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Abstract. To spread the use of Wind H-Darrieus turbines to electricity generation in urban or rural environments is necessary to improve some of its 
main drawbacks such as: aerodynamic efficiency, self-starting capability and torque fluctuations. The aims of this study are to enhance the 
aerodynamic efficiency and self-starting capability of an H-Darrieus turbine through wind tunnel tests combined using a 3D numerical study using 
Computational Fluid Dynamics (CFD). The NREL S815 profile and four modified versions were evaluated, including one with a 19.2% increase in 
thickness and three chord-to-diameter ratios: 𝐶/𝐷=0.15, 0.20, and 0.225. These configurations were tested at wind speeds of 6 and 8 m/s. Static 
torque was measured experimentally, alongside numerical calculations of flow and pressure distribution. A significant correlation between chord 
length and turbine performance was observed. The 𝐶/𝐷=0.20 profile exhibited increases of up to 50.27% and 58.88% in static torque at 6 and 8 m/s, 
respectively. The static torque coefficient increased from 0.0063 in the original profile to 0.0447 in the C/D=0.20 profile, directly contributing to the 
improvement of self-starting capability. Although the 𝐶/𝐷=0.20 geometry showed improvements, the C/D=0.225 profile did not show additional 
performance gains, indicating that further increases in chord length do not improve turbine performance. The profile modified with a 19.2% increase 
in thickness ranked just below the 𝐶/𝐷=0.2 profile, exhibiting torque increases of 41% and 25.22% at 6 and 8 m/s, respectively. These findings 
confirm that chord-to-diameter ratio adjustments play a critical role in boosting torque generation in vertical-axis wind turbines.  
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1. Introduction 

Wind energy has proven to play a crucial role in addressing 
climate change and the global energy crisis, establishing itself 
over the last decade as one of the most cost-effective energy 
sources with high potential for electricity generation (Holstead 
et al., 2017; He et al., 2020; Maalouly et al., 2022). In 2022, 78 
GW of new capacity were added globally, bringing the total to 
906 GW and projecting an increase of up to 1221 GW by 2027 
(Hutchinson & Zhao, 2023). It is also expected to lead capacity 
growth alongside solar, until 2025, contributing to the reduction 
in fossil fuel use (Brauwer et al., 2020; International Energy 
Agency, 2020). Wind turbines are generally classified into 
horizontal-axis (HAWTs) and vertical-axis (VAWTs) types (Hau, 
2013; Kaya et al., 2018; Tjiu et al., 2015a). HAWTs are the most 
developed and widely used in large-scale wind farms (Li et al., 
2023; Tjiu et al., 2015b), while VAWTs are better suited for 
urban environments due to their omnidirectional operation and 
their capacity to harness low-speed winds (Rezaeiha et al., 2020; 
Toudarbari et al., 2021). 

VAWTs are classified according to how they harness the 
kinetic energy of the wind: turbines that operate primarily by 
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drag forces, such as the Savonius, and those that operate by lift 
forces, such as the Darrieus turbine (Hand et al., 2021; Tjiu et al., 
2015a). The latter has a variant known as H-Darrieus, which 
exhibits the highest efficiency levels among VAWTs (Wafula et 
al., 2020). Despite the favorable characteristics of H-Darrieus 
turbines, they are also limited by low self-starting capability at 
certain angular positions (Huang et al., 2023), and lower 
efficiency compared to HAWTs, due to rapid variations in the 
angle of attack experienced by each blade in every rotation 
cycle (Buchner et al., 2015). To address these issues, several 
strategies have been proposed, including the incorporation of 
deflectors, slots, or variable pitch mechanisms (Jin et al., 2018; 
Guo et al., 2019; Zidane et al., 2023; Benmoussa & Páscoa, 2023; 
Aziz et al., 2025). However, these approaches are relatively 
complex and require the integration of additional components 
into the turbine. Alternatively, other studies have focused on 
modifying the geometric characteristics of turbine blades, 
including thickness, camber, and chord length, to enhance 
overall performance. 

Hashem and Mohamed (Hashem & Mohamed, 2018) 
conducted a numerical study aimed at improving the efficiency 
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of an H-Darrieus turbine, evaluating 24 airfoils, both 
symmetrical and non-symmetrical, at different tip speed ratio 
(TSR) values, ranging from 2 to 7. They reported a maximum 
efficiency of 0.3463 for the S1046 profile. Mohamed et al. 
(Mohamed et al., 2019), with the goal of improving both the 
efficiency and self-starting capability of the turbine, performed 
a numerical analysis in which they tested 25 airfoils and 
compared their performance with the NACA 0021 profile. They 
found that the LS (1)-0413 profile improved efficiency by 16% 
compared to the NACA 0021 profile, while also generating a 
higher static torque, indicating improved self-starting capability. 
Zhang et al (Zhang et al., 2024) designed a straight-bladed 
vertical axis wind turbine without an intermediate support shaft 
to evaluate its performance under various configurations. They 
found that the best performance was achieved with a pitch angle 
of 10°, an installation radius of 160 mm, and a blade length of 
600 mm. Isataev et al. (Isataev et al., 2025) performed 
experimental and numerical studies to evaluate the 
performance of a Darrieus rotor with asymmetrical blades, with 
and without plates. They found that, at wind speeds between 3 
and 6 m/s, the rotor with plates exhibited a torque increase of 
18-22%, facilitating self-starting and improving operational 
stability.   

 Other studies have also investigated the self-starting and 
performance characteristics of H-Darrieus turbines, aiming to 
increase their static torque at angular positions where the 
extraction of kinetic energy is low. This limitation arises from 
the nature of rotary operation, which causes cyclic variations in 
the angle of attack of the blades with respect to the wind. 
Studies reveal that the asymmetric S815 profile has a higher 
static and dynamic torque coefficient compared to the EN0005 
profile (Sengupta et al., 2017; Sengupta et al., 2019) and that 
increasing its thickness by 19.2% leads to a 14.96% 
improvement in efficiency at a wind speed of 8 m/s (Martinez 
et al., 2021). Tong et al. (Tong et al., 2023) used numerical 
simulations to investigate the effect of NACA 0018 airfoil chord 
length and rotor diameter on the aerodynamic performance of 
an H-Darrieus turbine. They identified the chord-to-diameter 
ratio, which is an important parameter in VAWT design. Xu et 
al. (Xu et al., 2024) conducted numerical and experimental 
studies to evaluate the self-starting capability and the power 
output of turbines. They analyzed the effects of the static 
evaluation method on the dynamic start-up process. The 
investigation focused on the NACA 0018, NACA 2418, and 
NACA 4418 airfoils. They realized that at wind speeds of 5.5 and 
6 m/s, the turbine generates positive torque between 0° and 60° 
azimuthal angles, while negative torque is observed between 
60° and 120°, affecting the self-starting capability. However, this 
condition is overcome at 6 m/s, where no negative torque is 
observed.  

Similarly, researchers have modified airfoils, mainly by 
suppressing one of the walls to form J-type blades, which has 
been shown to improve self-starting capability (Bel Laveda et al., 
2023; Celik et al., 2023; Farzadi & Bazargan, 2023), as well as by 
adding tubercles to increase their power coefficient by reducing 
flow separation on the walls (Hassan et al., 2023; Zulkefli et al., 
2024), and incorporating slots into the airfoils to improve the 
drag-to-lift ratio at different angles of attack during turbine 
rotation (Abdolahifar & Karimian, 2022; Akhter et al., 2024; 
Bhavsar et al., 2023). 
   The studies above show that the performance of H-Darrieus 
turbines depends on multiple factors, including solidity, TSR, 
angle of attack, and airfoil geometry. However, airfoil shape is 
one of the key factors influencing efficiency and self-starting 
capability. This study presents a wind tunnel investigation and 

a 3D numerical study using Computational Fluid Dynamics 
(CFD) to analyze the influence of turbine solidity and 
modification of the airfoil shape in a three-bladed H-Darrieus 
turbine, focusing on static torque generation throughout a full 
rotation. For this purpose, the S815 profile was selected as a 
reference due to its favorable results reported in previous 
studies (Martinez et al., 2021; Sengupta et al., 2019). To enhance 
its self-starting capability, four modifications were proposed: a 
19.2% increase in maximum thickness and three chord length 
variations as a function of the rotor diameter, with 𝐶/𝐷 ratios of 
0.15, 0.20, and 0.225, tested at wind speeds of 6 m/s and 8 m/s. 
Based on these tests, this work contributes by identifying the 
optimal 𝐶/𝐷 configuration that maximizes torque generation 
and improves self-starting capability, offering practical insight 
for the geometric design of H-Darrieus turbines.  

2. Methodology 

2.1 Experimental setup and instrumentation 

The experiment was conducted in a low-speed wind tunnel with 
a length of 5 meters and a cross-sectional area of 0.5 meters by 
0.5 meters. Figure 1a shows the dimensions of the wind tunnel 
and the layout of the test section. Tests were performed at wind 
speeds of 6 m/s and 8 m/s. To verify flow uniformity across the 
test section, wind speed measurements were taken along the 
horizontal midplane. Five measurement points (P1) were placed 
upstream of the test section, and five additional points (P2) were 
located downstream. 
  Velocity measurements were taken using a DWYER 471 digital 
hot-wire anemometer, which has a measurement range from 0 
to 30 m/s and an uncertainty of ± 3% of full scale. The locations 
of the measurement points are shown in Figure 1b. Each main 
position, P1 and P2, comprises five measurement points 
distributed over the plane. From the data collected at these 
subpoints, velocity profiles were generated for both P1 and P2 
at wind speeds of 6 m/s and 8 m/s, as illustrated in Figure 2. 

2.2 H-Darrieus wind turbine 

   The turbine used in this study is a three-bladed H-Darrieus 
turbine with a diameter, 𝐷, of 0.29 m and a rotor height, 𝐻, of 
0.29 m. Its dimensions were taken from the study conducted by 
Sengupta (Sengupta et al., 2019). Figure 3 shows the dimensions 
and configuration of the experimental wind turbine model. The 
experimental array was assembled as follows: the rotation shaft 
and the turbine shaft were made of aluminum to minimize rotor 

 

Fig 1. Wind tunnel description: a) 2D wind tunnel layout, b) 
measurement points P1 and P2 placed on the horizontal midplane 
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weight, while the blades, struts, and measuring disk were 
manufactured from polylactic acid with a fused deposition 
modeling technique. The evaluated profiles include the S815 
profile and its four modifications, which consisted of increasing 
its maximum thickness by 19.2%, based on the results reported 

by Martínez et al. (Martínez et al., 2021), and three variations 
in chord length, 𝐶, relative to the rotor diameter, 𝐷, with 𝐶/𝐷 
values of 0.15, 0.20 and 0.225. The 𝐶/𝐷 ratios of 0.15, 0.20, and 
0.225 were selected to evaluate configurations with smaller and 
larger chords relative to the original profile (S815), which has a 
chord length of 50 mm, corresponding to a 𝐶/𝐷 ratio of 0.1724. 
This range allows for a broader evaluation of the aerodynamic 
behavior as a function of the 𝐶/𝐷 ratio. Figure 4 shows the 
profiles evaluated in this study. 

2.2 Static torque measurement 

   The static torque of the turbine for the different profiles was 
calculated using Equation (1) (Wong et al., 2018; Zulkefli et al., 
2024), which is determined by the measured tangential force, 𝑭, 
and the lever arm length, 𝑟, perpendicular to the axis of rotation. 
Using the obtained torque values, the static torque coefficient, 
𝐶𝜏, was calculated using Equation (2) (Wong et al., 2018; Zulkefli 
et al., 2024), where τ, ρ, 𝑉, 𝐴, 𝑅, represent static torque, air 
density, wind speed, swept area, and rotor radiius, respectively. 

𝜏 = 𝐹𝑟                               (1) 
 

𝐶𝜏 =
𝜏

0.5𝜌𝑉2𝐴𝑅
                        (2) 

   The tangential force was measured using an IMADA DS2-11 
digital dynamometer with an accuracy of ± (0.2% FS ± 1 LSD), 
anchored to a 3D-printed disc positioned at the end of the 

turbine shaft. Static torque was measured at different angular 
positions (every 10°), with 36 measurements per rotation using 
the 36 points evenly distributed on the printed disk. Once the 
dynamometer was anchored at each measurement point, the 
turbine was subjected to a constant wind speed, and the 
resulting force was recorded by the dynamometer. The setup 
for torque measurement is shown in Figure 5. The first 
measurement at 0° on the measuring disk was aligned with the 
center of mass of one blade, perpendicular to the wind flow. 
Subsequent measurements were performed in a counter-clock 
wise direction. Each test case was repeated three times, with a 
run time of 1 minute per test. The torque values reported in this 
paper represent the average of the three repeated tests.  

2.2 Numerical simulation and CFD modeling 

To analyze the flow behavior around the evaluated profiles in 
this study, steady-state simulations were conducted using CFD 
under identical wind conditions and azimuthal angles as those 
used in the experimental measurements. Each case study 
yielded results for static torque, velocity fields and pressure 
contours. 
   The semi-implicit method for pressure-linked equations 
(SIMPLE) algorithm was used to solve the Reynolds-averaged 
Navier-Stokes equations, given by Equations (3) and (4). 
Turbulence was modeled using the k-ε RNG turbulence model, 
with the transport equations for turbulent kinetic energy and 
energy dissipation rate given by Equations (5) and (6), 
respectively.  

𝝏𝒖̅𝒊

𝝏𝒙𝒊

= 𝟎                               (3) 

 

Fig 2. Velocity profiles measured for speeds of 6 m/s and 8 m/s 
at a) horizontal upstream points and b) horizontal downstream 
points. 

 

 

 

Fig 3. Dimensions and setup of the experimental array a) Wind 
turbine dimensions and b) photography of experimental array 

 

 

 

Fig 4. 2D coordinates of  profiles examined in this study 

 

 

 

Fig 5. Experimental setup for measurement disk and 
dynamometer for torque measurements 
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𝜕𝑢𝑖

𝜕𝑡
+ 𝑢̅𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

=
𝜕𝑝̅

𝜕𝑥𝑖

+ 𝑣
𝜕2𝑢𝑖

𝜕𝑥𝑗
𝜕𝑥𝑗

−
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗

                         (4) 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[𝑎𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 −

𝑌𝑀 + 𝑆𝑘                                                                   (5) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[𝑎𝑘𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) −

𝐶2𝜀𝜌
𝜖2

𝑘
− 𝑅𝜖 + 𝑆𝜀                                              (6) 

 The computational domain consists of two stationary 
volumes: a circular domain enclosing the turbine blades and a 
rectangular one representing the surrounding environment. The 
dimensions were determined based on the rotor diameter, with 
the outer domain extending 5 diameters upstream, 10 diameters 
downstream, and 5 diameters on each side of the turbine. The 
circular domain was set with a radius of 2 rotor diameters.  

To ensure numerical accuracy while optimizing the 
computational cost of the CFD simulations, a mesh sensitivity 
study was conducted to verify that variations in mesh size had 
a minimal impact on the results. Four mesh configurations with 
varying levels of refinement were evaluated based on the 
computed static torque. These configurations corresponded to 
the following grid sizes: 1 149 064, 1 215 290, 1 321 123, and 1 
614 285. The corresponding static torque values obtained for 
each configuration are shown in Fig. 6. The results show that, 
starting from mesh 3, the static torque tends to stabilize, with 
minimal variation as the mesh is further refined. Mesh 3 
exhibited a relative error of less than 1% compared to the mesh 
4, indicating that further refinement has a negligible effect on 
the calculated static torque. Based on these findings, mesh 3 
was selected for all subsequent simulations due to its balance 
between computational efficiency and numerical accuracy. The 
resulting mesh is shown in Figure 7. 

   The boundary conditions for the numerical study were 
defined as follows: the velocity was specified in the x-direction 
with magnitudes of 6 and 8 m/s. A turbulence intensity of 5% 
was selected based on previous studies in low-speed wind 
tunnels, where this level was found to adequately represent the 
inlet and outlet flow conditions in experimental setups 
(Ghafoorian et al., 2024; Zhao et al., 2025; Ghafoorian et al., 
2025). The boundary condition at the walls and blades was no-
slip, whereas at the interface between the external and internal 
domain was defined as a coupled interface. 
   The evaluation of the different angular positions of the turbine 
was carried out by manually rotating the interior domain in 10-
degree increments, completing a full rotation for each case. A 
torque monitor was placed at the center of the rotation axis. To 
ensure convergence, the residuals were set to 1 × 10⁻⁶. The 
mesh and numerical model were based on the study reported 
by Martinez (Martinez et al., 2021). 

3. Results and discussion 

In this paper, experimental wind tunnel tests and numerical 
simulations were conducted at constant wind speeds of 6 m/s 
and 8 m/s. The objective was to investigate the effect of 
modifications to the S815 airfoil on the static torque generated 
by an H-Darrieus turbine throughout its rotation at different 
angular positions. Additionally, the relationship between the 
torque coefficient and the azimuthal angle was calculated and 
analyzed, focusing on the distribution of 𝑪𝝉 at angular positions 
with low kinetic energy extraction rates. The objective was to 
enhance 𝑪𝝉 at angular positions with low energy extraction, as 
this is critical for improving self-starting capability. 
 
3.1 Effect of airfoil on turbine static torque 
 
The aerodynamic performance of the H-Darrieus rotor is 
influenced by several factors as previously discussed. Airfoil 
geometry plays a critical role, as it alters the drag-to-lift ratio 
generated by the airflow interacting with the airfoil surfaces. 
These forces are also influenced by the turbine solidity and the 
wind speed. The airfoil profiles evaluated in this study induce 
changes in solidity due to variations in chord length, which 
modify the ratio between the turbine cross-sectional area, 
diameter, and the solid portion. The solidity values for each 
evaluated airfoil were calculated using Equation (7) (Miller et al., 
2021) and are presented in Table 1. 
 

 𝝈 =
𝑵𝑪

𝑫
         (7) 

 
 
Where 𝑵 is the number of blades.  

   Figure 8 shows the evolution of the sum of the 
experimental static torques generated by the three blades when 
the turbine remains stationary at different azimuthal positions. 
These measurements were obtained under wind speeds of 6 
m/s and 8 m/s while operating with different profiles. The 
oscillatory behavior of the static torque is observed throughout 

 

Fig 6 mesh convergence study 

 

 
Fig 7. Meshes of internal and external domain 

 

Table 1  
Turbine Solidity for the profiles examined in this study 

Profile Chord [mm] Solidity 
S815 50 0.517 

Increase of 19.2% 50 0.517 
𝑪/𝑫=0.15 43.5 0.45 
𝑪/𝑫=0.20 58 0.6 

𝑪/𝑫=0.225 65.25 0.675 
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a complete turbine rotation, with maximum values occurring at 
azimuthal positions of 10°, 130°, and 250°, which are considered 
favorable positions, and minimum values (unfavorable 
positions) at 60°, 180°, and 300°, where the torque is 
significantly reduced, indicating less efficient power generation 
during those phases. 

  The greatest difference in static torque generated at 6 m/s 
is observed at the peak points of the graph, where the original 
profile generates 0.039 N·m. This value is lower than that 
generated by the profile with a 19.2% increase in thickness, 
which reaches 0.052 N·m. Additionally, increasing the chord 
length leads to a progressive rise in peak torque from 𝑪/𝑫=0.15 
to 𝑪/𝑫=0.20, which records the highest torque of 0.058 N·m. 
However, beyond this point, torque decreases, as seen in the 
𝑪/𝑫=0.225 case, which generates only 0.045 N·m. This 
performance drop at peak positions can be attributed to the 
increased surface area exposed to the flow, leading to a rise in 
drag relative to lift forces. As a result, drag dominance reduces 
the torque, especially at unfavorable angular positions where 
flow separation becomes more significant in excessively 
elongated chord profiles.          

  The evolution of the static torque for the turbine subjected 
to a wind speed of 8 m/s shows a similar pattern to that 
observed at 6 m/s. The maximum static torque values recorded 
for the S815 profile are lower than those for the profile with 
increased thickness, measuring 0.084 N·m and 0.098 N·m, 
respectively. Regarding the effect of chord length on static 
torque, the profile with 𝑪/𝑫=0.225 exhibits the highest value, 
reaching 0.133 N·m, followed by the profile 𝑪/𝑫=0.20. 
However, when examining the least favorable position, the 
𝑪/𝑫=0.20 profile achieves the highest value of all the profiles, 
reaching 0.021 N·m. 

  Figure 9 illustrates the evolution of the simulated static 
torque generated by the turbine at different azimuthal positions, 
using various airfoil profiles and wind speeds of 6 m/s and 8 

m/s. Similar to the experimental data, the torque oscillation 
throughout the rotation reveals a pattern of three positions 
corresponding to maximum kinetic energy absorption and three 
corresponding to minimum absorption. While the azimuthal 
positions for the maximum points remain consistent, a 30º shift 
occurs in the least favorable positions. The least favorable 
azimuthal positions located at 30º, 150º, and 270º, are attributed 
to the presence of the struts supporting the profiles in the 
experimental model. These struts were excluded from the 
numerical simulation to reduce computational cost. 
Nevertheless, the torque behavior at both wind speeds shows 
strong agreement, with a maximum discrepancy of only 0.0021 
N·m. 

   At a wind speed of 6 m/s, the torque generated at the 
favorable position is as follows: the profile with a 𝑪/𝑫 ratio of 
0.15 exhibits the lowest static torque values, reaching 0.026 
N·m. The S815 profile reaches 0.034 N·m, while the 𝑪/𝑫=0.225 
profile generates 0.045 N·m. The modified profile, with a 19.2% 
increase in thickness, generates a torque of 0.049 N·m, and the 
profile with 𝑪/𝑫 = 0.20 generates the highest value, reaching 
0.055 N·m. In contrast, at unfavorable positions, both the S815 
profile and the 𝑪/𝑫 = 0.22 profile generate the lowest torque 
values, 0.00835 N·m and 0.0078 N·m, respectively, while the 
𝑪/𝑫=0.20 profile registers the highest, reaching 0.015 N·m. At 
a wind speed of 8 m/s, a change in the torque distribution at the 
favorable position was observed, with the 𝑪/𝑫=0.225 profile 
reaching the highest value, 0.123 N·m, surpassing the 𝑪/𝑫=0.20 
profile. However, at the least favorable position, the latter 
records the highest value (0.053 N·m). These results show 
strong agreement with the experimental findings. 
 
3.2 Effect of solidity on the self-starting capability 
 

   A clear understanding of static torque distribution during 
turbine rotation is crucial for addressing the low self-starting 

 
Fig 8 Experimental static torque for the different profiles at wind speeds of 6 and 8m/s 

 
 

 

Fig 9. Computed static torque for the different profiles at wind speeds of 6 and 8m/s 
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capability, especially in unfavorable positions, where static 
torque values are low and may oppose rotation. In this section, 
the static torque coefficient is calculated using Equation (2) and 
analyzed based on the experimental data presented earlier. The 
analysis focuses primarily on unfavorable azimuthal positions, 
where kinetic energy extraction is limited.  It also examines how 
turbine solidity affects the resulting static torque coefficient in 
such conditions.  
   Fig. 10 shows the polar distribution of the static torque 
coefficient at wind speeds of 6 m/s and 8 m/s, aiming to assess 
the influence of turbine solidity, affected by profile 
modifications, on self-starting capability. At 6 m/s, 𝐶𝜏 increases 
with a solidity of 0.6, which corresponds to the 𝐶/𝐷=0.20 
profile, where 𝐶𝜏=0.0227. Beyond a solidity of 0.6, 𝐶𝜏 decreases 
again, with the 𝐶/𝐷=0.225 profile showing the lowest 
coefficient. At 8 m/s, the S815 profile yields the lowest 𝐶𝜏 
(0.0063), while the 𝐶/𝐷=0.20 profile shows the highest (0.0447). 
These results demonstrate that at both wind speeds, the 
𝐶/𝐷=0.20 profile consistently produces the highest 𝐶𝜏 values 
under unfavorable conditions. At favorable positions, the 
maximum 𝐶𝜏 recorded was 0.219 at 6 m/s. This value exceeds 
that reported by Xu et al. (Xu et al., 2024), who conducted tests 
on NACA 2018 and NACA 0018 airfoils with a turbine solidity 
of 0.8. They obtained a 𝐶𝜏=0.034 at the same wind speed. 
Despite operating with lower solidity, the 𝐶/𝐷=0.20 profile 
demonstrates superior self-starting capability. 
 
3.3 Distribution of static pressure over the airfoil surface 
 

   The flow around the simulated turbine blades is analyzed 
through static pressure contours at azimuthal positions of 0°, 
10°, 30°, and 60°. The first two correspond to the highest static 
torque values, whereas the latter correspond to the lowest. At 
these azimuthal positions, the original blade profile is compared 
with the modified profile with 𝐶/𝐷=0.20, since the latter 
achieved the highest torque values. 

   Figures 11 and 12 illustrate the static pressure distributions 
on the turbine blades for the original profile (a) and the 
𝐶/𝐷=0.20 profile (b), under wind speeds of 6 and 8 m/s, 
respectively. The most significant differences are observed on 
blade 1 at azimuthal positions of 0° and 10°, where the 
𝐶/𝐷=0.20 profile exhibits a significant increase in static 
pressure on its upper surface compared to the original. This 
increase results in a larger force component aligned with the 
direction of turbine rotation, explaining the higher static torque 
observed. Similarly, at 30° and 60°, blades 1 and 2 exhibit the 
most notable differences in static pressure distribution. 
Specifically, for blade 1, the trailing edge of the upper surface 

contributes to generating a net force that favors rotation, while 
for blade 2, this effect occurs at the trailing edge of the lower 
surface. A comparison between the original profile and the 
𝐶/𝐷=0.20 profile at these positions reveals an increase in both 
static pressure and contact area. This explains the superior 
performance of the modified profile at these positions.     

   Figures 13 and 14 show the streamline patterns at wind 
speeds of 6 and 8 m/s, respectively, under the same conditions 
used for the pressure contours. In Figure 13, at an azimuthal 
angle of 0°, the 𝐶/𝐷=0.20 profile exhibits more pronounced 
vortex formation near the trailing edge, perpendicular to the 
incoming flow, compared to the S815 profile. This suggests 
more efficient torque generation. At 10° and 30°, the vortex 
structures also show greater definition and strength, with 
streamlines remaining attached longer, promoting lift 
generation and, consequently, increased torque. In contrast, the 
S815 profile exhibits early flow separation and a wider 
recirculation region. At 60°, both profiles experience flow 

 
 

Fig 10. Instantaneous static torque coefficient of wind turbine during one rotation at wind speeds of 6 and 8m/s 

 

 
 

Fig 11 Contours of static pressure for different azimuthal angles 
at wind speed of 6m/s a) S815, b) 𝐶/𝐷=0.20 

 
 
 

 
 

Fig 12 Contours of static pressure for different azimuthal angles 
at wind speed of 8m/s a) S815, b) 𝐶/𝐷=0.20 
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detachment; however, the transition is smoother for the 
modified profile, resulting in a more gradual shift into the next 
phase of the cycle. At 8 m/s, notable differences are observed 
in the flow interaction with each airfoil. At 0°, the 𝑪/𝑫=0.20 
profile exhibits significantly stronger vortex formation on the 
surface perpendicular to the flow, compared to the S815 profile. 
At 10°, the formation of an attached vortex near the trailing edge 
is also enhanced, suggesting more efficient torque initiation 
through aerodynamic force generation. In contrast, the S815 
profile displays a larger recirculation zone in the same region. 
At 30°, the S815 profile exhibits clear flow separation with an 
extended reverse flow region, which negatively impacts torque 
generation. In contrast, the 𝐶/𝐷=0.20 profile manages 
separation more effectively, maintaining a compact and 
attached vortex that enhances the aerodynamic performance 
during this critical phase of rotation. Finally, at 60°, although 
both profiles exhibit low vortex generation, the modified design 
promotes a more stable reorganization of streamlines in the rear 
region, resulting in improved torque continuity during the 
descending phase of motion.       
 
3.5 Average static torque in one rotation  
 

The operation of the H-Darrieus rotor involves rotational 
motion, making it essential to evaluate the torque generated 
throughout a complete revolution using each profile. Measured 
results at each angular position are used to calculate the average 

torque per revolution for each profile under different wind 
speeds. These results are presented in Figure 15, which shows 
that at both wind speeds, the 𝑪/𝑫=0.20 profile exhibits the 
highest experimental and simulated static torque. Additionally, 
the modified profile with increased thickness outperforms the 
original profile at both wind speeds. 

 
4.   Conclusions 

The objective of this work was to determine the influence of 
modifying the thickness and chord length of the S815 profile on 
the static torque generation throughout the rotational cycle of 
an H-Darrieus turbine, as well as their impact on self-starting 
capability. The experimental and simulated static torque values 
at different azimuthal positions show strong agreement, with 
differences of 6.37% at 6 m/s and 2.55% at 8 m/s, when using 
the 𝐶/𝐷=0.20 profile as a reference. The profile with increased 
thickness generates higher experimental static torque than the 
S815 profile at all azimuthal positions for both wind speeds. The 
average increase in static torque was 41% at 6 m/s and 25.22% 
at 8 m/s for the modified profile. An increase in the chord length 
of the profiles directly affects the average 𝐶𝜏 of the turbine. The 
profile with a 𝐶/𝐷 ratio of 0.15 exhibits the lowest 𝐶𝜏 values at 
both wind speeds: 0.0771 at 6 m/s and 0.0911 at 8 m/s. These 
values increase with the 𝐶/𝐷 ratio, peaking at 𝐶/𝐷= 0.20 with 
𝐶𝜏 values of 0.1366 at 6 m/s and 0.1743 at 8 m/s. This results 
in an increase in static torque of 50.27% at 6 m/s and 58.88% at 
8 m/s compared to the original profile. However, exceeding this 
𝐶/𝐷 ratio results in a decrease in average torque. The 
evaluation of the self-starting capability focuses on the 𝐶𝜏 
obtained at the unfavorable position, where a higher value 
indicates improved self-starting capability. The results show an 
upward trend at 6 m/s for each profile in the following order: 
𝐶/𝐷=0.225, S815, 𝐶/𝐷=0.15, with a 19.2% increase, followed 
by 𝐶/𝐷=0.20. At 8 m/s, the order is as follows: S815, 𝐶/𝐷=0.15, 
𝐶/𝐷=0.225, 19.2% increase, followed by 𝐶/𝐷=0.20. This 
confirms that the profile with the highest self-starting capability 
is the one with a ratio of 𝐶/𝐷=0.20, with 𝐶𝜏 values of 0.0227 and 
0.0447 at 6 m/s and 8 m/s, respectively. The static torques 
generated by the flow interaction with the turbine blades in 
unfavorable positions are primarily influenced by blades 1 and 
2, which generate greater static pressure, creating in a force 
vector that favors rotation. Consequently, the 𝐶/𝐷 = 0.20 profile 
exhibits the highest static torque values at both wind speeds. 
These findings suggest that the optimal 𝐶/𝐷=0.20 profile, which 
demonstrates the highest self-starting capability and static 
torque generation, could be applied to real-world turbine 
designs, particularly in small-scale and urban environments. 
Incorporating modifications, such as adjusting the chord length 
and solidity, can significantly enhance the efficiency and 
operational stability of H-Darrieus turbines, especially under 
low-wind conditions. The results also suggest the potential 
integration of additional features, such as slots, to further 
improve self-starting capability and overall turbine 
performance. 
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Fig 13 Streamlines for different azimuthal angles at wind speed of 
6m/s a) S815, b) 𝐶/𝐷=0.20 

 
 
 

 
 

Fig 14 Streamlines for different azimuthal angles at wind speed of 
8m/s a) S815, b) 𝐶/𝐷=0.20 

 

 
Fig 15 Experimental and CFD average static torque rotation 

at 6 and 8m/s 
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