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Abstract
Hydropower is an important source of energy in Latin America. Many countries in the region, including Brazil, Peru, Co-

lombia, and Chile, rely heavily on hydropower plants to meet their energy needs. However, there are also challenges related to the use 
of hydropower in the region, such as the construction of dams that can have negative impacts on ecosystems and local communities.  
A new alternative is the production of energy through hydrokinetic turbines because they are a clean and renewable energy source 
that does not emit greenhouse gases. In addition, its production is predictable and can be generated in a variety of environments, from 
coasts to rivers and canals. Within the hydrokinetic turbines are the H-Darrieus turbines although they are still under development, they 
are seen as an important opportunity to diversify the energy matrix and reduce dependence on fossil fuels. The main purpose of this 
study is to determine and compare the efficiency of three Darrieus H-type vertical axis hydrokinetic turbines numerically. The turbines 
were configured with different solidities. The NACA 0018 profile was used for the turbine design. The study was carried out using the  
ANSYS® Fluent 2022R2 software, two-dimensional (2D) simulations set up constant operating conditions. Rotation speed variations 
have been set between 21 and 74 RPM with 10 rpm increments. Furthermore, the General Richardson extrapolation method is used for 
the analysis of mesh convergence, monitoring the turbine power coefficient as a convergence parameter. The numerical results show that 
the turbine H-Darrieus with a solidity of 1.0, a wider operating range, and lower power and torque coefficient. At low TRS, the largest 
solidity provided the best efficiency and the greatest self-starting capability, but it also had the smallest operating range.

Keywords: CFD, Hydrokinetic turbine, H-Darrieus, Ansys Fluent, TSR, Efficiency, Solidity, General Richardson extrapo-
lation, NACA 0018. 
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1. Introduction
Hydrokinetic Turbines (HTs) operate under the same operating principle as wind tur-

bines [1, 2], but take advantage of the natural flow of water to produce electricity. HTs are consid-
ered a viable option with low environmental impact [3] because they operate, at zero head condi-
tions (0 meters), they do not require dams or storage ponds, they are easy to maintain [4] and their 
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operation is uninterrupted (if water flows continuously). HTs can be installed in the ocean, rivers, 
or artificial canals, and they can be classified into two types according to the position of their axis:  
axial flow turbines, whose axis of rotation follows the direction of flow, and crossflow turbines, whose 
axis of rotation is located perpendicular to the direction of flow. Crossflow HTs are the most used 
H-Darrieus Turbines (HDTs), which can be considered a viable option for hydrogenation [5, 6]. In recent 
years, there has been a considerable increase in interest in this technology, where research has focused 
on improving the power coefficient Cp and torque to increase its efficiency. Different types of research 
have been carried out, these can be divided into 3 main fields, numerical, experimental, numerical-ex-
perimental. The numerical studies evaluate by means of Computational Fluid Dynamics (CFD) the 
hydraulic behavior of the HDTs, generally the simulations are performed in transient state and are 
mostly configured with the SST k-ω (Shear Stress Transport k-ω) or k-e Realizable turbulence models, 
because they correctly predict the turbine behavior, and their computational cost is acceptable [7–11].

HDTs are mainly composed of three main components (Fig. 1), the central shaft, which trans-
mits the kinetic energy extracted from the fluid to an electric generator, and the support arms that 
support a series of blades that are driven by interacting with the fluid, this occurs due to the geometric 
characteristics of the blades that are located on the periphery [12]. The blade geometry constitutes  
a fundamental part for the good performance of the turbine, due to the pressure forces that are deve
loped when it is subjected to an incident flow. The lift forces on each blade contribute to the total rotor 
torque, which is then transferred to the generator through the main shaft and other drive train compo-
nents [13]. Also, the number of blades is a fundamental parameter because it is directly related to the 
solidity [13], it also has a great impact on the overall dynamic behavior of the HDTs [14]. The solidity 
is a fundamental parameter that determines the geometry of the HDTs and has a significant influence 
on the HDTs behavior [15]. Symmetric profiles are the most used for wind turbines such as the NACA 
symmetric profiles with 4 digits (0012, 0015, and 0018) [16, 17], especially the NACA0018 profile.

Fig. 1. Components of the H-Darrieus rotor. Own source

This study aims to evaluate and compare the performance of three H-Darrieus hydrokinetic 
turbines of symmetrical profile type NACA 0018 numerically. The rest of the paper is divided 
in three parts: first, describes the operative principles of the turbine and the research procedure. 
Second, the results of the torque coefficient and power coefficient of the turbines are analyzed and 
discussed, and the last section are the conclusions of the research.

2. Materials and methods
Turbine modeling: in this work, three H-Darrieus turbines with low solidities were designed 

to analyze their performance by means of Computational Fluid Dynamics (CFD) method. The com-
mercial package ANSYS FLUENT® 2022R2 was used to conduct this study. In addition, the Ge
neral Richardson extrapolation method was implemented to perform the mesh sensitivity analysis.
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2. 1. Mathematic model 
Usually, the most important parameters in H-Darrieus turbine investigations are the power 

coefficient Cp and the torque coefficient CT because they relate the mechanical power output PT 
and the torque of force T on the turbine shaft:

	 C
P

AUp
T=

0 5 3.
,

ρ
	 (1)
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T

AUt =
0 5 2.

.	 (2)

Where, ρ is the density, A is the projected area of the rotor and U is the water velocity.  
Additionally, solidity σ is an important parameter of HDTs since it can strongly influence the per-
formance of the turbine [18], because this parameter compares the number of blades N and their 
chord length c with respect to the turbine rotation radius R, this can be calculated by:

	 σ =
N

R
c

. 	 (3)

On the other hand, there is another dimensionless parameter that has a great influence on 
the efficiency of the [19, 20] turbine. The TSR λ (Tip Speed Ratio) indicates the speed of the blade 
at its tip and the current velocity. Where, ω is the angular velocity:

	 λ
ω

=
R

U
.	 (4)

2. 2. Turbine design
The H-Darrieus turbine profile used in this study are shown in Fig. 2, it is symmetrical 

NACA 0018 profile. It was configured with different chord length to vary the solidity.
The designed turbines have 3 blades and a constant rotation radius, its solidities are 1.0, 1.35, 

and 1.79 respectively. The design is done in 2D in the SpaceClaim module of Ansys® 2022, the 
dimensions are shown Fig. 3, each part of the rotor is designed individually to implement the mesh 
overlapping method in Ansys Fluent® 2022.

Fig. 2. NACA 0018 profile. Own source

Fig. 3. Channel and rotor dimensions. Own source
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2. 3. Grid generation and boundary conditions 
ICEM CFD module from ANSYS® R2022 is used for the grid generation of the complete 

domain. The structured grid is generated for each domain. Rectangular elements were used to rep-
resent the internal surface of each of the HDT components. Fig. 4, a shows stationary and rotary 
domain that corresponds to the water channel and the rotor. Fig. 4, b, c shows the rotor mesh and 
the blade discretization. It is possible to identify the inflation performed on the blade walls, with  
a growth rate of 1.2.

Fig. 4. Discretization of control surfaces. Own source: a – Channel grid mesh; b – Rotor mesh; 
c – Blade mesh

A grid convergence analysis was carried out using the General Richardson extrapolation 
method. The control variable selected as the convergence parameter is power coefficient. The tur-
bine with solidity of 1.79 configured with a TSR of 1.5 was selected to carry out the indepen-
dence study. Based on the General Richardson extrapolation method, the exact solution can be 
calculated based on mesh convergence and mesh refining [21, 22]. To apply the General Richardson 
extrapolation, the convergence ratio needs to be calculated with the following equation [23, 24]:

	 R* .=
−
−

φ φ
φ φ

2 1

3 2
	 (5)

Where φ φ1 2,  and φ3  is the solution (convergence parameter, in this case the power coeffi-
cient) of the finest, median, and coarsest mesh. According to the R*  value, the following conditions 
are applicable:

R* > 1: Monotonic divergence;
1 > R* > 0: Monotonic convergence;
0 > R* > –1: Oscillating convergence;
R* < –1: Oscillating divergence.
General Richardson extrapolation can only be used if the convergence condition is mo

notonic. The General Richardson extrapolation can be calculated as follows:
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Where r is the refinement ratio between fine and coarse mesh size, defined as r N fine
N coarse

= 
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2.4. Numeric solution
The simulation is conducted in transitory state in the commercial program Fluent of  

ANSYS® 2022. A velocity inlet of 1 m/s at the inlet, at atmospheric pressure outlet was stablished 
for the outlet opening. Interfaces are shared by sliding meshes configuration. In addition, for the 
rotating domain, an angular velocity was established from 21 to 74 rpm. The boundary conditions 
established for the static and rotating domains are shown in Fig. 5.

Fig. 5. Boundary conditions for the control surfaces. Own source

The equations of government are the continuity and Reynolds Averaged Navier-Stokes 
equations (URANS), which are formulations of the laws of conservation of mass, torque, and ener-
gy, these are written as follows [25, 26]: 
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In the present study, the k-e Realizable turbulence model was used because they correctly 
predict turbine behavior, and their computational cost is accepTable in comparison with other 
turbulence models available in the solver [7–11]. The transport equations for k and ε in this turbu-
lence model are given by the following [27]:
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Where:
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	 S S Sij ij= 2 . 	 (13)

Where Gk is the generation of turbulence kinetic energy caused by velocity gradients, Gb is 
the generation of turbulence kinetic energy due to buoyancy, YM is the contribution of fluctuating 
diffusion in compressible turbulence to the overall dissipation rate, σk and σe are the turbulent 
Prandtl numbers for k and e, respectively, Sk and Se are user-defined source terms.

3. Results and discussion
3. 1. Mesh convergence study
In this paper, the analysis of the mesh convergence was carried out using three meshes 

M1  (fine mesh), M2 (medium mesh) and M3 (coarse mesh). The data obtained by means of the 
General Richardson extrapolation method are shown in Table 1.

Table 1
Summary of mesh convergence using General Richardson extrapolation. Own source

Number of cells (X105) Power coefficient [–] R*[–] r [–] p [–] Richardson value [–] Relative error [%]
1.02 (M3) 0.474

0.087 1.22 12.33 0.422
–0.122

1.33 (M2) 0.427 –0.011
1.53 (M1) 0.423    0.001

Fig. 6 depicts the mesh independence study conducted. Considering that the power coeffi-
cient value with the extrapolation is 0.422, the selected mesh is the M2 because it presents an error 
of 0.01 % and offers lower computational cost.

The metrics of the realized meshes are illustrated in Table 2 which are in the acceptable 
ranges as suggested by ANSYS user manuals, such as minimum quality (greater than 0.3), maxi
mum aspect ratio (less than 100) [28] and minimum 2×2×2 determinant (greater than 0.3) [29].

Fig. 6. Mesh independence study. Own source

Table 2
Mesh details and metrics. Own source

Components Number of elements Min. Determinant 2×2×2 Max. Aspect ratio
Rotor solidity of 1.0 15484 0.310 91.00
Rotor solidity of 1.35 16558 0.485 96.00
Rotor solidity of 1.79 17354 0.595 98.00

Channel 117521 0.648 5.07

3. 2. Influence of solidity on hydraulic behavior
By analyzing the pressure and velocity fields for the last revolution of the solidity 1.0, 1.35, 

and 1.79 cases, it is possible to qualitatively determine if the simulations correctly emulate the 
hydraulic behavior of the HDTs. Additionally, it is possible to observe if the critical points that are 
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located on the blade walls are capturing the velocities and pressures that develop there, corroborat-
ing the excellent quality of the meshes. Fig. 7, a–c, show the pressure contours of solidity of 1.0, 
1.35, and 1.79 cases respectively. In Fig. 7 it is possible to observe the general pressure contour in 
the rotating domain. In all cases, the lowest pressures are generated inside the rotor. Fig. 7 also 
shows the pressure contour in blade 1 (first blade from left to right). It is evident that the higher the 
solidity, the more significant the increase and pressure drop experienced by the walls of the blades.

Likewise, Fig. 8 shows the blade velocity contour reported in solidity of 1.0, 1.35, and 1.79, 
respectively. It is possible to observe that in that the blade meshes and the implemented turbulence 
model captured the physical phenomena in the viscous layer of the blade walls.

The increase in solidity directly affects the behavior of the HDTs. In Fig. 9, the velocity 
current lines are observed in the cases solidity of 1.0, 1.35, and 1.79 respectively. It is shown that the 
front part of the rotor exhibits laminar behavior, while the stream downstream of the rotor is more 
turbulent. The wake is more intense in the case of solidity of 1.79 because it has a greater solidity, 
this behavior coincides with that reported in the literature [18].

Fig. 7. Pressure contours of the rotating domains: a – Solidity of 1.0; b – Solidity of 1.35;  
c – Solidity of 1.79. Own source

a

b

c
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Fig. 8. Blade velocity contours. Own source

Fig. 9. Velocity streamlines. Own source

The behavior of the power coefficient Cp of the HDTs when varying the TSR normally has 
a parabolic behavior, which means that there is a range of the TSR where the maximum efficiency 
is reached. According to [30] by increasing the solidity the maximum Cp is obtained at lower TSR. 
This behavior is illustrated in Fig. 10, where the Cp versus TSR of the cases is observed.

Fig. 10. Performance at different TSR. Own source

3. 3. Effect of solidity on torque coefficient
The cyclic and harmonic behavior of the Ct is typical in H-Darrieus hydrokinetic turbines, 

this movement can oscillate between the positive and negative Y-axis if the movement predomi-
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nates in the negative Y-axis zone. It is indicating that the turbine is not operating in those ranges, it 
is inefficient. Fig. 11, a–c shows the variation of the total Ct over the last revolution for each of the 
solidity of 1.0, 1.35, and 1.79 respectively. It is possible to identify a red dotted line that indicates 
zero, thus marking when the Ct is positive or negative. 

Fig. 11. Variation of total Ct in the last revolution: a – solidity 1.0; b – solidity 1.35;  
c – solidity 1.79. Own source
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The average torque coefficients for each case were analyzed, and it was found that the best 
self-starting turbine has the turbine with solidity of 1.79 with 1.0 TSR, as it has the highest positive net 
torque. Table 3 shows the results obtained numerically for each of the best cases for each solidity. It is 
observed that, although solidity obtained the best torque coefficient, it does not have the highest effi-
ciency, and this is because its performance is better than 1.5 TSR. Fig. 12 shows the behavior of the best 
cases for each solidity in one turn. The turbine with a solidity of 1.79 has the highest and lowest peaks 
compared to the other cases. The turbine with a solidity of 1.35 exhibits sTable behavior. In contrast, 
the turbine with a solidity of 1.0 has an irregular torque coefficient and is the most negative of all cases.

Table 3
Summary of maximums Ct. Own source

Solidity TSR Torque coefficient [–] Average torque [Nm] Power [Watt] Power coefficient [–] Efficiency [%]
1.0 2.0 0.09 20.933 93.036 0.207 20.737
1.35 1.5 0.07 52.823 176.080 0.392 39.247
1.79 1.0 0.12 71.931 159.847 0.356 35.628

Fig. 12. Variation of total Ct. Own source

3. 4. Research limitations and directions of developed
Modeling is a valuable tool for the design and optimization of hydrokinetic turbines such as 

the H-Darrieus turbines. However, the complexity of the flows surrounding these turbines can make a 
simulation costly in terms of time and computational resources. One way to simplify modeling is us-
ing simplified models. In this sense, a simplified model of H-Darrieus turbine is a mathematical and 
simplified representation of the turbine in which certain complex flow characteristics are omitted.  
This type of model allows simulations to be carried out in a much shorter time than more complex 
models, which makes them very useful for the design and optimization of hydrokinetic turbines.

However, by simplifying the model, certain important flow characteristics that can affect tur-
bine efficiency may be lost. Therefore, it is important to know the limitations of simplified models 
and their ability to adequately represent the flow characteristics in the hydrokinetic turbine. Accord-
ingly, this paper explores the limitations of a simplified model of H-Darrieus turbine eliminating the 
central drive shaft and support arms using CFD in two dimensions (2D) (Fig. 1 and Fig. 3).

Therefore, it is important in future work to consider the complete design of the H-Darrieus 
turbine in three dimensions to obtain more realistic results in certain flow characteristics, such as 
turbulence and vortices. In addition, fluid-structure interactions, which may be important in the 
design and efficiency evaluation of the H-Darrieus turbines evaluated in this study.

On the other hand, it is important to consider experimental validation when evaluating the accu-
racy of the simulation models used. However, prior to this step, studies could be conducted to evaluate 
the design materials and structures, since this is also a critical factor in the performance and durability 
of hydrokinetic turbines. Prolonged exposure to water currents and flow impacts can cause wear and 
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damage to turbine materials and structures. Therefore, careful evaluation of the materials and structures 
used in the construction of hydrokinetic turbines is essential to ensure their long-term performance.

As such, fatigue analysis techniques, strength tests and impact simulations can be used to 
assess the performance and durability of turbine materials and structures. Optimization of turbine 
materials and structures can significantly improve turbine performance and service life, which can 
contribute to the adoption and success of hydrokinetic energy.

4. Conclusions
Using computational tools, a numerical study was performed in ANSYS® R2022, the torque 

coefficient and power coefficient were evaluated of H-Darrieus rotors of symmetric profile type 
NACA 0018 configured with solidities of 1.0, 1.35, and 1.79. The results showed that increase in so-
lidity is equivalent to a decrease in the tip speed ranges and an increase in the maximum rotor power. 

Larger solidities exhibit higher cyclic stability and higher torque coefficient. The turbine 
with a solidity of 1.79 performed better compared to the solidity of 1.35. However, the self-starting 
capability is higher in the 1.35 rotor, making it a more viable option for implementation. Since this 
study does not consider three-dimensional effects, future work is expected to include 3D simu-
lation. Furthermore, proceed with the experimental validation of the different models proposed.
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