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Abstract  

Vertical axis wind turbines appear to be promising for the condition of high as well as low wind speeds. Offshore 

wind turbines have recently been substantiated efficacious for generating electricity due to high wind power. A 

detailed numerical analysis is conducted in this work on an offshore floating type Darrieus wind turbine at 

different wind velocities. The blade, modelled on NACA 0015 profile, is operating under stalled condition. 

Unsteady 2-D simulations are performed using ANSYS Fluent 16.2 employing the realizable k-epsilon model. 

Characteristics of the developed flows are investigated, and the normal and tangential forces, as well as the 

power coefficients, are calculated. Different types of vortex and pressure variation are observed. The turbine is 

observed to generate both the positive and negative power at certain azimuthal angles under the dynamic 

conditions. Results show that force, as well as the power, is proportional to the wind velocities and for every 

case, net average power is positive. Moreover, force, as well as power, varies periodically with the azimuthal 

angles after the turbine has come to a steady state condition. Finally, the power coefficients are calculated— 

that increase with the wind velocities. 
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1. INTRODUCTION 

Wind energy provides a variable and environmentally friendly option in the eve of decreasing global 

reserves of fossil fuels. It is estimated that roughly 10 million MW of energy is continuously available 

in the earth’s wind. Wind turbines are used to harness and convert wind energy into electrical power 

(Herbert et al., 2007). Though initially the wind turbines were analysed and developed for ground 

purposes, however, with the increase of energy demand, scientists are now inclined to seashore 

(onshore and offshore) wind turbines. The modern onshore Vertical axis wind turbine was developed 

in 1973 based on the patent by Georges Darrieus (Shires, 2013). In the 1980s onshore wind farms were 

commercially developed in the US (Eriksson et al., 2008). During the 1980s and 1990s, the Darrieus 

wind turbine was largely developed in the UK (Musgrove, 2010). A plethora of research on onshore 

wind turbines have been executed and reached a relatively mature level. However, nowadays, there is 

a strong interest from the wind energy community to harvest the energy within the offshore 

environments— wind farms are moving further and further offshore into deeper waters. But in water 

depths greater than 50m, bottom-mounted (i.e. fixed) support structures are not economically viable 

(Jonkman and Matha, 2011). Consequently, a transition from fixed to floating support structures is 

essential (Borg et al., 2014). One of the key features of the Floating wind turbine is to allow the 

turbine structure to tilt to a certain angle range to reduce impacts on the support structure as well as the 

cost of the device (Haans et al., 2005). Though Horizontal axis wind turbines are inherently more 

efficient [6], in tilted or skewed flow conditions, the reverse case occurs (Van Bussel et al., 2004). A 

myriad of research has been carried out on Floating wind turbines and still continuing. Analytical 

prediction and experimental determination of the performance of an H- Darrieus wind turbine was 

done by  
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Ferreira (Ferreira et al., 2006), in a tilted condition. Mertens (Mertens et al., 2003) presented the 

aerodynamic characteristics of an H- Darrieus wind turbine both experimentally and numerically under 

the skewed flow condition. 

Floating vertical axis wind turbines exhibit very complex, unsteady aerodynamics (Svorcan et al., 

2013 and Qin et al., 2011) for the cyclic motion of the blade, induces a large variation in the angle of 

attack to the blade, even under uniform inflow conditions. Consequently, if the aerodynamic loading 

fluctuates, it can manifest as a dynamic stall (Scheurich et al., 2011) - a phenomenon involving a series 

of flow separations and reattachments occurring on the lifting surfaces subject to a rapid unsteady 

motion (Hutomo et al., 2016). The dynamic stall inception could lead to a violent flutter causing a 

harmful impact on the blade structure (Bangga et al., 2017). This paper aims to investigate the flow 

characteristics of a floating single-bladed Darrieus wind turbine using computational fluid dynamics 

(CFD) methods. Though Darrieus wind turbines are mainly used for household purposes, in this 

analysis, it was used as an offshore floating wind turbine to arrange a probable inception of a new 

power production system. The blade was constructed of NACA 0015 shape and operating under 

different wind velocities. The CFD results from the dynamic cases were presented and the resulting 

aerodynamic forces were evaluated. Moreover, the average Power coefficients were calculated. 

 

2. COMPUTATIONAL SETUP 
 

To generate the blade profile, the NACA 0015 airfoil coordinates were taken from the Airfoil tool 

(NACA) website and the coordinates were imported to the ANSYS Design Modeller. The 

computational domain was constructed of two different zones, namely, the stationary zone and the 

rotating zone including the blade (Bangga et al., 2017). The rotating zone was generated bi-

directionally from the blade surface resulting in an annulus shaped zone which rotates at a predefined 

angular velocity as shown in Figure 1. The domain dimension, based on chord length (C) is 25C every 

side from the centre of the rotating zone which is also taken by Mohamed (Mohamed et al., 2015).  

 

 

 

Figure 1. Domain of numerical analysis Figure 2. Generated mesh around the 

domain 

Different sizes of unstructured mesh were employed in this analysis, combining an element size of 

0.003 mm near the blade for precisely analysing the flow characteristics and an element size of 0.008 

mm was used further from the blade. 20 inflation layers were used with 5 mm thickness in the vicinity 

of the blade surface to better resolve the boundary layer. The combined grid was chosen, instead of 

single grid, to reduce the complexity of mesh generation. Similar techniques were employed in the 

literature (Qin et al., 2011, Hutomo et al., 2016 and Bangga et al., 2017) and good agreements with the 

measurements were shown. The stationary and rotating zones were linked via the sliding interface 

boundary conditions that allow to conserve the mass and flow quantities between the zones as 

illustrated in Figure 2. 
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Figure 3. Boundary conditions for computational set up 

 

Different boundary conditions were applied to the computational domain for performing the analysis. 

Velocity inlet and pressure outlet boundary conditions were used at the upstream and downstream 

sections respectively, and symmetrical conditions were used at the other two sides to reduce the 

computational effort as done by Castelli (Castelli et al., 2013 and Anderson, 2010). The airfoil was 

placed in the rotating zone that can rotate where the angular velocity between the stationary zones is 

the same, as shown in Figure 3. No slip wall is set as the boundary condition on the blade surfaces. To 

perform the analysis, the turbine blade was set with an initial clockwise rotation and the air was 

allowed to flow around the turbine blade at a known velocity. Due to the wind velocity, a net torque 

was developed for the combined effect of the air kinetic energy and the blade rotation at every position 

of the blade rotation. Lift and drag forces were also developed on the blade at every position from 

where the normal and the tangential force, as well as the power had been calculated. A realizable k-ε 

turbulence model (Mohamed et al., 2015), was used for rotating zones due to several benefits 

including an improved performance in flow circulation, strong pressure gradients, flow separation, and 

non-reliance on an assumed relationship between the Reynolds stress tensor and the strain rate tensor. 

A simple pressure-based solver was selected along with a second order implicit transient formulation. 

All solution variables were solved via the second order upwind discretization scheme that is also 

followed by Bangga (Bangga et al., 2017). Scalable wall function was used and Y+ ≥11.126 was 

ensured for the analysis. 

 

 

3. NUMERICAL MODEL VALIDATION 
 

Model validation is very important for any numerical analysis. In this analysis geometry, mesh and 

time dependency were checked and then the analysis was finalized in accordance with the dependency 

tests. For a dependency test, the blade is rotated 1.5° and then the pressure coefficient curve was taken 

for comparison. 

3.1 Domain Independence Test 

Different domain sizes were taken for the geometry dependency test. The dimensions of the domain 

are shown in Table 1.  

 

From Figure 4, it is observed that there is less than 1% deviation between geometry 3 and the other 

geometries. So, geometry 3 was finalized for this analysis. When the lager domain was taken, the 

computation time was higher. On the contrary, if a smaller domain was selected, the flow phenomenon 

was not captured properly. So, geometry 3 was chosen as a mediocre dimension that can capture the 

flow phenomena properly with lower computation time. 
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Table 1. Dimension of different domains 
 

Geometry Large Rectangular 
Domain Size 

Small Rectangular 
Domain Size 

Circular Domain Size 

Inlet 
Distance 

Outlet 
Distance 

Wall 
Distance 

Upper 
Vertical 

Wall 
Distance 

Lower 
Vertical 

Wall 
Distance 

Inner 
Circular 
Radius 

Outer 
Circular 
Radius 

Geometry 1 10C 15C 10C 3C 3C 0.85 C 1.2 C 

Geometry 2 15C 20C 15C 4C 4C 0.85 C 1.2 C 

Geometry 3 25C 25C 25C 8C 8C 0.85 C 1.2 C 

Geometry 4 20C 25C 20C 5C 5C 0.85 C 1.2 C 

Geometry 5 15C 25C 15C 6C 6C 0.85 C 1.2 C 

 

The domain independency test result is shown in the Figure 4.  
 

 

Figure 4. Pressure coefficient for different geometries at 1.5° azimuthal angle 

 

3.2 Grid Independence Test 

Mesh sensitivity analysis is another paramount parameter for any CFD analysis validation. After the 

geometry 3 of Table 1 is finalized by domain dependency test, different numbers of nodes and 

elements were taken as listed in Table 2.  Then numerical simulations with geometry 3 using different 

meshes (nodes and elements size) were carried out and the mesh dependency test result is shown in 

Figure 5. 

 

Table 2. Number of nodes and elements 

Mesh 
Number of 

Nodes 

Number of 

Elements 

Mesh 1 1232362 2459030 

Mesh 2 2471666 4935750 

Mesh 3 8951519 17890152 

Mesh 4 753807 1502883 

Mesh 5 525219 1046262 Figure 5. Pressure coefficient for different 
meshes at 1.5° azimuthal angle  

 
Results show that there is approximately 1% deviation between mesh 1 and the other meshes. So, 

mesh 1 was selected for this analysis. When the mesh with higher node and element number was 

selected, the computational time was higher, and when the mesh with less node and element number 

was selected there was a possibility of some error in the simulation result. 
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3.3 Time Independence Test 

An imperative factor for any unsteady analysis is the time step size which indicates how minimally the 

flow characteristics are caught by the software. After geometry 3 and mesh 1 is selected from Table 1 

and 2, respectively, different time steps were taken such as 0.001, 0.002, 0.004, 0.005, 0.008 and their 

dependency had been tested as illustrated in Figure 6. Finally, 0.005 is selected for the analysis. 

 

 

Figure 6. Pressure coefficient for different time step sizes at 1.5° azimuthal angle 

 

From the above Figure 6, it is observed that the deviation of other time steps is less than 2% from time 

step 0.005. So, the time step 0.005 was selected for this analysis. When a smaller time step was taken, 

the computation time was higher. On the other hand, when a lager time step was selected, the flow 

phenomenon was not captured precisely. So, the time step 0.005 was chosen as an optimum time step 

that can capture the flow characteristics precisely with lower computation times. When all the 

dependency had been tested; geometry 3 (Table 1), mesh 1(Table 2) and time step size 0.005 were 

selected for the final analysis. 

 

4. RESULT AND DISCUSSION 
 

The simulations were carried out for 10 blade revolutions and the last three revolutions were extracted 

and averaged (Bangga et al., 2017). Flow characteristics around the blade are observed and different 

types of vortices are analysed. The tangential (FT) force, normal (FN) force and the average power 

coefficient for different wind velocities have been calculated from the simulation data. 

4.1 Flow Field Analysis 

Flow characteristics such as pressure coefficient (𝐶𝑝) contours and velocity contours have been 

determined after every 30° interval of azimuthal angle (𝜃) in the analysis. 𝐶𝑝 is a dimensionless 

number that describes the relative pressure throughout a flow field (Anderson, 2010). It is observed 

from Figure.4 (a) initially 𝐶𝑝 at the upper surface of the blade is less than the lower surface. Air strikes 

the turbine tip and maximum pressure occurs— defined as the stagnation point. Theoretically, no lift 

force is generated; Velocity at the upper surface is high Figure.5 (a); Flow separates from the trailing 

edge and a counter-clockwise vortex is formed. The more the turbine rotates, the more the flow 

separates from the leading edge— stall formation occurs. Maximum 𝐶𝑝 occurs at the lower surface at 

𝜃 = 30° Figure.4 (b). Moreover, the flow separates from the blade tip and velocity at the upper surface 

is high, as shown in Figure.5 (b). High 𝐶𝑝 occurs near the leading edge of the upstream at 𝜃 = 60° 

while lower 𝐶𝑝 occurs at the trailing edge Figure.4 (c). Flow separation occurs from both the leading 

edge and trailing edge due to the dynamic stall.  
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Figure 7. Contour of pressure coefficient with different azimuthal angle 𝜽 at 5 m/s wind 

velocity. The minimum and maximum values of the color legend are mentioned below the 

figure. 

Maximum velocity occurs near the trailing edge where a counter-clockwise trailing edge vortex is 

formed Figure.5 (c). When 𝜃 = 90° , high pressure drag occurs upstream due to high air kinetic energy 

Figure.4 (d). Separation occurs from both the leading edge and trailing edge and maximum velocity 

occurs at the leading edge Figure.5 (d). Moreover, a higher flow velocity region is visible downstream; 

however, the velocity at the leeward side is very low. The clockwise leading edge vortex is formed 

which departs from the blade (𝜃 = 90°)  and formation of a counter-clockwise trailing edge vortex 

starts. At 𝜃 = 120°  flow separates from the trailing edge and the trailing edge vortex reaches near the 

middle of the blade; 𝐶𝑝 is maximum at the windward side as shown in Figure.4 (e). Velocity at the 

downstream is more Figure.5 (e). Flow characteristics are almost the same in nature at 𝜃 = 150° 
and 180°. Lower 𝐶𝑝 occurs near the middle of the blade Figure.4 (f) and (g), respectively; clockwise 

vortex is formed at the downstream and velocity near the middle of the blade is maximum Figure.5 (f) 

and (g). At 𝜃 = 210°, a clockwise trailing edge vortex is formed and 𝐶𝑝 is minimum near the leading 

edge and maximum at the blade upstream Figure.4 (h), where different vortices generate due to DS. 

Velocity near the trailing edge is maximum Figure.5 (h). However, low 𝐶𝑝 occurs near the leading 

edge at 𝜃 = 240° Figure.4 (i) and the trailing edge vortex tends to move to the leading edge Figure.5 

(i). 𝐶𝑝 is high at the blade upstream at 𝜃 = 270° Figure.4 (j); flow separates from the trailing edge and 

higher flow velocity is observed which forms a clockwise trailing edge vortex Figure.5 (j). At 𝜃 =
300° and 330° low 𝐶𝑝 occurs at the trailing edge which inclined to detach from the blade with 

increasing 𝜃 as observed in Figure.4 (k) and (l). Flow separation occurs both from the leading edge and 

trailing edge and Maximum velocity occurs Figure.5 (k) and (l). 

 

 

 

 

 

θ = 0° 
(a)  0.05~7.38 

θ = 30° 
(b)  0.19~14.37 

θ = 60° 
(c)  0.02~11.80 

θ = 90° 
(d)  0.11~14.09 

θ = 120° 
(e)  0.11~12.26 

θ = 150° 
(f)  0.09~10.00 

θ = 180° 
(g)  0.06~8.82 θ = 270° 

(j)  0.12~11.10 

θ = 210° 
(h)  0.04~8.67 

θ = 240° 
(i)  0.04~8.89 

θ = 300° 
(k)  0.15~9.27 

θ = 330° 
(l)  0.18~7.54 

θ = 0° 
(a)  -1.30~1.12 

θ = 30° 
(b)  -9.55~1.23 

θ = 60° 
(c)  -9.25~1.26 θ = 90° 

(d)  -10.61~1.11 

θ = 120° 
(e)  -8.00~1.03 

θ = 150° 
(f)  -5.64~0.80 

θ = 180° 
(g)  -2.99~0.75 θ = 270° 

(j)  -4.63~1.06 
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(h)  -2.32~1.09 

θ = 240° 
(i)  -4.00~0.84 

θ = 300° 
(k)  -3.50~1.15 

θ = 330° 
(l)  -2.32~1.09 

Figure 8. Contour of velocity profile with different azimuthal angle θ at 5 m/s wind velocity.The 

minimum and maximum values of the color legend are mentioned below the figure. 
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4.2 Tangential and Normal Force 

The tangential (FT) and normal (FN) forces vary periodically with the azimuthal angle (𝜃) after the 

7th revolution of the rotor blade. Both the forces are proportional to the wind velocities. Initially, 

both the forces are zero; however, with the increase of 𝜃, forces increase positively. As lower 𝐶𝑝 

occurs, at the blade upper surface, (𝜃 = 45°) the direction of FT changes (Figure 6). Then low 𝐶𝑝 

detaches (60°)— FT tends to increase up to 90°. However, high-pressure drag occurs at the blade 

upstream— force tends to decrease(90°). When low 𝐶𝑝 detaches from the upper surface(120°), FT 

tends to increase again. Different vortices form around the blade at 150° and FT decreases up 

to 𝜃 = 210° for blade-vortex interaction. When the vortices detach (240°)  FT increases. However, 

for higher wind velocities FT fluctuates more due to turbulence that occurs due to dynamic stall. At 

15 m/s, the force fluctuates highly near 𝜃 = 90°  and 300°. It can be resolved that there was a 

decrease in the blade-vortex interaction for the second half of the cycle. Moreover, for the first half 

of the cycle, FT is positive.  

 

The FN changes dramatically around the blade due to dynamic stall and 𝐶𝑝variation as shown in 

Figure 7. It is evident that from 𝜃 = 90° to 270° that the net FN is negative and for other positions 

FN is positive. However, FN shows very unpredictable nature for high wind velocities. Moreover, at 

7.5 m/s the force does not follow the similar nature. FN highly oscillates throughout the whole 

cycle, even though the net positive and negative force are similar. 

 

  

Figure 9. Variation of non-dimensional Tangential Force with Azimuthal Angle for different 

Wind Velocities 

 

  

Figure 10. Variation of non-dimensional Normal Force with Azimuthal Angle for different 

Wind Velocities 

4.3 Power Coefficient 

The Power coefficient is an important parameter for wind turbine configuration. Though the Power 

coefficient of the Horizontal axis wind turbines are comparatively high, in the case of changed 

condition, like offshore floating ones, sensitive performance of flow skewness is a problem 

(Chowdhury et al., 2016). The Power coefficient is the ratio of the generated output power (P) and 

the theoretical input power (Pin). As the turbine rotates in the clockwise direction, negative FT 

generate the positive power i.e. 𝑃 = −𝜔𝑅𝐹𝑇 and vice versa (Bangga et al., 2017). The theoretical 

input power is 𝑃𝑖𝑛 =
1

2
𝜌𝐴𝑉3. Variation of Power coefficient is similar to the variation of FT with 𝜃.  
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It is observed that the average Power coefficient is proportional to wind velocities. 

 

 

Figure 11. Average power coefficient at different wind velocities 

 

5. CONCLUSIONS 
 

CFD analysis has been carried out to study an off shore floating single-bladed Darrieus wind 

turbine at different wind velocities. Though Darrieus wind turbine is basically used for household 

purposes, however, in this analysis, it was used as offshore floating wind turbine to inaugurate a 

probable inception of a new power generation method. Flow characteristics around the bladed 

surface were investigated and highlighted as the main focus of the paper. Moreover, the FT and the 

FN and the average Power coefficient had been calculated. It is resolved that different types of 

vortices are generated around the blade surface as a consequence of dynamic stall. Moreover, 𝐶𝑝 

varies considerably around the blade— affecting FT highly. Power generation, along with FT, varies 

positively and negatively with 𝜃. The force as well as the power is proportional to the wind 

velocities. The average Power coefficients at the steady state condition of the turbine are positive— 

indicating that the turbine can produce a net positive power in this arrangement. 
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