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Abstract 

In the present research work, a hydrokinetic turbine is designed, and evaluated technically, economically and 

environmentally, to produce power from low-velocity currents. Firstly, the hydraulic characteristics of three 

existing canals is investigated, and the blade profile for the turbine rotor is determined by using the Schmitz's 

theory and the XFOIL software. The geometrical model is then created in the SolidWorks, and simulated in 

the ANSYS Fluent to estimate the power generation capacity. According to the results, a correlation is 

proposed to estimate the power generation by the turbine in different water velocities. The results are 

validated with the manufacturers data. The results show that the efficiency of the proposed turbine is almost 

90%, the investment payback period is only 3.1 years, with a positive net present value. Environmentally, it 

shows that for a 1 meter in diameter turbine and water velocity of 1.5 m/s, carbon dioxide will reduce by 

0.57 tons per year. The economic and environmental benefits improve greatly at higher water velocities. The 

results show that the proposed hydrokinetic turbine even by working in low velocity stream can supply 

electricity demand of rural area near the canals for the long lifespan of the turbine, which is more than 25 

years. 

 

Keywords: Hydrokinetic turbine, Canal, ANSYS Fluent, XFOIL, Schmitz's theory, Cavitation, Carbon 

saving, Payback period. 

1. Introduction 

Climate change and global warming are among 

the top concerns of scientists, and they are 

continuously warning and advising people, 

governments, industrialists, environmental 

activists, etc. about the catastrophic impacts of 

greenhous gases (GHGs). The Net Zero Emission 

2050 (NZE) scenario is the global agreement to 

avoid the GHG impacts and keep the temperature 

rise below 1.5 ℃ above the pre-industrial 

temperature. Until now, the temperature has 

increased by 1.1 ℃ compared to the 1800s. In 

order to prevent the increase in temperature by 

more than 1.5 ℃, the amount of pollutants should 

be reduced by 45% by 2030 and reach zero by 

2050 (Paris Agreement) [1]. 

In order to adhere to the Paris Agreement and 

implement it according to the schedule, several 

measures should be taken in different fields, From 

optimizing of the existing energy systems to 

replacing them with renewable energy systems 

can be used to reduce GHGs. 

Cacciali L et al. (2023) [2] investigated the multi-

array design for hydrokinetic turbines in 

hydropower canals. In this study, they integrated a 

one dimensional channel model with a double 

multiple streamtube code and wake sub-models to 

determine an array layout for maximum array 

power. The results of the sensitivity analysis show 

that this design improved power conversion with 

closely spaced turbines and largely spaced arrays. 

As a result, it allows for a partial recovery of the 

total head variation for a new array deployed 

upstream. The results show that power output 

linearly scales for the array numbers less than 6.  

Niebuhr C. M. et al. (2019) [3] presented a review 

study on hydrokinetic turbines for canal 

installations. They discussed the limitations and 

advances and potentials of hydrokinetic turbines 

working with near-zero head. In the review, they 

paid special attention to the small scale-state of 

the art near-zero hydrokinetic technologies, to the 

knowledge gap, limitations of water-infrastructure 
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owners and operators, and economic analyses of 

the industry.  

John B. et al. (2021) [4] presented a techno-

economic analysis of a standalone micro-grid 

based on hydrokinetic turbine. The system was 

also equipped with battery bank to store 

electricity, and it was supposed to provide 

electricity for the villages near the rivers or 

canals. They also compared their proposed system 

with a hydrokinetic-PV-battery system, and 

concluded that the minimum cost of energy for 

their system is 11% less.  

Supplying energy demands in rural areas is 

challenging because their energy demands must 

be provided through transmission grid and 

distribution networks that transmit electricity or 

natural gas from far away. Clean and renewable 

alternatives such as solar, wind, tidal, hydro, and 

geo-thermal energies can overcome the drawbacks 

of the fossil fuels, and omit the losses and 

expenses of electricity grids and gas pipeline 

networks.  

According to the announcement of the Ministry of 

Energy in Iran, the number of dams in Iran 

reached 214 by 2021. These dams always use 

canals to transport water from one place to 

another mostly by using gravitational force and 

elevation difference only; hence, these canals have 

high a potential for hydrokinetic turbines and 

produce renewable electricity. The researchers 

have explored how to actualize this potential. For 

example, Schleicher et al. [5] designed a portable 

hydrokinetic turbine via the computational fluid 

dynamics (CFD) method. They created various 

blades, and investigated their performance, and 

their results revealed that a maximum power 

coefficient of 0.43 with a 73.7% efficiency 

relative to the Betz limit is reachable. Daskiran et 

al. [6] simulated the ventilation of a hydrokinetic 

turbine, and investigated the impact of aeration on 

turbine performance. They conclude that the 

turbine operates more stable when tip speed ratio 

(TSR) is higher. In another research, Rio et al. [7] 

numerically simulated the impacts of augmented 

diffuser on the performance of a hydrokinetic 

turbine. They realized that in a water current with 

the velocity of 1.5 m/s, maximum power 

coefficient for the turbine with and without 

diffuser is 0.487 and 0.285, respectively. In 2019, 

Attiya et al. [8] investigated a micro-hydrokinetic 

turbine that runs near the free surface. They 

studied the temporal and spatial features of the 

turbulent flow structure with large eddy 

simulation (LES) model. They demonstrated that 

the turbine efficiency is not susceptible to the free 

surface. Aguilar et al. [9] designed an appropriate 

multi-element hydrofoil for usage in a horizontal-

axis hydrokinetic turbine. They utilized two 

dimensional CFD simulations and multi-objective 

optimization methods based on surrogate 

modeling. Their optimum multi-element design 

had a gap equal to 2.82% of the chord length (C1) 

and an overlap equal to 8.25% C1. Muratoglu and 

Yuce [10] designed a hydrokinetic turbine for 

river application via CFD simulation. The 

performance of the turbine in terms of torque, 

power, and thrust were tested, and the design was 

optimized. Their design was capable of producing 

27 kW of power from a current with 2.7m/s 

velocity. Adnan et al. [11] designed and fabricate 

a horizontal axis turbine for low velocity flow of 

water. They implemented the SolidWorks 

software for modeling, ANSYS Fluent for CFD 

analyzing, and 3D printing for fabricating. They 

revealed that a rotor with a diameter of 0.6 m can 

generate approximately 150 W of power in a 

water current with velocity of 1.5 m/s. In another 

research work, the influence of a duct-augmented 

system on the overall performance of a straight-

blade hydrokinetic turbine has been investigated 

by Tunio et al. [12]. Their proposed that duct was 

able to increase the hydropower production by 

double; however, the turbine experienced a higher 

stress in comparison to a bared turbine. 

Application of this turbine in low-velocity flow of 

Golden Gate Strait is studied by Mohammadi et 

al. [13]. In their investigation, they optimize the 

hydrofoil by coupling the Xfoil and particle 

swarm methods. As a result, hydropower 

production improved by 26% and 50% for 

currents with 0.5-2 m/s and 2-3 m/s velocity, 

respectively. Shashikumar and Madav [14] 

studied new V shape blades for hydrokinetic 

turbine both experimentally and numerically. 

Their novel design was capable to decrease the 

negative torque developed by the returning blade 

and the optimum power coefficient of equal to 

0.42 was reported. Implementing an upstream 

deflector and its effects on the flow characteristics 

and startup performance of a hydrokinetic turbine 

is studied by Kang et al. [15]. They showed that 

adding deflector causes negative torque 

elimination and downstream vortices shrink and 

expand as the blades rotate. Nachtane et al. [16] 

designed and investigated the hydrodynamic 

performance of a hydrokinetic turbine with 

horizontal axis. Standard hydrofoil of NTSXX20 

was utilized in their study, and they concluded 

that their tidal turbine can capture about 50 

percent from TSR range 5-9.   

Kumar et al. [17] showed that the impact of dams 

and their watersheds on different scales requires 



O. Rasooli, et al. / Renewable Energy Research and Applications, Vol. 6, No 1, 2024, 139-150 
 

141 

 

an urgent policy on a global scale to deal with the 

emission of greenhouse gases from hydropower 

reservoirs. As a result, compared to dam-based 

hydropower technology, hydrokinetic technology 

is a suitable option for small-scale power 

generation such as household applications in off-

grid power generation. Dhakal et al. [18] showed 

that gravity hydrokinetic turbines can be easily 

installed in existing water infrastructure with costs 

of 1021 to 1261 USD with a generator capacity of 

1.6 kW. Tigabo et al. [19] investigated the 

possibility of hydrokinetic turbines usage in rural 

areas, where the grid is not available, from an 

economic perspective. This study was conducted 

in the Gomara River, upstream of the Blue Nile, 

Amhara region of Ethiopia. The energy demand of 

a representative household is selected for this 

study. In this study, the internal rate of return 

(IRR) was 17.4%, a payback period of 5.6 years, a 

present value of $4,826, and a total net present 

value of $89,764 were estimated. The findings 

showed that HKTs technology is economically 

and technically a suitable option for small-scale 

off-grid electrification. Mohammad Shaheswari 

Fard et al. [20] found that during operation, 

hydrokinetic turbines in the rivers and tides areas 

face changes in the flow direction that reduce their 

performance. Evaluation of hydrokinetic turbines 

in changeable conditions helps to estimate turbine 

performance, power stability, and power delivered 

to the grid. Water tunnel tests have been 

conducted with a 19.8 cm diameter horizontal axis 

model turbine, and showed performance 

degradation using three designs: no shroud, 

convergent-divergent shroud, and a diffuser 

shroud. The experimental results showed that the 

output power decreases in the off-axis currents for 

all of the designs. The reduction is initially 

negligible; however, it increases as the deflection 

angle increases. The convergent-divergent shroud 

experiences significantly less performance 

compared to the other two designs. Abutunis et al. 

[21] investigated the evaluation and performance 

improvement of multiple horizontal axis 

hydrokinetic turbines (HAHkTs) installed on one 

shaft. In this research work, the hydrodynamic 

performance of different configurations of single 

and multiple HAHkTs with carbon fiber polymer 

blades were evaluated in a water tunnel. 

Increasing the number of turbine rotors from one 

rotor to two rotors increased the efficiency by 

approximately 75% and reduced the operating 

TSR. The third rotor also increased the efficiency; 

however, the improvement was less due to the 

slower current passing through this rotor. A 

reducer duct was also installed, and its effect was 

studied. Finally, its effect on the performance of 

the multi-turbine system was investigated using a 

particle image velocimetry system. From the 

structural aspect, composite materials had more 

suitable properties than others. 

Overall, implementing hydrokinetic turbine in 

local canals and rivers can distribute power 

generation all over the country. Distributed 

electricity generation at the place of consumption 

and places where there is no grid provides 

significant advantages such as eliminating 

network losses, reducing construction costs, and 

strengthening passive defense. 

In the present study, hydraulic analysis of three 

cross-section profiles of existing water transfer 

canals from Gawshan dam is presented, and then 

hydrokinetic turbines are designed according to 

the hydraulic characteristics of the canals to 

generate renewable electricity. In these three 

canals (shown in Fig. 1), the water velocity for the 

canals a, b, and c is 0.9, 1, and 1.5 m/s, 

respectively. For these three paths, different 

hydrofoil profiles are evaluated, and for each 

canal, the geometric characteristics of the 

hydrofoil and its sections are extracted using the 

Schmitz's theory. Then by modeling the turbine 

rotor set in the SolidWorks software for each 

channel, the power that can be extracted from the 

water stream is calculated by modelling in the 

ANSYS Fluent. The present research work is 

focusing on low-flow velocities and designing 

hydrofoil blades with high efficiency that are 

capable to exploit energy from low-velocity 

flows. The results are validated with the existing 

hydrokinetic turbines available in the market and 

the economic, and environmental evaluation of 

the design are presented as well. 

The main novelties of the present work include: 

Presenting a hydrokinetic turbine for power 

generation in low velocity streams in the rivers 

or canals. 

Evaluation of three different real canal shapes 

and sizes, which transfer water for agriculture 

and drinking purposes for about 20 km.  

Presenting free surface modeling and its 

impact on the power generation. 

Investigating of cavitation occurrence on the 

turbine blades.  

Proposing a correlation to estimate power 

generation by the turbine for different 

velocities. 

Combining XFOIL, with SolidWorks and 

ANSYS Fluent to solve the hydrodynamic 

problem. 

Presenting technical, environmental, and 

economic evaluations of the turbine rotor. 
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2. Problem definition  
In the present research work, the feasibility of 

utilizing hydrokinetic turbine in water transfer 

canals, made of concrete for the Gawshan dam in 

Kurdistan province, Iran is investigated 

technically, economically, and environmentally. 

The twenty-kilometer canals, transfer water from 

the Gawshan dam, which is a clay core dam with 

123 m height. Four access points are considered in 

four villages of Kechleh, Serbanaw, Haltoshan, 

and Tuankesh on the canal route. The water 

transferred from the tunnel reaches a large pond in 

Kamyaran. At the pond, by means of three 

trapezoidal concrete channels (Figure 1) water is 

transferred to the following destinations: 

 a) from the west side to the farmlands of the Elk 

route,  

b) from the east side to the farmlands of Bilewar 

region, and  

c) through Razavar river goes to a treatment plant 

and pumping station, where the water is purified 

and pumped to the city of Kermanshah to supply 

drinking water. 

d) These channels are open channels, and the 

simulation has been done in two phases, water, 

and air. Also the floor and walls of the channels 

are made of concrete. 

Hydraulic characteristics of the aforementioned 

canals is as table 1. 
 

 
 

Figure 1. Schematic representation of concrete water 

channels and water height in them: a) Elk path b) Bilewar 

path c) Razavar path. 

 

In Table 1, velocity (v), angular velocity (ω), 

rotational velocity (N), potential power of water 

(Pwater), Reynolds number (Re = ρvDh/μ), 

Froude number (Fr = v √yg⁄ ), specific velocity  

(Ns = N√Q H3/4⁄ ), and specific diameter 

(Ds = DH0.25/√Q) are reported. Turbine diameter 

(D) is 1 m, and water velocity for canals a, b, and 

c are 0.9, 1 and 1.5 m/s, respectively. y is the 

canal depth. 

 

Table 1. Hydraulic features for the studied water channels. 
 

 
ω 

(
𝑟𝑎𝑑

𝑠
) 

N 

(𝑟𝑝𝑚) 

𝑃𝑤𝑎𝑡𝑒𝑟 

(W) 

𝑅𝑒
× 106 

Fr 𝑁𝑠 𝐷𝑠 

a 9 86 285.5 2.47 0.26 789 0.54 

b 10 95.5 391.7 2.7 0.29 789 0.54 

c 15 143.3 1322 4.86 0.44 789 0.54 

 

in which, 𝐷ℎ is the hydraulic diameter of the 

canal, 𝑄 is the volume flow rate from the swept 

area of the turbine, and head (H) is calculated 

according to the flow velocity by using the 

spouting equation v = √2gH. 

According to the results presented in this table, 

the flow in the canal is subcritical (Fr < 1) and no 

hydraulic jump occurs. In addition, the flow is 

turbulent since the Re > 2500, consistent with the 

specific velocity/specific diameter (Ns-Ds) chart 

for turbines [22] and the calculations in Table 1, 

the most suitable turbine for all the canals is 

hydrokinetic turbine. Hence, in the following the 

designing steps of a hydrokinetic turbine, which is 

followed in the present research work, is 

explained. 

 

3. Design of turbine  
There are several differences between an airfoil 

used in aerospace engineering and an airfoil of a 

tidal turbine blade. For example, a tidal turbine 

blade is installed in water, where maintenance of 

the blades is problematic. In addition, because 

various loads are structurally imposed on the hub 

part, the wing tip must have a gradually thick 

shape. The characteristics of a tidal current power 

turbine are very similar to those of a wind turbine. 

While a tidal current power turbine uses a similar 

airfoil to that used in wind power, there is a 

significant difference between the viscosity and 

density of air and water; test and verification of 

the characteristics of an airfoil in seawater are 

therefore required. In the present research work, 

NACA4412 airfoil is used (Fig. 2), which is a 

common choice for the hydrokinetic turbines [23]. 

A reason for this selection lays in the fact that this 

airfoil is less sensitive to the surface roughness. 

Surface roughness is usually used for cavitation 

suppression on the hydrofoils. This is an 

important feature since it can reduce maintenance 

cost of the blades, where the current is not very 

clean. 

The power generated by the turbine can be 

estimated according to below [24]: 
 

𝐏(𝐖) = 𝐓. 𝛚 (1) 
 

in which, T and ω are torque and angular velocity, 

respectively. The maximum generated power can 
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be estimated according to the Betz limit as 

equation (2). 
 

𝐏𝐦𝐚𝐱 =
𝟏

𝟐
𝐜𝐩.𝐁𝐞𝐭𝐳  𝛒𝐯𝟑𝐀 (2) 

 

In this equation, 𝑣 is the average velocity of inlet 

flow to the turbine, 𝐴 is the swept area of the 

turbine, and 𝑐𝑝.𝐵𝑒𝑡𝑧  is the maximum power 

coefficient. 
 

 
 

Figure 2. Schematic representation of the NACA4412 

Airfoil shape. 
 

3.1. Geometry design of blades  

To design the geometry of the turbine’s blade, the 

distribution of the chord length and twist angle at 

different points should be calculated. For this 

purpose, the Schmitz's theory [23] is used for the 

twist angle as follow. 
 

𝛃(𝐫) =
𝟐

𝟑
𝐚𝐫𝐜𝐭𝐚𝐧

𝐑

𝐫𝐗
− 𝛂𝐃 

(3) 

 

In equation (3), R is turbine radius, X is the TSR, r 

is the variable radius of a blade, and aD is the 

angle of attack that can be derived from the 

XFOIL software. Additionally, for distributed 

chord length equation (4) can be utilized. 
 

𝐜(𝐫) =
𝟏

𝐁

𝟏𝟔𝛑𝐫

𝐂𝐋

𝐬𝐢𝐧𝟐 (
𝟏

𝟑
𝐚𝐫𝐜𝐭𝐚𝐧 (

𝐑

𝐗𝐫
)) 

(4) 

 

In this equation, CL is the lift coefficient that is 

calculated by the XFOIL software. 

Because of the same lift coefficient and attack 

angle and also considering that the turbines of all 

three routes have 1-meter diameter, unique design 

and geometry is proposed. Figure 3 shows the 

geometry of the turbine that is designed in 

SolidWorks by considering the distributed chord 

length and twist angle. 
 

 
 

Figure 3. 3D model of the proposed turbine rotor modeled 

in SolidWorks. 

3.2. Hydrodynamic simulation  

In order to solve the flow field around the turbine 

and their interaction, the simulation domains that 

follow the shape of the canals are depicted in 

figure 4. 

Boundary conditions applied on different surfaces 

include: 

 Velocity condition for the inlet surface  

 Pressure boundary condition for the outlet 

surface. 

 No-slip condition for the side-walls and 

surface of turbine’s blades. 

 Free surface condition in contact with the air 

for the top surface. 
 

And the main assumptions include: 

The flow is unsteady, incompressible, and 

isothermal. According to the Reynolds number, 

the flow is turbulent. Physical properties of flow 

such as density and viscosity are constant. The 

effect of gravity is taken into account. The turbine 

blades are completely submerged in water. 

According to the calculated Froude number which 

is less than 1, the flow is sub-critical. 
 

 
 

Figure 4. The flow field domain for three paths: a) Elk 

path b) Bilewar path c) Razavar path. 
 

By applying the boundary conditions and 

assumptions to the models presented in figure 3 

and 4, the flow field is discretized for solution as 

presented in figure 5. 
 

 
 

Figure 5a. Generated tetrahedral mesh for flow field. 
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Figure 5b. Generated tetrahedral mesh for the turbine. 
 

Governing equations on the model include mass 

conservation and the Navier-Stokes equation [21] 

that are summarized in Eqs. Error! Reference 

source not found. and Error! Reference source 

not found. as follow: 
 

𝛛𝐮𝐢

𝛛𝐱𝐢

= 𝟎 (5) 

  

𝛒 (
𝛛𝐮𝐢

𝛛𝐭
+

𝛛(𝐮𝐢𝐮𝐣)

𝛛𝐱𝐣
) = −

𝛛𝐩

𝛛𝐱𝐢
+

𝛛

𝛛𝐱𝐢
[𝛍 (

𝛛𝐮𝐢

𝛛𝐱𝐣
)] (6) 

 

In these equations, ρ, μ, ui, and P are density, 

dynamic viscosity, velocity components in the 

Cartesian coordinate system, and pressure, 

respectively. To solve the governing equations, 

transient flow with a time step of 0.01 second is 

used in the simulation of the fluid flow around the 

turbine. Also standard k-ε model has been used to 

consider the turbulence. The free surface 

simulation is done by considering the volume of 

fluid (VOF) model as below: 

In the VOF method, the sharp interface between 

the two phases (e.g. liquid and gas) is determined 

using the VOF function, C, that represents the 

volume fraction of the reference phase in each 

computational cell, e.g. C = 0 in the gas, and C = 

1 in the liquid (0 ≤ C ≤ 1) [25]. 

The evolution of the m-th fluid in a system on n 

fluids is governed by the transport equation: 
 

𝛛𝐂𝐦

𝛛𝐭
+ 𝐕. 𝛁𝐂𝐦 = 𝟎 (7) 

 

with the following constraint: 
 

∑ 𝐂𝐦

𝐧

𝐦=𝟏

= 𝟏 (8) 

 

i.e. the volume of the fluids is constant. For each 

cell, properties such as density 𝜌 are calculated by 

a volume fraction average of all fluids in the cell  
 

𝛒 = ∑ 𝛒𝐦𝐂𝐦

𝐧

𝐦=𝟏

 (9) 

 

The flowchart of the modeling and solving 

procedure is shown in figure 6. 

 

 
 

Figure 6. Flowchart of modeling procedure. 
 

As the flowchart shows, the simulation would be 

confirmed if mesh independency, convergence of 

torque, and power output validation are done; 

otherwise, the simulation starts with new inputs 

data and new mesh if required. The volume of 

fluid (VOF) method is used to simulate the open 

channel, which is explained below: 

 

3.3. Economic and environmental modeling  

After determining the hydrodynamic feasibility of 

the turbine, its economic potential would be 

examined to find out if the proposed turbine is 

worth investing in or not. For this purpose, the net 

present value (NPV), and payback period (PB) of 

the turbine are calculated. The original investment 

cost is an important factor in calculating the NPV 

and PB. Economic analysis can be a helping hand 

tool for customers such as householders, energy 

service firms, and energy suppliers to secure their 

investment. The primary criterion for evaluating 

the economic analysis is the payback period (PB), 

which can be determined by the following 

equation [26]: 
 

𝐏𝐁 =
𝐈

𝐂𝐅
 (10) 
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In this equation, the total initial investment of the 

components and net annual cash flow is 

represented by I and CF, respectively. The annual 

net cash flow of the project can be evaluated as 

follow: 
 

𝐂𝐅 = 𝐞𝐫 − 𝐞𝐱 (11) 
 

where er is income or positive cash flow, and ex is 

an expense or negative cash flow during one year. 

The net present value of the project (NPV), which 

is calculated during the lifespan of the project, 

indicates the added value created during the entire 

lifespan of the project. This value must be 

positive. A negative NPV means that the project is 

not beneficial. 
 

𝐍𝐏𝐕 = 𝐒 + ∑
𝐂𝐅𝐲

(𝟏 + 𝐫)𝐲

𝐧

𝐲=𝟏
− 𝐈 (12) 

 

In this regard, n is the lifespan of the project, y is 

the counter, and r is the inflation rate, which is 

considered 5% for this project. The salvage value 

(S) of the project is neglected to make the 

evaluations more conservative. 

Considering that the production of renewable 

electricity will reduce the fossil fuel consumption, 

therefore, this will also reduce the production of 

greenhouse gases. To calculate the emission 

reduction, the carbon dioxide emission coefficient 

of the national network is usually used. The value 

of this coefficient for the power grid is about 0.7 

tons of carbon dioxide per megawatt hour. In 

addition, the carbon reduction income is about 10 

dollars per ton of carbon dioxide reduction [27]. 

 

4. Results and discussion  

To make sure about the results, the grid 

independency for the simulation analysis, 

validation of the output power for existing flow 

velocities with the available turbines in the 

market, and finally, convergence of the torque is 

presented. After these three steps, the results are 

presented and discussed in more details. 

 

4.1. Grid independency  

Due to boundary layer effect and also the 

geometrical complexity of the canals, the mesh 

size must be smaller near the boundaries and 

corners. But how small the mesh size and how 

many mesh elements should be used to solve the 

problem without losing accuracy or increasing run 

time of the model? For this purpose, grid 

independence study was done by considering 

coarse, medium, and fine meshes with 1,500,000, 

2,920,000, and 7,410,000 tetrahedral elements. 

The grid resolution was checked by the generated 

power. Generated power for these three grid sizes 

are 550, 536, and 525.75 W. 
 

 
 

Figure 7. Power curve based on the number of different 

meshes. 
 

Due to the fact that the difference between 

generated power for medium and fine mesh is less 

than 2%, the model with the medium mesh is 

adopted for the simulation. 

 

4.2. Validation 

A free stream hydrokinetic turbine with rotor 

diameter of 1 meter from smart hydro turbine 

company [28] is considered for the validation 

purpose. The specifications of this turbine and 

also the simulation are reported in table 2. The 

generated power reported in the catalog of the 

company and the results of the present simulation 

are compared for velocities from 0.9 m/s to 3.5 

m/s. As shown in figure 8, these results are in 

good agreement. 
 

Table 2. Smart free stream turbine and the present 

simulation specifications. 
 

Parameters (unit) 
Manufacturer 

 Data [28] 
Present work  

Output power (W) 250-5000 117.45-6797 

Velocity range (m/s) 1-3.1  0.9-3.5 
Rotational velocity range 

(rpm) 

90-230 85-335  

Number of blades 3 3 

Rotor diameter (mm) 1000  1000 

Min canal/river depth (m) 1.1 1.2 
Min canal/river width (m) 1.2 2 

 

 
 

Figure 8. Validation of the peresent study (simulation) 

with experimental data [28]. 
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4.3. Convergence 

The torque generated by the rotor. which is the 

most important output, is selected as the 

convergence index. All parameters including 

velocity and pressure are effective in the torque 

calculation; therefore, the convergence of this 

parameter is of great importance to make sure 

about the model. Figure 9 shows the torque of the 

rotor for the Razavar path canal that is converged 

to 35.7 N.m after 2 seconds. The reason for the 

negative torque in the vertical axis is that the rotor 

rotates in the opposite direction. The output torque 

from the turbine initially varies widely up to 1.2 

seconds. After that, there will be no significant 

changes. Therefore, solving the domain for 2 

seconds is adequate and continuing the simulation 

can increase the computational cost with no 

significant benefit. 

The results of the simulations and discussions are 

presented in the following. 

The hydrodynamic force exerting on the turbine’s 

blades is divided into the drag, lift, and radial 

forces. Drag acts on the blade in the flow 

direction, lift is perpendicular to the flow direction 

and exerts on the blade and radial force acts along 

the blade from the hub center to the blade tip. 

Drag is created due to blade resistance against 

fluid flow and comprises of pressure drag and 

friction drag. The radial force is due to 

asymmetric axial flow in the radial direction. The 

lift force is created as a result of the pressure 

difference between the two sides of the turbine 

blade, and causes the turbine rotation. 
 

 
 

Figure 9.  Convergence of the torque for the Razavar path 

canal. 
 

The reason for this pressure difference is that 

when the fluid hits the airfoil at the edge of attack, 

the fluid velocity reaches zero, which is called the 

stagnation point. At this point, the velocity is zero, 

and according to the Bernoulli's law [29], the 

pressure will be maximum (Figure 10). Figure 10 

is a cross-section of the blade and pressure 

distribution calculated by the ANSYS Fluent 

around it. 

As water moves from the leading edge to the top 

of the airfoil, the velocity increases and the 

pressure decreases until it reaches the trailing 

edge of the airfoil, where the velocity has the 

highest value and the pressure has the lowest 

value [30]. The angle of attack for NACA4412 

airfoil using XFOIL software is considered to be 

9°, increasing this angle will cause flow 

separation and reducing lift force. 
 

 
 

Figure 10. Blade pressure distributions for Razavar path. 
 

The distribution of the gauge pressure on the 

turbine blades are shown for the three canals in 

Figure 11. According to this figure, the maximum 

gauge pressure for the three canals in Elk, Bilewar 

and Razavar are 16580 Pa, 18662 Pa, and 34113 

Pa, respectively. The difference in the pressure 

distribution is due to the different flow velocity 

inlet. 

The minimum gauge pressure for the three paths 

of Elk, Bilewar and Razavar are -23127 Pa, -

30098 Pa, and -74641 Pa. This pressure difference 

on the blade surface is used to create rotation in 

the turbine rotor. One may concern about the 

cavitation, the water temperature in the canals and 

rivers is mostly less than 20 ℃ and the vapor 

pressure at this temperature is  𝑃𝑣𝑎𝑝𝑜𝑟 = 2339 Pa, 

while the minimum absolute pressure in the flow 

field for the three paths are 𝑃𝑎𝑏𝑠,𝐸𝑙𝑘 = 101325 −
23127 = 78198 𝑃𝑎, 𝑃𝑎𝑏𝑠,𝐵𝑖𝑙𝑒𝑤𝑎𝑟 = 101325 −
30098 = 71227 𝑃𝑎 and 𝑃𝑎𝑏𝑠,𝑅𝑎𝑧𝑎𝑣𝑎𝑟 =
101325 − 74641 = 26684 𝑃𝑎 since in all of the 

paths 𝑃𝑎𝑏𝑠 ≥ 𝑃𝑣𝑎𝑝𝑜𝑟, therefore there will be no 

cavitation problem on the turbine blades.  

Velocity contour of the turbine for the three canals 

is presented in  

Figure. The velocity of fluid entering the turbine 

in these three canals of Elk, Bilewar, and Razavar 

is 0.9 m/s, 1 m/s, and 1.5 m/s, respectively. The 

tip speed, which is the maximum velocity for the 

three paths, is 4.5 m/s, 5 m/s, and 7.5 m/s. Since 

the tip velocity is equal to 𝑉𝑡𝑖𝑝 = 𝜔𝑟, and the 

radius is 0.5 m, therefore, the angular velocity for 

the three  paths would be 9 rad/s, 10 rad/s, and 15 

rad/s, which they correspond to rotational velocity 
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of 85.94 rpm, 95.49 rpm, and 143.24 rpm, 

respectively.  In addition, the 𝑇𝑆𝑅 = 𝑉𝑡𝑖𝑝/

𝑉𝑓𝑙𝑜𝑤  of the rotor would be 5 for all the three 

paths. 
 

 
 

Figure 11. Pressure distribution on the turbine blades for 

a) Elk path b) Bilewar path c) Razavar path. 
 

 
 

Figure 12. Velocity contour of the turbine blade for a) Elk 

path b) Bilewar path c) Razavar path. 

Figure 13 shows air volume fraction and also the 

water free surface and atmospheric air interaction 

as the water flows over the turbine. As it is clear, 

water expands as it moves over the turbine; 

therefore, a wave forms and water level goes up 

due to the Bernoulli effect (velocity reduction, and 

mass conservation principal), as the water 

approaches the trailing edge of the blades its 

velocity increases and water level goes down for a 

short distance. After that when the turbine effect 

disappears, the water level returns to its initial 

level. 

Figure 14 shows the velocity and pressure along 

the turbine axis from the upstream to the 

downstream, and the velocity contour along the 

Razavar canal (c), which shows that the velocity 

difference in the front and back of the turbine 

shows that this velocity difference causes pressure 

differences on both sides of the turbine and causes 

the lift force to rotate the turbine. As the fluid 

passes through the turbine, the flow returns to 

normal after a while. 

By considering the power coefficient equal to 

𝐶𝑝 = 0.45 and blade radius equal to 0.5 meter, 

the turbine efficiency will be 90%. With the 

aforementioned characteristics, variation of the 

power output of the turbine with current velocity, 

which was shown in Figure 8, with the following 

correlation can be derived for the power generated 

by the turbine and water velocity range from 0.9 

m/s to 3.5 m/s. 
 

𝐏(𝐖) = 𝟏𝟔𝟎. 𝟏𝟖 𝐕𝟐.𝟗𝟖𝟖𝟗 (13) 
 

The angle of attack (𝜃), angular velocity 𝜔 (𝑟𝑎𝑑/
𝑠), TSR, momentum (N.m), are reported for the  

power (kWh/year), and efficiency  three canals are 

reported in table 3 for turbine diameter of 1 m and 

canals’ water velocity. 
 

 
 

Figure 13. Air volume fraction of the Razavar canal. 
 

Table 3. Simulation results for the investigated canals. 
 

 𝜽 𝝎  TSR 𝑪𝒑 M  P 𝜼(%) 

a 9° 9 5 0.45 13.05 1029 90 

b 9° 10 5 0.45 16 1401 90 

c 9° 15 5 0.45 35.7 4695 90 
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Another important parameter that is studied in this 

research work is the effect of free surface on 

power generation. According to the simulations 

that were also carried out without considering the 

free surface, while the blades are under water, the 

free surface has no impact on the power 

generation of the turbine. 
 

 
 

Figure 14. Velocity contour of the canal c. 
 

4.4. Economic and environmental advantages  

Economic evaluations are conducted for net 

present value (NPV) and payback period (PB) 

based on average global prices. In a conservative 

manner, the lifespan of these turbines is assumed 

to be 25 years despite the fact that the average 

lifespan of the hydropower plants is generally 

more than 40 years. The incomes include the sale 

of electricity, 0.173 $/kWh, and the reduction of 

carbon dioxide, 10 $/ton. To calculate the 

emission reduction, the carbon dioxide emission 

coefficient of the public electricity network is 

used that is 0.7 tons of carbon dioxide per 

megawatt hour of electricity. Additionally, based 

on the information of the manufacturers, the initial 

investment cost of the hydrokinetic turbine is 

4500 ($/kW), and its maintenance cost is about 

1.5% to 6% of its initial investment cost. 

According to the given data, the economic and 

environmental results of the project are calculated, 

and presented in table 4 for the three canals. In 

this table, ES ($/year), ACR (ton), and 

IOM($/year) are the annual electricity sale 

income, net annual income, annual 𝐶𝑂2 reduction, 

and operation and maintenance costs. The results 

show that the investment would be paid back in 

3.1 years, and Razavar canal has the highest NPV 

due to higher water velocity. In addition, 

Razavars’ canal is able to save 0.57 ton of carbon 

dioxide per year, which is the highest among the 

three canals. 
 

Table 4. Economic and environmental benefits of the 

project for different canals. 
 

 ES  

($) 

ACR 

(ton)  

CF 

($) 

I  

($) 

IOM 

(
$

𝒚𝒆𝒂𝒓
)  

PB 

(year) 

NPV 

($) 

a 178.07 0.125 1.25 562.5 26.3 3.1 4738 

b 242.5 0.17 1.7 720 36 3.1 6493 

c 812.3 0.57 5.7 2412 120.6 3.1 21753 

5. Conclusion  

The main purpose of this research work was to 

design a hydrokinetic turbine for three exit canals 

of the Gawshan dam located in Kamyaran, 

Kurdistan, Iran. The main feature of these canals 

is their low-water velocities of 0.9, 1, and 1.5 m/s. 

Hence, the design of the turbines was constrained 

to this characteristic. In this regard, a standard 

profile was selected for the turbine, and different 

models were designed and hydrodynamically 

simulated using the Schmitz's theory and 

simulation in the SolidWorks, and ANSYS Fluent. 

After validation of the results with the existing 

turbine in the market, the model was subjected to 

technical, economic, and environmental 

evaluation. In summary, it can be concluded that: 

Installing hydrokinetic turbines even in such low-

water velocity canals is beneficial from the 

economic point of view and its PB is about 3 

years for a lifespan of 25 years. 

Since the lifespan of hydro turbines is usually 

more than 25 years, and can reach even 40 years, 

the economic benefits of the project would be 

even more. 

The free surface has no impact on the magnitude 

of power generation by the turbine. 

The proposed hydrokinetic turbine can reduce 

carbon dioxide production due to producing 

renewable electricity. The 𝐶𝑂2 reduction for 

Razavar, Bilewar, and Elk canals are 0.57, 0.17, 

and 0.125 tons/year, respectively. It is clear that 

installing multiple units of these turbines in 

several places can increase the pollution 

reduction. 

The designed turbines can provide electricity for 

the rural areas with available water currents 

without needing the electricity from the public 

grid. 

The excess electricity during the low load time 

can be used for hydrogen generation in a polymer 

electrolyte electrolyzer (PEL) and reconverting it 

to electricity in a polymer exchange membrane 

fuel cell (PEMFC) later during the high load time. 

The authors have started investigating this 

scenario as well. 

Cavitation does not happen in the turbine. 
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