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Abstract 

Seasonal velocity variations can significantly impact total energy delivered to 

microgrids produced by river hydrokinetic turbines. These turbines typically use a diffuser 

to increase the velocity at the rotor section, adding weight and increasing deployment and 

retrieval costs. There is a need for practical solutions to improve the capacity factor of such 

turbines for remote communities. Part of the solution is addressed by developing multiple 

turbine rotors that can be interchanged to match seasonal velocity variations and thereby 

eliminate the need for shrouds to simplify the design and reduce costs. The proposed 

approach employs different rotor sizes to address seasonal river velocity changes, 

modifying the turbine power curve to increase the yearly river turbine capacity factor. A 

turbine design that can be surfaced using boats available in remote communities is used to 

allow 2 blades rotor changes. BladeGen ANSYS Workbench is used to design the three 

rotors of decreasing size for free stream velocities of 1.6, 2.2, and 2.8 m/s. For each 

hydrokinetic turbine rotor, the 3D simulation is applied to reduce aerodynamic losses and 

target a coefficient of performance of up to 45%, by optimizing the blade shape and rotor 

aerodynamic parameters. Mechanical stress analyses determine the maximum 

displacement and blade stress for stainless steel and composite materials. Numerical results 

were compared to experimental results: the pressure coefficient against the tip speed ratio 

demonstrated good agreement with the experimental data. Based on the simulations, the 

three rotor efficiencies varied from 43% to 45% at a TSR of 4, the point at which the 

maximum pressure coefficient was observed in numerical and experimental results, while 

the power output varied from 5.4 to 5.6 kW for the three velocities investigated. Results 

show that it is possible to significantly increase turbine capacity factors by interchanging 

rotors to account for seasonal velocity variations in rivers.   
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1. Introduction 

1.1. Renewable energy 

Economic growth is significantly influenced by energy. However, the 

overconsumption of fossil fuels contributes to the depletion of natural energy resources 

and has negative environmental consequences. Therefore, it is necessary to investigate and 

prioritize renewable energy that is more sustainable to ensure long-term economic growth 

and environmental sustainability. 

There has been a remarkable and concerning increase in CO2 levels in recent years. 

This increase has far-reaching impacts on the climate, ecosystems, and biodiversity. 

According to the Global Carbon Project, the concentration of CO2 in the atmosphere 

increased by 49% from 1750 to 2020, reaching a level of 414 parts per million. To mitigate 

the adverse effects of increasing CO2 levels and combat climate change, it is necessary to 

reduce CO2 emissions significantly. It is estimated that 1.4 billion tons of CO2 emissions 

need to be reduced annually to achieve net zero emissions by 2050. However, CO2 level 

was 418 ppm in November 2022, and is expected to reach 800 parts per million by 2100[1]. 

This increase in CO2 concentrations is projected to lead to a corresponding increase in 

global temperatures, with an estimated rise of 4.5 degrees Celsius. These rising CO2 levels 

and temperatures will significantly impact the planet, including changes to ecosystems and 

species and exacerbating natural disasters. 
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Renewable energy contributes to the optimization of energy infrastructure, the 

balance of supply and demand, and the protection of the environment. It is imperative that 

renewable energy accounts for at least two-thirds of energy consumption worldwide and 

contribute to greenhouse gas emissions reductions required by the end of 2050 to hold the 

global average surface temperature rise below two degrees Celsius[2]. 

The international community has recognized the need to take action to address the 

issue of climate change. This goal can be achieved by having fifty percent of known fossil 

fuel reserves unused, and fifty percent of the energy must be derived from renewable 

sources [3]. Moreover, to achieve sustainable development, energy needs to be affordable, 

dependable, sustainable, and modern. As stated in the sustainable development goals, 

ensuring everyone has access to electricity is essential[4]. 

In recent decades, renewable energy sources have been developed to meet the 

energy needs of remote areas that do not have access to electrical grids[5]. The most 

common types of renewable energy are hydropower, biomass, solar photovoltaic, and wind 

power resources.  

 It is estimated that there are approximately 239 communities spread across 

Canada's vast northern regions. These communities must deal with constant issues relating 

to energy availability and the environment. Delivering fuel to isolated communities has 

resulted in significant environmental and economic consequences. For communities with 

only road transportation through winter, warming costs are increased particularly during 

winter. Because of old storage facilities, more than 1,440 sites on First Nations reserves 

are contaminated. The cleanup is expected to cost CAD 458 million[6]. Figure 1 shows the 

community with diesel power in Canada. 
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Microgrids have been developed as an application of renewable energy resources. 

The term microgrid refers to a distribution-level grid that contains multiple renewable 

energy systems with storage. As opposed to conventional power plants, microgrids can be 

more environmentally friendly because they reduce transmission power losses, eliminate 

traffic congestion, and can improve power system reliability[7]. For instance, two types of 

optimal microgrid planning are shown in Figure 2. As shown, a microgrid system consists 

of batteries, converters, diesel generators, solar panels, wind power, and hydropower 

sources. All these components can be employed in a microgrid, or one or more of them can 

be eliminated from the grid for remote areas, depending on capacity and ability. 

Consequently, several unique options can be considered for microgrids, including 

hydrokinetic energy resources.  

 

Figure 1: Canadian communities with diesel power from NRCAN 



 

4 
 

Figure 2: Various optimal microgrid planning [8] 

 

1.2. Hydrokinetic energy 

The process of producing energy from water is known as hydropower. Water 

sources generate electricity by converting their gravitational potential or kinetic energy into 

electricity. Hydropower is widely recognized as the world's most significant renewable 

source for installed capacity. Due to its regularity and availability, hydropower is one of 

the most usable options for producing energy. Traditionally, hydropower has been 

developed using static hard. To create a pressure head, water is retained in reservoirs. Then 

the turbine is used to extract energy from the water.  

River hydrokinetic turbines (RHKT) use water flow velocities between 1 to 4 m/s 

to produce power. RHKT offers a viable and potential solution for generating electricity in 

remote applications in micro-grid arrangement. These systems do not require dam 

construction, making them flexible and adaptable to multiple locations. RHKT systems 

make them particularly suitable for use in developing countries, where they can provide 
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electricity to remote communities that may not have access to other forms of power. 

Overall, the versatility and accessibility of RHKT systems could make them a valuable 

resource for meeting the energy needs of remote communities. Canada has a potential of 

15 GW of river hydrokinetic power [9].  

1.3. Hydrokinetic energy physics  

RHKT operates on a similar principle to wind turbines. The difference between the 

two technologies is the fluid density through which the rotor is immersed. Water is roughly 

850 times denser than air, so hydrokinetic systems can extract more energy per unit 

area[10]. Furthermore, RHKT operates in different flow regimes than traditional wind 

turbines and do not require a yawing unit.  

To commercialize this technology, there is a significant obstacle in cost[11]. 

Another obstacle for RHKT is that at lower flow velocities, the power of the turbine system 

decreases due to the torque being related to the square of the flow velocity and power to 

the cube of the velocity. To enhance the power of low-speed, rotor torque must be 

increased, and resistive torque must be reduced. It is a challenging process to design 

turbines since the choice of design parameters directly impacts energy efficiency and cost-

effectiveness. An optimal turbine design is necessary for practical application under 

various velocities. It is imperative that the blade design creates high lift forces. Among the 

necessary parameters for evaluating a RHKT performance is its rotor power coefficient, 

which impacts turbine efficiency[12]. In 1919 Betz’s showed that a turbine’s maximum 

efficiency is 59.3% [13]. To obtain maximum efficiency several elements are involved in 

the design of hydrofoils that must be optimized. The angle and topology of the various 

hydrofoils must be developed during the optimization process. It is also important to 

consider physical factors such as fluid velocity and attack angle [14]. However, capacity 
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factors can be low if seasonal flow velocities are much lower than the design speed of 

RHKT, negating any attempt to achieve high efficiency of the rotor. As mentioned, shroud 

complicated deployment. In addition, being able to deploy RHKT from shore further 

reduces costs.  

It is proposed herein to address low-capacity factors of RHKT by changing the rotor 

size seasonally, eliminating the shroud, and use two-bladed rotors to allow to deploy the 

turbine close to the riverbank. These measures would reduce cost, increase micro-grid 

revenues, and reduce storage capacity requirement in micro-grids. Such RHKT would 

allow the end users to deploy them more quickly and easily, reducing installation time and 

maintenance costs.  

Furthermore, it is possible to eliminate the need for gearbox with a hydraulic 

transmission using a hydraulic pump to drive each rotor. Power is transmitted to shore by 

a high-pressure hydraulic line, and a return line for low-pressure from shore to pump. There 

is a direct connection between an electric generator and one or more hydraulic motors 

onshore. There is a reduction in the cost of supporting structures[15]. As it is illustrated in 

Figure 3, instead of using one motor, multiple rotor-pump systems could increase output 

power. A simpler RHKT would allow interchange of the rotor more easily to account for 

seasonal velocity variations. 
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1.4. Design and optimization of rotor 

In the field of rotor design, the blade design presents a significant challenge due to 

the complexity of the hydrofoil sections. These sections are characterized by variations in 

chord lines and twist angles distributed along the blade's length. Optimizing these 

geometric features, including the chord line, thickness, and twist angle requires advanced 

calculations and methodologies. 

The complexity of these calculations arises from the interdependence of the 

parameters, which can affect the function of the blade, such as its lift and drag 

characteristics. As a result, finding the optimum values for these parameters is a multi-

objective optimization problem that requires an iterative and systematic approach. Various 

mathematical methods and computational tools can be used to solve this problem, such as 

genetic algorithms, particle swarm optimization, and computational fluid dynamics 

simulations. 

Additionally, the optimization process must consider the various constraints and 

requirements of the specific application, such as the operating conditions, material 

properties, and manufacturing limitations. Furthermore, optimization must also consider 

Figure 3: Block diagram of proposed method of hydrokinetic system 
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the trade-offs between different performance objectives, such as maximizing lift while 

minimizing drag, or maximizing efficiency while minimizing weight. 

In RHKT, the 3D optimization of multiple rotors for maximized power production 

is a challenging numerical problem with significant economic implications. It is complex 

and expensive to model turbines using computational fluid dynamics (CFD) because each 

rotor performance must be resolved as well as the flow field. Simulating these systems 

would take excessive time without using a High-Performance Computer (HPC). Reynolds-

Averaged Navier Stokes (RANS) simulations are feasible for those with access to an HPC. 

However, the intricacy of such complicated models is not an insignificant barrier. To 

develop multiple rotors t that can be exchanged in the field to optimized efficiency and 

capacity factor requires to investigate the effectiveness of aerodynamic parameters and 

increases lift coefficient to obtain maximum efficiency using RANS solutions.  

1.5. Research Objectives 

The objective is to design changeable rotors to address seasonal velocity changes 

to increase the capacity factor of RHKT. Specifically, 

i. designing and optimizing three rotors at three velocities ranges, 

ii. using a numerical approach to analyze forces, pressure, velocity, and 

efficiency and optimize the aerodynamic parameters to achieve a target 

efficiency of over 40%, and 

iii. investigating the mechanical behavior of the rotors for three different 

materials.  

The insights and methodology developed in this research are meant to lead the way to 

develop a two-bladed turbine without a shroud, generating maximum power at low flow 
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rates. 

1.6. Methodology 

The methodology to achieve research objectives is: 

• The BladeGen ANSYS Workbench software is employed to design three sizes of a 

two-blade horizontal axis river turbine. 

• A 3-dimensional model is developed. ANSYS CFX performs the model 

preprocessing, imports the mesh, creates the domain, and sets up the physics, 

including turbulence, boundary conditions, interfaces, and results (power, torque). 

The ICEM CFD modeller and masher generate high-quality hexahedral grid 

domains for the upper and downstream and river channels. Simulations are 

conducted at the University of Manitoba on the Grex HPC. 

• Static Structural Ansys Workbench is utilized for mechanical analysis. The blade 

geometry is imported from BladeGen and modified using Ansys design modeler. 

Pressure loading data is obtained from the CFD simulations, and an angular velocity 

of tip speed ratio of 4 is assumed as the boundary condition. The simulation is then 

solved, and the resulting output includes stress and displacement values for the 

rotors. 

• The design of a high-quality rotor turbine of approximately 5 kW capacity is 

achieved by optimizing key aerodynamic parameters. 

• A target efficiency of approximately 45% is the target for each two-blade rotor. 

This target efficiency was chosen based on previous research and industry 

standards.  
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2. Literature Review 

This section provides an overview of the background of hydropower technology, 

types of hydrokinetic turbines, the mathematical aspects of power generation, a comparison 

of the performance of two and three-bladed turbine configurations, design methods, and a 

review of the key factors that influence the efficiency and effectiveness of these systems. 

These factors include pressure coefficients, which reflect the distribution of pressure forces 

acting on the rotor blades, tip speed ratios, which measure the blade tips’ speed in relation 

to the fluid’s flow [16] and the flow behavior on the blade surface, which is the principles 

of fluid dynamics, specifically Bernoulli’s theorem that provides a theoretical framework 

for understanding the generation of aerodynamic forces on an airfoil. There is an 

investigation on turbulence models, which account for the complex and dynamic nature of 

fluid flow, and aerodynamic parameters, which describe the forces on the blades. Lastly, a 

brief overview of the capacity factor will be provided.  

Note, there is no literature of rotor swamping for RHKT to improve capacity factors 

even though this could lead to a doubling of the capacity factor depending on the river flow 

velocity variation. 

2.1. Background 

There has been much interest in alternative energy sources derived from renewable, 

such as wind, biomass, solar, geothermal, tidal, and river power. Several strategies have 

been applied to help people obtain affordable electricity[17]. Researchers are exploring 

technologies for harvesting energy, which includes massive hydroelectric plants[18]. 

Energy produced by hydropower produces 15 g of carbon dioxide equivalent per kWh, 

which is 30-60 times less than energy produced by fossil fuels [19]. In the past people 
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invented certain systems to utilize the energy of moving water streams, such as the 

waterwheel. In recent years, numerous methods have been developed for capturing the 

energy of flowing water[20]. RHKT rely on the velocity of water, which is available year-

round [21]. Small- scale RHKT are an attractive option since they require low construction 

costs and do not have dams, therefore they are relatively inexpensive compared to other 

technologies[22]. In an array of RHKT with a sufficient distance, multiple units can be the 

most effective in producing energy and supplying it to the grid simultaneously[23].  

There is a limited amount of literature available regarding the economic feasibility 

of RHKT technology[24]. A variety of river turbines have been developed by New Energy 

Corporation, including 5, 25, 200, and 250 kW in capacity[25]. There are some obstacles 

associated with RHKT. Depending on the type of turbine a minimum flow speed of 2 to 

3 m/s is typically required, operate in winter, and the river be free of debris. Due to these 

problems, adaptability of these technologies is difficult [26]. Currently, RHKT technology 

development is in the pre-commercial phase. It is true that wind turbines have undergone 

significant development over the last 50 years, but RHKT needs to be improved for 

commercialization. Figure 4 shows the commercialized RHKT by various companies[27] 

showing RHKT with various efficiency and capacity factors. 

RHKT has received limited research and development attention other that for rural 

electrification[28]. As shown in Table 1, Pankaj Kumar Yadav has prepared a list of 

hydrokinetic turbines that are currently being developed for low-speed applications. The 

illustration shows a variety of RHKT. Currently, there are only a few horizontal-axis 

turbine projects in progress, and there are no projects that utilize very low flow rates with 
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both high-capacity factors and high output powers. 

   

 

   Table 1: Various current hydrokinetic project [28] 

S.N. Manufacturer Device name Type of turbine Min/max speed Output power 
Diameter 

(m) 

Height 

(m) 

1 

Alternate Hydro 

solution Ltd. 

Canada 

Free stream 

Darrieus Water 

Turbine 

Cross axis 

(0.8 m/s)/it 

depends 

on the diameter 

1 to 3 kW 2.5 2.5 

2 
Seabell int. co. ltd 

(japan) 
Stream Dual cross axis (0.6 m/s)/no limit 0.5 to 10 kW 

Data not 

available 

Data not 

available 

3 
Lucid Energy 

(USA) 

Gorlov helical 

turbine 

Helical Darrieus 

turbine 
(0.6 m/s)/no limit 

Up to 50 kW 

depending on 

the 

size 

1 1 

4 
Thropton energy 

service (UK) 

Water current 

turbine 

Axial flow 

propeller 

(0.5 m/s)/it 

depends 

on the diameter 

2 kW 1.8 - 

5 

Electric Energy 

Ltd. 

(UK) 

DuoGen 
Axial flow 

propeller 

(0.9 m/s)/(4.6 

m/s) 
100 W 0.31 

Data not 

available 

6 

Electric Energy 

Ltd. 

(UK) 

SailGen Axial/Horizontal 3–4.1 m/s 125–280 W 
Data not 

available 

Data not 

available 

7 

Tidal Energy Pty. 

Ltd. 

(Australia) 

Davidson Hill 

Venturi (DHV) 

Turbine 

Cross Flow 

Turbine 
1–2 m/s 0.77–6.16 kW 1.5 

Data not 

available 

8 
New Energy 

Corporation 

Current 025 

Series 
Cross axis 2.4–3.0 m/s 25 kW 4.8 2.4 

9 
New Energy 

Corporation 

EnviroGen 005 

Series 
Cross axis 3 m/s 5 kW 1.5 0.75 

Figure 4: Various commercialized RHKT  
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2.2. Hydrokinetic turbines  

 RHKT are categorized as horizontal and vertical-axis turbines[29]. In comparison 

with vertical axis turbines, horizontal axis turbines have some advantages. These include a 

lower cut-in wind speed, higher efficiency, more excellent speed range, faster self-starting, 

and less torque variation[30]. A comparison of characteristics of two common current 

energy conversion systems can be found in Table 2[27]. 

 

2.3. Comparison of two blades and three blades turbine rotors 

There is a more significant variation in turbulence intensities for two-blade rotors 

compared to three-blade rotor. Since 2-bladed rotors produce stronger tip vortices, 

turbulent intensities are higher, particularly at the tip. With higher turbulence levels in the 

wake, 2-bladed rotors recover wakes more quickly than 3-bladed rotors, especially in the 

area immediately behind the turbine. As a result of this more rapid wake recovery, it is 

possible to install turbines closer together which will increase the power density per unit 

of land. In contrast, the fatigue load could be increased by higher turbulence levels[31]. It 

is possible for many bladed turbines to overcome torque variations as well as reduce 

vibration and shaking. However, with an increase in solidity, the tip speed ratio, efficiency, 

and stalling will decrease. As a result of the trials, the tip speed ratio increases with a 

Table 2: Comparison of general characteristics of RHKT for horizontal and vertical axis 
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reduction in solidity. Theoretically 2-bladed turbines should have a higher capacity factor 

which may not translate in the field. 

2.4. Horizontal axis river turbines hydrodynamics 

The rotor converts kinetic energy into mechanical energy by interacting with the 

rotor and the water. It is composed of multiple blades attached to a hub, and its design has 

a crucial role in the turbine's efficiency. To optimize power production, the geometry of 

the rotor must be carefully considered. Many parameters can affect rotor performance, 

including tip speed ratio, number of blades, airfoil type, power coefficient, solidity, angle 

of attack and chord line[32]. 

The maximum available power of a hydro turbine in water is determined by [33] 

                                            𝑃 =
1

2
𝜌𝐴𝑉3                  1 

 

To determine the performance of a blade, a variety of techniques can be employed. The 

aerodynamic load of a turbine can be predicted using mainly two methods. BEMT and 

CFD. The simulation is generally recommended for detailed design, whereas the BEM is 

preferred for preliminary design and load estimation[34]. It is common for designers to use 

BEM during the preliminary design phase and CFD simulation during the detailed design 

phase. Compared to BEMT, CFD approaches provide more accurate results. Furthermore, 

a complex turbulence model and many computational grids are required to obtain a reliable 

result from the computation technique [35]. Conversely, BEMT is a straightforward and 

effective method for studying rotor aerodynamics[36]. 

2.4.1 BEM theory 

One of the most effective methods to optimize chord and twist distributions is 
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BEMT[37], [38]. The BEMT has been demonstrated to provide desire accuracy compared 

to computational costs. The main computational load in most optimization procedures 

results from the repetitive evaluation of the goal function. As a result, The BEM technique 

offered accurate prediction near stall zones. This process was both cost-effective and 

effective in terms of computational resources. 

 According to Manwell and McGowan, force and torque can be computed using 

BEM theory. They illustrated that a blade may also be split into X sections, each of which 

would be independent of the others and define the lift and drag forces[39].  

 Based on the theory, the turbine is assumed operate as an actuator disc. The 

actuator disc concept in turbines presents a basic description of the aerodynamic flow. 

According to this idea, the turbine is an actuator disc, As shown in Figure 5. To explain the 

idea in terms of momentum theory, some assumptions must be made. For BEM theory to 

work, the following assumptions must be made: 

• The fluid flow should be uniform, incompressible, and homogeneous. 

• There are an unlimited number of blades. 

• In rotor area, velocity is constant. 

• There should be no rotational flow produced by the turbine. 

According to Figure 5, the mass of fluid moving through a particular cross section 

of a stream tube is U1A1, where U1 is the velocity of the fluid equal to free velocity, and A1 

is the stream tube inlet area. The Ad represents the actuator disc area. 

𝜌𝑈1𝐴1 =  𝜌𝑈2𝐴𝑑 = 𝜌𝑈4𝐴4  2 
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The axial induced velocity is the difference between U1 and U2. This velocity is 

nondimensional: 

𝑈1−𝑈2

𝑈1
= 𝑎          3 

The streamwise velocity component 𝑈2 is defined as follows: 

𝑈2 = 𝑈1(1 − 𝑎)         4 

Using momentum conservation over the actuator disc describes: 

 

       (𝑃2 − 𝑃3)𝐴𝑑  = (𝑈1 − 𝑈4)𝜌𝐴𝑑𝑈1(1 − 𝑎)  5 

Bernoulli's equations must be utilized to represent the pressure values: 

    𝑈4 = 𝑈1(1 − 2𝑎)             6 

The equivalent of this is: 

      𝑈2 =
𝑈1+𝑈4

2
                7 

Power is extracted from the fluid employing Eqn. 5. 

 

       𝑃𝑜𝑤𝑒𝑟= FUd = 2𝐴𝑑𝜌𝑈1
3𝑎(1 − 𝑎)2          8 

        𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡= 
𝑃

1

2
𝜌𝐴𝑑𝑈1

3 = 4𝑎(1 − 𝑎)2    9 

The variable of the coefficient of power regarding the induction factor determines 

Figure 5: Actuator disc 
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the value of the induction factor that optimizes power: 

                       
𝑑𝐶𝑝

𝑑𝑎
= 4(1 − 3𝑎)(1 − 𝑎) = 0          10 

The only physically possible outcome is a = 1/3 because a = 1 leads to C P = 0. Then, 

                 𝐶𝑃𝑚𝑎𝑥
= 0.593          11 

In terms of operation, wind turbines and river turbines are similar. Although all kinetic 

energy can be converted into electricity, Betz’s law indicated that 59.3% of that energy can 

be converted into electricity[13]. Betz Limit refers to this maximum achievable power 

limit. It is physically impossible for a designer to exceed this limit. 

The tip speed ratio is defined by:  

               λ = 
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟 𝑡𝑖𝑝

𝑊𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
=

𝜔𝑟

𝑉
      12 

As a matter of principle, a tidal turbine’s tip speed ratio must be optimized so that as much 

power as possible can be extracted from it[40]. The power coefficient represents the 

proportion of the water’s potential energy turned into mechanical power. The power 

coefficient was computed using the fluid’s available power in relation to the change in 

water momentum and the power output[41]. Applying the power coefficient to Equation 1 

leads to: 

                         𝑃 =
𝜌

2
𝐶𝑃𝐴𝑉3         13 

Figures 6 and 7 depict the efficiency for the hydrokinetic in numerical and experimental 

research separately[42]. 
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As a result of the numerical model, TSR 3.48 has a maximum efficiency of 0.42, 

while TSR 3.77 shows a maximum power coefficient of 43.5% based on experimental 

results with Stephanie Ordonez Sanchez, as shown in Figures 6 and 7. 

 

 

              Figure 7: Cp against TSR-experimental result [42] 

Figure 6: Cp against TSR for river turbine-numerical result 
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2.4.2. Airfoils design 

In a blade, airfoils are shapes that generate force. There are drag, lift, and torque 

through the interaction between fluids and blade. Various airfoils topology can be used in 

the design of turbine blades to generate mechanical power from water. Airfoil function is 

defined by length and thickness that they are essential for obtaining the mechanical power 

from the blade. There are various ways to characterize a hydrofoil, as illustrated in Figure 8. 

 

 

Figure 8: Airfoil characteristics[43] 

 

As seen in the above illustration, the flow velocity on airfoil, chord length, 

thickness, angle of attack lift and drag force of a hydrofoil are all significant geometric 

factors that affect the hydrodynamic performance of the hydrofoil. 
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2.4.3. Turbine blades forces 

The hydrofoil’s surface is subjected to forces due to the flow of water over its 

surface. By increasing fluid velocity over the hydrofoils, there is a higher pressure in 

pressure side compared to suction side. Hydrodynamic forces act on the hydrofoils due to 

their relative motion in the water. Hydrodynamic forces are generated because of pressure 

and shear forces. These forces are summarized below: 

• Lift force: The lift force is the force perpendicular to the direction of the oncoming 

flow [44]: 

                 𝐿 =
1

2
𝜌𝑉2𝐴𝐶𝐿             14 

• Drag force: The force parallel to the incoming direction is referred to as drag force. 

The drag force is caused by uneven pressure distribution on the hydrofoil’s top and 

lower surfaces and by viscous forces acting on the hydrofoil’s surface[44].  

                  𝐷 =
1

2
𝜌𝑉2𝐴𝐶𝐷             15 

• Torque force: A pitching moment is the force acting on hydrofoil section that 

revolves around a perpendicular axis.  

 

The lift coefficient defined as[39]: 

   𝐶𝐿 =
𝐿

1

2
𝜌𝑉2𝐴

   17 

The drag coefficient is defined as[39]: 

  𝐶𝐷 =
𝐷

1

2
𝜌𝑉2𝐴

  18 

 and the torque coefficient defined as: 
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               𝐶𝑀 =
𝑀

1

2
𝜌𝑉2𝐶𝐴

          19 

A high lift-to-drag coefficient is required to provide a high force for the blade rotation. The 

drag should be kept as low as possible. The difference in pressure between the two surfaces 

of the hydrofoil produces a lift force. Overall, a greater attack angle produces a  

greater pressure difference between the two sides. As a result, it might also result in flow 

separation on the hydrofoil’s suction surface, which would produce drag[45].  

 

 

A lift-drag coefficient curve is illustrated in Figure 9. As the angle of attack rises, 

lift force increases linearly until it touches the maximum value. This angle is referred to as 

the stall angle since it is at this angle that the greatest lift occurs. In contrast, as the angle 

of attack raises, the drag curve remains relatively flat. When the drag reaches the stall angle, 

it gradually increases; when it reaches the stall, it suddenly increases.  

  

Figure 9: Lift and drag coefficient as a function of angle of attack 
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2.4.4. Flow behavior on the blade surface 

The principles of fluid dynamics, specifically Bernoulli’s theorem, provide a 

theoretical framework for understanding the generation of aerodynamic forces on an 

airfoil. These forces, which include drag, lift, and pitching moments, are produced by the 

interactions between the fluid and the blade. Specifically, pressure variations on the 

surface, as well as the resistance or viscosity of the fluid, play a critical role in the 

generation of these forces. The application of Bernoulli’s theorem allows for examining 

these interactions by analyzing the effect of changes in the velocity of the fluid on the 

airfoil. Thus, this theorem is an essential tool for comprehending the aerodynamics of 

airfoils in fluid environments: 

                            𝑃 +
1

2
𝜌𝑉2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 20 

Bernoulli's theorem states that when the fluid velocity on the leading-edge 

increases, the pressure decreases, and it leads to negative pressure inclination. Conversely, 

as the trailing edge, the velocity of the fluid decreases and the pressure, leading to a positive 

pressure tendency. 

An airfoil generates lift force when the fluid pressure is greater on the lower surface 

than on the upper surface, and the force of gravity is greater than the lift force. Meanwhile, 

drag force is created by the inequal force on the blade as well as the resistance between the 

fluid flow and the airfoil[46]. 

2.5. Turbulence modelling in CFD 

Turbulence modeling is a computational approach that allows the calculation of 

various flow issues using a system of mean flow equations[47]. Hydrokinetic turbine 
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simulations are conducted using CFD software under turbulent conditions. Different 

turbulence modelling is frequently used to solve turbulent equations. It should be addressed 

that these turbulence models must substitute the flow scales instead of necessarily resolving 

them. The Reynolds-averaged Navier-Stokes models, which time-average the modelled 

quantities treat variations in a newly introduced quantity known as the Reynolds stresses, 

are the most widely used turbulence models in engineering[48].  

2.5.1 Turbulence models 

2.5.1.1 k- ε model 

The commen model in CFD for analysing and modelling turbulent flow is the k-

epsilon model. The conservation equations are described by two equations in the turbulence 

model, k and epsilon. This model provides a higher level of robustness for high Reynolds 

flow than the mixing length model[49]. 

2.5.1.2 Wilcox’s k- ω model 

There has been a significant development in two-equation turbulence models. One 

of the earliest models that incorporate turbulent kinetic energy as one of the transport 

variables is Wilcox's. The second transport variable, often known as the frequency of the 

turbulence, is the remarkable dissipation per unit of kinetic energy[47]. In addition to its 

ability to be integrated across walls, this model does not require a wall-damping function. 

The origin of this model go back to the work of the scientist Andrey Kolmogorov who first 

proposed the use of the variable omega, defined as a measure of turbulent intensity. 
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2.5.1.3 Shear stress transport (SST) model 

Based on the boundary layer between the eddies and the complete turbulent 

viscosity, this model is formulated. The reference model provides more accurate result in 

the far region and has the most reliable k- ε and k- ω effects[50]. 

2.6. Capacity factor 

 

RHKT face significant challenges in terms of their capacity factor and economic 

viability. A system's capacity factor is a critical parameter for its economic performance 

over time. Capacity factor refers to the ratio between average power and rated power 

(CF)[51] and is highly dependent on river seasonal velocity variations. 
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3. Methodology 

The direct design approach is widely used for designing and analyzing horizontal 

axis hydrokinetic turbines. It involves the optimization of the turbine design using 

numerical simulations and optimization. This approach is explained in greater detail in the 

present study. Additionally, the significance of various blade parameters is highlighted, 

including total blade height, blade chord line, and twist angle. 

To evaluate the performance of the design, CFD simulations were conducted on the 

turbine's three-dimensional geometry and operating environment. The process of setting 

up the simulations, including the grid domain characteristics and boundary conditions 

specification, is described. To ensure the CFD results' validity, mesh sensitivity influence 

on the analysis’s accuracy was also investigated. This is an essential step in achieving grid 

independence, which refers to the stability and convergence of the simulation results as the 

mesh resolution is refined. 

An overview of the rotor design, CFD analysis and mechanical analysis process 

employed in this study is presented in Figure 10. 
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Design parameter: 

V∞, Power 

 

Create blade geometry 

    by BladeGeninitial thickness 

distribution 

Initial global parameters Rturbine, 

Rhub, TSR, RPM, Wrap angle. 

Preprocessing: Import meshes, creating domains setup physics: turbulence; BC; interfaces 

model; Expressions for results (Power, Torque) and set solver control. 

 

Mechanical Analysis 

By using Ansys static structural: 

Blade geometry from BladeGen, Pressure loading/importing from CFX results, generate 

mesh, solver, and results: stress; strain; displacement. 

 

Create upper stream, downstream and river channel 

domain geometry by Ansys design modeler ICEMCFD 

Ansys CFD Post 

Check pressure distribution on blades check 

power, torque, forces  

 

Ansys CFX Solver 

Modify geometry 

End 

Figure 10: Methodology flowchart to achieve research objectives 

Channel River 

Domain Mesh 
Upstream 

Domain Mesh 

Downstream 

Domain Mesh 

Turbine Domain Mesh 

by TurboGrid  
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3.1 Rotor design 

An explanation of the design method used for the 3-D modelling of the rotor is 

provided. There are several parameters that affect hydrokinetic turbine rotors. These 

include blade and hub radius (R turbine), total rotor height (Rsh), thickness, and twist 

angle. 

 
 

Figure 11: Rotor sketch showing design parameters for the rotor 

 

Defining a blade in three dimensions requires the designer's input. It is essential to 

consider certain assumptions and requirements during the initial stages of the design 

process. These inputs are outlined in Table 3. It is planned to achieve an output power of 

5 kW, and based on the literature review, the TSR 4 is being considered for the initial 

design. There are three different velocities for the various seasonal free stream velocities, 

1.6, 2.2 and 2.8 m/s, respectively. 

 Since there are losses in both the generator and turbine, the generator's and 

turbine's mechanical efficiency must be considered. The generator efficiency is assumed 

to be 0.96% and the turbine mechanical efficiency is assumed to be 0.97. In addition, a 
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pressure coefficient of over 40% and below 45% is defined as the design goal. 

At the first stage turbine area is calculated to export turbine radius. Therefore, 

according to the literature review the below equation used to calculate the frontal area of 

actuator disc for rotors: 

𝑃

𝜂𝐺𝜂𝑀
 = 

ρ

2
 𝐶𝑃𝐴𝑉3 

The following is the calculation of frontal area of Rotor 1: 

5

0.96×0.97
 = 

1

2
 0.4 × 𝐴 × (2.8)3 

5.37 = 
1

2
 0.4 ×A × (2.8)3 

𝐴 = 1.223 𝑚2  

According to the calculation, to achieve 5 kW output power after the generator, the 

hydraulic power is required to be 5.37 kW, considering the loss of power caused by the 

turbine and generator.  

Based on the frontal area a blade radius is calculated: 

𝐴 = 𝜋𝑟2 

    𝑟 = 0.624 m 

As part of the second stage, the following equation is considered for the pressure 

coefficient (Efficiency): 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑃𝑜𝑤𝑒𝑟

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑃𝑜𝑤𝑒𝑟
 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑇. 𝜔

𝜌𝐴𝑉3
 

To have the same power available for three rotors, it is essential to increase the 

frontal area. Table 4 illustrates three different frontal areas for three different velocities. 
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𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑇. 𝜔

13.5
 

By considering tip speed ratio, angular velocity varies with free stream velocity and 

turbine radius for three rotors. At TSR 4 the rotational speeds are 43, 94, and 172 rpm for 

the rotors, respectively. According to the equation, to achieve an initial efficiency of 40%, 

it is essential to increase the blade torque: 

0.4 =
𝑇. 𝜔

13.5
 

As torque is directly proportional to the force applied, applying more force will 

result in greater efficiency. This study aims to increase the force by increasing the optimum 

blade surface area (not the turbine frontal area) and pressure differences on blade surface 

by optimizing the aerodynamic parameters. 

𝑃 =
𝐹

𝐴
 

𝐹 = 𝑃 ∙ 𝐴 

The following figure illustrates the expression used in CFD.  

Figure 12: Expression for simulation 
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Table 3: Design inputs 

Rated generator power output [kW] 5 Design goal 

Generator efficiency [-] 0.96 Assumption. 

Turbine mechanical efficiency [-] 0.97 Assumption. 

Turbine hydraulic efficiency [-] 0.40 Design goal 

V free stream [m/s] 

2.8 Rotor 1 

2.2 Rotor 2 

1.6 Rotor 3 

TSR initial [-] 4 Assumption. 

Rhub [m] 

0.125 Rotor 1 

0.180 Rotor 2 

0.250 Rotor 2 

 
 

Table 4: Initial design parameters 

Power (hydraulic) [kW] 5.37  

Frontal area [m^2] 

1.223123178 Rotor 1 

2.521600301 Rotor 2 

6.555175781 Rotor 3 

Turbine radius (Rturbine) [m] 

0.624 Rotor 1 

0.896 Rotor 2 

1.445 Rotor 3 

Shroud Radius (simulation domain) [m] 

0.634183673 Rotor 1 

0.910612245 Rotor 2 

1.469387755 Rotor 3 

 

Tables 3 and 4 provide a summary of top-level parameters. An excel spreadsheet is 

used to calculate absolute velocity, which is defined as the flow velocity relative to the 

stationary surroundings. Absolute velocity is a measure of the kinetic energy of a fluid. A 

beta angle is calculated for five blade sections based on the calculated absolute velocity. 

The following tables present the data for the initial design using the BladGen Ansys 

module. 
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Table 5: Blade span airfoil distribution and Beta angle: Rotor 1 

Section r [m] u [m/s] Cm [m/s] Cu [m/s] 
Beta_LE 

[Deg] 

Beta_TE 

[Deg] 

1 0.125 2.25 2.24 0.87 31.65 45.15 

2 0.252 4.54 2.24 0.43 61.43 63.76 

3 0.380 6.84 2.24 0.29 71.12 71.86 

4 0.507 9.13 2.24 0.21 75.90 76.21 

5 0.634 11.42 2.24 0.17 78.74 78.91 

 

Table 6: Blade span airfoil distribution and Beta angle: Rotor 2 

Section r [m] u [m/s] Cm [m/s] Cu [m/s] 
Beta_LE 

[Deg] 

Beta_TE 

[Deg] 

1 0.180 1.77 1.76 1.11 20.72 45.19 

2 0.363 3.57 1.76 0.55 59.77 63.76 

3 0.545 5.37 1.76 0.37 70.62 71.85 

4 0.728 7.17 1.76 0.27 75.68 76.20 

5 0.911 8.96 1.76 0.22 78.62 78.89 

 

Table 7: Blade span airfoil distribution and Beta angle: Rotor 3 

Section r [m] u [m/s] Cm [m/s] Cu [m/s] 
Beta_LE 

[Deg] 

Beta_TE 

[Deg] 

1 0.250 1.13 1.28 1.74 154.32 41.33 

2 0.555 2.50 1.28 0.78 53.25 62.87 

3 0.860 3.87 1.28 0.51 69.17 71.70 

4 1.165 5.24 1.28 0.37 75.27 76.28 

5 1.469 6.62 1.28 0.30 78.55 79.05 

 

The airfoils are distributed every 20 percent of the blades, span-wise. It is estimated 

that approximately 20% of Rsh is the distance between the hub center and the root blade. 

There is a greater Beta angle at the tips of turbine blades than at their roots, and the root 

thickness is greater than the tip thickness. As a final step, a hub and blade geometry will 

be generated using the BladeGen module in Ansys Workbench. Figure 13 depicts rotor 

geometry. 
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Figure 13: Geometry in BladeGen Ansys Workbench 

 

3.2. Optimization  

An optimization method based on genetic algorithms was implemented in the 

development process of the blade. This method involves using principles of natural 

selection and genetics to improve a solution iteratively. In this case, the blade was divided 

into five sections, with each section further divided into ten beta angles for a total of 

50 points that needed to be optimized. The optimization process involved incrementally 

increasing the value of the first point in layer 1, simulating to analyze the results, retaining 

the optimal point, and then optimizing the second point. This process was repeated until all 

50 points were optimized, resulting in an optimum blade. Using a genetic algorithm 

allowed for a systematic and efficient means of identifying the optimal design parameters 

for the blade. 

3.3. Mesh generation 

A cylindrical mesh domain is used to simulate the geometry of turbine blades, considering 

various critical parameters. The turbine disc, which consists of a circle that lies outside the 

blades and is designed with high mesh quality to monitor rotational movements accurately, 

is an integral part of the turbine domain. The turbine domain also includes the entire rotor 

and is referred to as such to ensure computational accuracy in the simulation process. The 
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river channel domain surrounds the turbine domain, and upstream and downstream domain 

meshes are also used in the simulation. The development and implementation of these 

various domain meshes, including the turbine, river channel, and upper and downstream 

domains, are described in further detail in the following section. This domain meshes are 

essential in accurately modelling the flow behavior and function of the blade. 

 

 

 

ANSYS Workbench's TurboGrid mesh generator is used to generate a high-quality 

hexahedral grid on rotors. The quality of the mesh is an important factor in accurately 

simulating the flow dynamics and performance of the turbine. The mesh sensitivity which 

will be described in following section is a technique that utilized to minimize memory 

requirements during the solution process and increase the accuracy of the results. Figure 15 

provides an illustration of the mesh quality. To guarantee the validity and dependability of 

simulation, mesh quality was carefully considered. 

Figure 14: Turbine cylindrical domain mesh 
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A rectangular cube grid is utilized to model the river channel domain, which 

includes the turbine domain. Three rotors with a blockage ratio of 0.03 are considered in 

this case. The blockage ratio, which is calculated as the rotor area to channel area ratio, is 

typically within the range of 0.03 to 0.05. A decrease in the blockage ratio leads to an 

increase in the volume of water in the model, resulting in more accurate simulation results. 

The sectional area, width, and depth of the channel for the rotors are calculated using the 

Table 8, considering the size and configuration of the rotors.  

Figure 15: Mesh distribution on blade and hub 
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Table 8: River channel domain mesh dimension 

Parameters Rotor 1 Rotor 2 Rotor 3 

Blockage ratio [-] 0.03 0.03 0.03 

Distance Turbine Tip - Water surface W1-W [m] 1 1 1 

Distance Tip to river bottom B1-B [m] 1 1 1 

River/channel sectional area [m2] 40.77 84.05 218.51 

Channel Depth C1-C3 [m] 3.2480 3.7920 4.8900 

Channel width C1-C2 [m] 12.5526 22.1660 44.6842 
 

 

The river channel domain depth is determined based on the turbine radius, the 

distance between the rotor tip and the riverbed and the distance between the turbine tip and 

the river surface. Thus, the width of the channel can be calculated. A high-quality 

Hexahedron grid is provided to the ICEM CFD mesh modeler for the creation of the river 

domain mesh. The turbine domain is in the middle of the box domain as shown in 

Figure 17. A comparison of the turbine domain to the river domain dimension will assist 

in determining the appropriate water volume for the modelling to improve the accuracy of 

the results.  

Figure 17: River channel domain mesh Figure 16: River channel cross sectional area 
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 For the CFD analysis described in the methodology flowchart, two more domains 

mesh are required: an upper stream mesh and a downstream domain mesh. The ICEM CFD 

Ansys module is used to model a cone for the upstream domain mesh and a cylinder for 

the downstream domain mesh. Based on the simulation, the upstream domain is rotational, 

while the downstream domain is stationary. 

 

  

Figure 18: Domain mesh: (a) downstream, and (b) upstream 

Figure 19: Upstream, downstream and turbine domain mesh 
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3.3.1 Mesh sensitivity 

 Mesh resolution significantly impacted CFD results in this study. As a result of the 

grid convergence investigation, the most appropriate mesh was selected for the subsequent 

numerical analysis regarding computation performance and results. To conduct the study, 

SST turbulence models were used to simulate eight different mesh sizes, several elements, 

and expansion rates. Further, by increasing the expansion rate to two and decreasing the 

mesh size to the minimum possible size, as well as increasing the number of elements at 

the tip, the mesh size is reduced to the minimum necessary size. Table 9 shows the mesh 

settings applied to body surfaces where Mesh 5 was used for the simulation. Compared to 

other mesh configurations, Mesh 5 had the minor nodes, the highest efficiency, and the 

most logical iterations. Even though Mesh 7 and Mesh 8 has fewer elements than Mesh 5, 

there is a residual value exceeding 10-4, which indicates that some nodes were not resolved 

during the simulation.  

 

  

Figure 20: Mesh on hub around blade 
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Table 9: Mesh sensitivity study 

 

 

To resolve the viscous sublayer, the inflation mesh is sized so that the non-dimensional 

first cell height y+ is less than one. A mesh is illustrated in Figure 21 around the blade near 

the wall. 

 

 

  

 

Number of 

elements 

 [Root- 

Between 

boundary 

layers-

Tip] 

Mesh Size [ 

Factor base- 

Factor ratio] 

Expansion 

Rate 

Number of 

Iterations  

Number 

of nodes 

for each 

blade 

Efficiency% 

Mesh 1 30-70-80 4.05-1.54 1.579 441 1,579,000 42.37 

Mesh 2 30-80-90 3.52-1.02 1.5 392 1,500,000 42.57 

Mesh 3 30-75-85 3.57-1.09 1.916 528 1,345,000 42.28 

Mesh 4 30-80-90 2.5-1.02 1.579 392 1,336,300 42.61 

Mesh 5 30-80-90 1.00-1.2 2 401 1,124,000 43.00 

Mesh 6 30-80-90 0.8-1.06 2 566 1,086,000 42.44 

Mesh 7 20-90-50 1.00-1.2 1.579 

Residual 

value more 

than 10-4 

1,087,000 41.23 

Mesh 8 20-98-30 1.00-1.2 1.579 

Residual 

value more 

than 10-4 

1,000,000 40.10 

Figure 21: Inflation mesh rate near the wall 
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3.4 CFD simulations setup 

Ansys CFX is used for preprocessing the model. This includes importing meshes, 

creating domains, and setting up physics such as turbulence models, boundary conditions, 

interfaces, MFR models, and expressions for the results: power, torque, and efficiency. 

The turbine domain mesh, the upper stream domain mesh, the downstream domain 

mesh, as well as the box or river channel domain mesh are imported into CFX. An example 

of the upstream, downstream and turbine domain geometry imported into CFX is shown in 

Figure 22. Various boundary conditions are applied according to the four domains and their 

defined interfaces. 

Upstream and turbine domain motion are rotational, whereas angular velocity is 

measured in RPM. The SST turbulence model has been developed for these flow domains. 

In this model, the blade is depicted as a smooth wall with mass and momentum set to no 

slip. The velocity at a wall is taken to be zero as a non-slip boundary condition, regardless 

of the roughness of the wall. Although the flow can move along the Slip boundary, the 

velocity at the boundary cannot be zero. The layer of fluid that sticks to the surface slows 

the next layer of fluid, slows the next layer, and so on. It is the viscosity between layers of 

fluid that produces this effect. As a result, no-slip conditions contribute to the development 

of velocity profiles. The domain motion is defined as stationary for downstream channels 

and river channels, the remaining two domains. 

 



 

40 
 

 

Mesh connections should be provided for all interfaces between the four domains. 

Since mesh sizes differ between domains and some domains are rotated, a mesh connection 

should be set to GGI. Rotating objects, such as turbines, require a generalized grid 

interface. Figure 23 illustrates that this case consists of two distinct regions, namely two 

sets of cells. There is a region on side 1 and a region on side 2. As a result of their 

separation, those two patches could be considered walls. Several issues would arise during 

the simulation: each zone would be addressed separately without any connection. Once a 

patch is identified as GGI, the relevant fields are projected from one patch to another. 

 

Figure 22: Upstream, downstream, and turbine rotor domain geometry 
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It has been specified that the flow regime at the inlet is subsonic, with an average 

freestream velocity and a medium turbulence intensity of 5%. Figure 24 shows the inlet 

and outlet domains. relationship between the fluctuating fluid velocity and the avarage fluid 

velocity determines the turbulence intensity. It evaluates the intensity of fluctuating fluid 

velocity. The turbulence intensity at the inlets must be estimated. A few examples of 

standard methods for estimating the intensity of incoming turbulence are provided below: 

High-turbulence case: Inside complicated geometries like rotating gear or high-

speed flow (turbines and compressors). The turbulence intensity is 5% to 20%. 

Medium-turbulence case: Flow in straightforward equipment such as big pipes, or 

ventilation flows. Alternatively, in low Reynolds number. There is usually a range of 1% 

to 5% turbulence intensity. 

Low-turbulence case: A low-turbulence case is when a fluid emerges from a fluid, 

such as air flowing over an automobile, submarine, or aircraft. The turbulence intensity is 

usually relatively low, typically less than 1%. 

Figure 23: Mesh domains interfaces showing upstream domain and turbine domain 
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To meet the pressure outlet boundary conditions, static pressure is required at the outlet 

boundary. Generally, static pressures are used only when the flow is subsonic. It is 

described that the boxout flow regime is set to subsonic in addition to the average static 

pressure with a relative pressure of zero Pascal and a pressure profile blend of 0.05. Since 

the flow is perpendicular and there is no static pressure, only the dynamic pressure is in 

operation. According to Bernoulli's equation, the flow is either fully developed or the 

dynamic pressure is constant. The flow at the outlet boundary is uniform. 

In contrast, the mean static pressure is more physically accurate since it allows 

boundary conditions to vary. This typically happens in nozzles (such as diffusers, 

compressors, turbines, and combustion chambers), where the velocity is greater in the 

middle and smaller close to the walls. A pressure fluctuation along the boundary is used to 

represent flow from the inside. In addition, it compels the mass flow to match a typical 

Figure 24: Inlet and outlet in river channel domain 
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value which fluctuates from cell to cell corresponding to the mean static pressure at the 

entire boundary. 

Evaluating the flux quantities at the boundaries of the left and suitable cells is 

crucial. Because the solution is only known at the average points of each cell which are 

assumed to be the cell centers, neither conservative variables nor fluxes can be determined 

at the interface boundaries. As a result of this situation, it is required to develop a method 

for generating well-posed algebraic equation solutions. 

CFD modelling requires the use of equations in the definition of expressions. 

Several expressions are considered: power available, forces, turbine power, efficiency, 

area, head, rpm, number of simulations, free stream velocity, and density.  

Defining solver control is the next step, which is crucial to ensuring that the results 

are more accurate. The mathematical technique by which a quantity, such as velocity, is 

carried through a solution field is called advection. CFX offers three methods of advection. 

A high resolution, an upwind component, and a specified blend factor. A first-order method 

called upwind has a lot of numerical diffusions. As a result, the flow is artificially 

dampened, which causes inaccurate convergence. High-resolution blends to a second-order 

scheme to preserve boundness when a first-order scheme is impossible. Numerical 

diffusion is far less prevalent in it. It indicates that the flow is closer to the ideal level of 

damping since there is less artificial damping. As a result, convergence is slower and less 

tight because fewer perturbations are present, but accuracy is higher. 

The backward implicit Euler's method is a primary numerical method for solving 

ordinary differential equations. This method is like the standard Euler method but differs 

in that it is implicit. There is a time-stepping method using a root-finding method to solve 

the equation: Start with y0, insert it into Equation 27, and by using root finding, y1 is 
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calculated. This process is repeated after obtaining y1 by using Equation 27 again and 

finding the root. This is the backward Euler method. This study uses a second-order 

backward Euler transient scheme as: 

 

                                   𝑔(𝑦𝑛+1) = 𝑦𝑛+1 − ℎ𝑓(𝑡𝑛+1, 𝑦𝑛+1) − 𝑦𝑛 = 0       27 

There are typically three to five iterations per time step in a transient simulation. 

These iterations are known as coefficient loops. CFD may require multiple iterations at 

each time step. This parameter specifies the maximum iterations per each time step. If the 

convergence requirements are satisfied before this number of iterations, a solution will 

move on to the following time step. The Navier-Stokes equation's nonlinear component is 

introduced by updating the linear coefficients since the equations are linearized for each 

iteration. In the Navier-Stokes equation, the convection term is non-linear because it is 

multiplied by the velocity gradient. A linear equation solver cannot be used to solve this 

problem. Linear solvers can solve linear equations by treating the non-linear component as 

a constant. As a result, the constant is recalculated to model the non-linear component to 

account for the non-linearity. The coefficient loops are set to 15 iterations per time step. 
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3.5 Mechanical analysis 

Structural analysis of the turbine blades is essential to complete the optimization 

cycle. The following three causes of damage incidents have been identified: failure of blade 

material performance, the effects of frequency, and human errors during the installation 

stage[52]. Due to fluctuating pressure during underwater function, the mechanical forces 

acting on the blades create cyclic loading. 

Optimizing turbine blades typically involves two steps. In the first step, 

aerodynamically optimal cord line and twist angles are determined along the spanwise 

direction of blade cross-sections. The second phase involves achieving the ideal 

mechanical behavior for the correct material blade. A composite material is commonly 

used in turbines because of its excellent mechanical properties and lightweight[53]. 

A methodology for analyzing the mechanical behavior of composite materials as 

blade materials is presented in the following section. There are a variety of conventional 

materials in use, including metals and composites, while more combinations of composites 

are currently being investigated. The turbine blades are integral, and researchers 

recommend using composite materials due to their light weight and stiffness. A polymer 

composite is selected, and an analysis is performed using a finite element application. As 

a result, Ansys Static Structural utilizes the finite element analysis method to investigate 

the characteristics of the turbine blades. 

The geometry is exported from the BladeGen Ansys Workbench, and a mechanical 

analysis was performed. As shown in Figure 25, there is an Ansys Workbench that includes 

Static Structural and SpaceClaim modeler. 
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 Modelling is completed with the boundary condition. The rotational direction is 

counterclockwise, and the rotational speed of 172 for Rotor 1, 94 for Rotor 2 and 43 for 

Rotor 3 is defined. Figure 26 illustrates the rotational condition. In addition, Figure 27 

indicates that the back hub surface is selected as a fixed surface to fix geometry in the z-

direction.  

 

 

Figure 25: Static structural and SpaceClaim Ansys Workbench modules 

Figure 26: Boundary condition: rotation Figure 27: Boundary condition: fixed support 
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The geometric features were modelled, and the blade was configured with a 

tetrahedron grid fine mesh. The global mesh density was selected to reduce discretization 

errors in the failure region. 

 

  

Figure 28: Surface mesh used for rotors 
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The best option is generally thought to be polymer composites reinforced with long 

fibres because of their excellent strength, corrosion resistance, and low density. Although 

carbon fibre and glass fibre are the primary items used for turbine blade strengthening, 

employing carbon fibre improves performance by minimizing weight and thickness[54]. 

Study results showed that composites with 30% to 40% fiber loading had higher 

function. By using nano sized particle fillers, fiber-reinforced polymer composites can 

potentially have overall performance improved [55]. In Figure 29 the material data is set 

with material properties such as density, Young's modulus, poison ratios. 

  

Figure 29: Static structural data sheet: input material properties manually 



 

49 
 

4.  Results and Discussions 

This section provides an analysis and interpretation of design and optimization 

results. Results obtained from numerical simulations of computational fluid dynamics and 

mechanical analysis are described. 

 Firstly, the initial design results are investigated to provide insight into the 

performance of initial topology of blades and assist in any necessary modifications or 

further optimizations. Secondly, optimum output results were achieved. To determine the 

rotor, function of pressure, velocity, vorticity, force, torque, and pressure coefficients was 

examined. Result of the final capacity factor is presented and illustrates how the current 

study improves the capacity factor. To determine the mechanical behavior of composite 

materials, mechanical results are presented. 

4.1 Initial design results  

To design the rotors, an Excel spreadsheet was used to calculate blade radius, 

absolute velocity, and beta angle (also known as local blade angle). As a result of this angle, 

local angles of attack are determined. Based on Excel spreadsheet, the calculation data for 

three different rotors are presented in Tables 10, 11, and 12. During the design process, the 

rotor radius was divided into five sections, each with an individual beta angle. A first 

numerical analysis based on an initial beta angle calculated resulted in an efficiency of 

11.5%, 13.6%, and 13.3% before optimization. 

Table 10: Efficiency before optimization: Rotor 1 

Rotor 1 

Section r [m] Beta_LE [Deg] Beta_TE [Deg] Efficiency 

1 0.125 31.65 45.15 

11.72% 

2 0.252 61.43 63.76 

3 0.380 71.12 71.86 

4 0.507 75.90 76.21 

5 0.634 78.74 78.91 
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Table 11: Efficiency before optimization: Rotor 2 

Rotor 2 

Section r [m] Beta_LE [Deg] Beta_TE [Deg] Efficiency 

1 0.180 20.72 45.19 

13.63% 

2 0.363 59.77 63.76 

3 0.545 70.62 71.85 

4 0.728 75.68 76.20 

5 0.911 78.62 78.89 
 

 

Table 12 :Efficiency before optimization: Rotor 3 

Rotor 3 

Section r [m] Beta_LE [Deg] Beta_TE [Deg] Efficiency 

1 0.250 154.32 41.33 

13.33% 

2 0.555 53.25 62.87 

3 0.860 69.17 71.70 

4 1.165 75.27 76.28 

5 1.469 78.55 79.05 

 

In the field of fluid dynamics, momentum analysis is a widely used approach for 

predicting behavior of fluid flows. The main variables that are typically considered in this 

analysis are velocity and pressure, as they are integral to the definition of the fluid flow. It 

is also possible to consider vorticity, which is a measure of the rotational motion of the 

fluid, as a main variable in momentum analysis.  

4.1.1. Pressure distribution 

As illustrated in methodology, since force is equal to pressure multiplied by surface area, 

it is necessary to determine the optimum surface area and pressure distribution to increase 

the force. There must be sufficient pressure differences on both the suction and pressure 

sides. As the pressure difference increases, a greater force will be extracted. According to 

Figure 30, the pressure layers are arranged vertically from the leading edge to the trailing 

edge. The maximum pressure of +19.36 kPa is located at the leading edge on the pressure 

side, while the minimum pressure of -32.30 kPa is located at the leading edge on the suction 
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side. Because -71.73 kPa is located on the blade rather than on the suction surface, it is not 

considered. The pressure decreases from the leading edge to the trailing edge on the 

pressure side, increasing from the leading edge to the trailing edge on the suction side. This 

pressure distribution value results in an efficiency of 40.6%. An increase in the pressure 

difference is necessary to increase efficiency. A discussion of the role of pressure 

distribution in increasing force on the blade surface will follow.  

 

4.1.2 Vorticity at tip 

The presence of vortices on a blade's surface can significantly impact the pressure 

distribution. These vortices can produce thin zones of flow reversal and disrupt the steady 

flow region of separation by causing uneven pressure on the suction surface. These 

dynamic flow conditions can result in marked pressure fluctuations on the suction blade as 

the wake passes over it[56]. Evidence of this can be seen in Figure 31, which illustrates the 

occurrence of pressure fluctuations on the suction side, particularly in regions of higher 

vorticity. Optimizing the performance of a turbine requires considering the effects of 

Figure 30: Pressure distribution on pressure and suction side - 40.6% efficiency 
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vortices and pressure fluctuations. As shown in Figure 31, the vorticity is lowest at the 

middle of the blade on the suction side, and the highest vorticity is at the leading edge near 

the root of blade.  

 

 

 

4.2. Optimization results 

The results of rotors’ simulations will be presented and analyzed in the following 

sections. These simulations provide information on the performance of the rotors under 

different free-stream velocities, and the results can inform any necessary modifications or 

further optimization efforts. The following data including pressure distribution, velocity, 

vorticity, forces, torque, power available, turbine power, and efficiency are investigated for 

rotors. 

Figure 31: Compare vorticity and pressure distribution on suction side 
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4.2.1. Rotor 1 

 Rotor 1 was designed and developed using the Ansys BladeGen and CFX modules 

to achieve an efficiency over 40% to generate 5 kW of electricity from a 2.8 m/s river water 

velocity. A pressure contour plot for a free-stream velocity of 2.8 m/s is provided in Figure 

32 which illustrates the distribution of pressure on both suction and pressure sides.  

 

 

As mentioned, the optimization of aerodynamic parameters such as the chord line 

and Beta angle is crucial for achieving maximum force. Through the optimization process, 

the maximum pressure distribution on the pressure side leading edge to +33.92 kPa, while 

the minimum value reached -58.99 kPa. A significant pressure difference is visible on both 

sides of the blade, extending from the leading edge to the trailing edge. This pressure 

difference is an essential factor in the overall performance of the turbine.  

As a result of these optimization efforts, an efficiency of 45.10% was achieved. 

Figure 33 illustrates the maximum pressure on the leading edge, while the minimum 

Figure 32: Pressure distribution on surface of Rotor1 
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pressure is -146.30 kPa on suction side. However, it should be noted that the minimum 

pressure shown in Figure 34 is not considered in the analysis as it is in a small area near 

the tip of the blade. 

  

  

The blades' shape and orientation, the fluid's characteristics, and the operating 

conditions influence the blade tip’s velocity distribution and were considered during the 

design process. It is crucial to conduct a thorough analysis and understanding of this 

velocity distribution to optimize the design and operation of the turbine. As illustrated in 

Figures 35 and 36, observations of the velocity distribution within the turbine domain have 

revealed a maximum velocity at the blade tip region. This high velocity suggests a 

pronounced flow of fluid through the blade tip area, which significantly impacts the overall 

performance of the turbine. 

Figure 33: Maximum pressure on leading edge Figure 34: Minimum pressure on top of the tip area 
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Figure 35: Iso surface velocity contour around the tip area 

Figure 36: Velocity contour around Rotor 1 
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Vorticity distribution may have significant implications for the flow dynamics and 

performance of a rotor and should be considered in the optimization process.  

Figure 37 illustrates the vorticity on the blade surface of the rotors. Even though Rotor 1 

exhibits a small amount of vorticity on its surface, this vorticity has a relatively small 

impact on the pressure distribution. 

 

 

 

Pressure and viscous force are shown in Table 13, as well as pressure and viscous 

torque. The target output power must be extracted from the blade surface by applying 

pressure force in the z direction. In this case, z is parallel to the direction of flow. Based on 

Table 13, a maximum pressure force of 4.29 kN is applied to the blade surface. Viscous 

forces are negligible in comparison to pressure forces. Consequently, drag forces are close 

to zero. 

 

 

 

Figure 37: Vorticity on blade 1 
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Table 13: Pressure and viscous force, pressure, and viscous torque of Rotor 1 

 

 

 

 

 

 

 

 

 

 

 In accordance with the methodology illustrated in Figure 38, the turbines have a 

maximum available power of 13.5 kW based on 1.6, 2.2, and 2.8 m/s free stream velocity, 

water density, and turbine cross-sectional area. Figure 39 illustrates the maximum 

hydraulic turbine power of 6.0 kW of electricity for Rotor 1. Based on the efficiency of the 

generator and the mechanical efficiency of the turbine, a rated generator power output of 

5.6 kW was determined. 

 

  

Type X Y Z 

Pressure Force (N)  0.295  -0.011  4275.20 

Viscous Force (N)  0.008  -0.052  10.07 

Total Force (N)  0.304  -0.159  4285.30 

Pressure Torque (N-m)  0.037  -0.314  -362.85 

Viscous Torque (N-m)  -0.003  0.007  26.97 

Total Torque (N-m)  0.037  -0.307  -335.88 

Figure 39: Power available of Rotor1 Figure 38: Power turbine of Rotor 1 
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According to Figure 40, the average efficiency of Rotor 1 is 45.1%, which is 

calculated by dividing the hydraulic output power by the available power. 

 

 

Following are the optimized beta angles at the leading edge and trailing edges, along with 

their efficiency values. Presented in the table are values that indicate the optimal beta 

angles for maximum efficiency. 

 

Table 14: Optimum beta angle of Rotor 1 

  
Section r [m] Beta_LE [Deg] Beta_TE [Deg] Efficiency 

1 0.125 19.53 74.16 

45.10% 

2 0.252 42.10 80.91 

3 0.380 52.74 83.47 

4 0.507 54.44 85.16 

5 0.634 57.82 88.31 

Figure 40: Efficiency of Rotor 1 
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4.2.2. Rotor 2 

The pressure distribution on the blade surfaces of Rotor 2 is depicted in Figure 41. This 

distribution exhibits a decrease in the maximum pressure on the leading-edge pressure side 

as one moves toward the trailing edge. Conversely, the minimum pressure on the leading-

edge suction side increases towards the trailing edge. These findings highlight the complex 

nature of the flow dynamics at play and the importance of precise design in maximizing 

the electricity generation efficiency of Rotor 2. 

 

 

Figure 41 illustrates a pressure contour plot for a free-stream velocity of 2.2 m/s. 

Based on the optimization process, the maximum pressure distribution on the pressure side 

leading edge reached +19.36 kPa, while the minimum pressure distribution reached                             

-38.17 kPa. There is a significant difference in pressure on both sides of the blade, 

extending from the leading edge to the trailing edge. As a result of this pressure difference, 

the turbine can attain 43.27% efficiency of operation. 

Figure 41: Pressure distribution on surface of Rotor 2 
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The blade tip region of the turbine domain exhibits a pinnacle velocity as shown in 

Figure 42. A high velocity indicates that fluid is flowing rapidly through the blade tip 

region, which has a substantial impact on the operation of the turbine. 

 

 

Figure 43 provides a visual representation of the vorticity distribution on the blade 

surface of Rotor 2 following optimization. Despite the presence of minor vortices on the 

surface of Rotor 1, the surface of Rotor 2 reveals a distribution pattern and peak level like 

that of Rotor 1. However, it is important to note that the distribution of vorticity on the 

surface has a limited impact on the flow dynamics and performance of Rotor 2. 

  

Figure 42: Velocity contour around Rotor 2 
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In Table 15, pressure, and viscous force, as well as pressure and viscous torque, are 

presented. To extract the target output power from the blade surface, a pressure force is 

applied parallel to the flow direction, denoted as the z-direction. According to Table 15, 

the blade surface is subjected to a maximum force of 5.78 kN. Compared to the pressure 

forces, the viscous forces are negligible, thus resulting in minimal drag. 

 

Table 15: Pressure and viscous force, pressure, and viscous torque of Rotor 2 

 

 

 

Type X Y Z 

Pressure Force (N) -72.235 46.309 5768.60 

Viscous Force (N) -0.356 -0.548 12.08 

Total Force (N) -72.591 45.761 5780.70 

Pressure Torque (N-m) -111.050 148.630 -612.42 

Viscous Torque (N-m) -0.049 0.114 48.12 

Total Torque (N-m) -111.10 148.750 -564.29 

Figure 43: Vorticity on blade 2 
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Figure 44 illustrates the turbine hydraulic power of 5.8 kW produced by Rotor 2 with the 

same available power of 13.5 kW. An optimized output of 5.4 kW is obtained with a 

hydraulic power of 5.8 kW after applying generator and turbine losses. 

 

 

Figure 45 displays the efficiency of Rotor 2, which is recorded at 43.27% 

 

             

  

Figure 44: Power turbine of Rotor 2 

Figure 45: Efficiency of Rotor 2 



 

63 
 

The following table illustrates the optimized beta angles at the leading edge and the trailing 

edge of the blades, as well as the corresponding efficiency values. 

 

                            Table 16: Optimum beta angle of Rotor 2 

  
Section r [m] Beta_LE [Deg] Beta_TE [Deg] Efficiency 

1 0.180 22.36 77.40 

43.27% 

2 0.363 44.91 83.73 

3 0.545 54.29 85.10 

4 0.728 55.35 86.10 

5 0.911 57.83 88.31 
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4.2.3. Rotor 3 

As shown in Figure 46, the distribution of pressure on the blade surfaces of Rotor 3 can be 

seen. The maximum pressure on the leading-edge pressure side decreases as one moves 

toward the trailing edge of the distribution. In contrast, the minimum pressure on the 

leading-edge suction side increases in the direction of the trailing edge. 

 

A pressure contour plot is shown in Figure 45 for a free-stream velocity of 1.6 m/s. 

As a result of the optimization process, the maximum pressure distribution on the pressure 

side leading edge was +11.570 kPa, while the minimum pressure distribution was -19.90 

kPa. There is a significant difference in pressure between the leading edge and the trailing 

edge of the blade. The turbine achieved 43.42% efficiency of operation due to this pressure 

difference. 

  

Figure 46: Pressure distribution on surface of Rotor 3 
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A pinnacle velocity is observed in the blade tip region of the turbine domain as 

shown in Figure 47. Fluid flows rapidly through the blade tip region when the velocity is 

high, which has a significant impact on the turbine's operation. 

 

 

 

Figures 48 illustrate the vorticity on the blade surface of Rotor 3 after optimization. 

Although Rotor 1 and Rotor 2 exhibited little vorticity on their surface, Rotor 3 shows a 

maximum level like those of Rotors 1 and 2 but with a more concentrated distribution of 

high values along its leading and trailing edges. This vorticity distribution may have 

significant implications for the flow dynamics and performance of Rotor 3 and should be 

considered in the optimization process  

Figure 47: Velocity contour around the Rotor 3 
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As shown in Table 17, pressure, and viscous force, as well as pressure and viscous 

torque, are presented. An application of pressure force parallel to the flow direction, is used 

to extract the target output power from the blade surface. As shown in Table 17, the blade 

surface is subjected to a maximum force of 8.174 kN. 

 

Table 17: Pressure and viscous force, pressure, and viscous torque of rotor 3 

Type X Y Z 

Pressure Force (N) 0.469 -0.059 8156.60 

Viscous Force (N) -0.002 0.005 17.77 

Total Force (N) 0.467 -0.055 8174.40 

Pressure Torque (N-m) 1.612 -1.931 -1351.30 

Viscous Torque (N-m) 0.0002 -0.0007 111.77 

Total Torque (N-m) 1.613 -1.932 -1239.50 

Figure 48: Vorticity on blade 3 
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In Figure 49, the turbine hydraulic power of 5.8 kW is illustrated for Rotor 3 with 

the same available power of 13.5 kW. When generator and turbine losses are considered, 

an optimized output of 5.4 kW. 

 

 

According to Figure 50, Rotor 3 has an efficiency of 43.42%. 

Figure 49: Power turbine of Rotor 3 

Figure 50: Efficiency of Rotor 3 
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Below is a table illustrating the optimized beta angles of the blades at their leading edge 

and their trailing edge, as well as their respective efficiency values. 

 

Table 18 : Optimum beta angle of Rotor 3 

 

4.3. Efficiency 

Figures 51 and 52 depict a plot of efficiency as a function of tip speed ratio (TSR) and 

rotations per minute (RPM). Results are presented for a range of RPM for rotors. According 

to the results, TSR varies between 2.5 and 5.5 and the maximum efficiency is achieved at 

a TSR of 4. Therefor the maximum efficiency of the rotors is reached at 172, 94, and 

43 RPM. There is evidence that efficiencies above 40% can generally be achieved at speed 

ranges between 32 to 236 RPM. 

  

Section r [m] Beta_LE [Deg] Beta_TE [Deg] Efficiency 

1 0.250 26.37 73.80 

43.42% 

2 0.255 45.92 82.26 

3 0.860 54.44 86.19 

4 1.165 55.54 86.26 

5 1.469 58.19 88.67 
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Figure 51: Pressure coefficient as function of TSR 

Figure 52: Pressure coefficient as a function of RPM 
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 The most challenging aspect of this study was validating the CFD methodology 

using real-world data for the case studies. Furthermore, this is one of the most critical 

problems facing hydrokinetic turbine technology, which can be addressed through this 

research. The challenge was overcome by conducting a comparative analysis of simulated 

blades and experiment data by Stephanie Ordonez-Sanchez[57]. The maximum efficiency 

is shown in Figure 53 at TSR 3.6, which corresponds to 43%. 

Figure 53: Experimental results extracting by Stephan Sanchez 
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Table 19 summarizes the dimensions and results of three rotors that were designed and 

optimized for the purpose of this study. 

 

Table 19: Total rotor sizes and results 

 

4.4. Capacity factor 

As shown in Table 20, Rotor 1 capacity factor is affected by various flow stream 

velocity. By using only one rotor throughout the year, it is possible to achieve a maximum 

capacity factor of 52% based on the turbine area and pressure coefficient obtained for a 

simple linear velocity variation in a river. As a result of low velocity, particularly during 

the winter, the energy delivery decreased from 4423 to 680 kWh. 

 

Table 20: Capacity factor of Rotor 1 using simple linear monthly velocity variation   

Month Velocity (m/s) Radius (m) Area (m2) Cp kW kWh 

1 1.5 0.6240 1.2233 0.451 0.9 680.1 

2 1.6 0.6240 1.2233 0.451 1.1 825.4 

3 1.8 0.6240 1.2233 0.451 1.6 1175.2 

4 2.2 0.6240 1.2233 0.451 2.9 2145.7 

5 2.2 0.6240 1.2233 0.451 2.9 2145.7 

6 2.8 0.6240 1.2233 0.451 6.0 4423.7 

12 months 26267.6 

Average kW 3.00 

CF 0.52 

 

 

 Rotor 1 Rotor 2 Rotor 3 

Number of Blades  2 2 2 

Turbine Radius  0.624 m 0.896 m 1.445 m 

Hub Radius 0.125 m 0.180 m 0.250 m 

Free Stream Velocity 2.8 m/s 2.2 m/s 1.6 m/s 

TSR 4 4 4 

RPM 172 94 43 

Cp 45.10 43.27 43.42 
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Figure 54 shows yearly capacity factor diagram of using only one Rotor during the 

year. 

 

 

Using three interchangeable rotors during the various seasons, and changing the 

rotors, the capacity factor was improved from 52% to 92%. It is recommended that the 

rotors change depending on the velocity and the larger frontal area of rotor be used in the 

winter. As illustrated in Table 21 by increasing the frontal area, the capacity factor is 

doubled throughout the year. Through the publication of the NRCAN's yearly data river 

velocity, a targeted capacity factor for the entire country will be able to be exported for the 

current rotors. 
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Figure 54: Yearly capacity factor by using only one Rotor 
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Table 21: Simple analysis showing doubling of capacity factor by changing rotors using simple 

linear variation of velocity during a year 

 

Figure 55 illustrates yearly capacity factor diagram of using three Rotors during the year. 

 

Month Velocity (m/s) Radius (m) Area (m2) Cp kW kWh 

1 1.5 1.4450 6.5597 0.4342 4.8 3511.2 

2 1.6 1.4450 6.5597 0.4342 5.8 4261.3 

3 2.0 0.8960 2.5221 0.4327 4.4 3189.0 

4 2.2 0.8960 2.5221 0.4327 5.8 4244.6 

5 2.6 0.6240 1.2233 0.451 4.8 3541.8 

6 2.8 0.6240 1.2233 0.451 6.0 4423.7 

12 months 43445.6 

Average kW 4.96 

CF 0.92 
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Figure 55: Yearly capacity factor by using three Rotors 
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4.5 Mechanical Analysis: 

 A detailed analysis of the blade's mechanical properties is presented in this section. 

Understanding the mechanical behavior of the blade is crucial for ensuring its reliability 

and effectiveness in each application. The maximum displacement and stress in the blade 

under normal steady state condition was investigated. As an imperative parameter, the load 

must be exactly equal to the CFD analysis results. Consequently, the load is exported from 

the CFX simulation results. The pressure load on the blade surface is illustrated in the 

following Figures. 

  

  

Figure 56: Load on blade 1 Figure 57: Load on blade 2 

Figure 58: Load on blade 3 
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According to the methodology chapter, Polyether ether ketone carbon fibers and 

glass fibers were investigated, and their results were compared with stainless steel. The 

material properties of the blade, which includes tensile strength, tensile modulus, Poisson 

ratio and density are listed in Table 22. 

The distributions of blade stress and displacement were modeled under three water 

velocity conditions. Figures 57 and 58 illustrate the model's simulated stress distribution 

and the areas subjected to maximum deformation under free stream velocity of 2.8 m/s.  

 

Table 22: Material properties  

 

As shown in Figure 57, the displacement of the blade increases from the root to the 

tip. Up to half of the blade's length, the displacement is negligible, whereas the maximum 

deformation occurs at the tip.  

 

Polyether ether ketone (PEEK) Mechanical Properties 

 

Tensile 

strength 

Tensile 

modulus 
Density 

Poisson’s 

Modulus 

MPa  MPa  g/cc  

Glass fiber 10% - low flow 124 6206 1.37 0.38 

Glass fiber 20% - low flow 152 8964 1.44 0.38 

Glass fiber 30% - low flow 172 11722 1.52 0.39 

Glass fiber 40% - low flow 186 15169 1.61 0.39 

Carbon fiber 10% - low flow 186 11722 1.33 0.43 

Carbon fiber 20% - low flow 221 19996 1.36 0.44 

Carbon fiber 30% - low flow 248 25512 1.41 0.44 

Carbon fiber 40% - low flow 265 34475 1.45 0.45 
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The maximum stress is recorded in the root area near the leading edge. Figure 58 

illustrates that the blade thickness can handle a maximum equivalent stress of 55.53 MPa. 

A summary of the maximum deformation and equivalent stress is provided in Table 

19 for Rotor 1. According to the results, PEEK-carbon fibre 40% behaves well under the 

specified load compared to other materials. Adding high-modulus fibres to a polymer 

improved the composite's tensile strength and stiffness along the fibre direction. As fibre 

loading raises, the tensile capacity increases, and minimum deformation was shown. 

 

 

  

  

Figure 59: Maximum displacement of Rotor 1 Figure 60: Maximum equivalent stress of Rotor 1 



 

 

77 
 

Table 23: Mechanical analysis results of Rotor 1 

 

 

 

 

Figures 59 and 60 demonstrate the maximum displacement and stress of Rotor 2. 

 

 

  

  

Material 
Maximum Deformation 

(mm) 

Maximum Equivalent 

Stress (MPa) 

Stainless Steel 0.84 52.72 

PEEK- Carbon fiber 40% 4.63 55.53 

PEEK- Carbon fiber 30% 6.21 55.47 

PEEK- Carbon fiber 20% 7.97 55.52 

PEEK- Carbon fiber 10% 13.6 55.52 

PEEK-Glass fiber 40% 14.39 56.17 

PEEK- Glass fiber 30% 18.61 56.14 

PEEK-Glass fiber 20% 24.32 56.10 

PEEK- Glass fiber 10% 35.11 56.02 

Figure 61: Maximum displacement of Rotor 2 Figure 62: Maximum equivalent stress of Rotor 2 
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The following table presents the maximum deformation and stress of Rotor 2 under 

a free stream velocity of 2.2 m/s. Under the specified load, PEEK-carbon fiber 40% 

performed well compared to other materials.  

 

Table 24: Mechanical results of Rotor 2 

Material 
Maximum Deformation 

(mm) 

Maximum Equivalent Stress 

(Mpa) 

Stainless Steel 0.94 55.89 

PEEK- Carbon fiber 40% 5.2 56.85 

PEEK- Carbon fiber 30% 6.99 56.66 

PEEK- Carbon fiber 20% 8.95 56.83 

PEEK- Carbon fiber 10% 15.27 56.83 

PEEK-Glass fiber 40% 11.82 56.89 

PEEK- Glass fiber 30% 15.28 56.88 

PEEK-Glass fiber 20% 19.98 56.85 

PEEK- Glass fiber 10% 28.85 56.84 

 

The maximum displacement and stress for Rotor 3 is shown in Figures 61 and 62. As shown 

in Table 25, the maximum deformation and equivalent stress for Rotor 3 are summarized. 

Based on the results of the analysis, PEEK-carbon fiber 40% exhibits acceptable behavior 

under force. 

According to the analysis of displacement and equivalent stress presented in this 

study, rotors with the material qualities suggested can be capable of withstanding 

equivalent stress at free stream speeds of 1.6, 2.2, and 2.8 m/s. Deformations were 

calculated to be 4.63, 5.20, and 5.31 mm, respectively. This was based on a displacement 

analysis of the rotors with the composite material parameters discussed in this work. 
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Table 25: Mechanical results of Rotor 3 

 

  

Material 
Maximum Deformation 

(mm) 

Maximum Equivalent Stress 

(MPa) 

Stainless Steel 0.97 45.9 

PEEK- Carbon fiber 40% 5.31 47.89 

PEEK- Carbon fiber 30% 7.15 47.89 

PEEK- Carbon fiber 20% 9.15 47.89 

PEEK- Carbon fiber 10% 15.61 47.89 

PEEK-Glass fiber 40% 12.08 47.89 

PEEK- Glass fiber 30% 15.62 47.89 

PEEK-Glass fiber 20% 20.42 47.89 

PEEK- Glass fiber 10% 29.49 47.89 

Figure 63: Maximum displacement of Rotor 3 Figure 64: Maximum equivalent stress of Rotor 3 
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5. Conclusion 

This study aimed to offer a practical solution that can improve the capacity factor 

of RHKT experience variable seasonal velocities. Low flow velocities in winter can 

considerably impact the performance and power delivery of systems. Based on the 

presented method, three different sizes of interchangeable rotors were designed and 

optimized to produce 5 kW of output power at free-stream speeds of 1.6, 2.2, and 2.8 m/s. 

An excel spreadsheet was utilized to calculate initial design parameters. Several 

parameters, including output power, tip speed ratio, generator efficiency, turbine hydraulic 

and mechanical efficiency, blade number, and hub radius, were assumed and considered at 

the first stage. 

As a starting point, the beta angle leading, and trailing edge angles were calculated 

with excel spreadsheet and then initial geometry was designed with BladeGen Ansys 

Workbench. The present study utilized CFD to analyze and investigate the fluid behavior 

around the blade and on the surface of rotors. This was accomplished by solving the RANS 

equation. By numerical approach, the blades’ aerodynamic parameters were optimized to 

achieve a maximum efficiency of below 45%. This optimization process involved the 

analysis of various factors that can impact the performance of the turbine, including the 

flow velocity, pressure, force, and vorticity. An investigation of mesh sensitivity was 

conducted on the blade to determine its impact on CFD simulations. 

The CFD analyses were conducted in CFX Ansys software using the SST 

turbulence model. Optimizing the chord line and twist angle of the hydrofoil was necessary. 

Several aerodynamic parameters of hydrofoils were optimized to achieve an optimum 

pressure difference between the pressure side and the suction side, thereby reducing 

significant aerodynamic losses. Blade optimization resulted in a pressure coefficient of 
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over 42%, compensating for the low output caused by the low free-stream velocity. At a 

wide range of RPMs, from 32 to 236, 5.4 and 5.6 kW of electricity was produced from the 

rotors with an efficiency of over 43% and 45%. In a year, the capacity factor was doubled 

by using three different rotor sizes. 

Ansys' static structural module was used to determine the maximum displacement 

and equivalent stress for stainless steel, polyetheretherketone-carbon fiber, and glass fiber. 

PEEK-carbon fiber 40% had a minimum displacement. 

Finally, the power coefficients obtained from the designed blades were compared 

to those obtained from the experimental results. 

For future work, it is recommended that rotors be manufactured, and experimental 

results obtained in water tunnels or rivers be utilized to validate the simulations. In 

addition, structural resonance caused by turbulent water flow should be considered, as well 

as an equivalent static analysis. Since water acts as a dynamic load on the blade, its 

frequency content has an impact on its resonance mode.  
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