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Abstract. This study explores the impact of various geometric modifications, including leading-edge openings, trailing- edge openings, and circular 
openings, on the performance of the H Darrieus hydrokinetic turbine. These modifications involved the removal of material from a symmetrical 
NACA0018 airfoil along its surface. The leading edge and trailing edge openings extended from the lower to the upper surface of the blade, while the 
circular opening was applied exclusively to the upper surface. Using the commercial software ANSYS® V22.2, the turbine was designed, discretized, 
and analyzed through computational fluid dynamics employing the Realizable K-e turbulence model. The primary output variable measured was 
torque, from which the power coefficient for each design modification was derived, allowing for the calculation of efficiency in each scenario. Notably, 
the configuration featuring the upper circular opening achieved the highest efficiency at 51.88% at a Tip Speed Ratio (TSR) of 2.0, a significant 
improvement over the standard case which had an efficiency of 45.16%. In contrast, the leading-edge and trailing-edge openings resulted in reduced 
efficiencies of 44.54% and 31.19%, respectively. The enhanced power coefficient of the H Darrieus hydrokinetic turbine with circular openings is 
attributed to the increased pressure difference generated between the upper and lower surfaces of the blade, surpassing the performance of the 
standard design.  
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1. Introduction 

As the global population continues to expand, so does the 
demand for energy. This increasing need is primarily satisfied 
through the combustion of fossil fuels, resulting in heightened 
pollution levels and the accelerated depletion of these finite 
resources (Hussain et al., 2019; Khan et al., 2021; La Camera, 
n.d.; Welsby et al., 2021). Currently, fossil fuels account for 60% 
of electricity generation worldwide, while renewable sources 
such as solar and wind contribute 34%, and nuclear power 
represents 6% (Renewable Energy Agency, 2023). 

Colombia has witnessed a notable surge in electrical energy 
demand, with an impressive increase of 3.72% in February 2022 
compared to the same month in 2021  (XM, 2022). However, a 
staggering 53% of the nation's territory, primarily rural and 
remote areas, remains disconnected from the national energy 
grid (IPSE, 2022). Studies reveal that connecting these remote 
regions to the grid poses significant transportation challenges 
(Dyner et al., 2005). One promising solution to alleviate the 
energy shortfall in these areas is the installation of small 
hydroelectric power plants, commonly referred to as small 
hydro. A small hydro is an energy generating hydroelectric plant 
between 1MW and 10MW. These plants could operate in the 
nearest water stream to the remote area (Julian et al., 2017). 
Nevertheless, due to difficulties in access to these areas, high 
cost of installation and maintenance, and the negative 
environmental impacts the construction of a small hydro plant 
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is discarded (Briones Hidrovo et al., 2017; Yadav et al., 2023). 
The challenges of bringing power to the remote areas have led 
to an increased research and development of non-conventional 
hydrokinetic turbines (Chaulagain et al., 2023; Tan et al., 2021; 
Yadav et al., 2023). Several studies are focused on the 
development of low-cost efficient turbines that are easy to install 
and maintain (Vargas et al., 2016). In this case, the H Darrieus 
hydrokinetic turbine is ideal for manufacturing, transporting, 
and installing in small or difficult-to-reach rivers (Bilgili et al., 
2018; Kirke, 2020). The application of an H Darrieus turbine 
represents a promising solution to fulfill the demand for 
electricity supply (at least for one household) in remote areas 
due to its affordability and straightforwardness of installation.  

 
1.1. H Darrieus Hydrokinetic Turbine 
 
The H Darrieus turbine is an electrical energy generator that is 
commonly used in converting air kinetic energy to mechanical 
energy, but thanks to its fluid dynamics principles it can be used 
in water streams. This turbine, as seen in Fig 2, is made up of 
two or more blades (three in this case) that generate a rotation 
when a pressure difference is created when the water flows over 
the same blades (Rehman et al., 2018). The rotation in the 
vertical axis removes the need of submerging mechanical 
systems or transition systems into the water. 
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The H Darrieus turbine doesn’t need oversized civil 
constructions like canals or a dam because of its ability of using 
the natural flow of the water streams, therefore, it is suitable for 
applications in difficult access zones. Nevertheless, this turbine 
presents low efficiencies in comparison with the conventional 
turbines in hydroelectric plants, namely, Pelton, Francis, and 
Kaplan (Halder et al., 2021; Liu et al., 2015; Quaranta & Trivedi, 
2021). Because of this, studies have been carried out with the 
purpose of increasing the energy generation. 
 
1.2. Performance Enhancement 

Numerous approaches exist to improve the efficiency of the 
H Darrieus hydrokinetic turbine, including parametric 
configurations, passive elements, array designs, and geometric 
modifications. Research has demonstrated that altering the 
cross-sectional area of the blade profile significantly impacts the 
turbine's performance, confirming the influence of these 
modifications on the H Darrieus turbine's efficiency (Mohamed, 
2012). 

One effective modification method involves the addition of 
material. Gonçalves et al. (2022) conducted experimental 
studies on the inclusion of protuberances on the trailing edge of 
blades, successfully enhancing self-starting capability and 
reducing stall. Tigabu et al. (2022) explored how inertia affects 
the self-starting capacity of turbines, revealing an inverse 
relationship between self-starting acceleration and torque 
overshoot. Additionally, López et al. (2024) investigated the 
impact of a winglet positioned atop a Darrieus blade. Their 
study began with an analysis of the optimal cant angle for the 
winglet, followed by a subsequent examination of the sweep 
angle while maintaining fixed dimensions for the winglet's 
height and chord length. The optimal winglet configuration was 
achieved with a cant angle of 45° and a sweep angle of 60°, 
resulting in a remarkable 20% increase in the power coefficient 
compared to scenarios without winglets. Additionally, 
significant modifications to Savonius-type turbines were 
introduced, as documented by Shashikumar & Madav (2021). 
Their numerical simulations explored the performance of 
modified rotors featuring "V"-shaped blades at angles varying 
from 90° to 40°, revealing that an angle of 80° yielded the 
highest power coefficient of 0.2279 at a tip speed ratio (TSR) of 
0.9. Furthermore, López et al. (2024) enhanced the blade's 
trailing edge by incorporating a Gurney Flap at 2% of the chord 
length (C) inclined at 45° inward. This innovative adjustment 
resulted in a 10.7% increase in the power coefficient compared 
to standard smooth blades. 

Ibrahim et al. (2022) examined the effects of removing 
material by introducing a circular opening in the lower surface 
of the Darrieus blade. Their findings revealed a notable 
enhancement in the turbine's performance, achieving a power 
coefficient of 0.435 at a tip speed ratio (TSR) of 2.3. In contrast 
to the extensive research on material addition, the investigation 
into material removal remains relatively underexplored. This 
paper seeks to enhance the energy output of a Darrieus 
hydrokinetic turbine by incorporating geometric modifications 
via material removal. Specifically, it examines the effects of 
leading-edge openings, trailing edge openings, and circular 
openings on the blades of H Darrieus turbines through 
computational fluid dynamics analysis. 

2. Methodology  

2.1. H Darrieus turbine design 

The general design of the system consisted of the fluid’s stream 
space (static domain) and the turbine (rotary domain). The 
measurements of the system were configured as in function of 
the blades chord length (C). the measurements of the system 
were maintained constant for all the modification cases because 
this work only modified the design of the blades. The 
measurement of the domains in function with the blades chord 
length is shown in Fig 1. 

The design module SpaceClaim was used to generate the 
blade’s geometry. For this work five different types of 
modification were carried out from the standard case design. 
The standard case design, as shown in Fig 3.a corresponds to a 
NACA 0018 Profile. This is a symmetrical airfoil and it was 
chosen because of its wide use in fluid dynamics studies 
(Rogowski et al., 2021). 

The chord length (C) of the standard case was adjusted to 
200 mm and was maintained for the rest of the modification 
cases. A blade with circular opening (CO) in its upper surface 
was designed, as seen in Fig 3.b. The position and size opening 
were adjusted with independent parameters that are 𝑾𝟏, 𝑾𝟐 
and 𝑳. An additional modification was the leading-edge 
openings (LEO) as shown in Fig 3.c. Two different designs of 
this type of modifications were done with different parameters, 
including the angle of the opening 𝜶. The last modification of 
this type was this same opening but near the trailing edge 
(TEO), as seen in Fig 3.d and two different designs were also 
carried out. The design parameters for all cases are shown in 
Table 1. The values of this parameters were arbitrarily chosen 
and the difference between LEO #1 and #2 are a proportional 
scale and a slight change in the angle of the opening. The same 
modification was done between the TEO #1 and TEO #2. A 
roundness or curvatures at the inlet and outlet of the surfaces in 

 

Fig 2. H Darrieus turbine in a water stream 

 

 

Fig 1. Design parameters of the H Darrieus turbine system simulation 
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the modifications was also considered and applied with a 
tangent constrain.  

2.2. Discretization 

The meshing module called ICEM CFD of the commercial 
software ANSYS ® V22.2. was used to generate the finite 
elements of all the modification cases. The general mesh was 

done in two parts: the static domain (as seen in Fig 5.a) and the 
rotary domain (as seen in  Fig 5.b). The rotary domain was done 
with smaller-sized elements compared to the static domain. The 
two domains were discretized with structured meshes in order 
to allow for a faster and more accurate fluid dynamic 
assessment (He et al., 2024). The number of elements were kept 
around 137106 in order to achieve results independent of mesh 

 
a) 
 

 
b) 

 
c) 

 
d) 

Fig 3. Design guide a) standard case b) CO c) LEO d) TEO 

 
Table 1 
Design parameters for all modification cases 

Design 𝑾𝟏 (mm) 𝑾𝟐 (mm) 𝑳 (mm) 𝒂 (⁰) 

Standard - - - - 

CO 42  16  120  - 

LEO #1 30  14  60  140 

LEO #2 36  18  60  150 

TEO #1 30  14  70  140 

TEO #2 36  15  70  150 

 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

Fig 4. Designs carried out in SpaceClaim a) Standard b) CO c) LEO #1 d) LEO #2 e) TEO #1 f ) TEO #2. 
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elements number, as it was similarly done in the work of Saini 
& Saini (2018). The mesh near the edge of the blades, as seen in 
Fig 5.c, was refined using a Y+, with an element growth of 1.2, 
with the objective of obtaining precise results in the viscous 
zone of the blade (Yunus Cengel, 2006). Fig 4 shows the design 
carried out in SpaceClaim for every study case. 

2.3. Boundary conditions and numerical configuration  

The study's procedure was conducted using the Fluent module 
of the commercial software ANSYS® V22.2. The boundary 
conditions had been previously defined in the finite element 
generation module, ICEM. The system domains consisted 
entirely of liquid water throughout the simulation, indicating 
that both the static and rotary domains were immersed in 
flowing water. The fluid velocity was established at 1 m/s at the 
canal's inlet, a standard value referenced in previous studies 
(Kamal & Saini, 2023; Liang et al., 2017a; Saini & Saini, 2020), 
with an outlet pressure set to 0 Pa. Additionally, this module 
incorporates sliding meshes via an interface to connect the 
static and rotary domains, as illustrated in Fig 6. In each study 
case, the angular velocity of the rotary domain varies from 2.22 
to 7.77 rad/s to achieve tip speed ratios (TSR) of 1.0, 1.5, 2.0, 
and 2.5. The simulation duration was set to 10 seconds, yielding 
2000 samples (steps) with a sampling interval of 0.005 seconds, 
as recommended by Guevara-Muñoz et al. (2023). This time-
step size was sufficient for the system to produce reliable and 
accurate results. 

The Realizable K-𝝐 turbulence model had been selected 
for the simulation due to its exceptional accuracy in predicting 
flows characterized by rotation and swirling motion (Liang et al., 
2017b; Mohamed, 2012; Mohamed et al., 2015). The parameters 
previously mentioned are detailed in Table 2. 

 

2.4. Turbulence model equations 

The fluid dynamics solver is based on the Navier Stokes 
equations, and these equations are simplified to the Reynolds-
Averaged Navier Stokes (RANS) equations. These equations 
allow the turbulence effects to be added to the Navier-Stokes 
equations. The tensor form of this operation is shown: 

 
𝜕(𝜌𝑈𝑖)

𝜕𝑡
+

𝜕(𝜌𝑈𝑖𝑈𝑗)

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇(

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
)– 𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅̅ ̅] (1) 

 

Where 𝜌 is the density, 𝑝 is the static pressure, 𝑈 is the mean 
velocity flow, 𝑢′ velocity fluctuation due to turbulence and 
𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅̅ ̅ Reynolds stress term. This process results in the addition 

of the Reynolds stress term. To solve the equation the Reynolds 
stress term must be expressed in mean flow velocity quantities: 
 

𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ̅̅ ̅ = 𝜇𝑡(
𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
−

2

3

𝜕𝑈𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗) −

2

3
𝜌𝑘𝛿𝑖𝑗   (2) 

 
where 𝜇𝑡 is the turbulent viscosity 𝛿𝑖𝑗 is the Kronecker delta. 

 
The K-epsilon RNG turbulence model is added to the RANS 

equations as has been done in several works focused on similar 
cases (El-Askary et al., 2018; Lee et al., 2016; Saad et al., 2017). 
This turbulence model allows capturing the effect of vortices in 
the flow and is sensitive to the flow stresses experienced by the 
rotor at higher angular velocities (Yakhot et al., 1992). The 
turbulence kinetic energy (k) is described in equation 3 and the 
dissipation rate (ε) is given in Eq. (3) and Eq. (4): 
 

𝜌
𝐷𝑘

𝐷𝑡
=

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑐𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝜌𝜀    (3) 

 
 

 

 
a) 

 

 

b) c) 

Fig 5. Detailed illustration of the a) system mesh a) rotary domain mesh b) refined mesh near the edge of the blade. 
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𝜌
𝐷𝑘
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𝜕
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(𝛼𝑘𝜇𝑐𝑓𝑓

𝜕𝑘
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where 𝛼𝑘 and 𝛼𝜀 are the Prandtl numbers for turbulent kinetic 
energy (𝑘) and dissipation rate (𝜀), respectively. The value of 𝛼𝑘 
and 𝛼𝜀 are 0.7194. 𝐶1𝜀 and 𝐶2𝜀 are constants with a value of 1.42 
and 1.68, respectively. In addition, 𝜇𝑐𝑓𝑓 and 𝐺𝑘 are the 

dispersion coefficient and turbulent kinetic energy generation 
due to average velocity gradients. 

 
2.5. Performance equations 

The power of the H Darrieus turbine is calculated by the 
equation 1, where T is the average moment of the turbine and 
w is the angular velocity (Douak & Aouachria, 2015). 

𝑃 = 𝑇𝑤      (5) 

The power coefficient is calculated with Eq. (6), where P is 
the calculated power in Eq. (5), ρ is the fluids density, V the fluids 
velocity, R the turbines radius and H the height of the blades 
(Saryazdi & Boroushaki, 2018). 

𝐶𝑃 =
𝑃

𝜌𝑉3𝑅𝐻
      (6) 

The tip speed ratio (TSR) of the turbine calculates the ratio 
between the turbine’s angular velocity and the stream velocity. 
This measurement is needed for calculating the power 
coefficient (Wardhana & Fridayana, 2020), and thus, the TSR is 
a function of the turbine’s efficiency. 

𝑇𝑆𝑅 =
𝜔𝑅

𝑉
      (7) 

Where ω is the turbines angular speed. The turbines solidity 
is a dimensionless parameter. This one gives us the dimension 
form of the turbine. The solidity (𝜎) is the amount of blockage 
that the turbine causes in its swept area and in this work, it is 
maintained constant for all modification cases. It is defined as 
follows (Alqurashi & Mohamed, 2020):   

𝜎 =
𝑁𝐶

2𝑅
      (8) 

Where N represents the number of blades and C the blades 
chord length.  

 
2.6. Mesh independency analysis 

A mesh independency study was carried out to stablish the 
number of elements which guarantee precise and stable result. 
For the mesh analysis the standard case was selected and four 
different grids starting from 21697 elements till 242767 elemen
ts were created. Also, the torque of the turbine was stablished a
s the convergence variable 

 
3. Results and Discussion 

3.1. Mesh independency analysis 

Fig 7 show the torque generated in the standard case in function 
of the number of elements. The four different meshes were 
plotted and the results show a tendency to a torque of 106 Nm. 

From the analysis of Fig 7 meshes with a number of cells 
greater than 137106 cells were created for all cases because of 
the fact that it presents a difference of 0.46% compared to the 
next number of cells tested (242767). The mesh independence 
applies to all the other cases because of the similarities between 
them in terms of number of elements and quality. Table 3 shows 
the mesh metrics, where the minimum 2x2 determinant is 
supposed to be greater than 0.3, the maximum aspect ratio is 

 

Fig 6.  Boundary conditions settings 

Table 2  
Simulation Parameters 

Parameter Value 

Type of Simulation Transitory 

Inlet Velocity 1 [𝑚/𝑠] 

Angular Velocity 2.22 [𝑟𝑎𝑑/𝑠] – 7.77 [𝑟𝑎𝑑/𝑠] 

Temperature 25° 
Output Pressure 0 Pa 

 

 
Fig 7. Mesh independency analysis results 
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supposed to be lower than 100 and the minimum quality is 
supposed to be greater than 0.3 (Ansys Inc., 2013). 
 
3.2. Contours and streamlines analysis 

The results of pressure contours show the existing relation 
between the torque and the magnitude of the pressure 
difference caused by the interaction of the fluid with the blades. 
In Fig 8 we can find the pressure contours for the standard case, 
the CO and the TEO #1 case adjusted to a TSR of 1.5 because 
of being the best TSR and at an azimuth angle of 70° in which a 
peak of torque is generated. The pressure contour seen in the 
standard case shows an evenly spread high pressure in the top 

side of the upstream blead and a lower pressure at its bottom. 
This translates into torque production which allows for the 
turbine to generate power. The same case happened for the CO 
case in which a continuous dispersion of high and low pressure 
is seen in the upper and lower surface of the blade, respectively. 
In the TEO #1 case it’s seen that the opening causes a 
discontinuous dispersion of the pressure, that is, loss in lift and 
lower production of torque.   

The analysis of pressure contours reveals the correlation 
between torque and the pressure difference arising from the 
fluid's interaction with the blades. Fig 8 illustrates the pressure 
contours for the standard case, as well as the CO and TEO #1 
cases, both optimized for a TSR of 1.5 (the most efficient TSR) 
at an azimuth angle of 70°, where torque reaches its maximum. 
In the standard case, the pressure contour displays a consistent 
high-pressure zone on the upper side of the upstream blade, 
contrasted by lower pressure below. This pressure differential is 
essential for torque generation, enabling the turbine to produce 
power. A similar pattern was observed in the CO case, where a 
steady distribution of high and low pressures is evident across 
the blade's upper and lower surfaces. However, in the TEO #1 
scenario, the presence of the opening disrupts the pressure 
distribution, leading to a loss in lift and a reduction in torque 
production. The pressure contour results reveal that the CO 
case exhibited the highest-pressure difference, reaching an 
impressive magnitude of 16388.2 Pa, as reported in the ANSYS 
post-processing module. This significant value indicates that the 
CO case is likely to generate greater torque compared to the 
other modification cases. To ensure the system operates 
correctly and to validate the interaction between the domains, 
we analysed a standard case that illustrates the results of the 
streamlines, as depicted in Fig 9. In this scenario, there is a 
smooth flow continuity between the two domains, with the 
blades serving as the sole obstacle. Additionally, the wake 
region exhibited a behaviour similar to Karman vortices, 
reinforcing the reliability of our simulations. 

For the turbine to effectively harness the kinetic energy of 
the fluid, a more stable flow is essential to maximize energy 
capture by the blades. So, Fig 10 illustrates the velocity contours 
of both the standard case and TEO #1, highlighting the vortices 
produced in each scenario. The analysis was conducted 

Table 3 
Mesh metrics for every case 

Case Number of cells Min. Determinant 2x2 Max. Aspect ratio Min. quality 

Standard 183763 0.819 92.4 0.819 

CO 158543 0.837 35.5 0.837 

LEO #1 186237 0.668 105 0.668 

LEO #2 168708 0.698 32.3 0.698 

TEO #1 180842 0.791 38.4 0.791 

TEO #2 197830 0.683 66.9 0.683 

 

 

 
a) 

 
b) 

 
c) 

Fig 8. Pressure contours in the turbine a) standard case b) CO 
case c) TEO #1 case 

 

 

Fig 9. Streamlines of the system 
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exclusively at a Tip Speed Ratio (TSR) of 1.5, as this was the 
TSR that showcased optimal performance. In the standard case, 
the flow exhibits a steadier separation and a reduced number of 
vortices. In contrast, TEO #1 demonstrates a more turbulent 
flow characterized by an increased number of vortices.  

Fig 12 presents the torque coefficient graphs for both the 
standard and CO cases at every azimuth angle, as these 
represent the most favourable scenarios. These graphs illustrate 
the results from the turbine's final revolution. A positive torque 
indicates that the turbine will rotate in the desired direction 
(anticlockwise), while a negative torque signifies a clockwise 
rotation. It is noteworthy that an overall positive torque 
coefficient was observed for cases calibrated to a TSR of 1.5. At 
a TSR of 1.0, the analysis revealed inconsistent torque 
production at azimuth angles of approximately 120°, 240°, and 
340°. This instability is attributed to the chaotic flow patterns 
generated at this tip speed ratio, resulting from significant flow 
separation occurring at lower speeds within the turbine. 

3.3. Efficiency  

Efficiency was calculated for each study case using the average 
torque and Equation (2) to assess and compare their 
performance. Fig 11 illustrates the efficiency achieved across all 
cases as a function of the Tip Speed Ratio (TSR). The CO case 
demonstrated a remarkably similar and higher efficiency 
compared to the standard case, while the other cases exhibited 
lower efficiency relative to the standard at TSRS of 1.5, 2.0, and 

2.5. Generally, all cases achieved peak efficiency at a TSR of 2.0, 
except for the LEO cases, which attained their highest efficiency 
at a TSR of 1.5. 

The most favorable outcomes were observed in the 
circular opening (CO) case, which demonstrated an 
enhancement in efficiency of 51.88% in comparison to the 
standard case, which recorded an efficiency of 45.16%. This 
improvement in efficiency may be ascribed to the circular 
opening's effect on increasing the blades' rotational speed, 
resulting in a greater pressure differential between the upper 
and lower surfaces of the blade, thereby generating higher 
torque. This observed increase in efficiency is corroborated by 
the findings of Ibrahim et al. (2022), in which a similar circular 
opening on the lower surface of the blade facilitated a greater 
generation of torque relative to the standard case. Conversely, 
in the remaining cases, notably the leading edge opening (LEO) 
and trailing edge opening (TEO) scenarios, a decline in 
efficiency was noted, with values falling below 44.54% when 
compared to the standard case. This decrease in efficiency is 
attributed to a reduced pressure differential surrounding the 
blades, which subsequently diminishes torque production. 
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Fig 10. Velocity contours a) Standard case b) TEO #1 case 
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Fig 12. Torque coefficients a) standard case b) CO case 
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Fig 11. Efficiency results for every case in function of the TSR 
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4. Conclusion 

This study focused on designing and simulating the H Darrieus 
turbine system, incorporating various blade modifications 
through material removal techniques, including leading-edge 
openings, trailing-edge openings, and circular openings. The 
baseline results indicated an efficiency of 45.16%, representing 
the conversion of fluid kinetic energy into mechanical energy. 
Notably, the highest efficiency achieved among all 
modifications was 51.88%, observed in the circular openings 
case. Conversely, the trailing-edge openings modification 
resulted in a lower efficiency compared to the standard case, 
registering below 44.54%. Similarly, the leading-edge openings 
case demonstrated a significant decline in efficiency, falling to 
less than 31.19% compared to the standard. Although the TEO 
and LEO cases demonstrated a decrease in the efficiency of the 
H Darrieus turbine, their relevance in other fluid dynamics 
applications should not be overlooked, as these modifications 
can offer beneficial aerodynamic features. For future works it is 
proposed to use the best resulting case and to improve its 
efficiency by the application of external accessories (passive 
elements) that improve the characteristics of the liquid’s flow 
around the turbine. 
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