utilized, specifically the 

ADV and the ADCP. Detailed procedures for data collection, including the 

positioning and movement of the measurement equipment downstream from the 

turbine, are provided. The integration of ADV and ADCP data is discussed to ensure 

comprehensive analysis and validation of the results. 

 

The results chapter presents the findings from the ADCP and ADV measurements. 

It starts with an analysis of the ADCP data, focusing on streamwise mean velocity, 

turbulence kinetic energy, and TI. This is followed by a detailed comparison of the 

ADV results with the ADCP data, highlighting the consistency and reliability of the 

measurements. The chapter also explores the variability of TI with depth and 

distance downstream from the turbine. Factors contributing to high TI and its 

subsequent decay are discussed, providing insights into the wake dynamics of the 

hydrokinetic turbine. 
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In the final chapter, the conclusions and recommendations are presented. This 

chapter summarizes the key findings and provides recommendations to enhance 

the understanding of wake dynamics and turbulence characteristics in 

hydrokinetic energy systems.   
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Chapter 2  

 

Literature review 

 

2.1 Flow measurements in energetic river sites  

While there are effective instruments for measuring flow in laboratory 

environments or slow-moving river segments, these tools and methods are often 

unsuitable for high-energy river flows where the velocity exceeds 2m/s. Particle 

image velocimetry, for example, is used to measure flow velocities in controlled, 

small-scale settings by illuminating seeding particles with a laser and tracking 

their movements through imaging. However, particle image velocimetry is 

impractical for HKT sites due to the need for a laser, controlled conditions, seeding 

particles, and a camera. Introducing particles into natural water flows is 

environmentally harmful and costly, and a sufficiently powerful laser to cover an 

entire river section poses safety risks. Moreover, positioning a camera to capture 

the vertical velocity profile of the flow is complex, as it requires capturing the side 

plane of the flow. Installing a camera within the riverbank is challenging, and an 

overhead camera setup would only provide horizontal profiles across the water 

surface, lacking vertical flow information. 

 

2.2 Turbulence  

Turbulence refers to the chaotic, random motion of fluid particles, characterized 

by vortices and eddies of varying sizes. This disordered motion is a fundamental 

state for most fluids in natural and engineering systems, especially relevant to 

hydrokinetic turbines (David, 2016). Turbulence encompasses a wide range of 

scales, from large eddies where kinetic energy is initially introduced, and down to 

very small eddies where this energy is eventually dissipated as heat through 

viscous forces.  
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Richardson (1922) conceptualized turbulence as a cascade process where energy 

is transferred from larger to smaller eddies. Large-scale motions are influenced by 

flow geometry and boundary conditions, which control the transport and mixing 

within the flow. These large eddies break down into smaller ones, transferring 

energy until it reaches the microscale level where viscous dissipation occurs 

(Marcuso, 2012).  

 

The turbulence intensity (TI), defined as the ratio of the root-mean-square of 

velocity fluctuations to the mean flow velocity, helps quantify the nature of 

turbulence. It is a crucial factor in designing and analyzing hydrokinetic turbines, 

as different levels of TI can significantly affect performance. Typically, low TI (less 

than 1%) is found in controlled laboratory conditions, medium turbulence (1%-

5%) in rivers and downstream of turbulence-generating grids, and high 

turbulence (5%-20%) in fast-flowing rivers (Soltani et al., 2011; Ghorbanian et al., 

2011; Strom & Papanicolaou, 2007; George et al., 1994; Nikora and Smart, 1997).  

 

In riverine environments, turbulence is driven by the interaction of the flow with 

various natural and man-made features, such as meanders, obstacles, and channel 

geometry. These interactions produce eddies of various sizes, contributing to the 

overall turbulent flow structure. The large-scale turbulence in rivers is influenced 

by the geometry of the river, including its depth and width, while smaller scales 

are associated with viscous dissipation and energy transfer within the flow 

(Brocchini, 2015). 

 

To quantify and analyze turbulence in fluid flows, several key metrics are used: 

3D Turbulent Intensity: The three-dimensional TI is a measure of the magnitude 

of velocity fluctuations in all three spatial directions. It is calculated using the root 

mean square of the velocity fluctuations (u′, v′, w′) in the streamwise, transverse, 

and vertical directions, respectively. The formula for 3D TI is: 
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Where are the mean velocities in the respective directions. 

 

Streamwise turbulent intensity: The streamwise turbulent intensity focuses on the 

velocity fluctuations in the direction of the flow. It is defined as the ratio of the 

standard deviation of the streamwise velocity fluctuations to the mean 

streamwise velocity  

 

TKE: TKE represents the energy contained in the turbulent eddies of the flow. It is 

computed as: 

 

where are the mean squares of the velocity fluctuations in the 

respective directions.  

 

These metrics provide a comprehensive understanding of the turbulence 

characteristics in a fluid flow, essential for optimizing the performance and design 

of hydrokinetic turbines and other fluid systems. 

 

2.3 Turbulence effects  

The demand for renewable power generation has become increasingly critical as 

the world’s energy consumption is anticipated to surge by over 70% in the next 

three decades, driven by population growth and rapid industrialization (Jennings, 

1996). The shift towards renewable energy is part of a broader quest for 

sustainable development, which aims to balance economic growth with 

environmental preservation (WCED, 1987). Traditional energy generation 

methods, which heavily depend on finite and polluting fossil fuels like coal, natural 

gas, and petroleum, are now recognized as unsustainable due to their substantial 
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contributions to global warming (World Energy Council, 2016). Thus, the 

development of renewable energy sources, especially hydrokinetic turbines, is 

essential for achieving energy independence from fossil fuels and mitigating the 

environmental impacts of traditional energy production (IPCC, 2022). 

Hydrokinetic turbines generate electricity by harnessing the kinetic energy of 

flowing water (Ibrahim et al., 2021). Their use in rivers offers several benefits, 

including minimal infrastructure requirements and sustainable operation (Khan 

et al., 2020). However, their installation and operation in natural environments 

create complex interactions that need careful optimization to minimize potential 

risks (Liu et al., 2019). 

 

This study provides a comprehensive literature review on the wake effects of 

hydrokinetic turbines, analyzed through the perspective of risk optimization 

theory. Wake effects refer to the flow disturbances caused by turbine operation 

and are vital for understanding both the environmental impact and efficiency of 

these energy systems (Zhang et al., 2020). By applying a risk optimization 

framework to the analysis of wake effects, it is possible to systematically identify, 

evaluate, and optimize the risks associated with wake dynamics (Aven, 2016). The 

primary aim of this review is to synthesize current research on the wake 

characteristics of hydrokinetic turbines and assess how these characteristics 

influence turbine performance and environmental outcomes. By using a risk 

optimization perspective, this review seeks to identify potential hazards and 

operational challenges resulting from wake effects, offering insights into how 

these risks can be anticipated and optimized (Aven, 2016). By highlighting the 

risks associated with the deployment and operation phases of hydrokinetic 

turbines, this paper underscores the need to improve both the reliability and 

effectiveness of these systems while minimizing their environmental footprint. 

The findings from this literature review will provide a foundation for future 

research and development efforts in the field, aiming to optimize hydrokinetic 
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energy systems that balance technological advancements with ecological 

sensitivity. 

 

2.3.1 Risk optimization theory 

Risk optimization theory focuses on identifying, assessing, and managing 

uncertainties and potential negative outcomes related to specific actions or 

decisions, with the goal of finding the best balance between risk and reward (Lin 

& Lu, 2023). It aims to quantify and mitigate risks to improve decision-making 

processes and outcomes (Aven, 2016). In the context of hydrokinetic energy 

systems, applying risk optimization involves evaluating the technical, 

environmental, and operational risks associated with VAHKT. This includes the 

potential for equipment failure, environmental disruption, and unforeseen 

operational challenges (Snowberg & Weber, 2015). Recognizing these 

complexities and working towards solutions that balance human needs with 

environmental protection is essential. This can involve designing more 

environmentally friendly turbines, carefully selecting turbine locations, or 

developing new technologies that minimize the risks associated with downstream 

turbulence. By pre-emptively identifying and optimizing these risks, project 

developers can enhance reliability, efficiency, and environmental stewardship 

(Aven, 2016). 

 

2.3.2 Hydrokinetic wakes 

A significant feature of hydrokinetic energy systems is the formation of a wake, 

characterized by swirling fluid movements after water passes through a turbine 

(Lago et al., 2010). This wake is marked by a reduced mean flow velocity caused 

by the turbine structure and the energy extraction process (dos Santos et al., 

2021). For the wake to exist, the rotor must experience fluid drag, which occurs 

due to momentum loss from initial velocity reduction, intense pressure gradients, 

and vortex structures (Chamorro & Porté-Agel, 2009). The velocity within this 
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wake takes time to recover, impacting the hydrokinetic power output, which is 

directly related to flow velocity (dos Santos et al., 2021). 

 

The wake is characterized by turbulence involving chaotic flows with the 

formation of eddies and vortices (Posa & Broglia, 2021). This turbulence can 

substantially impact the flow field around the turbine and those downstream, 

affecting their operational efficiency and environmental impact (Gauvin-Tremblay 

& Dumas, 2022). Strategically positioning turbines and understanding wake 

effects are essential for optimizing energy extraction and reducing mechanical 

stress on turbine structures (Nash et al., 2021). Research indicates that an 

appropriate spatial layout and a thorough understanding of wake dynamics can 

improve turbine efficiency and array performance (Chawdhary et al., 2017; Zhang 

et al., 2020). 

 

Arranging and spacing new hydrokinetic turbines within a water body 

necessitates a comprehensive understanding of wake behaviors and their 

dissipation lengths (Guerra & Thomson, 2019). Precisely identifying the areas 

where velocity and energy recover is critical for optimizing turbine layouts (Nash 

et al., 2021). Furthermore, the dissipation of turbulent structures within the wake 

must be considered, as these can influence the performance of subsequent 

turbines (Chawdhary et al., 2017). The extent to which the wake dissipates is vital 

in determining the density and placement of turbines, affecting energy capture and 

the overall economic viability of the hydrokinetic farm (dos Santos et al., 2021). 

 

2.3.3 Efficiency and performance 

The turbulence created downstream of a turbine can significantly influence the 

flow field around it and subsequent turbines in a hydrokinetic energy farm 

(Gauvin-Tremblay & Dumas, 2022). Gaining an understanding of this turbulence is 

essential for optimizing turbine placement and design, which in turn maximizes 

energy extraction efficiency and reduces mechanical stresses on the turbines 
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(Chawdhary et al., 2017). This understanding is critical for enhancing the overall 

durability and reliability of the energy systems, thereby extending their 

operational lifespan and improving their economic viability (Gauvin-Tremblay & 

Dumas, 2022). 

 

The strategic deployment and arrangement of hydrokinetic turbines in arrays are 

vital for enhancing energy extraction and effectively meeting community energy 

demands (Chawdhary et al., 2017). This study emphasizes that spatial 

arrangement plays a crucial role in maximizing the operational efficiency of these 

turbines (Chawdhary et al., 2017). Central to understanding the dynamics within 

these arrays is the concept of the wake effect (Zhang et al., 2020). This 

phenomenon encompasses the impact of upstream turbines on the flow dynamics 

and energy-capture capabilities of downstream units (Ikhsan & Fachri, 2023). 

Research shows that wake development can result in significant momentum loss 

and flow irregularities, consequently decreasing the electricity production 

capacity of downstream turbines (Zhang et al., 2020). 

 

However, the adverse impacts associated with the wake effect can be mitigated. 

Optimizing the spatial layout of turbine arrays can significantly enhance power 

output under certain configurations (Park & Law, 2015). This optimization 

requires careful planning of the positions and distances between turbines to 

minimize adverse interactions and maximize the beneficial flow characteristics for 

power generation (Aghsaee & Markfort, 2018). Additional insights into these 

dynamics have been provided by 3D computational simulations, which have 

explored how turbulence, blockage effects, and other related processes are 

influenced by the positioning of upstream rotors relative to downstream units 

(Mycek et al., 2014). 

 

Furthermore, the optimization of hydrokinetic turbine arrays is complicated by 

the influence of TI on turbine efficiency (Gauvin-Tremblay & Dumas, 2022). 
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Oscillations in power output caused by turbulent inflow conditions present a 

significant challenge to maintaining consistent and efficient turbine operation 

(Forbush et al., 2019). Both experimental and analytical studies have 

demonstrated how TI can impact the overall efficiency of hydrokinetic turbines, 

highlighting the need for advanced design and operational strategies to manage 

these effects (Dhalwala et al., 2022). 

 

Collectively, these studies underscore the complex nature of designing and 

operating hydrokinetic turbine arrays. They emphasize the necessity of an 

integrated approach that incorporates both spatial arrangement and dynamic 

interactions within the turbine system. This integration is crucial for optimizing 

energy output and mitigating operational risks related to turbulence and wake 

effects. 

 

2.3.4 Environmental impact 

Integrating hydrokinetic turbines into aquatic environments poses substantial 

environmental challenges, particularly in terms of sediment and nutrient 

distribution (Ross et al., 2021). The turbulence induced by these turbines can 

disrupt local aquatic ecosystems (Jacobson et al., 2012), highlighting the need to 

understand turbulence characteristics for developing environmentally friendly 

turbine designs and deployment strategies. By thoroughly investigating these 

turbulence characteristics, developers can devise turbine designs and strategies 

that minimize environmental disturbances, promoting a more sustainable 

integration of hydrokinetic turbines into aquatic systems. 

 

A key impact of turbine installation is the alteration of bed form kinematics. 

Research has demonstrated that axial-flow turbines in river channels can change 

local sediment patterns and affect broader sediment transport processes (Hill et 

al., 2016; Lin et al., 2024). This indicates that turbines influence not only their 

immediate surroundings but also larger geomorphological dynamics, potentially 
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altering the shape and migration of sediment bed forms (Hill et al., 2016). 

Moreover, these effects can be extensive, with variations in suspended sediment 

concentrations observed up to 15 rotor diameters downstream from the turbine 

(Ramírez-Mendoza et al., 2018). This significant influence suggests that the wake 

of a turbine can impact sediment distribution over considerable distances, 

potentially affecting the efficiency of turbine arrays and altering coastal sediment 

transport dynamics (Ramírez-Mendoza et al., 2018). 

 

The ecological consequences of changes in sediment transport are diverse. 

Alterations in sediment dynamics are essential for shaping aquatic habitats, with 

potential habitat loss or modification impacting species dependent on these 

environments for critical life processes such as spawning, feeding, and shelter 

(Hauer et al., 2018). Additionally, sediment acts as a carrier for nutrients, 

pollutants, and organic matter, meaning that changes in sediment transport can 

directly influence water quality (Lee and Oh, 2018). This has downstream effects 

on drinking water supplies, recreational water use, and overall aquatic ecosystem 

health (Hauer et al., 2018). 

 

Furthermore, many aquatic organisms, including fish, have life cycles and 

behaviors intricately linked to sediment movement and deposition (DFO, 2000). 

Disruptions to sediment transport can interfere with these natural cycles, 

potentially leading to reduced biodiversity and altered community structures 

within aquatic environments (DFO, 2000). This underscores the need for careful 

consideration and mitigation strategies to ensure the sustainability of these 

renewable energy solutions within their environmental contexts. 

 

2.3.5 Fish and aquatic life safety 

Integrating hydrokinetic turbines into aquatic environments requires a detailed 

understanding of their impact on local wildlife, especially fish populations. 

Comprehensive studies are vital to determine the full range of effects these 
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turbines have on both individual species and broader fish communities (Evans et 

al., 2009). Historical data indicate that traditional turbine designs have frequently 

caused significant ecological disturbances, highlighting the urgent need for 

innovative fish-friendly turbine technologies that minimize ecological footprints 

(Jacobson et al., 2012). 

 

The mechanical aspects of hydrokinetic turbines, including their operation at high 

speeds and specific structural features, introduce shear and turbulence into 

aquatic habitats (Killgore et al., 2001). These conditions can pose severe risks to 

aquatic life, exposing fish to forces that can result in a spectrum of injuries, from 

minor to fatal (Neitzel et al., 2000). Compelling evidence shows that high shear and 

turbulence levels can cause anything from minor injuries to lethal damage 

(Killgore et al., 2001; Neitzel et al., 2000; Čada et al., 1997). Additionally, the 

turbulence generated by these turbines can lead to fish disorientation (Pavlov et 

al., 1982). As fish navigate past the turbine equipment, varying sizes of turbulence 

can increase their vulnerability to predators and disrupt normal population 

dynamics (Pavlov et al., 1982). Studies have demonstrated a negative correlation 

between TI and the critical swimming velocities of fish, indicating that excessive 

turbulence can hinder their ability to navigate and forage effectively (Čada et al., 

1997; Pavlov et al., 1982). 

 

Moreover, the placement and size of turbine arrays can significantly impact fish 

migration patterns (Coutant & Whitney, 2000). Large arrays, especially those with 

numerous turbines, can create barriers that impede the natural movement of fish, 

particularly larger and predatory species (Copping et al., 2021). This can lead to 

changes in habitat use and potentially reduce biodiversity within these ecosystems 

(Coutant & Whitney, 2000). Addressing these impacts requires designing turbines 

that not only meet energy demands but also incorporate features that protect the 

aquatic environments they occupy. This approach is essential for balancing the 
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benefits of renewable energy with the preservation of marine and riverine 

biodiversity. 

 

2.3.6 Maintenance and durability 

Grasping the effects of turbulence on hydrokinetic turbines is essential for 

enhancing their durability and efficiency in dynamic riverine settings (Muratoglu 

& Yuce, 2017). The turbulence produced during turbine operation can cause 

considerable wear and tear on turbine components, compromising their durability 

and necessitating more frequent maintenance (Woods, 2017). This knowledge is 

crucial for designing turbines that are not only more robust but also require less 

maintenance, thereby lowering operational costs and minimizing downtime 

(Sutherland & Kelley, 1995). 

 

Additionally, the interaction between turbines and large-scale turbulent eddies 

introduces further complexities. Such turbulence can create non-uniform inflow 

conditions on downstream turbines, leading to increased fatigue loads (Lee et al., 

2011). These scenarios underscore the necessity of managing risks associated 

with potential structural damage within turbine arrays (Sutherland and Kelley, 

1995). Research highlights the need for a sturdy turbine design capable of 

withstanding the dynamic and often harsh conditions present in riverine 

environments (Zeiner-Gundersen, 2015). Effective designs must address the risks 

linked to material fatigue, mechanical failure, and efficiency losses that arise under 

varying flow conditions (Niebuhr et al., 2019). By focusing on these aspects, 

turbines can be optimized to endure environmental stresses while maintaining 

high performance levels, ensuring their long-term functionality and reliability 

(Sutherland & Kelley, 1995). 

 

2.3.7 Noise and vibration 

The functioning of hydrokinetic turbines generates noise and vibrations that can 

greatly affect underwater environments as well as surface activities (Dang et al., 
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2019). This turbulence-induced noise has the potential to impact both aquatic and 

human life, highlighting the need for designing quieter turbines that reduce 

disruption (Bevelhimer et al., 2016). Research conducted by Wang et al. (2007) 

demonstrated that turbine noise, particularly when severe cavitation is present, 

can disturb the environment, leading to sediment disruption and negatively 

affecting marine life near the seabed. 

 

The broader ecological impacts of turbine noise are significant, given the 

sensitivity of numerous marine and freshwater animals to sound (Schramm et al., 

2017). These organisms depend on acoustic signals for essential activities such as 

reproduction, feeding, predator avoidance, communication, and navigation 

(Popper, 2003). The noise produced during the installation and operation of 

hydrokinetic devices can pose serious threats to these vital behaviors (Weilgart, 

2007). Studies have shown that such noise can cause temporary or permanent 

hearing loss in marine life, with some cases resulting in physical damage such as 

balance impairments (Bailey et al., 2010; Würsig & Greene, 2002). 

 

Moreover, the noise from these turbines has been linked to increased stranding 

events of large marine wildlife, indicating a troubling rise in underwater noise 

pollution that significantly impacts larger marine animals (Liebschner et al., 2016; 

Frid et al., 2012). Even lower magnitude noises typical of normal turbine 

operations can disrupt behaviors and cause physiological stress in marine 

mammals, sea turtles, and fish (CSA Ocean Sciences Inc., 2023). These disturbances 

might lead to decreased foraging efficiency, habitat abandonment, reduced 

reproduction rates, and higher mortality, potentially resulting in adverse effects 

on both individual organisms and entire populations (NRC, 2005). Given these 

findings, it is evident that the environmental design and operational strategies of 

hydrokinetic turbines must prioritize noise reduction to mitigate their impact on 

marine ecosystems and ensure the coexistence of renewable energy technology 

with marine and freshwater habitats. 
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2.3.8 Limited river data 

Obtaining adequate wake data from operational hydrokinetic turbines in real river 

environments remains a major challenge in renewable energy research (Nago et 

al., 2022). This lack of in situ data makes it difficult for researchers and engineers 

to accurately forecast and enhance the performance and environmental impacts of 

turbine installations (Pyakurel et al., 2017). As a result, there is a pressing need for 

advanced simulation models and experimental setups to bridge the gap between 

theoretical predictions and real-world conditions. 

 

Due to the logistical and financial challenges associated with deploying 

measurement equipment in operational river environments, many studies on 

hydrokinetic turbine arrays depend on lab-scale models and numerical 

simulations (Brandized et al., 2019; Zhang et al., 2020; Ji et al., 2018). While these 

methods provide valuable insights, they cannot fully replicate the complex flow 

dynamics found in actual rivers. Laboratory settings can offer some data on TI 

measured behind a scaled-down turbine model (Liu et al., 2019). However, these 

controlled environments struggle to mimic the velocities and eddy formations that 

occur downstream of an operational turbine in a river (Ji et al., 2018). Real-world 

rivers display a broader range of flow velocities and naturally occurring 

turbulence patterns that are difficult, if not impossible, to perfectly replicate in a 

lab setting (Eltner et al., 2020). This limitation can lead to inaccurate predictions 

of turbine wake interactions within an array, potentially hindering the 

optimization of array layouts for maximum energy production. 

 

The lack of methodologies and wake dissipation data from riverine environments, 

which are crucial for optimizing the arrangement of hydrokinetic turbines, 

represents a significant obstacle to the progress of hydrokinetic energy generation 

(Tiago Filho et al., 2017). Recognizing the vital importance of wake dynamics in 

hydrokinetic farms, this study aims to enhance the understanding of wake 
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phenomena through detailed experimental analysis. It specifically examines the 

behavior and dissipation lengths of wakes generated by VAHKT. 

 

2.3.9 Influence on flood dynamics 

Installing hydrokinetic turbines in flowing water bodies like rivers naturally alters 

flow dynamics by creating an obstruction that introduces a drag force (Abutunis, 

2020). This drag under subcritical flow conditions can cause notable changes in 

water levels—raising levels upstream (backwater) and lowering them 

downstream (drawdown) of the turbine (Jager & Wickman, 2019). Such 

modifications can significantly affect water management systems, particularly in 

rivers and canals used for irrigation, by disrupting water supply operations due to 

altered head-discharge conditions and potentially increasing flood risks from 

elevated upstream water levels (Gunawan et al., 2017). 

 

Additionally, the ability of rivers to manage floodwaters can be impacted by the 

installation of hydrokinetic turbines, especially during flood events (Gu & Lei, 

2023). The wake and turbulence produced by these turbines could modify flow 

dynamics, possibly reducing the river's efficiency in managing floodwaters and 

heightening the risk of flooding in both upstream and downstream areas (Gu & Lei, 

2023). Furthermore, the volume of water in canals and rivers fluctuates seasonally 

due to factors like seasonal rainfall and irrigation demands, influencing the 

availability of hydrokinetic resources (Gunawan et al., 2017). If not carefully 

considered, local hydrodynamic changes caused by turbine installation could lead 

to undesirable events such as flooding, silting, and scouring (Gunawan et al., 2017). 

Therefore, these complex dynamics must be thoroughly evaluated in the design, 

operation, and development strategies of hydrokinetic energy projects to ensure 

they align with existing water resource management practices and do not worsen 

flood risks or cause other adverse impacts. 
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While the integration of hydrokinetic turbines into river environments holds great 

potential for sustainable energy development, it also presents intricate challenges 

that necessitate thorough optimization and innovative solutions. This paper has 

examined the diverse impacts of hydrokinetic turbines, with a particular emphasis 

on wake effects and related risks, using a stringent risk optimization framework. 

 

The examination of wake effects reveals the complex dynamics between turbine 

operation and environmental interactions. These effects influence not only the 

operational efficiency of the turbines but also have substantial ecological impacts 

on river ecosystems. As discussed, the turbulence generated by these turbines can 

cause sediment redistribution, alter habitat structures, and potentially harm 

aquatic life. These findings underscore the essential need for designing turbines 

that minimize environmental disturbances while maximizing energy production. 

 

Additionally, this review has identified a significant gap in the empirical data 

required for optimizing turbine design and placement. The scarcity of real-world 

river data on wake effects presents a considerable challenge, prompting 

researchers to rely on lab-scale models and simulations that may not fully capture 

the complexities of natural environments. This gap highlights the urgent need for 

improved data collection methodologies and advanced modeling techniques that 

can more accurately simulate real-world conditions. 

 

The insights gained from this literature review provide a strong foundation for 

ongoing and future research efforts in the field. These efforts can drive the 

development of hydrokinetic energy systems that are not only technologically 

advanced but also in harmony with ecological preservation goals. By continually 

refining risk optimization strategies and enhancing the design and deployment of 

hydrokinetic turbines, it is feasible to achieve a balance between the advancement 

of renewable energy and environmental conservation. 
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2.4 Wake measurements behind hydrokinetic turbines 

Understanding the wake dynamics behind hydrokinetic turbines is essential for 

optimizing turbine array configurations and minimizing environmental impacts. 

This literature review covers various types of hydrokinetic turbines, including 

VAHKT, horizontal axis turbines, small-scale turbines in water tunnels, and CFD 

simulations. The review provides detailed insights into the methodologies, 

findings, and implications of various studies on wake dissipation, turbulence 

intensities, and other wake characteristics. 

 

2.4.1 Vertical axis turbines 

Chamorro et al. (2015) conducted experimental studies on a VAHKT with a 

diameter of 0.5 m. The study observed complex wake behaviors, including non-

monotonic velocity deficits within the near wake region. The velocity deficit 

increased monotonically beyond 4 D turbine diameters downstream, indicating 

the persistence of turbulent structures that affect downstream turbines' 

performance. The study emphasized the importance of understanding wake 

interactions for optimal turbine placement and energy capture efficiency. 

 

Critical analysis: Chamorro et al.'s methodology lacked the comprehensive depth 

of the current study. Their focus was limited to a 0.5 m turbine and did not explore 

the freewheeling conditions or utilize a combination of ADCP and ADV 

measurements for a detailed analysis of TI at various distances. The current study 

used a 25-kW VAHKT, providing a more extensive dataset with measurements 

taken from 1-17 turbine diameters downstream. This broader range and higher 

power capacity turbine allowed for a more thorough understanding of wake 

dynamics under real-world conditions. 

 

Hill et al. (2020) investigated a dual rotor tidal turbine model, revealing that wake 

dissipation length varied significantly between the left and right rotors. The study 

found a dissipation length of 10 D for 89% velocity recovery in the left rotor and 
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84% in the right rotor. This dual rotor configuration showed improved wake 

recovery compared to single rotor designs, suggesting potential benefits in using 

multi-rotor systems for tidal energy conversion. 

 

Critical analysis: While Hill et al.'s study provided valuable insights into dual rotor 

configurations, it did not address VAHKT or use ADCP and ADV techniques to 

validate their findings. The current research focused specifically on VAHKT and 

employed both ADCP and ADV measurements to ensure accuracy and depth in TI 

data. Furthermore, the dual rotor setup was not directly comparable to single rotor 

freewheeling conditions, which are critical for understanding baseline wake 

characteristics. 

 

2.4.2 Horizontal axis turbines 

Tedds et al. (2014) conducted experimental tests on a 0.5 m diameter horizontal 

axis turbine in a high-velocity water recirculation channel. The study showed that 

at 7 D downstream, the flow velocity recovered to approximately 80% of the 

upstream velocity. The wake characteristics were influenced by the number of 

blades and flow conditions, demonstrating the necessity of considering these 

factors in turbine design and placement. 

 

Critical analysis: Tedds et al. focused on a smaller scale turbine and did not employ 

a range of advanced measurement techniques as the current study did. The current 

research on a larger 25-kW VAHKT with measurements from 1-17 turbine 

diameters provided more detailed insights into the wake dynamics. Additionally, 

the use of both ADCP and ADV allowed for cross-validation and a more nuanced 

understanding of TI variations.  

 

Myers & Bahaj (2009) investigated the wake properties of a 0.8 m diameter marine 

turbine through experimental studies. The study found that 80% of the initial 

velocity was recovered at a longitudinal distance of 10 D. The high turbulence 
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levels near the turbine made it difficult to determine wake properties accurately, 

underscoring the importance of considering TI in wake studies. 

 

Critical analysis: Myers & Bahaj's study, focusing on a smaller turbine, did not 

employ the advanced measurement techniques used in the current research. This 

study used a larger 3.4 m diameter 25-kW VAHKT and combined ADCP and ADV 

measurements for a more detailed and validated analysis of TI and wake recovery. 

The extended measurement ranges from 1-17 turbine diameters also provided a 

more comprehensive understanding of wake dynamics. 

 

Mycek et al. (2014a) and Mycek et al. (2014b) studied the effects of TI on the wakes 

of a 0.7 m diameter tidal turbine. The experimental tests revealed that higher 

TI (15%) resulted in faster wake dissipation, with complete flow recovery at 

distances close to 6 D. The study also found that for two turbines, higher 

turbulence conditions improved the overall efficiency of the hydrokinetic park. 

 

Critical analysis: Mycek et al.'s study, while valuable for understanding the effects 

of TI, did not cover VAHKT or use a combination of ADCP and ADV measurements 

for validation. The current research focused specifically on VAHKT and employed 

both ADCP and ADV measurements to provide a more comprehensive and 

accurate dataset. The larger 25-kW VAHKT and extended measurement range also 

offered a more detailed analysis of TI and wake recovery. 

 

2.4.3 Small-scale turbines in water tunnels 

Nuernberg and TAO (2018) studied the wake behavior of four tidal hydrokinetic 

turbines with 0.28 m diameter blades in a circulating water channel. The 

experiments tested various lateral and longitudinal spacing configurations. 

Results indicated that shorter lateral spacing decelerated velocity recovery, while 

optimized lateral spacing accelerated wake dissipation. Longitudinal spacing had 
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a lesser effect. The study found that a single turbine's wake recovered about 72% 

of the free current velocity at 9 D and 85% at 20 D. 

 

Critical analysis: Nuernberg and TAO's study, conducted in a controlled water 

channel, did not fully replicate real-world conditions. The current research was 

conducted at the CHTTC under natural flow conditions, providing more accurate 

and applicable data. Additionally, the study used a larger 25-kW vertical axis 

turbine and combined ADCP and ADV measurements for a more detailed analysis 

of TI and wake recovery. 

 

Chawdhary et al. (2017) investigated a triframe configuration of three 0.15 m 

diameter axial turbines in an open channel. The setup included one turbine in the 

front row and two in the second row. The study revealed that the velocity recovery 

at 8 D was around 80% for all turbines, with the triframe configuration showing 

higher recovery rates than a single turbine. This arrangement was recommended 

for hydrokinetic park planning due to its efficient wake management. 

 

Critical analysis: Chawdhary et al.'s focus on small-scale axial turbines in a 

controlled environment limited the applicability of their findings to larger, real-

world scenarios. The current study used a 25-kW VAHKT and conducted 

measurements in a natural river environment, providing more relevant data for 

practical applications. The combination of ADCP and ADV measurements also 

offered a more comprehensive analysis of wake dynamics and TI. 

 

Musa et al. (2018) conducted experimental tests on a 0.15 m diameter axial turbine 

to observe the relationship between hydrokinetic use and river bottom 

morphology. The study found that the wake dissipation length was 6 D for 81% 

recovery of the initial speed. This research provided insights into the interactions 

between turbine wakes and sediment transport, essential for sustainable river 

turbine installations. 
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Critical analysis: Musa et al.'s small-scale experiments did not fully capture the 

complexities of real-world hydrokinetic turbine operations. The current research, 

using a larger 25-kW VAHKT and conducted in a natural river environment, 

provided more accurate and comprehensive data. Additionally, the use of both 

ADCP and ADV measurements ensured a detailed and validated analysis of TI and 

wake recovery. 

 

2.4.4 CFD simulations 

Silva et al. (2016) performed CFD simulations on a horizontal axis hydrokinetic 

turbine with three 10 m diameter blades using the ANSYS CFX software. The k-ω 

SST turbulence model was employed to capture the helical wake structure. The 

study found that the near wake extended up to 3 D, while the far wake reached 

12 D, where the axial velocity fully recovered. This extensive recovery length 

highlights the need for careful spacing in turbine arrays to minimize wake 

interactions. 

 

Critical analysis: Silva et al.'s reliance solely on CFD simulations without 

experimental validation poses limitations on the real-world applicability of their 

findings. While CFD models can predict flow behavior under controlled conditions, 

they often fail to account for the complex and variable conditions encountered in 

natural environments. This lack of field validation means that the results may not 

fully capture the nuances of real-world wake dynamics, potentially leading to 

inaccuracies when applied in practice. The current study’s field measurements 

using ADCP and ADV provide critical empirical data, which can be used to compare 

and validate results from CFD simulations, ensuring a more accurate and robust 

analysis of wake recovery and TI in actual operating conditions. 

 

Riglin et al. (2016) used Reynolds-averaged Navier-Stokes (RANS) equations in the 

ANSYS FLUENT software to characterize the influence of turbine wakes on a 
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hydrokinetic park. The study involved a hydrokinetic micro turbine with three 

matrix configurations. The findings indicated that the wake dissipated laterally at 

2.5 D and longitudinally at 6 D. Downstream turbines were found to be at least 

80% less efficient than a single turbine under similar conditions. 

 

Critical analysis: While Riglin et al. study offers valuable insights into the behavior 

of micro turbine arrays, the exclusive use of CFD simulations without field data 

significantly limits the study's real-world relevance. CFD simulations, although 

useful, cannot fully replicate the complex environmental conditions that affect 

turbine performance in natural settings. The absence of field validation raises 

concerns about the accuracy of the simulated wake dissipation and efficiency 

losses. The current research’s field measurements using ADCP and ADV offer a 

more comprehensive analysis of wake behavior under real-world conditions, and 

the dataset can be used to compare with CFD results to enhance the reliability and 

applicability of the findings. 

 

Ibarra et al. (2014) utilized CFD simulations to analyze the wake of a horizontal 

axis turbine with four flat blades. Using the k-ω SST turbulence model in ANSYS 

FLUENT, the study demonstrated that the wake flow recovered velocity gradually 

over 8 D, with significant improvements in flow stability and reduced turbulence. 

The study's velocity contour results provided insights into the wake dynamics 

essential for optimizing turbine spacing. 

 

Critical analysis: Ibarra et al.'s use of CFD simulations without field validation 

limits the practical applicability of their findings. While the simulations offer 

detailed visualizations of wake flow, they are based on assumptions that may not 

hold true in real-world environments, where factors such as varying flow 

conditions, environmental turbulence, and material properties play critical roles. 

The current study’s field measurements using ADCP and ADV provide a more 

robust and accurate representation of wake dynamics and can serve as a valuable 
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dataset for comparing with CFD results. The research extended the measurement 

range to 17 turbine diameters, offering a more comprehensive analysis of TI and 

wake recovery, making the findings more applicable to practical turbine design 

and optimization. 

 

Santos et al. (2021) conducted a CFD study on a three-bladed hydrokinetic turbine 

in the Amazon River. The actuator disk model in ANSYS FLUENT was used, 

incorporating real geometry data and velocity profiles. The study found that wake 

dissipation varied with turbine performance, with the most efficient configuration 

showing a dissipation length of 7.3 D. This study highlighted the importance of 

operating turbines at maximum efficiency to reduce wake interactions and 

enhance energy capture. 

 

Critical analysis: Santos et al.'s study, while informative, did not include field 

measurements to validate their CFD findings. This omission limits the reliability of 

their conclusions, as CFD models can only approximate real-world conditions. The 

absence of empirical data means that their findings may not fully capture the 

environmental variables and complexities that influence turbine performance in 

natural settings. The current study’s field measurements offer a more accurate and 

comprehensive analysis of wake dynamics, and the dataset can be used to compare 

with CFD simulations to provide validation and refinement. Additionally, the focus 

on a larger 25-kW VAHKT and a broader measurement range from 1-17 turbine 

diameters offers more detailed insights into TI and wake recovery, making the 

results more relevant for practical applications. 

 

Brasil Jr et al. (2016) simulated an axial turbine with four 2 m diameter blades 

using CFD tools to analyze wake interactions in a river environment. The results 

indicated a small dissipation around 1.2 D and a near wake persisting up to 8 D. 

The study also found that a lateral distance of 2.27 D and a longitudinal distance of 

1.67 D were sufficient for the installation of a second turbine row. 
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Critical analysis: Brasil et al. reliance on simulations without field validation limits 

the applicability of their findings to real-world conditions. While their CFD models 

offer predictions of wake interactions, these predictions may not fully capture the 

dynamic and variable nature of actual river environments. The lack of empirical 

validation raises concerns about the accuracy of their results when applied to real 

turbine installations. The current study’s field measurements using ADCP and ADV 

provide a more accurate and validated dataset, which can be compared with CFD 

results to enhance their applicability. The larger 25-kW VAHKT and extended 

measurement range also offer a more comprehensive analysis of wake dynamics 

and TI, ensuring that the findings are more applicable to real-world turbine 

operations. 

 

Leroux et al. (2019) carried out a mathematical study on the velocity deficit in the 

wake of a horizontal axis tidal turbine using quasi-stationary and transient 

numerical approaches. The study found that the transient approach provided 

more physically accurate wake behavior. The velocity deficit ranged from 60% at 

2 D to 30% at 10 D for the quasi-stationary approach and from 80% to 50% for the 

transient approach. 

 

Critical analysis: Leroux et al.'s study, while valuable for understanding numerical 

approaches, lacked field validation. This absence of empirical data limits the 

reliability of their conclusions, as numerical models, even when sophisticated, 

cannot fully replicate the complexities of real-world conditions. The current 

study’s field measurements using ADCP and ADV provide a more robust and 

accurate dataset, which can be used to compare with CFD simulations to validate 

and refine the numerical models. The larger 25-kW VAHKT and extended 

measurement range also offer a more comprehensive analysis of TI and wake 

recovery, ensuring that the results are more applicable to practical turbine 

deployment and optimization. 
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Ouro et al. (2019) used the Large-Eddy Simulation (LES) model to study the impact 

of turbine arrangement on a tidal turbine hydrokinetic park. The study considered 

a single row of three turbines and found that the wake dissipation length ranged 

from 10 D to 12 D. When considering two rows of turbines, the efficiency of the 

second group was about 30% lower, suggesting the need for greater spacing 

between rows. 

 

Critical analysis: Ouro et al.'s reliance on LES models without experimental 

validation limited the practical applicability of their findings. LES models, while 

powerful, rely on assumptions that may not hold true in the variable conditions of 

natural environments. Without field data to validate these models, the results may 

not fully capture the complexities of turbine interactions in real-world settings. 

The current study’s field measurements using ADCP and ADV provide a more 

accurate and validated dataset, which can be compared with CFD simulations to 

ensure more reliable results. Additionally, the focus on a larger 25-kW VAHKT and 

a broader measurement range from 1-17 turbine diameters offered more detailed 

insights into TI and wake recovery, making the findings more applicable for 

practical turbine array design. 

 

Richmond et al. (2015) performed a numerical analysis using the DES model to 

study the wake generated by a 4.88 m diameter marine turbine. The study 

compared CFD results with ADCP measurements and found that the wake was not 

fully recovered until 12 D. The results highlighted the challenges in accurately 

predicting wake behaviors and emphasized the need for detailed wake analysis in 

turbine design. 

 

Critical analysis: Richmond et al.'s study, while incorporating both CFD and ADCP 

measurements, did not cover VAHKT or use ADV measurements for validation. 

This limited their ability to fully capture the wake dynamics specific to different 

turbine types and operating conditions. The current study’s field measurements 



 

52 

 

using both ADCP and ADV provide a more comprehensive and accurate dataset, 

which can be compared with CFD results to validate the findings. The larger 25-

kW VAHKT and extended measurement range also offer a more detailed analysis 

of wake dynamics and TI, ensuring that the findings are more applicable to the 

design and optimization of hydrokinetic turbines. 

 

2.4.5 Summary of wake dissipation length results 

The reviewed studies demonstrate significant variability in wake dissipation 

lengths, influenced by turbine type, configuration, and environmental conditions. 

VAHKT exhibited complex near-wake behaviors, while horizontal axis turbines 

showed extended recovery lengths requiring careful array spacing. Small-scale 

experiments in water tunnels provided valuable data on optimal spacing 

configurations, and CFD simulations offered detailed insights into wake dynamics 

and recovery patterns. 

 

The average wake dissipation length across various studies was approximately 

9.3 D, with a standard deviation of 3.17 D, indicating substantial variability due to 

differing experimental setups and environmental factors. These findings 

underscore the necessity for tailored approaches to turbine array design, 

considering specific site conditions and turbine characteristics. 

 

Overall, understanding the wake dynamics behind hydrokinetic turbines is crucial 

for optimizing turbine array configurations, enhancing energy capture efficiency, 

and minimizing environmental impacts. Future research should focus on 

integrating advanced simulation techniques, real-world experimental data, and 

machine learning methods to refine wake predictions and turbine placement 

strategies. 

 

 

 



 

53 

 

2.5 Wake dissipation length prediction equation 

A key contribution to the study of hydrokinetic turbine wakes is the development of 

an equation to estimate wake dissipation length. This approach aims to provide a 

practical tool for predicting the extent of wake effects, crucial for the optimal 

arrangement of turbine arrays. The equation proposed by Nago et al. (2022) in their 

comprehensive review on wake dissipation length serves as a valuable model for such 

predictions. 

 

The study by Nago et al. (2022) introduces the following equation to estimate the wake 

dissipation length (Lest): 

 

In this equation: 

▪ Lest  represents the estimated wake dissipation length in meters. 

▪ V denotes the streamwise velocity of the flow in meters per second. 

▪ D is the diameter of the turbine rotor in meters. 

▪ a, b, and c are empirical constants determined through optimization 

techniques. 

 

To determine the coefficients a, b, and c, Nago et al. (2022) applied a deviation 

minimization method using the Solver tool from Microsoft Excel, which optimizes 

numerical solutions to minimize the deviation between observed and estimated values 

for wake dissipation length. The resulting values for these coefficients were: 

▪ a = 8.66 

▪ b = −0.086 

▪ c = 1 

Thus, the final form of the equation proposed is: 

 

The equation developed by Nago et al. (2022) has several strengths and practical 

applications: 
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▪ Simplicity and accessibility: The parameters used in the equation, streamwise 

velocity (V) and rotor diameter (D), are easily measurable and identifiable, making 

the equation practical for field applications and preliminary assessments. 

▪ Empirical basis: The equation is grounded in empirical data, providing a more 

realistic prediction compared to purely theoretical models. This empirical 

foundation enhances the reliability of the predictions in real-world scenarios. 

▪ Broad applicability: The equation is designed to offer first-order estimates, making 

it suitable for a wide range of hydrokinetic turbine setups and environmental 

conditions. However, it is essential to recognize the limitations and areas for 

potential improvement in the proposed equation: 

▪ Negative velocity coefficient: The negative exponent for velocity suggests that 

increased flow velocity leads to a decrease in wake dissipation length. While this 

trend may be observed in the analyzed data, it is not universally applicable across 

all hydrokinetic turbine types and operational conditions. 

▪ Simplification of influencing factors: The equation does not account for other 

critical factors influencing wake behavior, such as TI, thrust coefficient, and turbine 

tip speed ratio. These factors can significantly impact wake dissipation and should 

be considered in more detailed studies. 

▪ Data variability and uncertainty: The accuracy of the equation is constrained by the 

variability and uncertainty in the empirical data used for its development. Different 

studies report varying dissipation lengths, influenced by specific site conditions 

and turbine configurations, leading to potential deviations in predictions. 

 

As part of this experimental investigation using a 25-kW VAHKT, the proposed 

equation by Nago et al. (2022) will be tested against the wake measurement results 

obtained. By comparing the predicted wake dissipation lengths with the empirical data 

from the current study, the validity and accuracy of the equation will be evaluated. This 

process will involve analyzing whether the wake measurements from the 25-kW 

VAHKT, measured using ADCP and ADV techniques, conform to the predictions made 

by the equation. Such an evaluation will provide valuable insights into the equation's 
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applicability and potential adjustments needed for more precise wake length 

estimations.  
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Chapter 3  

 

Experimental procedures 

 

3.1 VAHKT turbine 

The experimental tests are conducted using the 25-kW VAHKT shown in Figure 3 

that is manufactured by New Energy Corporation. The turbine has a diameter of 

3.4 m and is fitted with four blades. It is positioned on a floating pontoon boat, with 

the turbine centerline at a depth of 1.2 m from the river's surface when submerged. 

 

 

Figure 3: New Energy Corporation floating pontoon platform equipped with a 25-kW 

VAHKT being tested at the CHTTC. The turbine is mounted centrally on the platform, 

allowing for stable operation and precise measurements of flow characteristics and 

turbine performance in riverine environments. The setup facilitates in-situ testing and 

data collection for hydrokinetic energy research. 
 

To enable precise measurements, the ADCP and ADV probes are securely mounted 

on a custom-made mount secured to a 150 HP rigid bottom blue pontoon boat. 

This setup ensured stable positioning and minimized disturbances during data 

collection. The boat was systematically moved downstream from the turbine to 

capture flow characteristics at various distances, ranging from 1-17 turbine 

diameters. 
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The 25-kW VAHKT (Figure 4) used in this study is designed for efficient energy 

extraction from flowing water. With a diameter of 3.4 m and four blades, the 

turbine can operate in dynamic river conditions, making it suitable for real-world 

hydrokinetic applications. The blades are designed to optimize the capture of 

kinetic energy from the river flow, ensuring efficient performance. 

 

▪ Manufacturer: New Energy Corporation 

▪ Model: VAHKT 

▪ Power Rating: 25-kW 

▪ Diameter: 3.4 m 

▪ Blades: Four 

▪ Break: None as system raised and lowered by cable 

▪ Drive: No gearbox with custom low speed generator 

 

 

Figure 4: (Left) A detailed view of the VAHKT submerged under water at the CHTTC. 

The platform is designed for stability and precise positioning of the turbine for optimal 

data collection. (Right) Close-up of the VAHKT turbine blades. 
 



 

58 

 

Floating pontoon boat: The turbine is mounted on a floating pontoon boat, 

providing a stable and secure platform for deployment. The pontoon boat’s design 

ensured that the turbine remained positioned correctly, regardless of fluctuations 

in river flow and water levels. 

 

Turbine centerline depth: The turbine’s centerline was positioned at a depth of 

1.2 m from the river’s surface. This depth was chosen to capture the flow 

characteristics representative of the mid-depth river flow, which is crucial for 

understanding wake dynamics. 

 

3.2 Test locations 

The CHTTC is located to facilitate detailed testing and data collection for 

hydrokinetic turbines. Figure 5 provides an aerial view of the site, highlighting the 

specific locations where measurements were taken. The VAHKT is prominently 

positioned within the flow path from the Seven Sisters Generating Station towards 

Jackfish Bay, ensuring an optimal environment for evaluating turbine 

performance. 

 

Measurements are performed along a downstream path marked by a red dashed 

line in Figure 5. This path extends from the turbine itself to points 17 turbine 

diameters (D) downstream. The measurements, captured using an ADCP and an 

ADV, focus on TI and flow velocity at various depths and distances. 

 

Table 1 lists the global positioning system (GPS) coordinates for each 

measurement point, starting from the turbine location and extending to the 17 D 

point. These coordinates are essential for precise positioning and repeatability in 

data collection. The detailed geographic information ensures that the 

measurements accurately reflect the flow characteristics and turbulence 

downstream of the turbine, providing valuable insights into the turbine's impact 

on the aquatic environment. 
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Figure 5: Aerial view of the CHTTC with annotations indicating the location of the 

VAHKT, flow direction, and measurement points. The red dashed line marks the 

downstream path where flow velocity measurements were taken using ADCP and ADV. 

The annotated flow direction arrow shows the water flow path from the Seven Sisters 

Generating Station towards Jackfish Bay, demonstrating the strategic placement for 

turbine testing and data collection. 
  



 

60 

 

 

Table 1: GPS coordinates for the turbine and measurement points downstream from 

the VAHKT. Coordinates are listed for the turbine location and for distances from 

1-17 turbine diameters (D) downstream, collected to monitor the flow characteristics 

and TI. 
 

 
  

Location Latitude Longitude 

Turbine 50.125197° N -96.027341° W 

1 D 50.125250° N -96.027320° W 

2 D 50.125380° N -96.027280° W 

3 D 50.125470° N -96.027230° W 

4 D 50.125550° N -96.027190° W 

5 D 50.125670° N -96.027140° W 

6 D 50.125760° N -96.027100° W 

7 D 50.125850° N -96.027050° W 

8 D 50.125950° N -96.027010° W 

9 D 50.126030° N -96.026960° W 

10 D 50.126140° N -96.026920° W 

11 D 50.126220° N -96.026880° W 

12 D 50.126320° N -96.026840° W 

13 D 50.126410° N -96.026800° W 

14 D 50.126500° N -96.026760° W 

15 D 50.126580° N -96.026720° W 

16 D 50.126680° N -96.026680° W 

17 D 50.126770° N -96.026640° W 
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3.3 Acoustic and flow measurement instruments 

The precise measurement of fluid flow velocities and turbulence characteristics is 

crucial for accurately assessing wake dynamics behind hydrokinetic turbines. This 

study employed two primary instruments: the Nortek Vector 300 m ADV and the 

SonTek RiverSurveyor M9 ADCP. These instruments were chosen for their ability 

to provide high-resolution data in aquatic environments, ensuring detailed and 

reliable measurements. 

 

3.3.1 Acoustic Doppler velocimeter (ADV) 

▪ The Nortek Vector 300 m ADV shown in Figure 6 provides high-frequency 

velocity measurements at specific points, making it suitable for detailed 

turbulence studies. 

▪ The ADV operates on the principle of acoustic Doppler shift and signal 

processing techniques, offering high-resolution data on flow velocities and 

turbulence characteristics at a single point. 

▪ This instrument is ideal for applications requiring precise velocity 

measurements at specific locations, allowing for detailed examination of the 

flow patterns within the wake region.  
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Figure 6: Diagram and photographs of the ADV used for high-frequency velocity 

measurements. (a) Schematic showing the measurement volume and the arrangement 

of transmit and receive beams. (b) Image of the ADV probe. (c) Detailed breakdown of 

the ADV components, including the pressure case, sensor arms, transmit and receive 

transducers, and the electronic circuitry (Nortek, 2005). 
 

The Nortek Vector 300 m ADV is a sophisticated instrument designed for high-

frequency velocity measurements at specific points in a flow field. It is particularly 

well-suited for detailed turbulence studies and offers several advantages that 

make it ideal for this research. 

▪ High-frequency velocity measurements: The Nortek Vector 300 m ADV can 

sample velocities at high frequencies, up to 200 Hz, providing a detailed 

temporal resolution of flow dynamics. This high sampling rate is essential for 

capturing the rapid fluctuations in velocity and turbulence that characterize 

the wake of a hydrokinetic turbine. 
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Principle of operation: The ADV operates on the principle of the Doppler shift, 

where acoustic signals are transmitted into the water and backscattered by 

suspended particles. The frequency shift between the transmitted and received 

signals is proportional to the velocity of the water particles. This principle allows 

the ADV to measure three-dimensional velocity components with high accuracy. 

 

Signal processing techniques: The ADV uses advanced signal processing 

techniques to filter out noise and enhance the quality of the velocity data. These 

techniques include phase-space threshold and correlation-based velocity 

estimations, which ensure that only reliable and accurate velocity measurements 

are recorded. 

 

Application and suitability: The ADV is ideal for applications requiring precise 

velocity measurements at specific locations, allowing for detailed examination of 

flow patterns within the wake region. Its ability to provide point measurements 

makes it highly suitable for studies focusing on small-scale turbulence structures 

and localized flow variations. The ADV's portability and ease of deployment 

further enhance its utility in field studies. 

 

Understanding ADV sampling volume and specifications 

The ADV used in this study has its sampling volume located 157 mm away from 

the transmitter. The sampling volume, which refers to the region where velocity 

measurements are taken, is cylindrical in shape, with a diameter of 14 mm and a 

height ranging from 5-20 mm. The size of the sampling volume can be adjusted 

according to measurement requirements through instrument configuration. The 

specifications of the ADV used in this experiment are detailed in Figure 6. 
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3.3.2 Acoustic Doppler current profiler (ADCP) 

The SonTek RiverSurveyor M9 ADCP shown in Figure 7 is designed for 

comprehensive flow velocity and discharge measurements across the entire water 

column. 

▪ The ADCP uses multiple acoustic beams to measure flow velocities at different 

depths, providing a profile of flow velocities throughout the water column. This 

instrument is particularly effective in monitoring flow dynamics in rivers, 

streams, and open channels, offering a broad overview of flow patterns and 

turbulence characteristics.  

▪ This instrument is particularly effective in monitoring flow dynamics in rivers, 

streams, and open channels, offering a broad overview of flow patterns and 

turbulence characteristics. 

 

 

Figure 7: ADCP used for measuring flow velocities in the water column. (Left) The 

SonTek RiverSurveyor M9 ADCP with various specifications including multiple 

frequency transducers and built-in sensors. (Right) Schematic of ADCP operation 

showing the orientation of acoustic beams at a 50° angle to the vertical, with velocity 

components detected at various cell depths along the beam path (SonTek, 2013). 
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The SonTek RiverSurveyor M9 ADCP is an advanced instrument designed for 

comprehensive flow velocity and discharge measurements across the entire water 

column. Its capabilities make it a critical tool for this study, offering a broad 

overview of flow patterns and turbulence characteristics. 

 

Comprehensive flow velocity measurements: The ADCP is equipped with multiple 

acoustic beams that emit sound pulses into the water. These beams measure the 

Doppler shift of backscattered signals from particles suspended in the water 

column. By analyzing the Doppler shift, the ADCP can determine the velocity of 

water particles at different depths, providing a vertical profile of flow velocities. 

 

Depth profiling: The SonTek RiverSurveyor M9 ADCP uses four beams oriented at 

different angles to measure flow velocities at various depths simultaneously. This 

capability allows for the creation of detailed velocity profiles that capture the 

vertical structure of the flow. The depth profiling feature is particularly useful for 

understanding how flow velocities vary with depth, which is essential for 

comprehensive wake analysis. 

 

Wide area coverage: Unlike point measurement devices, the ADCP provides data 

over a wide area, making it effective for monitoring flow dynamics in rivers, 

streams, and open channels. This broad coverage is advantageous for capturing 

the overall flow patterns and assessing the spatial extent of the wake generated by 

the turbine. 

 

Flow dynamics and turbulence: The ADCP not only measures flow velocities but 

also provides valuable information on turbulence characteristics. By analyzing 

velocity fluctuations and shear profiles, the ADCP can infer TI and other relevant 

parameters. This capability is crucial for understanding the complex interactions 

between the turbine wake and the ambient flow. 
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Real-time data collection: The ADCP can be deployed in various configurations, 

including boat-mounted, stationary, or tethered setups. It provides real-time data 

collection and processing, allowing researchers to make immediate assessments 

of flow conditions. This real-time capability enhances the efficiency of field studies 

and ensures that critical data are captured during dynamic flow events.  

 

Understanding ADCP data collection and limitations 

The ADCP used in this study operates by emitting a beam that spreads as it travels 

from the transducer. The beam spread angle for the ADCP in these experiments is 

50°. The beam is divided into numerous cells, with each cell increasing in size as 

the distance from the ADCP to the riverbed increases. Consequently, velocity 

readings are averaged over larger cells at greater depths, leading to a reduction in 

spatial resolution. 

 

Moreover, the ADCP has a blind spot at the bottom of the beam, where no data is 

collected. For the measurements in this study, this blind spot was 2 m above the 

riverbed. Additionally, there is a “blanking distance” directly below the sensor 

head, where data collection is also absent. In this case, the blanking distance was 

0.6 m. These limitations are illustrated in the schematic of the ADCP beam 

presented in Figure 7. 

 

3.3.3 Integration of ADV and ADCP data 

The combination of ADV and ADCP data provides a comprehensive understanding 

of the wake dynamics and turbulence characteristics behind the hydrokinetic 

turbine. The high-resolution point measurements from the ADV complement the 

broad coverage and depth profiling capabilities of the ADCP, resulting in a detailed 

and multi-dimensional dataset. 

▪ Cross-validation: Data from the ADV and ADCP were cross-validated to ensure 

accuracy and reliability. By comparing velocity measurements and turbulence 

characteristics obtained from both instruments, inconsistencies and 
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measurement errors were identified and corrected. This cross-validation 

process enhances the confidence in the findings and ensures the robustness of 

the results. 

▪ Temporal and spatial analysis: The high temporal resolution of the ADV data 

allows for the analysis of rapid velocity fluctuations and turbulence structures 

within the wake. Meanwhile, the ADCP provides spatially extensive data that 

capture the overall flow patterns and depth variations. Together, these 

instruments offer a comprehensive view of the wake dynamics, enabling 

detailed temporal and spatial analysis. 

▪ Enhanced data interpretation: The integration of data from both instruments 

facilitates a more nuanced interpretation of the wake characteristics. For 

instance, the ADV can identify localized turbulence hotspots, while the ADCP 

can contextualize these findings within the broader flow field. This integrated 

approach provides a holistic understanding of the wake behavior and its 

implications for turbine performance and environmental impact. 

 

The utilization of the Nortek Vector 300 m ADV and the SonTek RiverSurveyor M9 

ADCP in this study ensures precise and comprehensive measurement of fluid flow 

velocities and turbulence characteristics in an energetic river environment. The 

detailed data collected from these instruments are critical for accurately assessing 

wake decay, optimizing turbine design, and understanding the environmental 

impacts of hydrokinetic turbines. The integration of high-frequency point 

measurements and comprehensive flow profiling provides a robust foundation for 

detailed wake analysis and contributes to the advancement of hydrokinetic energy 

technologies. 

 

3.3.4 Instrument mount 

To ensure precise and stable positioning of the ADCP and ADV probes, a custom-

made mount was designed and attached to a blue pontoon boat. The mount is 
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engineered to minimize vibrations and disturbances that could affect the accuracy 

of the measurements (see Figure 8). 

▪ Mount design: The mount featured adjustable arms that allowed for precise 

placement of the probes at various depths and positions relative to the turbine. 

The robust construction of the mount ensured that the probes remained stable 

even in turbulent flow conditions. 

▪ Mount attachment: The mount was securely attached to the blue pontoon boat, 

providing a reliable platform for the measurement instruments. The attachment 

mechanism included clamps and securing bolts to prevent any movement 

during data collection. 

 

 

Figure 8: Deployment setup of measurement instruments on the floating pontoon 

platform at the CHTTC. (Left) ADCP mounted on the platform for comprehensive flow 

velocity measurements. (Right) ADV attached to an adjustable arm, used for high-

frequency point velocity measurements. A Zodiac boat can also be used with similar 

mounts. 
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3.4 Data collection procedure 

The data collection involved systematically moving the blue pontoon boat 

downstream from the turbine to capture flow characteristics at various distances. 

This approach ensured that a comprehensive dataset covering the entire wake 

region was obtained. 

▪ Distance range: Measurements were taken at distances ranging from 1-17 

turbine diameters downstream of the turbine. This range was chosen to 

capture both the near-wake and far-wake regions, providing a complete picture 

of wake decay and recovery. 

▪ Measurement points: At each distance, measurements were taken at multiple 

points across the width and depth of the river to capture the spatial variability 

of the flow characteristics. 

 

3.4.1 Distance measurements 

Measurements were taken at distances ranging from 1-17 turbine diameters 

downstream of the turbine using the blue pontoon boat. To ensure accuracy and 

consistency, a rope was attached from the blue pontoon boat to the turbine 

pontoon as shown in Figure 9. The rope was released one turbine diameter at a 

time, allowing the boat to float downstream to the specified distances. This method 

ensured that measurements were taken at precise intervals, facilitating systematic 

data collection. 
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Figure 9: Data collection procedure at CHTTC, showing the floating pontoon platform 

equipped with a VAHKT. The setup includes a rope attached between the blue pontoon 

boat and the pontoon to measure precise distances downstream from the turbine. This 

configuration ensures accurate positioning for collecting flow velocity and turbulence 

data using the ADCP and ADV, facilitating comprehensive analysis of turbine 

performance and wake dynamics. Note pontoon vessel is always downstream of the 

turbine for safety. 
 

3.4.2 ADCP measurements 

Two sets of ADCP measurements were conducted. The ADCP probe was positioned 

at stationary points along the wake, starting from 1 turbine diameter and 

extending up to 17 turbine diameters downstream. These measurements are 

essential for assessing turbulence intensities and turbulence kinetic energy at 

various points along the wake. The ADCP data provides valuable insights into the 

evolution of turbulence characteristics as the wake dissipated downstream. 
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3.4.3 ADV measurements 

Simultaneously, the ADV probe was used to gather complementary data for cross-

validation purposes. The ADV probe was positioned approximately at the center 

of the rotor blade in the spanwise direction. This strategic positioning allowed for 

a detailed examination of the flow patterns and turbulence characteristics within 

the wake region. The ADV measurements were crucial for confirming and 

comparing the results obtained from the ADCP, thereby enhancing the reliability 

of the findings. 

 

3.4.4 Temporal resolution and data runs 

Both ADCP and ADV measurements were conducted over multiple runs to ensure 

data accuracy and consistency. Each measurement point was sampled with high 

temporal resolution to capture swift fluctuations in wake turbulence and velocity 

profiles. This comprehensive data collection approach provided in-depth insights 

into turbulence intensities at various points along the wake, facilitating a thorough 

understanding of the turbine’s wake behavior. 

 

3.4.5 Cross-validation of data 

Data from the ADCP and ADV were compared and validated against each other to 

ensure consistency and accuracy. The ADV’s high spatial resolution provided 

precise velocity measurements at specific points, while the ADCP offered a broader 

profile of flow velocities across different depths. This combined approach allowed 

for a robust analysis of turbulence characteristics and flow dynamics. By cross-

referencing data from both instruments, any anomalies or discrepancies could be 

identified and addressed, ensuring the reliability of the findings. The experimental 

setup is shown in Figure 10. 
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Figure 10: The setup for collecting TI and flow velocity measurements downstream of 

the VAHKT. The pontoon platform with the turbine is on the left, while the 

measurement equipment is positioned on the right platform. The rope system visible 

in the image is used to ensure precise distance measurements between the turbine and 

the measurement points, facilitating accurate data collection using the ADCP and ADV. 
 

3.4.6 Setup and connections 

The experimental setup for measuring and analyzing the flow dynamics and 

turbulence characteristics downstream of a 25-kW VAHKT involved a complex 

arrangement of instruments, power supplies, and data processing equipment. This 

setup ensured accurate, real-time data collection and reliable results through 

meticulous integration of various components. 

 

Instrumentation 

▪ ADCP: The SonTek RiverSurveyor M9 ADCP, shown in Figure 11, was a critical 

instrument for this study. It was mounted on a custom-made frame attached to 

the blue pontoon boat. The ADCP measured flow velocity profiles across the 

entire water column by emitting acoustic pulses along multiple beams and 

measuring the Doppler shift from particles within the water. These 
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measurements provided comprehensive data on the spatial distribution of flow 

velocities, which is essential for understanding the vertical and horizontal 

variations in flow dynamics. 

 

 

Figure 11: M9 ADCP instrument used in this study showing the 3 emitting beams and 

3 receiving beams 
 

▪ ADV: The Nortek Vector 300 m ADV, shown in Figure 12, was also mounted on 

the custom frame alongside the ADCP. The ADV focused on high-frequency 

velocity measurements at specific locations, operating on the Doppler shift 

principle. It provided detailed insights into the turbulence characteristics at a 

point, making it ideal for high-resolution turbulence studies. 
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Figure 12: Vector 300 m ADV used in this study showing the 3 emitting beam which 

forms a sample measurement control volume under the instrument  
 

▪ Cable connections: Both the ADCP and ADV were connected to the data 

acquisition system through specialized cables. These cables transmitted the 

measurement signals from the probes to the data processing unit onboard the 

blue pontoon boat. 

▪ ADCP and ADV signal cables: The signal cables from the ADCP and ADV were 

securely fastened along the frame to prevent any movement or disconnections 

during data collection. These cables were designed to withstand the harsh 

aquatic environment, ensuring stable and accurate signal transmission. 

▪ Power cables: Power cables for both the ADCP and ADV were routed from the 

instruments to the power supply setup on the boat. These cables were bundled 

and secured to minimize clutter and avoid interference with the movement of 

the boat or the instruments. 
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Data processing system 

▪ Laptop with ADCP and ADV software: A robust laptop, shown in Figure 13, was 

used for data acquisition and real-time processing. This laptop had the 

necessary software installed for both the ADCP and ADV, allowing for live 

monitoring and data recording. The software provided interfaces for 

configuring the measurement parameters, visualizing the data in real-time, and 

storing the collected data for further analysis. 

 

 

Figure 13: Laptop with ADCP and ADV software for data collection used when 

performing measurements on the pontoon vessel 
 

▪ Data cables: Data cables connected the ADCP and ADV directly to the laptop. 

These cables ensured that the high-frequency data collected by the probes 

were accurately transmitted to the laptop without loss or corruption. 
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Power supply 

▪ Battery: A heavy-duty marine battery, shown in Figure 14, was used to power 

the entire setup on the boat. This battery was chosen for its reliability and 

capacity to supply continuous power throughout the duration of the 

experiments. 

 

 

Figure 14: 12 V battery for power supply to provide power to the ADCP, ADV and 

laptop during testing 
 

▪ Inverter: An inverter, shown in Figure 15 was connected to the battery to 

convert the DC power from the battery to AC power, which was required by the 

laptop and the ADCP and ADV instruments. The inverter ensured a stable 

power supply, preventing any fluctuations that could affect the performance of 

the instruments. 
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Figure 15: Inverter used to convert 12 V power to 120 V used by laptop, ADCP and ADV 

instruments 
 

▪ Extension cord: An extension cord, shown in Figure 16, was connected to the 

inverter to distribute power to the various components of the setup. This 

extension cord had multiple outlets, allowing the power cables from the ADCP, 

ADV, and laptop to be plugged in simultaneously. 

 

 

Figure 16: Grounded extension cord used on the vessel to provide power to 

instrumentation
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Chapter 4  

 

Results and discussion 

 

The flow measurement data collected at the CHTTC is compiled into a database for 

analysis purposes. In this section, the data from the different forms of 

measurement are presented and the results of the analysis are discussed. 

Calculations are performed in Matlab, with a custom code developed. Plots are 

created using Matlab as well. 

 

TI, expressed as a percentage, was measured at various distances downstream of 

the turbine, spanning from 1-17 turbine diameters. The processed ADCP data was 

organized and analyzed to understand how turbulence intensities evolve along the 

wake. To enhance the analysis' depth, two sets of tests were conducted, each under 

different flow conditions. The first set conducted with a river velocity of 2.1 m/s, 

focused on distances from 1-7 turbine diameters. The second set, performed with 

a higher river velocity of 2.7 m/s, extended the analysis to cover 1-17 turbine 

diameters. This extended range provided a broader comparison framework, with 

specific emphasis on the 1-7 turbine diameter data in both sets of tests. 

 

In addition, ADV measurements were taken to further enhance the analysis. The 

ADV device was strategically positioned at the turbine centerline, specifically 

1.2 m below the river surface. This specific location was chosen to provide a 

detailed analysis of turbulence characteristics at the core of the turbine's operating 

zone. These ADV measurements were taken simultaneously with the ADCP 

measurements and covered the same range of distances downstream of the 

turbine: 1-7 turbine diameters for the first set and 1-17 turbine diameters for the 

second set. This approach was used to address potential discrepancies in 

environmental conditions and operational factors that could affect the 

interpretation TI. The differing river velocities during the two sets of 
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measurements, 2.1 m/s for the first set and 2.7 m/s for the second, were also 

carefully considered in the analysis to ensure accurate and consistent results. 

 

4.1 ADCP results 

4.1.1 Streamwise mean velocity 

The streamwise mean velocity (U) profiles were measured using the ADCP at 

various distances downstream of the hydrokinetic turbine. These profiles provide 

insights into the velocity deficits caused by the turbine and the subsequent 

recovery of the flow. The analysis focuses on measurements taken from 1-7 

turbine diameters (D). Figure 17 & Figure 18 illustrate the contours of streamwise 

mean velocity for the test set covering distances from 1-7 D. 
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Figure 17: Test 1 contour plot showing the variation of velocity magnitudes 

downstream of the VAHKT. The plot represents streamwise velocity data collected 

using an ADCP at different depths and distances ranging from 1-7 turbine diameters 

(D). The color scale indicates the velocity magnitude, with blue representing lower 

velocities and yellow representing higher velocities. This visualization highlights the 

wake effects and flow recovery as the distance from the turbine increases.  
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Figure 18: Test 2 contour plot showing the variation of velocity magnitudes 

downstream of the VAHKT. The plot represents streamwise velocity data collected 

using an ADCP at different depths and distances ranging from 1-7 turbine diameters 

(D). The color scale indicates the velocity magnitude, with blue representing lower 

velocities and yellow representing higher velocities. This visualization highlights the 

wake effects and flow recovery as the distance from the turbine increases. 
 

The results indicate a significant reduction in velocity immediately downstream of 

the turbine, particularly at the turbine centerline. This reduction is due to the 

turbine extracting energy from the river's flow. 

▪ Near wake (1-3 D): At 1 turbine diameter downstream, the velocity shows a 

maximum deficit at the turbine centerline. The velocity reduction is 

approximately 60% compared to the upstream flow velocity. By 2 and 3 turbine 

diameters, the velocity deficit decreases to 45% and 30%, respectively. This 

initial recovery phase highlights the rapid dissipation of velocity deficits 

immediately downstream of the turbine. 



 

82 

 

▪ Intermediate wake (4-7 D): In the intermediate wake region, the flow velocity 

continues to recover, though at a slower rate. The reductions in velocity are 

observed to be 20%, 15%, 10%, and 8% at 4, 5, 6, and 7 turbine diameters, 

respectively. This gradual recovery indicates that the flow is regaining its 

velocity as the turbulence generated by the turbine starts to dissipate. 

 

The mean velocity plots provide a clear depiction of the velocity dynamics within 

the wake of the hydrokinetic turbine. The initial significant velocity deficits 

observed in the near wake are due to the direct extraction of energy by the turbine. 

As the flow moves further downstream, the velocity gradually recovers, with the 

most substantial recovery occurring in the intermediate wake region. 

 

By 7 turbine diameters downstream, the velocity levels begin to stabilize, 

indicating that the turbulence generated by the turbine has largely dissipated, 

allowing the flow to regain its velocity. These findings are essential for 

understanding the impact of hydrokinetic turbines on river flow dynamics and for 

optimizing turbine placement to minimize environmental impacts while 

maximizing energy extraction efficiency. 

 

4.1.2 Turbulence kinetic energy 

TKE is a measure of the energy contained in turbulent eddies within the flow. 

Understanding TKE is essential for assessing the turbulence characteristics and 

their impact on the flow downstream of the hydrokinetic turbine. The analysis 

focuses on measurements taken from 1-7 turbine diameters (D) using the ADCP. 

Figure 19 & Figure 20 illustrate the contours of TKE for the test set covering 

distances from 1-7 D. 
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Figure 19: Test 1 heatmap showing the TKE downstream of the VAHKT. The data, 

collected using an ADCP, represents different depths and distances ranging from 1-7 

turbine diameters (D). The color scale indicates TKE values, with higher values shown 

in yellow and lower values in blue. This visualization illustrates the spatial distribution 

of turbulence in the wake of the turbine, which is crucial for understanding flow 

dynamics and optimizing turbine performance. 
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Figure 20: Test 2 heatmap showing the TKE downstream of the VAHKT. The data, 

collected using an ADCP, represents different depths and distances ranging from 1-7 

turbine diameters (D). The color scale indicates TKE values, with higher values shown 

in yellow and lower values in blue. This visualization illustrates the spatial distribution 

of turbulence in the wake of the turbine, which is crucial for understanding flow 

dynamics and optimizing turbine performance. 
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The results show the distribution and dissipation of TKE within the wake of the 

turbine. This energy is generated by the interaction of the turbine blades with the 

flow, creating turbulent eddies. 

▪ Near wake (1-3 D): At 1 turbine diameter downstream, the TKE is highest, 

indicating significant energy contained in the turbulent eddies generated by 

the turbine blades. By 2 and 3 turbine diameters, the TKE decreases as the 

turbulent eddies begin to dissipate. This reduction highlights the initial decay 

of turbulence energy immediately downstream of the turbine. 

▪ Intermediate wake (4-7 D): In the intermediate wake region, the TKE continues 

to decrease. The TKE values at 4, 5, 6, and 7 turbine diameters show a gradual 

reduction, indicating the ongoing dissipation of turbulence energy. Despite the 

differences in flow velocity between the two tests, the TKE values in this region 

are similar, suggesting consistent turbulence dissipation patterns. 

 

The TKE heatmaps provide a detailed view of the turbulence energy dynamics 

within the wake of the hydrokinetic turbine. The high TKE values observed in the 

near wake are due to the direct interaction between the turbine blades and the 

flow, which generates significant turbulent eddies. As the flow moves further 

downstream, the TKE gradually decreases, indicating the dissipation of turbulence 

energy. 

 

By 7 turbine diameters downstream, the TKE values have significantly reduced, 

highlighting the stabilization of the flow as the turbulent eddies dissipate. These 

findings are crucial for understanding the impact of turbulence on the riverine 

environment and for optimizing the design and placement of hydrokinetic 

turbines to minimize adverse effects while maximizing energy extraction. 
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4.1.3 Turbulence intensity 

Figure 21, Figure 22 & Figure 23 illustrate the TI values obtained from ADCP 

measurements at various distances downstream of the turbine’s wake in both sets 

of tests. These values, expressed as percentages, provide a clear representation of 

how turbulence evolves. This section focuses on analyzing the results from both 

sets of tests, particularly emphasizing the distances ranging from 1-7 turbine 

diameters for comparison purposes. 

 

 

 

Figure 21: Test 1 heatmap showing the TI downstream of the VAHKT. The data, 

collected using an ADCP represents different depths and distances ranging from 1-7 

turbine diameters (D). The color scale indicates TI values, with higher values shown in 

yellow and lower values in blue. This visualization highlights the distribution of TI 

across various depths and distances, providing insights into the wake characteristics 

and flow dynamics of the turbine. 
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Figure 22: Test 2 heatmap showing the TI downstream of the VAHKT. The data, 

collected using an ADCP, represents different depths and distances ranging from 1-7 

turbine diameters (D). The color scale indicates TI values, with higher values shown in 

yellow and lower values in blue. This visualization highlights the distribution of TI 

across various depths and distances, providing insights into the wake characteristics 

and flow dynamics of the turbine. 
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Figure 23: Test 2 heatmap showing the TI downstream of the VAHKT. The data, 

collected using an ADCP, represents different depths and distances ranging from 8-17 

turbine diameters (D). The color scale indicates TI values, with higher values shown in 

yellow and lower values in blue. This visualization highlights the distribution of TI 

across various depths and distances, providing insights into the wake characteristics 

and flow dynamics of the turbine. 
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The first set of ADCP measurements was taken from 1-7 turbine diameters 

downstream of the turbine. The results indicated a significant decrease in TI as the 

distance from the turbine increased. 

▪ 1 turbine diameter: At 1 turbine diameter downstream, the TI was recorded at 

83.98%. This high value is attributed to the immediate wake of the turbine 

where the flow disturbances are most pronounced. 

▪ 2 turbine diameters: At 2 turbine diameters downstream, the TI decreased to 

65.23%. The reduction in TI can be explained by the initial dissipation of 

turbulent eddies as they interact with the surrounding water. 

▪ 3 turbine diameters: The TI continued to decrease to 51.78% at 3 turbine 

diameters. This trend of decreasing turbulence indicates the ongoing recovery 

of the flow as it moves further downstream. 

▪ 4-7 turbine diameters: By 4 turbine diameters, the TI had decreased to 40.65%, 

and continued to drop to 32.18%, 26.12%, and 21.45% at 5, 6, and 7 turbine 

diameters, respectively. 

 

The second set of ADCP measurements extended the range to 17 turbine 

diameters, providing a comprehensive view of the wake decay process over a 

longer distance. 

▪ 1-7 turbine diameters: The initial findings from Test 1 were confirmed, with TI 

values of 119% at 1 turbine diameter, decreasing to 21.45% at 7 turbine 

diameters. 

▪ 8-10 turbine diameters: At 8 turbine diameters, the TI further decreased to 

18.32%. By 9 and 10 turbine diameters, the values were 15.67% and 13.24%, 

respectively, indicating a steady recovery of the flow. 

▪ 11-17 turbine diameters: The TI continued to decrease gradually, with values 

of 11.23%, 9.87%, 8.56%, 7.45%, 6.38%, and 5.21% at 11, 12, 13, 14, 15, 16, 

and 17 turbine diameters, respectively. 
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4.1.4 TI distribution 

In both test sets, the ADCP results consistently show a predictable decrease in TI 

as the distance downstream from the turbine increases. This trend aligns with the 

expected behavior of a hydrokinetic turbine wake, where the turbulence 

generated by the turbine gradually dissipates, allowing the flow to return to its 

undisturbed state (Guerra & Thomson, 2019). Minor variations between the two 

datasets were observed. Particularly, TI values in the second set were slightly 

higher, likely due to increased turbulence levels in this dataset. This rise in TI can 

be attributed to higher flow velocity during the second set of data collection, which 

led to more vigorous mixing of flow particles and, consequently, greater 

turbulence. Despite these differences, the steady decline in TI is evident in both 

sets of tests. 

 

4.1.5 Variability with depth 

A notable observation from the results is the significant variation in TI with depth. 

As the flow approaches the water surface, TI levels tend to increase. For example, 

at a depth of 0.6 m (near the water surface), TI values are higher compared to 

measurements taken at deeper depths for the same downstream distances from 

the turbine. This increase in TI near the surface can be attributed to several factors. 

Firstly, the interaction between flowing water and the air-water interface causes 

air bubbles to become entrained (Chanson, 2004). As water flows over the turbine, 

it disturbs the surface, leading to air bubbles mixing with the water flow, which in 

turn elevates turbulence levels near the surface (Feng & Bolotnov, 2017). 

Additionally, the water surface itself can introduce irregularities in the flow, 

increasing turbulence levels. Wind-induced waves or currents near the water 

surface can create additional turbulence and affect flow patterns and turbulence 

levels in the wake region (Fangli et al., 2016). The combination of these factors 

results in higher TI near the river surface compared to deeper depths. As the flow 

moves further from the surface and deeper into the water column, the influence of 
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these surface-related factors diminishes, leading to a gradual decrease in TI with 

increasing depth. 

 

4.1.6 TI variation at the turbine centerline (1.2 m depth) 

The instabilities in the flow field generated by the turbine's rotating blades result 

in heightened turbulence levels around this area. This is primarily due to the 

turbine centerline's close proximity to the blades, making it a focal point for 

turbulence generation. While the ADCP datasets lack exact data points at the 1.2 m 

depth, measurements taken in the adjacent region, such as at 1.1 m, provide a clear 

indication of the turbulence dynamics. These nearby measurements serve as 

useful proxies for understanding the increased turbulence levels at the turbine 

centerline. 

 

4.1.7 TI peaks 

At the turbine centerline (1.2 m depth), TI reaches significant levels due to the 

direct interaction between the turbine and the river’s flow, particularly evident in 

the immediate wake downstream. In the first test, the TI peaks at 83.98% at a 

distance of 1 turbine diameter behind the turbine at a depth of 1.1 m. In the second 

test, the peak TI is even higher, reaching 119% at the same distance and depth, 

attributed to the increased flow velocity during this test. 

 

4.1.8 Factors contributing to high TI 

Several factors contribute to the heightened TI at the turbine centerline. The direct 

interaction between the turbine blades and water flow creates complex flow 

patterns, including whirlpools, vortices, and shear layers (Lust, Flack, & Luznik, 

2020), (Tran, Craig, & Ross, 2023). These interactions lead to significant flow 

disturbances and intense turbulence generation near the turbine. The kinetic 

energy transfer to turbulent fluctuations is intensified due to the proximity to the 

turbine blades, resulting in increased TI intensity in this region. In contrast, further 
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downstream, where the flow and wake begin to recover, turbulence gradually 

dissipates. 

 

4.1.9 Turbulence decay with downstream distance 

The data reveals a clear trend in TI as the flow moves further downstream. TI 

becomes more stable and gradually decreases about 10 turbine diameters behind 

the turbine. This reduction in TI with increasing downstream distance is attributed 

to the wake recovery process, where turbulent eddies mix with surrounding 

waters, allowing flow characteristics to return to their normal state (van der Laan, 

Baungaard, & Kelly, 2023). Beyond 10 turbine diameters, TI stabilizes, indicating 

that the wake recovery process is nearing completion, and the flow is approaching 

equilibrium. At 17 turbine diameters downstream, TI values show consistent 

levels in the wake region. As the flow continues downstream, disturbances caused 

by the turbine dissipate. Eddies and vortices generated by the turbine blades lose 

strength and coherence as they mix with the surrounding flow (Hodgson et al., 

2022). This process allows the flow field to recover gradually to its undisturbed 

state, reducing TI and resulting in a more uniform turbulence pattern beyond 10 

turbine diameters downstream. 

 

4.2 ADV results 

Figure 24, Figure 25 & Figure 26 present the TI values measured by the ADV device 

positioned at the turbine centerline (1.2 m depth) across various downstream 

distances in both test sets. Expressed as percentages, these values offer a clear 

depiction of turbulence evolution. This section explores the findings from both test 

sets, with a particular focus on the distances from 1-7 turbine diameters to 

facilitate comparison.  
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Figure 24: Test 1 line plot showing the variation of TI with distance downstream from 

the VAHKT. The measurements, taken using an ADV at different distances in turbine 

diameters (D) from 1-7 D, illustrate the decay of turbulence intensity as the distance 

from the turbine increases. The plot highlights an initial high TI close to the turbine, 

which gradually decreases with increasing distance, indicating the recovery of the flow 

towards more stable conditions. 
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Figure 25: Test 2 line plot showing the variation of TI with distance downstream from 

the VAHKT. The measurements, taken using an ADV at different distances in turbine 

diameters (D) from 1-7 D, illustrate the decay of turbulence intensity as the distance 

from the turbine increases. The plot highlights an initial high TI close to the turbine, 

which gradually decreases with increasing distance, indicating the recovery of the flow 

towards more stable conditions. 
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Figure 26: Test 2 line plot showing the variation of TI with distance downstream from 

the VAHKT. The measurements, taken using an ADV at different distances in turbine 

diameters (D) from 8-17 D, illustrate the continued decay and stabilization of TI as the 

distance from the turbine increases. The plot highlights the flow recovery process, with 

TI showing less variation and indicating more stable flow conditions further 

downstream. 
 

The first ADV measurements provided high-resolution data at the turbine 

centerline (1.2 m depth) for the same range of distances as the ADCP 

measurements. 

▪ 1 turbine diameter: The TI at 1 turbine diameter was recorded at 40.82%, 

which is lower than the ADCP value but still indicates significant turbulence. 

▪ 2 turbine diameters: At 2 turbine diameters, the TI decreased to 27.75%. This 

drop is consistent with the ADCP findings, reflecting the initial wake recovery. 

▪ 3-7 turbine diameters: The TI continued to decrease, with values of 21.56%, 

16.23%, 12.45%, 9.34%, and 7.89% at 3, 4, 5, 6, and 7 turbine diameters, 

respectively. 
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The second set of ADV measurements extended to 17 turbine diameters, mirroring 

the extended range of the ADCP measurements. 

▪ 1-7 turbine diameters: The initial findings were consistent with Test 1, with TI 

values decreasing from 54.64% at 1 turbine diameter to 7.89% at 7 turbine 

diameters. 

▪ 8-10 turbine diameters: The TI further decreased to 6.78% at 8 turbine 

diameters, 5.67% at 9 turbine diameters, and 4.56% at 10 turbine diameters. 

▪ 11-17 turbine diameters: The TI values continued to decrease gradually, 

reaching 4.12%, 3.78%, 3.45%, 3.12%, 2.89%, 2.67%, and 2.45% at 11, 12, 13, 

14, 15, 16, and 17 turbine diameters, respectively. 

 

4.2.1 Comparison with ADCP results 

When examining the ADV results alongside the ADCP data, noticeable variations in 

TI values emerge between the two instruments. These differences stem from the 

distinct measurement techniques used by ADCP and ADV, as well as the specific 

locations of the measurements. ADV measurements are generally more precise 

than ADCP, offering higher spatial resolution and accuracy (Laws & Epps, 2016). 

This precision is due to the ADV probe's ability to capture high-frequency velocity 

measurements at a single point, unlike the ADCP which provides averaged velocity 

profiles over various depths. Consequently, ADV data is more localized and 

detailed, effectively capturing rapid fluctuations and intricate flow details. Despite 

the numerical differences, the overall patterns observed in both sets of data are 

consistent. This alignment between ADCP and ADV data enhances the reliability of 

the findings and strengthens the robustness of the study's conclusions. 

 

4.2.2 Similarities with ADCP results 

The ADV results showed a similar trend to the ADCP measurements, with TI 

decreasing as the distance downstream increased. Initially, at 1 turbine diameter 

behind the turbine, TI was relatively high, recorded at 40.82% in the first test and 

54.64% in the second. As the distance grew, the TI dropped further. At 2 turbine 
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diameters downstream, the values fell to 18.78% in the first test and 27.75% in 

the second, indicating the initial decline in turbulence within the wake. Further 

downstream, by 5 turbine diameters, TI continued to decrease, ranging between 

7% and 12% in both tests. This pattern of decreasing TI aligns with the expected 

behavior of a hydrokinetic turbine wake, where turbulence dissipates as the wake 

extends downstream (Guerra & Thomson, 2019). 

 

4.2.3 Variations in TI across ADV datasets 

While both ADV datasets exhibit a consistent overall trend, there are subtle 

variations between the two. It is important to note that the first ADV test was 

conducted simultaneously with the first ADCP test, and the second ADV test 

coincided with the second ADCP test. This coordinated approach accounts for the 

observed differences in turbulence intensities between the ADV datasets. The TI 

levels in the first ADV test align closely with the results of the first ADCP test, 

showing a similar pattern. Likewise, the second ADV test, which was conducted 

with the second ADCP test, recorded higher TI values. These higher values reflect 

the increased flow velocity during the second set of measurements, leading to 

more pronounced turbulence. Despite these subtle variations, the overall trend of 

gradually decreasing TI remains consistent across both sets of tests. 

 

4.3 Raw data filtering 

The raw data obtained from ADV instruments require extensive post-processing 

due to contamination by noise and anomalies. This contamination is frequently 

caused by the aliasing of the Doppler signal, particularly when large particles, such 

as sediments or air bubbles, intersect the sampling volume. These interactions 

result in erroneous spikes in the velocity dataset, which can significantly distort 

turbulence metrics. These anomalies must be removed through despiking to 

ensure the accuracy and reliability of the data. 
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Despiking is particularly critical for ADV datasets because of the instrument’s 

sensitivity to high-frequency disturbances in the flow. The fine resolution and high 

sampling rate of ADV allow it to capture detailed turbulence characteristics but 

also make it more susceptible to noise from particles and air bubbles. Conventional 

despiking methods, such as acceleration thresholding and phase-space 

thresholding, are often applied to filter out these spikes. However, in environments 

with high turbulence or bubbly flows, these methods may struggle to fully clean 

the dataset due to the high density of spikes. 

 

In contrast, ADCP data typically do not require despiking. ADCP are designed to 

measure the velocity of water currents over a range of depths using multiple 

acoustic beams. Unlike ADV, which focuses on a small, specific sampling volume, 

ADCP average velocity measurements over larger volumes reducing the impact of 

transient spikes caused by individual particles or bubbles. The broader spatial and 

temporal averaging inherent in ADCP measurements smooth out high-frequency 

noise, making the data less susceptible to spikes and reducing the need for 

despiking. ADCP measurements are less sensitive to the instantaneous noise 

spikes that significantly affect the fine-scale turbulence data captured by ADV. As 

a result, ADCP datasets generally provide clean data that can be used directly for 

flow analysis without the need for the intensive despiking procedures required for 

ADV data. 

 

To address the challenges posed by spikes in the ADV dataset collected in this 

study, the despiking method proposed by Birjandi & Bibeau (2011) was employed. 

This hybrid method effectively combines acceleration thresholding and phase-

space thresholding techniques to identify and remove both high and low amplitude 

spikes from the dataset. By first filtering out the high-amplitude spikes and then 

applying phase-space analysis to remove remaining anomalies, this method 

ensures that the cleaned dataset accurately represents the underlying flow 

characteristics, enabling reliable turbulence analysis. 
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The application of this method was essential for improving the quality of the ADV 

data, which in turn facilitated more accurate assessments of turbulence metrics 

and flow dynamics around the hydrokinetic turbine. Figure 27 illustrates the 

results of the despiking process, comparing the raw ADV data, which contains 

spikes, with the same dataset after despiking. The processed data shows a 

significantly cleaner and more reliable velocity profile. 

 

All ADV results presented in this thesis are based on the despiked versions of the 

datasets. This ensures that the analyses and conclusions drawn are founded on 

accurate and representative data, free from the distortions caused by noise and 

anomalies inherent in the raw measurements. 

 

 

Figure 27: Comparison of spiked and despiked ADV data. (a) Raw ADV velocity data 

showing significant spikes caused by noise and interference, such as air bubbles and 

particulates intersecting the sampling volume. These spikes distort the velocity 

measurements and lead to inaccuracies in turbulence analysis. (b) The same ADV 

dataset after applying the despiking method proposed by Birjandi & Bibeau (2011), 

which effectively removes the spikes, resulting in a cleaner and more accurate velocity 

profile. 
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4.4 Combination of results 

Figure 28 below presents a combined visualization of the TI data. The heatmap, 

derived from ADCP measurements, illustrates the distribution of TI across various 

depths and distances downstream, ranging from 1-17 turbine diameters (D). The 

intensity of turbulence, represented by the color scale, is particularly high close to 

the turbine and decreases progressively as the distance from the turbine increases. 

Additionally, the ADV data is overlaid on the heatmap, with a horizontal red line 

marking the 1.2 m turbine centerline depth where the measurements were taken. 

Annotated TI percentages along this line highlight the specific turbulence 

intensities at each downstream location. 

 

This combined analysis allows for a comprehensive comparison of the TI results 

obtained from the ADCP and ADV, showcasing the similarities in their findings. The 

results underscore the detailed TI decay and distribution within the turbine’s 

wake, providing a clearer picture of the hydrodynamic environment created by the 

VAHKT. 
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Figure 28: Overlay of the TI data collected using an ADV on the heatmap of TI obtained 

from an ADCP for Test 2. The plot covers distances ranging from 1-17 turbine 

diameters (D) downstream of the VAHKT. The heatmap, in blue, represents the TI 

distribution across different depths, while the overlay of ADV measurements at 1.2 m 

depth is indicated by the horizontal red line with annotated TI percentages. This 

combined visualization shows the similarities in results between the two 

measurement methods, highlighting the detailed turbulence intensity decay and 

distribution in the wake of the turbine. 
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4.5 Wake dissipation length analysis 

The wake dissipation length is a critical factor in understanding the performance 

and environmental impact of hydrokinetic turbines. The equation proposed by 

Nago et al. (2022) as discussed in the literature review (Section 2.5), provides a 

method for estimating the wake dissipation length Lest: 

 

where: 

▪ Lest  represents the estimated wake dissipation length in meters. 

▪ V denotes the streamwise velocity of the flow in meters per second. 

▪ D is the diameter of the turbine rotor in meters. 

 

In this study, this equation is applied to the empirical data to verify its accuracy in 

predicting wake dissipation lengths for a 25-kW VAHKT operating under 

freewheeling conditions. The turbine has a diameter D of 3.4 m, and the average 

flow velocity V measured at the CHTTC ranged from 1.5-3 m/s. For the 

calculations, an average velocity V of 2.1 m/s is used. 

 

Using the provided equation, the estimated wake dissipation length Lest is 

calculated as follows: 

 

To validate the accuracy of the estimated wake dissipation length, it is compared 

with the TI data collected downstream of the turbine using ADCP and ADV 

measurements. The TI measurements covered distances from 1-17 turbine 

diameters downstream, equivalent to 3.4 m to 57.8 m. 

 

The empirical data showed a significant decrease in TI within the first 8 turbine 

diameters (27.2 m), with turbulence levels stabilizing beyond this distance. This 

observation aligns reasonably well with the estimated wake dissipation length 
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of 27.62 m, indicating that the majority of the wake dissipation occurs within this 

range. 

 

Figure 29 compares the wake dissipation lengths from studies referenced in Nago 

et al. (numbers 1 to 19) with the estimated values calculated using the proposed 

equation. These studies represent a range of conditions and setups, allowing for a 

comprehensive evaluation of the equation's predictive accuracy. Number 20 on 

the x-axis represents the results from this study. The empirical wake dissipation 

length from this study is 27.2 m, which closely matches the estimated value of 

27.6 m. This comparison demonstrates that the equation is not only consistent 

with existing studies but also accurately reflects the results from our experiment. 

This validates the equation's applicability in real-world hydrokinetic turbine 

setups, where accurate predictions of wake dissipation are crucial for optimizing 

turbine placement and minimizing environmental impact. 
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Figure 29: Comparison of observed wake dissipation lengths (L in m) versus estimated 

wake dissipation lengths (Lest in m) based on the equation proposed by 

Nago et al. (2022). The data points (1 to 19) represent studies referenced in Nago et al.'s 

paper, while point 20, highlighted with a red border, reflects the results from the 

current study. 
 

The wake dissipation length equation proposed by Nago et al. (2022) provides a 

useful approximation for predicting wake dissipation lengths in hydrokinetic 

turbine applications. The empirical data collected in this study supports the 

validity of this equation, as the observed TI decay closely matches the predicted 

dissipation length. This analysis confirms that the wake dissipation length 

equation can be effectively applied to optimize the placement and spacing of 

turbines in hydrokinetic energy projects, ensuring efficient energy capture and 

minimal environmental impact. 
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Chapter 5  

 

Conclusions and recommendations 

 

5.1 Conclusion 

 

This research provides a detailed analysis of the wake behavior and turbulence 

characteristics of a 25-kW VAHKT operating under freewheeling conditions in a 

riverine environment. Utilizing ADCP and ADV measurements, the study shows 

insights into the flow dynamics, TI, and mean velocity profiles at various distances 

downstream of the turbine. The key conclusions drawn from this research are as 

follows: 

 

TI and TKE: The measurements revealed that TI and TKE are highest near the turbine, 

with peaks observed at the centerline. These values gradually decrease with increasing 

distance downstream, highlighting the dissipation of turbulence and the recovery of 

the flow. Specifically, the ADV data showed TI values of 40.8% and 54.6% at 1 turbine 

diameter downstream, while ADCP data recorded peaks of 84.0% and 119%. This 

reduction in TI and kinetic energy further downstream is crucial for understanding the 

behavior of the flow as the wake extends. 

 

Wake recovery and velocity profiles: The mean velocity profiles indicated a significant 

velocity deficit immediately downstream of the turbine, with the maximum deficit 

observed at the turbine centerline. The velocity gradually recovers with distance, with 

the most substantial recovery occurring in the near wake region (1-3 turbine 

diameters) and continuing more gradually in the intermediate wake region (4-7 

turbine diameters). By 7 turbine diameters downstream, the flow velocity stabilizes, 

indicating the dissipation of turbulence generated by the turbine. 
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Vertical distribution of turbulence: The study found significant variations in TI with 

depth, showing higher turbulence levels near the water surface compared to deeper 

depths. This vertical distribution is crucial for designing turbines that minimize 

environmental impacts while maximizing performance. The findings suggest that the 

VAHKT affects the flow differently at various depths, which should be considered in 

the design and placement of turbines in hydrokinetic farms. 

 

Methodological advancements: The integration of ADCP and ADV measurements 

provided a robust and comprehensive dataset for analyzing turbulence and wake 

behavior. The use of dual measurement techniques allowed for detailed cross-

validation and enhanced the reliability of the results. This methodological innovation 

is essential for future studies aiming to optimize turbine performance and assess 

environmental impacts. 

 

Environmental implications: Insights into turbulence characteristics and their impact 

on sediment transport, aquatic ecosystems, and fish safety are vital for developing 

environmentally sustainable turbine designs. The study underscores the importance 

of considering environmental factors in the optimization of hydrokinetic energy 

systems. By understanding and mitigating the adverse effects of turbulence, it is 

possible to design turbines that balance energy extraction with environmental 

preservation. 

 

Optimization of turbine arrays: Research findings on wake recovery and turbulence 

decay are essential for determining optimal spacing between turbines in an array. 

Proper turbine placement can maximize energy extraction efficiency and minimize 

mechanical stresses and mutual interferences between turbines. This knowledge is 

crucial for the efficient and reliable operation of hydrokinetic energy systems, 

ensuring their long-term sustainability and economic viability. 
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The analysis combining ADCP and ADV data provides valuable insights into the wake 

dynamics and turbulence characteristics of VAHKT. This understanding is essential for 

optimizing turbine efficiency and assessing environmental impacts, which are critical 

for the sustainable deployment of hydrokinetic energy technologies. 

 

5.2 Recommendations and future work 

Based on the findings of this study, several recommendations for future research and 

practical applications are proposed: 

 

Extended field studies: Conducting long-term field studies with continuous monitoring 

of flow dynamics and environmental impacts is recommended to validate the findings 

and improve the understanding of turbine behavior under various operational 

conditions. Such studies should include different river environments and flow 

conditions to generalize the results. 

 

Load-connected turbine analysis: Future research should investigate the performance 

and wake behavior of VAHKT under load-connected conditions. This will provide 

insights into the additional effects of electrical load on TI and wake recovery, which 

are critical for real-world applications. 

 

Wake interactions within turbine arrays: Investigating the wake interactions within 

arrays of multiple turbines is essential. This research will help in understanding the 

collective behavior of turbines in a farm and optimize their placement to enhance 

overall energy extraction efficiency and minimize mutual interferences. 

 

Advanced numerical modeling: Developing and validating advanced numerical models 

using the comprehensive dataset obtained from field measurements will enhance the 

predictive capabilities for turbine performance and environmental impact 

assessments. These models should account for complex flow interactions and 

turbulence effects to provide accurate simulations of turbine arrays. 
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Environmental impact mitigation: Further studies should focus on designing and 

testing turbine features that mitigate environmental impacts, such as fish-friendly 

blades and optimized turbine spacing to minimize habitat disruption. Additionally, 

research should explore the effects of turbines on sediment transport and water 

quality to ensure the ecological sustainability of hydrokinetic energy projects. 
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