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Abstract. The hydrodynamic performance and the flow field 

of two horizontal-axis hydrokinetic turbines with and without a 

high-lift hydrofoil with a flap were investigated using 

computational fluid dynamics (CFD) simulation. For improving 

the accuracy of the numerical simulation, the user-defined function 

(UDF) of 6-degrees of freedom (6-DoF) was used in the Ansys 

Fluent software. Unsteady Reynolds-averaged Navier–Stokes 

(URANS) equations coupled to the SST 𝑘 − 𝜔 turbulence model 

were employed during the simulation. A three-dimensional model 

of both of the turbines with three blades was conducted for 

obtaining the performance curve of the power coefficient (𝐶𝑃) 

versus the tip speed ratio (TSR). The maximum power coefficients 

(𝐶𝑃𝑀𝑎𝑥
) of the hydrokinetic turbines with and without a high-lift 

hydrofoil arrangement were 0.5050 and 0.419, respectively. 

Experimental data from the literature were used for the validation 

of the numerical results, specifically for the case when a rotor with 

traditional blades is utilized. In general, the simulation results were 

in good agreement with the experimental data. 
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1. Introduction 
 

Hydrokinetic turbines should be optimally designed for 

transforming the kinetic energy contained in river, tidal and 

marine currents in mechanical energy, which is then used to 

drive an electrical generator [1, 2]. The utilization of these 

renewable energy resources is crucial for the economic 

growth and the improvement of local living standards of 

many residents in remote areas without access to electricity 

[3, 4]. Hydrokinetic power conversion has aroused great 

interest among the scientific community since when 

compared to other renewable energy sources, it is more 

predictable, reliable, stable, continuous and sustainable. 

Additionally, the hydrokinetic turbines allow the use of 

small low-head water resources; so that these turbines are 

environmentally friendly [3-5].  

 

The performance of the hydrokinetic turbines depends on 

the blade or the rotor, shaft, gear box and the generator 

characteristics. However, the blade or the rotor is the most 

important component of the turbine system. To optimize the 

design of the blade, previous studies have reported the use 

of a variety of different approaches employing several 

geometries, angles of attack (𝛼), number of blades, tip 

speed ratio (TSR) values and flow conditions using 

computational fluid dynamics (CFD) simulations to 

investigate the maximum power generated from the 

turbine and the maximum momentum extracted from the 

flow [4].  

 

Traditionally, the blade of wind turbines and horizontal-

axis hydrokinetic turbines is composed of two-

dimensional standard hydrofoil cross-sections; however, 

multi-element hydrofoil configurations or high-lift 

systems in the cross-section of turbine blades have been 

shown to improve the hydrodynamic characteristics of the 

blades, which can lead to an overall performance 

improvement of the turbines [6, 10]. The multi-element 

configuration consists of several combinations of slats and 

flaps around a main hydrofoil [6 11]. The effectiveness of 

the multi-element hydrofoil configuration depends of the 

positions of the slat or the flap with respect to the main 

hydrofoil. The slot size between the main element and the 

high lift components (slat or flap) is defined in terms of the 

overhang and the gap. The overhang is the horizontal 

distance from the trailing edge of the upstream element to 

the leading edge of the downstream element. On the other 

hand, the gap is the minimum distance between the trailing 

edge of the upstream element and the leading edge of the 

downstream element. The position of the flap can be 

defined by three parameters, including the overlap, gap, 

and the slat and/or flap deflection angle (𝛿) [6, 11, 12, 13]. 

 

Various studies focusing on the slat-airfoil configurations 

have been carried out. Results showed that the slat 

geometry, slat orientation with respect to the main airfoil, 

and other geometric parameters have an important effect 

on the performance of the hydrofoil [7, 8, 9]. In the case 

of a hydrofoil-flap arrangement for hydrokinetic turbines, 

there are few studies regarding hydrokinetic application. 

Aguilar et al. used a two-dimensional (2D) simulation to 

define an optimum orientation of a hydrofoil-flap 

arrangement for obtaining the maximum lift to drag ratio 

and avoiding the cavitation [12]. Nevertheless, from the 

authors’ knowledge, three-dimensional (3D) CFD 

simulations and experimental researches have not been 

developed yet. Thus, the goal of this work is to perform a 
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numerical investigation on the effect of a high-lift hydrofoil 

with a flap on a horizontal-axis hydrokinetic turbine using 

the 3D CFD technique, including the user-defined functions 

(UDF) of 6-degrees of freedom (6-DoF). For this purpose, 

the numerical results obtained are compared and discussed 

based on the experimental data available in the literature on 

the performance of a horizontal-axis hydrokinetic turbine 

whose blade has been designed with a hydrofoil traditional 

configuration.  

 

2. Numerical simulation  
 

Two models of rotor for the horizontal-axis hydrokinetic 

turbines shown in Fig. 1 were designed to study the 

behaviour of this kind of turbines with and without a high-

lift hydrofoil arrangement. The design of the rotors was 

carried out using the blade element momentum theory 

(BEM) [14]. For this purpose, the Eppler 420 foil geometry 

was selected to obtain the blades of the turbines. The rotors 

designed in this study were composed of three blades, with 

a diameter (𝐷) or radius (𝑅) equal to 1.58 m and 0.79 m, 

respectively. The details of the utilized blade geometry are 

summarized in Table I, where 𝑟 refers to the location of each 

cross-section from the hub, 𝛽 is the blade twists angle and 

𝐶 is the chord length of the hydrofoil. In the case of a rotor 

with a hydrofoil-flat arrangement, the optimum geometric 

parameters for the cross-section were obtained from 2D 

CFD simulation developed by Aguilar and co-workers [12]. 

Thus the design parameters of the high-lift system with a 

flap were an overlap of 8.52% of the chord length of the 

main element 𝐶1, a gap of 2.825%𝐶1 and a flap chord length 

(𝐶2) of 42.47%𝐶1. In turn, the optimized high-lift hydrofoil 

had 19.765° and -4° as 𝛿 and 𝛼, respectively [12]. 

(a) 

(b) 

Fig. 1. Solid view of the rotors. a) Traditional rotor and b) 

high-lift rotor 

 

Table I. Detailed blade characteristics 

𝑟/𝑅 𝛽 (°) 𝐶/𝑅 

0.1 50.83 0.05949 

0.2 35.93 0.05063 

0.3 27.35 0.04050 

0.4 22.18 0.03291 

0.5 18.82 0.02785 

0.6 16.48 0.02405 

0.7 14.77 0.02152 

0.8 13.46 0.01899 

0.9 12.43 0.01772 

1.00 11.61 0.01646 

 

The behaviour of the rotors was studied using CFD. The 

methodology applied in all simulations was based on the 

unsteady Reynolds averaged Navier Stokes (URANS) 

equations and the shear stress transport (SST) 𝑘 − 𝜔 

turbulence model [15], which was performed by ANSYS 

Fluent software.  

 

For this, a cylindrical volume was used as the 

computational domain, as represented in Fig. 2. The 

diameter of the entire computational domain was set as 

4D, the distance between the center point of the turbine 

and the inlet was fixed as 2D, and the distance between the 

center point and the outlet was set as 5D. The numerical 

domain was divided into two sub domains: i) an inner 

cylindrical rotatory zone containing the rotor and ii) a 

stationary zone. The cylindrical rotary zone was 2.5D and 

D in diameter and length, respectively. Between two 

domains, an interface condition was applied. A uniform 

velocity inlet boundary equal to 1.5 m/s and a pressure 

outlet boundary were applied at the left and right surface 

of the domain, respectively. To improve the stability of the 

numerical simulations, symmetry boundary conditions 

was imposed at the side wall of the cylinder. No-slip 

boundary conditions were applied at the surface of the 

blade. An unstructured mesh with a viscous length of the 

mesh expressed as y+ <5 was used around the wall of the 

blade. 

 

(a) 

(b) 

Fig. 2. a) Computational domain and b) inner cylindrical 

rotatory zone 
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In this work, the turbine performance was primarily 

quantified by the power coefficient (𝐶𝑃), which was 

estimated by using Eq. (1).  

𝐶𝑃 =
𝑃

1
2

𝜌𝑉3𝜋𝑅2
 

(1) 

where 𝑃 is the mechanical power output, 𝜌 is the fluid 

density, 𝑉 is the incoming velocity and 𝑅 is the radius of the 

turbine. Simulations were carried out for TSR ranging from 

2.5 to 9. TRS is a ratio of the turbine blade tangential speed 

compared to 𝑉. It was determined by using Eq. (2), where, 

𝝎 is the angular velocity.  

 

𝑇𝑆𝑅 =
𝜔𝑅

𝑉
 

(2) 

 

A sliding mesh and a 6-DOF function were utilized for 

modelling the rotation of the turbine and analysing the rigid-

body dynamics. In contrast to a simulation with the TSR 

given, 𝜔 was not specified in the simulation. In this 

approach, the turbine blade rotated around its axis at a 

certain 𝜔 by balancing the hydrodynamic moment, the 

moment of inertia (𝐽) and the imposed counter moment on 

the turbine. This balance is represented by Eq. (3) [16, 17]. 

 

𝐽
𝑑𝜔

𝑑𝑡
= 𝑀𝐹 − 𝑀𝐴 

(3) 

where 𝑑𝜔/𝑑𝑡 stands for the acceleration of the turbine, 𝑀𝐹 

is the total hydrodynamic moment acting on the turbine 

blade and 𝑀𝐴 is the applied moment on the rotational axis 

for determining the power of the turbine. Hence, 𝜔 can be 

defined as expressed in Eq. (4). 

 

𝜔 = ∫
𝑀𝐹 − 𝑀𝐴

𝐽
𝑑𝑡 

(4) 

Once the motion of the turbine rotor is determined, P can be 

obtained by using Eq. (5).  

 

𝑃 = 𝑀𝐴𝜔 (5) 

To ensure the quality of the simulation, mesh and time-step 

independence tests were conducted before data analysis 

using the grid convergence index (GCI), which is a term 

coined by Roache based on Richardson extrapolation 

method. The GCI is a measure of how far the simulation 

results are from the asymptotic numerical result [16, 17, 18].  

 

The first step of the extrapolation is to determine the 

convergence coefficient or the order of accuracy of the 

numerical solution, which is notated as 𝑝, as shown in Eq. 

(6) [17, 18].  

𝑝 =
𝑙𝑛 (

𝑓3 − 𝑓2

𝑓2 − 𝑓1
)

ln(𝑟)
 

(6) 

where 𝑟 is the ratio of refinement. The extrapolation of the 

exact value by Richardson extrapolation could be 

determined by Eq. (2). 𝑓3, 𝑓2, and 𝑓1 are the control variable 

values for the convergence analysis of the coarse, medium 

and fine mesh or time-step, respectively. In this study, the 

control variable was the area under the curve defined by 𝐶𝑃 

versus TSR [17,18]. 

 

The GCI for the fine solution (𝐺𝐶𝐼𝑓𝑖𝑛𝑒) and the coarse 

solution (𝐺𝐶𝐼𝑐𝑜𝑎𝑟𝑠𝑒) are determined using Eq. (7) and (8), 

respectively. GCI provides an estimation of the amount of 

the discretization error in the finest grid solutions 

concerning the converged numerical solution. A low GCI 

implies that the solution does not considerably depend on 

the mesh or the time step sizes. The adequacy of the 

medium mesh or the time step was determined by 

comparing the GCI between the coarse and the medium 

grids (Eq. 7) and between the medium and the fine grids 

(Eq. 8) [16, 17, 18].  

𝐺𝐶𝐼𝑐𝑜𝑎𝑟𝑠𝑒 =
𝐹. |𝜖23|

𝑟𝑝 − 1
 

(7) 

𝐺𝐶𝐼𝑓𝑖𝑛𝑒 =
𝐹. |𝜖12|

𝑟𝑝 − 1
 

(8) 

where F is a safety factor of the method, with 

recommendations ranging from 1.0 to 3.0. The general 

recommendation is to use a F value equal to 1.25 when a 

minimum of three grids are used to verify the order of 

convergence, 𝑝 [18]. On the other hand, a conservative 

value of 3 is recommended when a major level of 

uncertainty of the estimated error exists and when the 

solution from two meshes is used to estimate the error. In 

turn, 𝜖23 and 𝜖12 are the relative error between subsequent 

solutions, which can be calculated as represented by Eq. 

(9) and Eq. (10) respectively[18].  

𝜖23 =
𝑓3 − 𝑓2

𝑓2

 
(9) 

𝜖12 =
𝑓2 − 𝑓1

𝑓1

 
(10) 

The extrapolation of the exact value by Richardson 

extrapolation could be determined as expressed by Eq. 

(11) [17, 18]. 

𝑓ℎ=0 = 𝑓1 +
𝑓1 − 𝑓2

𝑟𝑝 − 1
 

(11) 

Finally, in order to guarantee that the mesh or the time-

step sizes are in the asymptotic range of convergence, the 

index showed in Eq. (12) must be checked [18].  

𝐼 =
𝐺𝐶𝐼𝐶𝑜𝑎𝑟𝑠𝑒

𝑟𝑝𝐺𝐶𝐼𝐹𝑖𝑛𝑒

≅ 1 
(12) 

where 𝐼 is the index of the asymptotic range of 

convergence. 𝐼 values approaching 1 mean that the 

simulation is within the asymptotic range. In this regard, 

for the discretization error due to both the space and the 

time discretization by using GCI approaches, three 

different mesh resolutions (fine mesh, medium mesh and 

coarse mesh with 3995127, 4923646, 5605713 elements, 

respectively) and time-steps (0.002 s, 0.001 s and 0.0005 

s) were used in this study. F was equal to 1.25. In the case 

of the mesh independence test, 𝐼 was equal to 1.024 and 

0.995 for the traditional and the high-lift configurations, 

respectively. On the other hand, 𝐼 was equal to 0.994 for 

the time-step independence study. The results 

demonstrated the independency of numerical results on the 

mesh and time-step sizes. Consequently, the medium mesh 

and the time-step equal to 0.001 were employed for all the 

successive simulations considered in this study since a 

good compromise in terms of results and computational 

time was achieved. Richardson extrapolation results for 
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the mesh and the time-step independency were shown in 

Fig. 3 and 4, respectively. 

a) 

b) 

Fig. 3. Mesh independence test results. a) Traditional rotor 

and b) high-lift rotor 

 
Fig. 4.  Time-step independence test results. 

 

3. Results and discussion 
 

Fig. 5 shows the distribution of 𝐶𝑃 with different values of 

𝑇𝑆𝑅 using CFD approach and the experimental results 

reported in the literature. The numerical results for the 

traditional rotor were in good agreement with a previous 

study of this specific turbine model in terms of similar 𝐶𝑃 

values, except that the 𝐶𝑃 peak was achieved at a different 

TSR value. The differences are due to the fact that the 

hydrofoil used in the study of Tian and co-workers was the 

FF-77-W airfoil type [19].  

 
Fig. 5. Variation of the power coefficient (𝐶𝑃) vs. the tip 

speed ratio (𝑇𝑆𝑅) 

 

The maximum 𝐶𝑃 values obtained were 0.5050 and 0.419 

for the high-lift hydrofoil and the traditional 

configurations, respectively.  

 

4. Conclusion 
 

Using URANS solver and 6-DOF function, 3D CFD 

studies have been conducted to predict the performance of 

two rotors, defined by the 𝐶𝑃 achieved at different TSR 

values. The results demonstrated that the rotor with a high-

lift hydrofoil enhanced the 𝐶𝑃 compared to the rotor with 

a single-element hydrofoil arrangement. From the 3D CFD 

analyses for the high-lift hydrofoil, the maximum 

efficiency found was 0.5050, while a maximum efficiency 

of 0.419 was obtained with the traditional hydrofoil 

configuration. The validation showed that the CFD results 

concerning the traditional hydrofoil configuration were in 

good agreement with the empirical data examined. In this 

study, GCI was a good option for estimating the 

appropriate sizes of the time-step and the mesh.  
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