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Abstract: The global climate and energy crisis have underscored the importance of sustainability in 
energy systems and their efficiency. In the case of vertical axis turbines (VATs) for hydrokinetic ap-
plications, the increment in efficiency is a topic of interest. Using winglets as passive flow control 
devices has the potential to improve the power coefficient of straight-bladed (SB) Darrieus turbines 
highly due to their impact in the dynamics of the flow close to the tip blade and the general impact 
in the hydrodynamic performance of each blade. The aim of the present work is to study the influ-
ence of the geometric parameters of a symmetric winglet in the performance of an SB-VAT for hy-
drokinetic applications via numerical simulations based on Computational Fluid Dynamics (CFD). 
Several simulations were performed in Star CCM+ v2206 varying the cant and sweep angles of the 
designed winglet. Numerical results show that a cant angle of 45° in combination with a sweep 
angle of 60° achieved the highest power coefficient with an increment around 20% with respect to 
the model without winglets. Furthermore, the vortical flow structures that form around straight and 
winglet blades are examined. This involves assessing the distribution of pressure and skin friction 
coefficients at different blade azimuthal positions during a turbine revolution. In general, the pre-
dicted increment in performance is related to the influence of the winglets in the strength of the tip 
vortices and in the delay in the flow separation. 
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1. Introduction 
Currently, traditional energy sources such as coal, oil or natural gas, due to their non-

renewable nature, have begun to be replaced by other types of energy such as solar en-
ergy, wind energy, biomass or geothermal energy. However, renewable energies do not 
currently have the capacity to fully replace conventional energy sources, so it is necessary 
to continue developing other alternative sources that can complement energy production; 
in this sense, there are options such as energy derived from hydrokinetic turbines that can 
harness the latent energy of ocean currents or rivers. 

Essentially, there are two types of turbines used for this purpose, horizontal axis tur-
bines (HATs), in which the axis of rotation is parallel to the direction of flow; and vertical 
axis turbines (VATs), in which the axis of rotation is perpendicular to the direction of flow. 
The latter allows for energy extraction independent of the flow direction, which is an ad-
vantage over horizontal axis turbines. However, vertical axis turbines present a lower ef-
ficiency than horizontal axis turbines; this is mainly due to the fact that the flow around 
these turbines is characterized by an inherent unsteadiness, and the turbine blades present 
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rapid changes in the angle of attack which allows for dynamic stall at certain angular po-
sitions of the turbine and the formation of vortices interacting downstream with the tur-
bine. 

There are several techniques to improve the performance of VATs, and all of them are 
focused on the improvement in the aerodynamic (wind turbines) or hydrodynamic (water 
turbines) performance of the blades. These technologies have been used in the aeronautic 
industry for several decades and in the last years have been tested in other applications 
such as the renewable energy sector. All of these techniques are known as flow control, 
which are classified as passive or active depending on energy requirements. Passive flow 
control (PFC) techniques and devices are highly attractive since there is no energy require-
ment for their operation. Some examples of PFC are vortex generators, slats, flaps, leading 
or trailing edge modifications, morphing wings, endplates and tip devices, among others. 
Regarding tip devices, winglets appear as a viable solution that could be used in the per-
formance improvement of VATs. One of the main disadvantages of PFC devices is that 
they cannot be controlled during operation. The use of winglets as a method of flow con-
trol in vertical axis turbines is performed to reduce the formation of vortices at the tips of 
the turbine blades producing an increase in the lift/drag ratio [1], which maximizes power 
generation. A detailed explanation of the impact of the tip flow around the blades on the 
performance of straight-bladed VATs can be found in reference [2]. The aim of the present 
work is to study the influence of the geometric parameters of a winglet in the performance 
of a H-type Darrieus (also known as straight-bladed) VAT via numerical simulations 
based on Computational Fluid Dynamics (CFD). 

The advancements in computer processing capacity have facilitated the widespread 
adoption of CFD in both academic and industrial sectors [3–6]. This has enabled compre-
hensive unsteady 3D numerical studies of VATs using CFD, complementing experimental 
studies and reducing the need for a large number of experiments and the associated costs. 
Thus, there are studies such as the one by Yagmur et al. [7], in which, through an experi-
mental validation of the results obtained by a numerical simulation on the performance 
of a Darrieus-type hydrokinetic turbine, the optimal distance that a second turbine should 
have to be located downstream of the first one, for the installation of a hydroelectric farm, 
was studied. Numerical results allowed for characterizing the behavior of the turbine in a 
tip speed ratio (TSR) range between 0.5 and 1.4 and showed that a second turbine located 
at a distance between 9 and 11 times the turbine diameter can achieve a power of 70% to 
80% of the power of the first turbine. Authors in [8] studied the dynamic stall effect on a 
pair of cross-flow hydrokinetic turbines and analyzed the impact of flow blockage on 
torque enhancement in twin turbine systems; as a result, it is concluded that moving the 
turbine closer to a fixed wall can have a positive impact on torque production during cer-
tain phases and that the presence of a moving object near the turbine can either enhance 
or reduce torque, depending on the direction of movement relative to the freestream flow. 
Guillaud et al. [9] carried out a full 3D numerical and experimental study on a vertical 
axis hydrokinetic turbine varying the turbine solidity to determine the effect of this pa-
rameter, finding that at lower values of solidity, the optimal operating point of the turbine 
occurs at a higher TSR. Additionally, in the numerical study, the performance is much 
better at low solidity, but in the experimental study, the differences in performance are 
very small because there are losses not contemplated due to the simplifications used in 
the simulations. Singh et al. [10] carried out a study similar to that of reference [9], testing 
the performance of an H-type Darrieus turbine by varying the turbine aspect ratio. The 
results showed that, for the turbine design studied, an aspect ratio of 0.44 achieved the 
best performance. 

Due to the variety of winglet designs that can be used and the complex geometries 
they can have, it is convenient to use methods such as CFD to investigate the effect of these 
devices on both wind and water turbines. There are several studies in the literature where 
the influence of winglets on turbine performance is evaluated. Barbarić et al. [11] carried 
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out simulations on an axial hydrokinetic turbine with winglets, evaluating the perfor-
mance of the turbine by varying the winglet height and the sweep angle. The results 
showed that the winglet height has a great influence on the turbine performance and that 
the sweep angle for this type of turbine should be between 20° and 40° to achieve the best 
performance. Kunasekaran et al. [12] carried out simulations of a horizontal axis hydroki-
netic turbine with winglets, evaluating the influence of the winglets by varying the wing-
let height and the pitch angle. The results showed that at the optimum point, a 7% increase 
in the power generated by the turbine is achieved and that the optimum corresponds to a 
pitch angle of 33.2° and a winglet height of 2.04% of the turbine radius. Wang et al. [13] 
evaluated the influence two winglet designs in the performance of a horizontal tidal tur-
bine, obtaining increases of 19% and 26% at the design tip speed ratio of 5. Malla et al. [14] 
performed simulations on a Darrieus-type wind turbine studying the influence of the ra-
dius of curvature and the height of an asymmetric winglet on the turbine performance. 
The simulations demonstrated that there is a direct relationship between the turbine per-
formance and the winglet radius of curvature, and it was also observed that decreasing 
the radius of curvature improved the performance. Miao et al. [15] tested 20 different types 
of tip devices by means of computational simulations, to determine which one achieved 
the best performance over a Darrieus-type wind turbine, finding that to achieve better 
turbine efficiency, the best models are an Endplate-Sk-type winglet and a Winglet-H type. 
Ghiss et al. [16] tested the performance of an H-type vertical axis wind turbine and its 
performance when using asymmetric winglets. The results showed that the use of wing-
lets increased turbine performance, reduced vortex formation on the blades, slowed 
boundary layer separation and promoted vortex separation. Mishra et al. [17] carried out 
simulations on a Darrieus wind turbine, testing its performance using various wing tip 
devices, finding that the Endplate-type device achieved the best performance. Sham et al. 
[18] performed simulations on 20 different wind turbine models by including a winglet 
design in the blade tip, finding that the use of the winglet increases the turbine torque 
generation by 4.1% and presents a 20% improvement in turbine self-starting. Cai et al. [19] 
tested the performance of a straight-bladed Darrieus wind turbine by including winglets, 
finding that winglets improved performance by 10%-19% and decreased vortex formation 
over the blade tips; however, they found that the use of winglets did not achieve an im-
provement in performance at each azimuthal position of the turbine. Zhang et al. [20] 
evaluated the performance of a vertical axis wind turbine with asymmetric winglets by 
varying the main winglet parameters, such as height, cant angle, sweep angle, twist angle 
and chord size at the winglet tip. Results revealed that the twist angle is the most signifi-
cant factor in turbine performance and that the optimal winglet model decreased the vor-
tex size at the blade tip and achieved a 31% increase in turbine power. Xu et al. [21] carried 
out simulations of the behavior of a Darrieus turbine with and without winglets, finding 
that winglets improve turbine performance mainly due to the decrease in the spanwise 
region affected by tip vortices and not due to the decrease in vortex strength. Laín et al. 
[22] was one of the first studies that conducted numerical CFD tests to determine which 
type of winglet achieved the best performance on a Darrieus-type hydrokinetic turbine. 
For this purpose, two types of winglets were studied, an asymmetric winglet and a sym-
metric winglet, the difference being that the symmetric winglet actually consists of two 
winglets, one extending along the extrados and the other along the intrados of the blade. 
Numerical results showed that the use of winglets improves the turbine performance 
mainly due to the decrease in the size of the vortices at the tip of the turbine blades; in 
addition, it was found that the symmetrical winglets achieve the best performance with 
an approximate 20% increase in turbine power. 

From the literature review, it is concluded that the majority of the mentioned previ-
ous studies deal with asymmetric winglets with only a few of them trying to improve its 
design; in fact, Ref. [21] explicitly mentioned the need for winglet shape optimization. 
Moreover, to the best of the authors’ knowledge, no attempts have been found addressing 
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the optimization of symmetric winglet design for wind or hydrokinetic vertical axis tur-
bines. Therefore, the present study addresses this need by conducting numerical simula-
tions on the performance of a straight-bladed Darrieus turbine equipped with various de-
signs of symmetric winglets serving as a passive flow control technique. The straight-
bladed turbine used in this study is the one investigated in reference [7], which is based 
on a NACA 4418 airfoil. This turbine was experimentally and numerically evaluated over 
a TSR range from 0.5 to 1.4. The winglet design is performed according to the study re-
ported in reference [22], using a symmetric winglet model. The parameters used to modify 
the winglet shape include the cant and sweep angles. The computations are aimed at de-
termining the winglet model that achieves the highest power coefficient. Furthermore, the 
impact of the winglet on the distribution of pressure and skin friction coefficients along 
the blade is analyzed by comparing it with the blade without winglets. 

The structure of the article is as follows: Section 2 presents the main coefficients char-
acterizing the turbine performance and the employed methodology to establish the vari-
ous winglet designs; the employed meshes and numerical setup are described in Section 
3, together with the outcomes of the grid independence study; Section 4 shows the results 
of the validation study and the selection of the best-evaluated winglet design, which is 
then compared with the straight blade across a range of tip speed ratios for performance 
analysis; visualization and discussion of flow structures developing around both blades, 
with and without winglets, are handled in Section 5, together with an analysis of the effect 
of winglet of pressure and skin friction coefficients; lastly, Section 6 presents the conclu-
sions of the study. 

2. Methodology 
2.1. Hydrodynamic Coefficients of HK Turbines 

Hydrokinetic turbines are characterized by parameters such as the power coefficient 
(𝒞௉), torque coefficient (𝐶௠), tangential force coefficient (𝐶௧), normal force coefficient (𝐶௡) 
and tip speed ratio (𝜆) [23]. They are defined in terms of other parameters as the density 
of the fluid (𝜌ஶ), free-stream velocity (𝑈ஶ), radius of the turbine (𝑅), span of the blades 
(𝐻), angular velocity (𝜔) and azimuth angle (𝜃) (see Figure 1). 

 
Figure 1. Sketch of the geometrical configuration of the flow around the turbine. Extrados (outer) 
and intrados (inner) blade surfaces are also identified. 

• Power coefficient: 𝒞௉ ൌ 2𝑃𝜌ஶ𝑈ஶଷ 𝑆௥௘௙ (1)

where 𝑃 is the power generated by the turbine and 𝑆௥௘௙ ൌ 2𝐻𝑅 is the frontal area of 
the turbine. It must be noted that the value of 𝑆௥௘௙ is modified in the turbine config-
uration including winglets by accordingly increasing the blade height; this allows for 
a fair comparison with the coefficients obtained for the straight blade. 

• Torque coefficient: 
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𝐶௠ = 2𝑀𝜌ஶ𝑈ஶଶ 𝑅𝑆௥௘௙ (2)

where 𝑀 is the torque produced by the turbine. 
• Tangential and normal force coefficients: 𝐶௧ = 2𝐹௧𝜌ஶ𝑈ஶଶ 𝑆௥௘௙  (3)

𝐶௡ = 2𝐹௡𝜌ஶ𝑈ஶଶ 𝑆௥௘௙ (4)

where 𝐹௧ is the component of the hydrodynamic force over the blade that is parallel 
to the chord of the blade profile and 𝐹௡ is the component that is perpendicular to the 
chord of the blade profile as shown in Figure 1. This figure also identifies the location 
of the outer (extrados) and inner (intrados) blade surfaces. 

• Tip speed ratio (TSR): 𝜆 = 𝜔𝑅𝑈ஶ  (5)

Also, it is possible to obtain the pressure, Equation (6), and skin friction, Equation (7), 
coefficients as the non-dimensional numbers associated with the pressure and wall 
shear stress magnitude |𝜏௪| [24]. 

• Pressure and skin friction coefficients: 𝐶௣ = 2(𝑝 − 𝑝ஶ)𝜌ஶ𝑈ஶଶ  (6)

𝐶௙ = 2|𝜏௪|𝜌ஶ𝑈ஶଶ  (7)

where 𝑝ஶ is the reference pressure. 

2.2. Geometric Model 
In this work, all the geometrical features of the model were obtained from [7], which 

include the turbine configuration and the dimensions of the water tunnel where the tur-
bine was placed. This geometric model was chosen as the Base case in the simulations due 
to its numerical and experimental characterization in [7]; this allowed for a comparison of 
turbine performance with and without winglets. In the following, this Base case will be 
also denoted as straight blade, SB or no winglets configuration. The relevant geometrical 
turbine parameters are presented in Table 1. 

Table 1. Geometrical parameters of the turbine. 

Parameter Value 
NACA profile of the blades NACA4418 

Turbine radius [𝑅] 0.125 m 
Blade span [𝐻] 0.3 m 
Chord length  0.1 m 

Number of blades 3 
Solidity 2.4 

Moreover, since the purpose of this study is to investigate the turbine performance 
when winglets are used as a flow control device and to find which winglet model among 
a known range achieves the best performance on the turbine, five winglet models were 
tested using the symmetric winglet model from [22] as a basis. Four parameters were used 



J. Mar. Sci. Eng. 2024, 12, 977 6 of 29 
 

 

to control the shape of winglets: cant angle, sweep angle, winglet height and length of the 
profile’s chord at the winglet tip. These parameters are presented in Figure 2. However, 
in the present study, only two of these parameters were used to control the winglet shape, 
sweep angle and cant angle. 

 

Figure 2. Illustration of winglets design parameters. 

First, the effect of cant angle on the average power extracted by the turbine is assessed 
by fixing the sweep angle as 60°. Three levels are considered for the cant angle, all with 
the same winglet height: 15°, 30° and 45°. From them, the angle providing the highest 
average 𝒞௉ value is selected. Second, with the chosen cant angle, two additional levels of 
sweep angle are evaluated: 45° and 75°. From these three combinations, that with the best 
performance (largest power coefficient) is designated as the best. Table 2 collects the em-
ployed values for the parameters in each winglet model. 

Table 2. Reference values for the parameters of each winglet model. 

Winglet Model Winglet Height Chord Length Cant Angle Sweep Angle 
Model 1 

7% of the blade 
span 

25% of blade’s 
chord length 

15° 60° 
Model 2 30° 60° 
Model 3 45° 60° 
Model 4 Best angle from models 1 to 3 45° 
Model 5 Best angle from models 1 to 3 75° 

As just described, in Table 2, models 4 and 5 depend on the simulations of the previ-
ous three models. 

3. Mesh and Computational Set-Up 
Three-dimensional unsteady simulations of the dynamic behavior of the turbine 

were carried out using the overset mesh strategy. Therefore, two meshes were needed for 
the computational domain: one mesh over the turbine, which is the rotating part of the 
model (rotational domain), and another grid for the water tunnel (steady domain). In ad-
dition, overset meshes need an interface between the rotational and steady domains where 
the solution is interpolated from the information of both domains [25]. The main features 
of the computational domain used in the simulations are presented in Figures 3 and 4. 
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Figure 3. Boundary conditions in the steady domain and its dimensions. 

  

(a) (b) 

Figure 4. Boundary conditions in the rotational domain and dimensions. (a) Isometric view, (b) top 
view. 

The dimensions and external boundary conditions of the computational domain are 
the same as those employed in [7]. Therefore, blockage effects affecting the performance 
of the turbine in the simulations are the same as in the experimental and computational 
results obtained by [7]. Moreover, because of the flow configuration’s symmetry, numer-
ical simulations utilized only the upper half of the model to optimize computational re-
sources, resulting in a blade height of 𝐻/2. Also, according to [7], neither the turbine axis 
nor the support arms are included in the simulations. The computational domain is com-
posed of a 32𝑅 × 6𝑅 × 0.9𝐻 rectangular stationary domain and three oval cylinders en-
compassing the blades of dimensions 0.6𝐻 × 1.76𝑅 × 1.44𝑅  (height× major axis× minor 
axis, see Figure 4), constituting the overset mesh. The overset mesh rotates with respect to 
the turbine axis with prescribed angular velocity 𝜔 in the counter-clockwise direction. 
The left side of stationary domain is defined as a Velocity Inlet boundary condition with 
a velocity 𝑈ஶ, while the right side is configured as a zero-gauge Pressure Outlet. The mid-
span plane of the computational domain is designated as Symmetry, and the remaining 
boundaries are set as no-slip Wall. The center of the rotor is located at 8𝑅 from the inlet. 

Furthermore, the mesh in the steady domain (the background) is always structured, 
while in the rotational domain (i.e., the overset region), the mesh is structured in the ab-
sence of winglets and unstructured when winglets are present on the turbine (see Figure 
5). In both cases, the first cell presents a 𝑦ା value well within the viscous region of the 
boundary layer. 
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Figure 5. Mesh details in the overset region in the blade with and without winglets. 

For the grid convergence analysis, i.e., the verification study, three meshes were gen-
erated decreasing the size of the elements; this information is given in Table 3. The simu-
lations for this study were performed using the configuration of the turbine without wing-
lets or the Base case. 

Table 3. Mesh characteristics. 

Mesh Maximum 𝒚ା Number of Cells in Rotational 
Domain 

Number of Cells in Stationary 
Domain 

Total Number 
of Cells 

Coarse 1 367,848 1,540,140 1,907,988 
Fine 0.5 703,080 2,156,196 2,859,276 

Extra-fine 0.2 1,174,812 2,926,166 4,100,978 

The simulations were carried out in the commercial software STARCCM+ v2206 con-
sidering an incompressible and isothermal flow, assuming water as a Newtonian fluid 
and neglecting gravitational effects. Moreover, the problem is solved in the transient state, 
due to the dynamic behavior of the turbine, using URANS (Unsteady Reynolds Averaged 
Navier Stokes equations) coupled with the SST k-ω Gamma-Re-Theta transition turbu-
lence model [26]. This turbulence model was chosen owing to the Reynolds number cal-
culated on a blade having an approximate value of Re = 30,000, which allows for the tran-
sition between the laminar and turbulent flow regime in the turbine. Table 4 presents the 
setup parameters of the simulation. The employed time step corresponds to 0.5° of blade 
rotation according to [7]. 

Table 4. Computational parameters employed in the simulations. 

Parameter  Value 
Free-stream Velocity [𝑈ஶ] 0.3 m/s 

Turbine Angular Velocity [𝜔] at 𝑇𝑆𝑅 = 1 2.4 rad/s 
Time step  0.00364 s 

Iterations per time step 30 
Residuals convergence criterion 10ିହ 

Time discretization Second order implicit 
Spatial discretization Second order upwind 

Type of Coupling Segregated 
Coupling scheme SIMPLE 

Six different cases were studied in the simulations: first, the Base case without wing-
lets and the five different winglet models. For each of these cases, the simulations were 
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performed at 𝑇𝑆𝑅 = 1. The flow field and integral results were recorded for analysis once 
the difference between two consecutive cycles was negligible, typically by the twentieth 
revolution. In addition, after selecting the best winglet model, simulations were con-
ducted at different 𝑇𝑆𝑅 values to compare the 𝒞௉(𝜆) performance curve with the Base 
case. 

Results of Grid Convergence Analysis 
A mesh convergence analysis, also called a verification study, was performed to de-

termine the appropriate mesh size to carry out the simulations in the Base case and for 𝑇𝑆𝑅 =  1. The obtained results are presented in Table 5, showing the average power coef-
ficient along a turbine revolution as a function of the number of cells in each mesh. As it 
is concluded from that table, the power coefficient tends to stabilize as the number of cells 
in the mesh increases and the relative difference between the meshes decreases: 2.45% 
between coarse and fine mesh and 0.6% between fine and extra-fine mesh. Thus, it is ob-
served that for finer meshes, the average power coefficient obtained will not vary with 
further grid refinement. 

Table 5. Results of the grid convergence analysis. 

Grid  Number of Cells Average Power Coefficient 
Coarse 1.90 M 0.166 

Fine 2.86 M 0.170 
Extra fine 4. 10 M 0.171 

Moreover, the error between the extra-fine mesh and the numerical analysis at 𝑇𝑆𝑅 =1, as conducted by Yagmur et al. [7], is 4.9%, which falls within an acceptable range. There-
fore, the extra-fine mesh was selected to carry out the simulations, seeking to minimize 
the propagation of the error by including the winglets in the simulations. 

4. Results and Discussion 
4.1. Validation of Simulations versus Reference Study [7] 

Yagmur et al. [7], provided explicit values for their experimental and numerical av-
erage power coefficient at 𝜆 = 1. Those are collected in Table 6 together with that obtained 
in the present simulations. It is seen that the numerical values of [7], based on Large Eddy 
Simulation, LES, are above the experimental measurements and that the present results 
based on URANS are also higher than those of LES; however, the difference between them 
is lower than 5%, as commented in the previous paragraph. 

Table 6. Comparison of the average power coefficient between [7] and present study. 

Study Case  Average Power Coefficient 
Experiments Yagmur et al. [7] 0.146 

Numerical results Yagmur et al. [7] 0.163 
Base case—present study 0.171 

Moreover, Figure 6 presents the comparison of 𝒞௉(𝜆) curves in the Base case (i.e., 
without winglets) of the present study and the experimental and numerical curves of [7]. 
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Figure 6. Total power coefficient curve versus TSR for the hydrokinetic turbine of [7], i.e., in the 
configuration without winglets. 

In order to provide better confidence about the obtained results in the performed 
simulations of the turbine Base case, in addition to STARCCM+ v. 2206, also the software 
ANSYS-Fluent v. 2022R1 was employed. In both cases, exactly the same grid (extra fine) 
was employed in combination with the available SST transition turbulence models in each 
software. The minor variations in the values of 𝒞௉ can be attributed to differences in the 
implementation of turbulence models in each software but typically remain below 5%, 
thus enhancing the reliability of the obtained results. As can be observed from Figure 6, 
STARCCM+ tends to provide slightly higher values than Fluent, and both URANS results 
are above the LES results of [7]. Moreover, all the numerical results are above the experi-
mental measurements, especially for the highest values of TSR, where discrepancies are 
notorious; the reasons for such overprediction are discussed in [7] but are likely related to 
some uncertainties in the experimental set up such as “the turbulence characteristics of 
the tunnel, the centerline position of the turbine, the blade surface roughness and blade-
endplate connection screws” [7]; other reasons could be undetectable mechanical and elec-
trical losses in the experimental setup. 

Although not shown, the main deviations between the numerical 𝒞௉(𝜃) curves for 
one blade of [7] and the present simulation occurs for azimuthal angles in the downstream 
cycle, between 300° and 360°. This region is where coherent vortical structures are trans-
ported and gathered, significantly influencing the flow development. As a fact, LES pro-
vides a better spatial and temporal flow resolution than URANS; consequently, it provides 
a more accurate description of the evolution of medium-scale vortices, which are typically 
not adequately resolved using the Reynolds average approach. Therefore, differences be-
tween the two numerical approaches are to be expected in the downstroke turbine cycle. 
As a consequence, the present results for power coefficient slightly overpredict the LES 
computations. 

4.2. Performance of Winglet Models 
Winglet models were evaluated in two different series of simulations at 𝜆 = 1, i.e., 

for the optimum operating point. In the first one, models from 1 to 3 were simulated to 
find out the cant angle that provides the greatest average power coefficient; in the second 
one, models 4 and 5 were constructed and simulated with the selected cant angle in the 
first series. From now on, models 1, 2 and 3 of Table 2 are labeled W1560, W3060 and 
W4560, respectively, explicitly reflecting the cant angle (two first digits) and the sweep 
angle (two last digits). 
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Figure 7 shows the instantaneous 𝒞௉ obtained for the simulation series 1. It is ob-
served that models W3060 and W4560 display very similar behavior, while model W1560 
achieves the highest oscillation amplitude in the power coefficient curve. In all cases, the 
minimum value of 𝒞௉ is positive, which means that the turbine is able to self-start. When 
calculating the average power coefficient, 𝒞௉ = 0.209 is obtained with model W1560, 𝒞௉ 
= 0.210 with model W3060 and 𝒞௉ = 0.214 with model W4560, which yielded the best per-
formance. Model W1560 provides the lowest performance despite having the highest 
maximum value, which is compensated by its lower minimum values. In fact, the model 
W4560 is that with the highest minima, presenting very similar maxima to the W3060 
model. Actually, the three models exhibit very similar performance with differences be-
tween 1.7% and 2.4% with respect to the W4560 model. Likewise, when comparing the 
W4560 model with the Base case, around a 20% increase in turbine performance is ob-
tained. 

 
Figure 7. Comparison of power coefficient between winglet models 1 to 3, varying the cant angle 
with a fixed value of the sweep angle of 60o. 

Since model W4560 achieved the best performance on the turbine, it implies that a 
cant angle of 45° is the best among the angles studied. For that reason, winglet models 4 
and 5 were simulated using this angle, labeled W4545 and W4575, respectively. The ob-
tained instantaneous power coefficients for such blades are shown in Figure 8. 

 
Figure 8. Comparison of power coefficient between winglet models with 45° cant angle (models 3 
to 5 of Table 2). 
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According to Figure 8, model W4575 shows the smallest amplitude with the bluntest 
maxima among the three curves, so it is expected to be the one with the worst perfor-
mance. On the other hand, models W4545 and W4560 have similar behavior. Thus, the 
average power coefficient is 𝒞௉  = 0.209 for model W4545 and 𝒞௉  = 0.189 for model 
W4575. Therefore, model W4560 remains the model with the best performance among the 
different models studied. As a remark, it should be noticed that in all cases, the use of 
winglets improves turbine performance, with increments of 9.5% in the worst case 
(W4575) and around 20% in the best case (W4560). 

From the previous figures, it can be concluded that winglet configurations with cant 
angles between 30 and 45 degrees combined with sweep angles between 45 and 60 degrees 
provide quite similar performance results. Among them, the W4560 shows the highest 
value so this is the selected winglet geometry. In the following, this configuration will be 
referred to as the winglet blade, WB or W4560 model. 

It is instructive to compare the instantaneous 𝒞௉(𝜃) curve between the no winglets 
(Base case) and the W4560 configurations at 𝜆 = 1. The evolution of the power coefficient 
along a revolution for one blade is presented Figure 9a, while Figure 9b shows the total 
time-dependent 𝒞௉ in a cycle. 

  
(a) (b) 

Figure 9. Evolution of instantaneous power coefficient along a turbine revolution. (a) One blade; (b) 
three blades. 

Figure 9a shows clearly that the main effect of the winglets is produced in the up-
stream region (azimuthal angle less than 180°), achieving an increase in the power coeffi-
cient in the azimuth angle range from 30° to 140°. After the 140° azimuthal angle, in the 
downstream region, the behavior of the curves is similar with minor differences. As a re-
sult, when comparing the total 𝒞௉ of both cases in Figure 9b, the use of the winglet results 
in an improvement in the performance of the turbine along the entire turbine cycle, in-
creasing both the minimum power as well as the maximum power produced by the tur-
bine. The fact that the use of winglets augments the minimum torque is beneficial because 
the turbine self-starting capabilities are improved. 

Figure 10 shows the evolution of the tangential (Figure 10a) and normal force (Figure 
10b) coefficients acting on one of the turbine blades. The negative tangential force is directly 
related to the turbine torque and power production, while the negative normal force is re-
lated to the cyclic forces acting on the turbine shaft. In both forces, it is observed that the 
winglet effect produces a general increment in force in the upstream region; in the case of 
the tangential force, this occurs between 15° and 140° of the azimuthal angle and in the nor-
mal force between 20° and 90°. In the downstream region, the curves of the turbine with 
winglets fluctuate over the behavior of the Base case, showing various crossover points. 
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(a) (b) 

Figure 10. Evolution of instantaneous force for one blade along a turbine revolution. (a) Tangential 
force; (b) normal force. 

Figure 11 presents the pressure and friction contributions to torque coefficient 𝐶௠, 
Equation (2) in both configurations, with the SB and WB at the design tip speed ratio 𝜆 =1. From this figure, it is clearly observed that pressure is the dominant contribution to 
torque coefficient. This was an expected result owing to the high-flow Reynolds number 
of the order 104. Therefore, the curves for pressure contribution shown in Figure 11a are 
very close to those in Figure 9, for one blade as well as for total 𝐶௠. From Figure 11b, it 
can be appreciated that the friction contribution to the torque coefficient of one blade is 
usually negative in both configurations, SB and WB, being slightly positive only in the 
azimuthal locations between 75 and 180 degrees. Also, the contribution of friction in the 
winglet blade is larger than in Base case in magnitude. Therefore, when looking at total 𝐶௠, it is found that the friction component always tends to reduce the turbine torque which 
explains why numerical simulations based on potential approaches tend to overpredict 
turbine performance regarding CFD methods. Also, from Figure 11b, it is noticed that the 
friction contribution in WB is slightly lower than in SB, due to compensation effects among 
blades, which is another reason to explain the increase in the performance of winglet 
blades. 

  
(a) (b) 

Figure 11. Pressure (a) and friction (b) contributions to torque coefficient at 𝜆 = 1 along a turbine 
revolution for the two considered configurations, Base case and W4560. One blade and total 𝐶௠ 
contributions. 

4.3. Characterization of the Turbine and the Best Winglet Model at Different TSR Values 
Since the turbine can operate at different rotation speeds or with variable flow veloc-

ity, it is necessary to characterize the behavior of the system under different operating 



J. Mar. Sci. Eng. 2024, 12, 977 14 of 29 
 

 

conditions. Figure 12 shows the obtained average power coefficient at different TSR values 
in the numerical study of Yagmur, the Base case and the turbine with the winglet model 
W4560. From that figure, it is readily noticed that the use of winglets predicts an enhance-
ment of the average 𝒞௉ in whole range of considered 𝜆; however, it is observed that the 
improvement increases as the tip speed ratio augments ranging from 5% at 𝜆 = 0.5 to 
nearly 40% at 𝜆 = 1.4. At 𝜆 = 1, where the 𝒞௉(𝜆) curve attains its maximum, the average 
power coefficient improvement is around 20%, a value similar to that reported in reference 
[21] for wind turbines and [22] for hydrokinetic turbines. 

 
Figure 12. Variation of power coefficient versus tip speed ratio for the W4560 winglet model com-
pared with the Base case and the LES simulations of [7]. 

5. Examination of Flow Structures on Straight and Winglet Turbines 
As an illustration of the flow around the turbines, Figure 13 shows the Q-criterion 

iso-surfaces of 40 s-2 for two angular positions of the first blade, 𝜃 = 90° (upper row) and 𝜃 = 180° (lower row), in the Base case (left column) and in the W4560 configuration (right 
column). In such figure, the flow advances from right to left along the positive 𝑥-direction. 
Also, the velocity field at the symmetry plane is displayed. 

 

 
(a) (b) 
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(c) (d) 

Figure 13. Iso-surfaces of Q-criterion, Q = 40 s-2, for two azimuthal positions of first blade in the Base 
case (left column) and winglet (right column) configurations. (a,b) 𝜃 = 90°; (c,d) 𝜃 = 180°. Flow 
progresses along the positive 𝑥-direction. 

In the configuration SB at 𝜃 = 90° (Figure 13a), a distinct tip vortex is visible behind 
blade B1, which is convected downstream by the main flow. Such vortical structure is 
thick, long-lived and so long that it interacts with blade B3. In fact, the region CS1 repre-
sents the remains of the tip vortex detached from the previous blade B2. Around blade B2, 
a bound vortex CS2 can be distinguished close to the trailing edge while an extra coherent 
structure CS3 is identified behind blade B3. In the configuration with winglets, Figure 13b, 
the tip vortex has been split into two components, one at each winglet side. The compo-
nent emerging from the extrados (outer) side is longer and thicker than its counterpart 
originating from the intrados (inner) side; however, it is shorter and thinner than the tip 
vortex in Figure 13a. This observation suggests that the strength of the tip vortices gener-
ated by the winglet is lower than in the straight blade, a fact reinforced by the absence of 
structures similar to CS1 and CS3 in Figure 13b. Moreover, the extrados tip vortex does 
not reach B3 (as in Figure 13a) and the size of the bound vortex close to the trailing edge 
of B2 is smaller in the winglet configuration than in the Base case. 

At the angular position of 𝜃 = 180° (Figure 13c), the tip vortex has been fully de-
tached from B1 in the straight blade, but it is still attached in the winglet configuration 
(Figure 13d). This fact indicates that another beneficial effect of the winglets is delaying 
the process of vortex shedding. As noted previously, such vortex is shorter and thinner 
when it originates from the winglet. Additionally, the number of visible vortical regions 
in Figure 13d is lower than in Figure 13c, reassuring the observation that the winglet pro-
motes lower-intensity vortices than the straight blade. Looking at the leading edge of B1 
in Figure 13c,d, the presence of the so-called Ω–vortex can be noticed. This kind of vortex 
was identified in a straight blade vertical hydrokinetic turbine in [27] and in wind turbines 
in [21], and Figure 13d demonstrates that it also appears in presence of winglets. Figure 
14 shows a closer view of this kind of vortex in both blade configurations at the angular 
position 𝜃 = 120°, where only half of the blade is displayed. 
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(a) (b) 

  
(c) (d) 

Figure 14. Illustration of some flow properties around a blade at 𝜃 = 120°. Left column: Base case; 
right column: winglet blade. (a,b) skin friction coefficient with friction lines; (c,d) vorticity iso-sur-
face of 60 Hz. 

The omega vortex is typical from the dynamic stall phenomenon on straight wings 
with flat tips, as discussed in reference [28]. Consequently, the presence of omega vortices 
in the straight blade during low TSR operation is anticipated. Furthermore, these omega 
vortices typically combine with the tip vortex to form a vortical system [2,28]. This ar-
rangement is illustrated in Figure 14a,c where a dividing friction line is clearly visible in 
the upper left zone of the blade (indicated in the plot) separating the two vortices (evi-
denced by plotting the 60 Hz iso-surface): the Ω–vortex below it and the trailing tip vortex 
above it (see Figure 14c). 

On the other hand, Figure 14 depicts some flow features in the Base case (left column) 
and in the winglet configuration (right column) at an azimuthal angle of 𝜃 = 120°. The 
upper row of Figure 14 displays the skin friction coefficient 𝐶௙, Equation (7), as a contour 
plot as well as the friction lines. 𝐶௙ shows higher values close to regions of separation 
lines where the flow is detached as it can be observed near the leading edge. While the 
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pattern of friction lines is qualitatively similar in both configurations, SB and WB, up to 
around two-thirds of the blade span, differences arise in the upper third; this fact was also 
noticed in [21]. In the SB, sharp tip borders become separation lines which promote the 
formation and detachment of strong tip trailing vortices, while in the WB, the winglet 
smoothly conducts the flow from its rounded leading edge to the trailing edge with the 
effect of weakening the strength of the detached trailing vortices (compare Figure 14a and 
Figure 14b). In the lower row of Figure 14, the 60 Hz vorticity iso-surfaces around both 
blade configurations are represented. The Ω–vortex is indicated in both cases as well as 
additional vortical structures, including the bound vortices attached to the trailing edge; 
in the case of SB, such a bound vortex separates in the upper blade sections, whereas in 
the WB, it extends along the entire blade span (compare Figure 14c and Figure 14d). The 
tip trailing vortices are also identified in those figures which consist of one thick compo-
nent in the Base case but in two components in the W5460, developing from both winglets’ 
sides; both counterparts are merged as the vortices progress downstream (see Figure 14d). 

Figure 15 presents an illustration of the vorticity field in the two considered turbine 
geometries at two blade sections: mid-span, 𝑧 = 0 m (Figure 15a), and the tip plane of the 
SB blade, 𝑧 = 0.15 m (Figure 15b). The left column corresponds to the Base case and the 
right column to the W4560 configuration. In the figure, each blade is identified to ease the 
analysis: B1 is located at 𝜃 = 60°, B2 at 𝜃 = 180° and B3 at 𝜃 = 300°. 

 
(a) 

 
(b) 

Figure 15. Vorticity field at B1 azimuthal location of 𝜃 = 60°. Left column: Base case; right column: 
winglet blade. (a) Mid-span plane; (b) turbine tip plane. 

At the turbine middle plane, the identified vortical structures are very similar in both 
turbine designs (Figure 15a). Nevertheless, the following comments can be made in the 
case WB regarding the SB: the chain of vortices shedding from B1 is more diffuse, the 
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vortex around the extrados of B3 has nearly disappeared and the magnitude of the vortex 
above the intrados of B2, which is the footprint of the Ω–vortex, is slightly larger. 

At the tip plane (Figure 15b), the differences in the vorticity fields around the two 
blade geometries are more evident. Firstly, the size of the vortical region extending from 
blade intrados of B1 has been very much reduced in the WB configuration. Second, the 
large vortex which has detached from B2 intrados reaches B3 in the SB case, but it is much 
nearer to B2 in the W4560 geometry; this fact demonstrates that the winglet delays the 
trailing tip vortex separation, reducing the interference of such vortex with B3. Third, for 
B3, despite that the size and strength of the vorticity field close to the blade seem similar, 
it is clear that in the case with winglets, the boundary layer is fully attached especially in 
the extrados; all these effects result in an increase in 𝐶௠ of that turbine when blades trav-
erse the upstream region. 

Analysis of the Behavior of Pressure and Skin Friction Coefficients 
In this subsection, the main features of the pressure and friction coefficients on both 

blade geometries along a turbine revolution are evaluated and discussed. With a few ex-
ceptions, these coefficients are usually not examined in the literature dealing with hydro-
kinetic turbines. 

Figure 16 presents the contour plots of the pressure coefficient, Equation (6), for the 
straight (two leftmost columns) and the winglet (two rightmost columns) blades at 𝜆 = 1 
and azimuthal angles 𝜃 = 0°, 90°, 180°, 270°. Both sides of the blades, the extrados and 
intrados as shown in Figure 1, are shown; this denomination is preferred instead of pres-
sure and suction sides as the locations of maximum and minimum pressure change along 
the turbine rotation. The arrow in each subplot indicates the flow direction. Moreover, 
Figure 17 shows 𝐶௣ values versus the profile normalized chord (0 meaning leading edge 
and 1 trailing edge), for the previous azimuthal positions, at two profiles along the blade 
span: the symmetry plane, 𝑧 = 0 m, and very close to the end of the straight blade, 𝑧 =0.145 m. In the figure, the left column corresponds to the Base case and the right column 
to the W4560 configuration. In the following, the results are discussed with reference to 
Figures 16 and 17 simultaneously. 

  
(a) (b) 
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(o) (p) 

Figure 16. Contour plots of pressure coefficient at 𝜆 = 1 for the straight blade and winglet blade at 
four azimuthal locations 𝜃 = 0°, 90°, 180°, 270°. Arrows indicate the flow direction. (a) 𝜃 = 0°, ex-
trados no winglets; (b) 𝜃 = 0°, intrados no winglets; (c) 𝜃 = 0°, extrados winglets; (d) 𝜃 = 0°, intra-
dos winglets; (e) 𝜃 = 90°, extrados no winglets; (f) 𝜃 = 90°, intrados no winglets; (g) 𝜃 = 90°, ex-
trados winglets; (h) 𝜃 = 90°, intrados winglets; (i) 𝜃 = 180°, extrados no winglets; (j) 𝜃 = 180°, in-
trados no winglets; (k) 𝜃 = 180°, extrados winglets; (l) 𝜃 = 180°, intrados winglets; (m) 𝜃 = 270°, 
extrados no winglets; (n) 𝜃 = 270°, intrados no winglets; (o) 𝜃 = 270°, extrados winglets; (p) 𝜃 =270°, intrados winglets. 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

Figure 17. Profiles of pressure coefficient at 𝜆 = 1 for both blade geometries at two sections 𝑧 = 0 
m (left column), 𝑧 = 0.145  m (right column) and at four azimuthal locations 𝜃 =0°, 90°, 180°, 270° . (a) 𝜃 = 0°, 𝑧 = 0 𝑐𝑚 ; (b) 𝜃 = 0°, 𝑧 = 14.5 𝑐𝑚 ; (c) 𝜃 = 90°, 𝑧 = 0 𝑐𝑚 ; (d) 𝜃 =90°, 𝑧 = 14.5 𝑐𝑚 ; (e) 𝜃 = 180°, 𝑧 = 0 𝑐𝑚 ; (f) 𝜃 = 180°, 𝑧 = 14.5 𝑐𝑚 ; (g) 𝜃 = 270°, 𝑧 = 0 𝑐𝑚 ; (h) 𝜃 =270°, 𝑧 = 14.5 𝑐𝑚. 

At 𝜃 = 0°, where the main flow is aligned with the profile chord, the extrados corre-
sponds to the suction side and intrados to pressure side. In the extrados surface, the 
stream-wise lower value areas of 𝐶௣ at around two-thirds of the chord are the footprint 
of detached vortices close to the blade (Figure 16a,c). The intrados of the SB blade shows 
mainly negative values of the pressure coefficient, differently from the WB blade where it 
is positive. At the symmetry plane, the 𝐶௣ profile is very similar in the SB and WB cases 
with nearly identical maximum and minimum values of the coefficients (Figure 17a); how-
ever, the curves for the WB are slightly displaced upwards. At 𝑧 = 0.145 m, a clear change 
is observed in the Base case where the pressure coefficient in both blade sides is very sim-
ilar and mainly negative, whereas the W4560 case presents the typical overpressure in the 
extrados and suction in the intrados. 

At the azimuthal location 𝜃 = 90°, the second row of Figure 16, the shape of the 𝐶௣ 
contours changes substantially regarding 𝜃 = 0°, although still the extrados shows posi-
tive and the intrados shows negative values of pressure. In this position, the blade is or-
thogonal to the main flow and, therefore, the extrados side experiences a very uniform 
maximum pressure (Figure 16e,g). Close to the leading edge of the intrados, strong nega-
tive pressure coefficients are seen (Figure 16f,h), which are visible in the curves of Figure 
17c,d. The appearance of color fringes on this side reflect the presence of span-wise sepa-
rated vortices close to the surface. Similar to what happened at 0°  at 𝑧 = 0  m, the 𝐶௣ 
curves for the SB and WB cases are qualitatively very similar, with a gentle upward shift 
of the latter regarding the former (Figure 17c). However, near the blade tip (Figure 17d), 
the extrados pressure coefficient in the straight blade experiences a fast decrease and at-
tains negative values (see Figure 16e); as a result, pressures tend to equalize in both sur-
faces. On the contrary, in the winglet case, the extrados still holds positive values of 𝐶௣ 
maintaining the pressure difference between the two sides. 
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The third row in Figure 16 displays the pressure coefficient at 𝜃 = 180°. In this sce-
nario, the main flow is aligned with the blade’s linear displacement, albeit reaching it from 
the trailing edge. At 𝜆 = 1 at this location, it is particular that the blade moves with the 
same velocity as the main flow, so that some of the vortical structures at the blade tip are 
able to progress from the trailing to the leading edge, contrarily to the usual direction. 𝐶௣ 
is barely positive in the intrados of SB (Figure 16j), while it is mainly positive in the extra-
dos of WB (Figure 16k). Pressure coefficient contour plots on the intrados of both blade 
configurations reveal a complex structure of detached vortical structures with no clear 
orientation. Regarding the 𝐶௣ curves, 𝜃 = 180° is the angular position where more dif-
ferences are found between the two types of blades, as at 𝑧 = 0 m, there is a remarkable 
downward shift in the SB curves (Figure 17e); in particular, there are qualitative differ-
ences in the intrados portions of 𝐶௣. At the blade tip, 𝑧 = 0.145 m, the pressure coefficient 
is negative in the Base case and essentially positive in the W4560 geometry, as shown in 
Figure 17f. In that figure, a sudden drop in 𝐶௣ in the intrados surface of WB is observed, 
passing from around 1.5 to −0.5, which is reflected in the green spot visible in Figure 
16l; this phenomenon is generated by the detachment of a vortex whose footprint is a 
localized low value of the pressure coefficient, as mentioned before. 

Finally, at 𝜃 = 270° (bottom row of Figure 16), the pressure distribution is mainly 
negative in both blade geometries, except in a short area near the leading edge of the in-
trados surface. Nevertheless, extrados surfaces exhibit more negative values of 𝐶௣. In the 
upper half of both blades’ intrados, two light blue areas can be noticed (Figure 16n,p), 
again indicating the presence of a separated trailing vortex close to the surface. Regarding 
the pressure coefficient curves, at 𝑧 = 0 m, they are qualitatively similar for the two ge-
ometries (Figure 17g), with those of the intrados being very close while the 𝐶௣ along the 
extrados of WB is more wavy than that of SB. At 𝑧 = 0.145 m, the pressure coefficient 
along both sides tends to equalize in the Base case, being negative, while that in the W4560 
configuration reflects pressure differences along the first half of the chord. 

Figures 18 and 19 have the same structure as Figures 16 and 17 but substitute the 
pressure coefficient with the skin friction coefficient, Equation (7). Moreover, besides the 
contours of 𝐶௙, Figure 18 displays the friction lines on the surface, whose pattern allows 
for identifying critical flow lines and points [28]. 

 

 
(a) (b)  (c) (d) 
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Figure 18. Contour plots of skin friction coefficient at 𝜆 = 1 for the straight blade (two leftmost 
columns) and winglet blade (two rightmost columns) at four azimuthal locations 𝜃 =0°, 90°, 180°, 270°. In the plots, also the friction line pattern is displayed. Arrows indicate the flow 
direction. (a) 𝜃 = 0° , extrados; (b) 𝜃 = 0° , intrados; (c) 𝜃 = 0° , extrados; (d) 𝜃 = 0° , intrados; (e) 𝜃 = 90°, extrados; (f) 𝜃 = 90°, intrados; (g) 𝜃 = 90°, extrados; (h) 𝜃 = 90°, intrados; (i) 𝜃 = 180°, 
extrados; (j) 𝜃 = 180°, intrados; (k) 𝜃 = 180°, extrados; (l) 𝜃 = 180°, intrados; (m) 𝜃 = 270°, extra-
dos; (n) 𝜃 = 270°, intrados; (o) 𝜃 = 270°, extrados; (p) 𝜃 = 270°, intrados. 
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Figure 19. Profiles of skin friction coefficient at 𝜆 = 1 for both blade geometries at two sections, 𝑧 =0  m (left column), 𝑧 = 0.145  m (right column), and at four azimuthal locations 𝜃 =0°, 90°, 180°, 270° . (a) 𝜃 = 0°, 𝑧 = 0 cm ; (b) 𝜃 = 0°, 𝑧 = 14.5 cm ; (c) 𝜃 = 90°, 𝑧 = 0 cm ; (d) 𝜃 =90°, 𝑧 = 14.5 cm ; (e) 𝜃 = 180°, 𝑧 = 0 cm ; (f) 𝜃 = 180°, 𝑧 = 14.5 cm ; (g) 𝜃 = 270°, 𝑧 = 0 cm ; (h) 𝜃 =270°, 𝑧 = 14.5 cm. 

The first row of Figure 18 shows the behavior of the skin friction coefficient at an 
azimuthal angle of 𝜃 = 0° for the two blade geometries. The intrados surfaces present a 
relatively simple 𝐶௙ distribution and friction line pattern (Figure 18b,d): its value is high 
at the leading edge and diminishes gradually along the profile chord up to the quasi span-
wise detachment line where 𝐶௙ ≈ 0, reflecting separated flow. The contour of skin friction 
in the extrados is more complex. In the SB geometry (Figure 18a), a separation line, similar 
to that discussed in Figure 14a, can be observed delimitating the presence of the Ω–vortex 
and the tip trailing vortex. The footprint of the Ω–vortex close to the surface is the light 
blue area in the 𝐶௙ contour plot (showing higher values than the surroundings). A similar 
situation appears for the WB case (Figure 18c), although in this case the separation line is 
not so clearly visible; moreover, a thin span-wise light blue strip located at around 30% of 
the chord is noticed, reflecting the presence of an area of separated flow close to the sur-
face. Regarding the skin friction coefficient curves, at 𝑧 = 0 m, they are very similar for 
the two blades (Figure 19a); in them, various points with 𝐶௙ ≈ 0 can be distinguished, 
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corresponding to separation lines. At 𝑧 = 0.145 m, 𝐶௙ curves for the intrados and extra-
dos of the winglet blade lie very close to each other, but they differ in the straight blade, 
where the extrados line is above that of the intrados (Figure 19b). 

At 𝜃 = 90°, the second row in Figure 18, the roles of the intrados and extrados re-
garding 𝐶௙ are inverted; this time, the extrados is that which presents a simpler distribu-
tion and friction line pattern, while they are more convoluted in the intrados. In the extra-
dos, for the two blade geometries, the skin friction coefficient is maximum at the leading 
edge, decreases rapidly up to 0, where a span-wise separation line is observed, and then 
increases gently up to the trailing edge, where it experiences a faster augmentation. The 𝐶௙ distribution on intrados surfaces shows span-wise color fringes, revealing the presence 
of separated span-wise vortical structures. The vertical area colored in red corresponds to 
an Ω–vortex developing on this surface. Additionally, in the SB case, the footprint of the 
tip trailing vortex is very clear just behind the leading edge in the upper blade area. Re-
garding the skin friction coefficient curves, at 𝑧 = 0 m, they are qualitatively similar for 
the two configurations (Figure 19c), although they show some quantitative differences re-
lated to the position of the span-wise separated structures. The situation changes at 𝑧 =0.145 m, where the 𝐶௙ curves for the Base case are noticeably displaced upwards regard-
ing the W4560 geometry (Figure 19d), reflecting the different dynamics of the flow close 
to blade tip in both configurations. 

The behavior of 𝐶௙ distribution at 𝜃 = 180° is presented in the third row of Figure 
18. The extrados keeps the relatively simple friction line pattern in both geometries (Figure 
18i,k), developing from the leading edge and showing a separation line in the span-wise 
direction; in such surfaces, the skin friction coefficient maintains very low values. The in-
trados side for both blade configurations displays a more convoluted structure of the fric-
tion lines with several critical points and lines; also, the contour plot of 𝐶௙ exhibits spots 
of higher values of such coefficient, revealing the development of vortical structures close 
to that surface (Figure 18j,l). The friction line pattern on the intrados is qualitatively similar 
in the lower half of the blade for the SB and WB configurations, but it differs in the upper 
half, demonstrating the influence of winglets. In the case of the 𝐶௙ curves, at 𝑧 = 0 m, 
qualitative differences are appreciated in the intrados although not so much in the extra-
dos: in the Base case, the skin friction coefficient has high values in an area close to the 
leading edge, but in the W4560 geometry, it diminishes abruptly just behind the leading 
edge, keeping low values along the profile chord up to reaching the trailing edge where 𝐶௙ increases suddenly (Figure 19e). At 𝑧 = 0.145 m, the profiles for both sides differ qual-
itatively and quantitatively; the spotted nature of the skin friction coefficient contour plot 
in the intrados manifests into peaks and valleys, while in extrados, 𝐶௙ has higher values 
in the SB than in the WB configuration (Figure 19f). As a comment, the highest peak pre-
sent in the intrados of the winglet blade is the wall shear counterpart of the sudden pres-
sure drop observed in Figure 17f, revealing the footprint of a detached vortex close to the 
surface. 

Lastly, the bottom row of Figure 18 shows the contour plot of 𝐶௙ together with the 
friction lines on both blade surfaces at 𝜃 = 270°. At this location, the involved friction line 
pattern is present in the extrados in both blade configurations while intrados displays a 
more regular arrangement. In fact, the wall shear in the intrados decreases smoothly from 
the leading to the trailing edge (Figure 18n,p). In the extrados, beyond the peak at leading 
edge, 𝐶௙ has low values (dark blue) with a few spots of somewhat higher values (light 
blue) in the proximity of critical lines (Figure 18m,o). Figure 19g presents the evolution 
along the chord of the skin friction coefficient at the cross-section 𝑧 = 0 m; the extrados 
curve in the winglet blade displays a number of bumps which are not seen in the straight 
blade (Figure 19g). Moreover, in the former case, the 𝐶௙ profiles of both surfaces show a 
cross-over point around 60% of the chord, while in the SB configuration, the wall shear in 
the intrados is higher than in the extrados along the whole chord length. At 𝑧 = 0.145 m, 
the curves for the Base case are mainly above those of the W4560 blade (Figure 19h); in 
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particular, 𝐶௙ in the intrados is larger for the straight than for the winglet blade, due to 
the presence of the tip trailing vortex close to the surface in the first. 

6. Conclusions 
This contribution has focused on enhancing the performance of a straight blade hy-

drokinetic turbine, based on an existing laboratory model reported in [7], by incorporating 
a symmetrical winglet at its tip. A sensibility analysis study of the winglet design has been 
carried out by varying the parameters of cant and sweep angles but keeping fixed the 
winglet height and chord length. As a result, it was determined that the winglet configu-
ration with a cant angle of 45° and a sweep angle of 60° yielded the highest average power 
coefficient, denoted by W4560. The obtained improvement in performance at the optimal 
tip speed ratio 𝜆 = 1 is around 20%. Furthermore, a comparative analysis was conducted 
between the straight and W4560 blades, examining the instantaneous power coefficient, 
tangential and normal forces, as well as the 𝒞௉(𝜆) curve. This study also included an eval-
uation of the pressure and friction components contributing to turbine torque. The final 
section of the article focuses on examining the vortical flow structures that develop around 
both straight and winglet blades. This includes analyzing the distribution of pressure and 
skin friction coefficients at various blade azimuthal positions throughout a turbine revo-
lution. 

The main attained conclusions can be summarized as follows: 
• While the W4560 design achieved the highest average power coefficient, similar per-

formance enhancements were observed with winglet configurations featuring cant 
and sweep angles ranging from 30° to 45° and 45° to 60°, respectively, at 𝜆 = 1. 

• By analyzing the hydrodynamic coefficients and comparing the base case with the 
turbine equipped with winglets, it was found that the power generation increase oc-
curs in the upstream region. The rise in such coefficients is generally observed as the 
turbine moves through azimuthal positions ranging from 30° to 140°. 

• The performance improvement with winglets happens over the entire operational 
range and increases with a growing tip speed ratio. 

• One of the main impacts of the winglets is the influence in the tip vortex. The shape, 
size and strength of the tip vortex are altered due to the presence of the winglets. A 
second, smaller tip vortex formation was clearly observed due to the symmetrical 
characteristics of the winglet design. 

• Analysis through the flow visualization revealed that the use of winglets weakens 
the detached trailing vortices and delays the flow separation near the blade tip in the 
upstream cycle of the turbine. Both effects contribute to the observed increase in tur-
bine power when using winglets. 

• In the upper blade area near the tip, the pressure coefficient for the straight blade 
tends to equalize and become negative on both the pressure and suction sides, 
whereas in the winglet configuration, the pressure difference is sustained. Addition-
ally, the skin friction coefficient tends to be higher in the SB than in the WB configu-
ration. 
One limitation of the current study is that the winglet improvement focused solely 

on two parameters: cant and sweep angles. In the near future, it is planned to conduct a 
multi-objective optimization by incorporating additional winglet parameters such as 
chord length, height, as well as twist and toe angles. Future work will also include exper-
imental work with a turbine prototype with and without the improved winglets in order 
to verify numerical results presented in this paper. 
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