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Abstract— Renewable energy has no alternative for meeting 

the world’s energy demand due to the increasing price of carbon 

derivative fuels multiplied by the depletion of fossil fuels in 

recent years. Wind energy has been identified as one of the most 

realizable sources of renewable energy industry. Moreover, the 

wind energy is green, clean and has no harmful effect on the 

environment. Darrieus wind turbine appears to be promising for 

the condition of low wind speed though it has a low efficiency 

compared to the horizontal axis turbines. Moreover, it needs 

small space for installation, making it suitable for using on the 

rooftop of urban houses. The objective of this paper is to 

investigate numerically the characteristics of the developed flow 

around a single bladed Darrieus wind turbine. The blade is 

designed using the NACA 0015 profile and is operated at 5 m/s 

wind velocity. 2D simulations were performed using ANSYS 

Fluent 16.2, employing the realizable k-epsilon turbulence model. 

The numerical model was verified through the independent 

studies of domain size, mesh size and temporal size. The CFD 

results under the dynamic cases were presented and the resulting 

aerodynamic forces were evaluated. The turbine was observed to 

generate both positive and negative power at certain azimuthal 

angles at wind velocity 5 m/s. The pressure contours, velocity 

profiles and the velocity streamlines were drawn which showed 

different types of vortices around the blade. Result show that, 

Force and power varies periodically with the azimuthal angles. 

The calculated average power and power coefficient were found 

positive after the turbine has come to steady state condition. 

 

Index Terms— Darrieus wind turbine, pressure coefficient, 

vortex, dynamic stall. 

I. INTRODUCTION 

Recent instabilities of world economy, due to the increasing 

price of carbon-derivative fuels along with connected socio-

political turbulences, have aroused the interest in the 

production of renewable energy among the most industrialized 

western nations. In this scenario, the continuous quest for 

clean energy is now focusing on the local production of 

electric power, spread in a wide area, so as to cooperate with 

the big electric power plants located in just few specific 

strategic locations of the countries. One of the most promising 

resources is the Eolic energy source associated with local 

production of clean electric power inside built environment 

such as industrial and residential areas [1]. Nowadays, 
interests in two types of modern wind turbines, namely, 

horizontal-axis (HAWTs) and vertical-axis (VAWTs) wind 

turbines, are continuously growing [2]. Despite lower 

efficiency Vertical axis wind turbines (VAWTs), provide 

several advantages including lower cost, necessity of less 

maintenance, lower sound emission, independence from wind 

directions due to rotor axial symmetry, better wind impact on 

blade and so on, if compared with the classical horizontal-axis 

wind turbines (HAWTs) [3]. Another salutary influence is that 

VAWTs are Omni-directional, accepting wind from any 

direction without any yawing mechanism [4]. In brief, it has a 

number of promising features which if exploited properly can 

make it a better alternative to fulfil the world’s energy demand. 

Although currently large scale VAWTs are not economically 

attractive, they offer energy solutions for the remote places 

away from the main distribution lines and places where large 

wind farms cannot be installed for environmental concerns 

and small-scale dispersed generation units are preferred [5]. 

That is why mass production of VAWTs has recently been 

started as small scale wind power generating units [6]. 

Two types of modern VAWTs, namely, Savonius (SWT) 

and Darrieus (DWT) wind turbine are available. Among them 

DWT is more suitable for power production for its high 

rotating speed. Moreover, it increasingly appreciated and 

often considered as the most promising solution in the built 

environment, due to very low noise levels and reduced 

sensitivity to the turbulent oncoming wind [7-9]. In addition, 

recent studies [8,10] put in evidence that some benefits in 

terms of power increase can be obtained from a Darrieus 

functioning under skewed flow, mainly connected to the 

possibility of exploiting an increased swept area (projected 

perpendicularly to the mainstream direction). Darrieus is a lift 

type wind turbine of which the blades are of airfoil shaped. A 

vast amount of research has been done on DWTs and still 

continuing. A blade element momentum single stream tube 

numerical model was first developed by Templin [11] to 

predict the performance of a VAWT. KIRKE [12] proposed 

that high solidity was able to improve the self-starting torque 

but with lower peak power coefficient and narrower operating 

range. Moreover, a blade element momentum multiple stream 

tube numerical model was developed by Strickland [13,14] for 

predicting the performance of a VAWT rotor. Furthermore, 

DOMINY et al [15] indicated that three-bladed wind turbine 

had the potential to self-start but the self-starting of two-

bladed rotor was dependent on its initial starting orientation. 

In addition, both HILL et al [16] and ISLAM et al [17] 

pointed out that cambered section would produce a higher 

tangential force and more energy per revolution than 

symmetrical section, hence asymmetric airfoils with high-lift 

and low-drag were much suitable and desirable airfoils for 

better self-starting and power coefficient. Analytical and 

numerical aerodynamic models were presented to investigate 

the performance of VAWT by Paraschivoiu [18–21], focusing 

on the phenomenon of dynamic stall. However, though 

researchers argued for use of greater thickness airfoils to 

enhance self-staring capability [17], KIRKE [12] and WANG 

et al [22] claimed that increasing section thickness seems to 

make slightly contribution to aerodynamic performance 

improvement at low tip speed ratios. Mertens [23] developed a 

blade element-momentum multiple stream tube model to 
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predict the performances of a fast rotating VAWT in the 

skewed flow on a roof. 

Bangladesh, as an underdeveloped country, can achieve 

huge benefits by properly utilizing the wind power. Wind 

turbine can be used in those remote places where electricity 

has yet not been reached. Though the wind speed of 

Bangladesh is not so high, however, DWT can easily be 

operated by the available wind speed. The annual wind speed 

of some places is listed in table 1 from which it is observed 

that the average speed varies from 2-5 m/s, which is high 

enough to operate DWT. This paper aims to investigate the 

flow development of a single-bladed DWT using 

Computational Fluid Dynamics (CFD) methods. The blade 

was constructed of NACA 0015 profile and was operating at 5 

m/s wind velocity and 0.1 tip speed ratio. Two dimensional 

simulations were performed using a commercial CFD package, 

ANSYS Fluent 16.2, employing the Realizable K-epsilon 

turbulence model [24] with scalable wall function. The CFD 

results from the dynamic case were presented and the 

resulting aerodynamic forces were evaluated. Moreover, the 

Power coefficients for 5 m/s wind velocity were calculated.  

TABLE I 

ANNUAL WIND VELOCITIES OF DIFFERENT ZONES IN 

BANGLADESH [25] 

Stations Annual wind 

speed (m/s) 

Stations Annual wind 

speed (m/s) 

Dhaka 2.45  Khulna 2.38  

Chittagong 5.37  Cox’s Bazar 4.48  

Sylhet 2.42  Raj Shahi 2.46  

Jessore 3.42  Rangpur 2.22  

II. NUMERICAL MODEL DEVELOPMENT 

    ANSYS FLUENT provides the opportunity to solve both 

steady state and transient flow analyses with a variety of 

turbulence modelling. Continuity equation and Navier Strokes 

equation are solved in all computational fluid dynamics (CFD) 

analysis, and in compressive flow or heat transfer cases. A 

numerical model was developed for this simulation, where the 

governing equations were employed to describe the flow over 

the turbine. Continuity and momentum equations were 

included in the models the model as the model neglects heat 

transfer.  

Continuity equation:  

( ) ( ) ( )
0

yx z
vv v

x y z t

  
+ +
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Where, vx, vy and vz are the fluid velocities in the x, y, and z 

directions, respectively, and ρ is the density of the fluid. The 

equation states that the time rate at which mass increases 

within the control volume is equal to the net influx of mass 

across the control surface. 

Navier Strokes Equation:    
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Realizable k-epsilon model: 

Realizable k-ε turbulence was used for rotating zones which 

benefits include strong pressure gradient, flow separation and 

performance improvement in the flow recirculation [24]. 

Transport equations: 
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III. COMPUTATIONAL SET UP 

   The computational domain was constructed of two different 

zones, namely, stationary zone and rotating zone including the 

turbine blade [2]. The rotating zone was generated bi-

directionally from the blade surface resulting in an annulus 

shaped zone, that rotated at a predefined angular velocity as 

shown in Fig. 1. The square shaped domain dimension is 50C 

by 50C, based on chord length (C) and the centre of the 

rotating zone was placed at the middle of the square, which 

was also chosen by Mohamed [24]. Before finalize the domain, 

different domain sizes were taken and the domain 

independence test was done. 

Fig. 1 The computational domain of the numerical analysis 

Different sizes of unstructured mesh were employed in this 

analysis, combining element size of 0.003 mm near the blade 

for precisely analysing the flow characteristics and 0.008 mm 

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 as illustrated in Fig. 2.  

Fig. 2 The computational grid used in the simulation 

The selected node and element numbers were 1232362 and 

2459030, respectively, after executing grid independence test. 

The combined grid was chosen instead of single grid to reduce 

the complexity of the mesh generation. The similar technique 
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was employed in the literature [2, 27, 28] and good 

agreements with the measurements were shown. The 

stationary and rotating zones were linked via the sliding 

interface boundary condition. Velocity inlet and pressure 

outlet boundary conditions were used at the upstream and 

downstream section, respectively, and symmetry condition 

was used at the other two sides to reduce the computational 

effort as done by Castelli [29, 30]. The blade was placed in the 

rotating zone that can rotate with the rotating zone of the same 

angular velocity between the stationary zones. No slip wall is 

set as the boundary condition on the blade surface. To capture 

the flow phenomena around the blade precisely, as minimal as 

0.005-time step size was used after time independence 

verification. 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 (2.5 m/s). Due to wind 

velocity, a net torque was developed for the combined effect 

of the air kinetic energy and the blade rotation. The normal 

and tangential force as well as the power had been calculated 

from the developed lift and drag force on the blade at each 

azimuthal position. Realizable k-ε turbulence model, referred 

by Mohammed [24], was used for rotating zones. Simple 

pressure-based solver was selected along with second order 

implicit transient formulation. All solution variables were 

solved via the second order upwind discretization scheme that 

is also followed by Bangga [2]. Scalable wall function was 

used and Y+ ≥11.126 was ensured for the analysis. 

IV.    CFD RESULT 

The simulations were carried out for 10 blade revolutions 

and the last three revolutions were extracted and averaged 

which is also done by Bangga [2]. Flow characteristics around 

the blade are observed and different types of vortex, generated 

for dynamic stall and the blade vortex interaction, are 

analysed. The tangential (FT) force and normal (FN) force for 

different tip speed ratios had been calculated from the 

simulation data. 

A. Flow Field Analysis of Darrieus Wind Turbine 

Flow characteristics such as pressure coefficient contour, 

velocity contour and streamline has been determined after 

every 30° interval of azimuthal angle (𝜃)  in the analysis. 

Pressure coefficient is a dimensionless number that describes 

the relative pressure throughout a flow field and is defined by, 

𝐶𝑝 =
𝑃−𝑃∞

1/2𝜌∞𝑉∞
2  

. It is a vital factor for wind turbine 

aerodynamics which causes a significant change in the lift and 

drag as well as the power generation. 

At the initial stage of the turbine rotation when the blade is 

at 𝜃 = 0°, air strikes at the leading edge of the blade which is 

the stagnation point of maximum pressure as shown in Fig. 

3(a). As the blade is shaped as a symmetrical airfoil, no 

pressure variation occurs at the upper and lower surface of the 

blade, consequently, no lift is generated as evident from Fig. 

3(a). Lower velocity occurs at the lower surface of the blade 

near the trailing edge as shown in Fig. 4(a). With the 

increment of azimuthal angle (𝜃), the angle of attack (α) also 

increase, consequently, flow separation occurs at the upper 

surface of the blade (Fig. 5(a)). The more the angle of attack 

(α) increase the more separation, starts near the leading edge 

and stall phenomena occurs. Flow separates from the leading 

edge at 𝜃 = 30°  where the maximum velocity occurs as 

shown in Fig. 4(b). A vortex (TEV) is visible at the trailing 

edge as observed in Fig. 5(b). Pressure at the upper surface is 

lower than the lower surface and maximum pressure occurs at 

the lower surface near the leading edge as shown in Fig. 3(b). 

However, higher pressure occurs near the leading edge of the 

upstream and lower pressure occur at the trailing edge of the 

blade due to the formation of vortices TEV (Fig. 3(c)), when 

the blade comes to 𝜃 = 60°. Flow separation occurs from both 

the leading and the trailing edge due to the dynamic stall (DS) 

as illustrated in Fig. 5(c). Higher velocity occurs near the 

trailing edge as shown in Fig. 4(c).  

 

Fig. 3 Contour of pressure coefficient with different azimuthal angle 𝜃 at 5 

m/s wind velocity. The minimum and maximum values of the colour legend 

are mentioned below the figure. 

   Lower pressure occurs at the downstream of the blade at 

𝜃 = 90°  position of blade as shown in Fig. 3(k). Both 

(a)  −1.30 ~ 1.12 (b)  −9.55 ~ 1.23 

(c)  −9.25 ~ 1.26 (d)  −8.08 ~ 1.03 

(e)  −5.64 ~ 0.80 (f)  −2.99 ~ 0.75 

(g)  −3.35 ~ 0.93 (h)  −4.00 ~ 0.84 

(i)  −3.50 ~ 1.15 (j)  −2.32 ~ 1.09 

(k)  −10.61 ~ 1.11 (l)  −4.63 ~ 1.06 

𝜽 = 𝟎° 

𝜽 = 𝟗𝟎° 

𝜽 = 𝟏𝟓𝟎° 

𝜽 = 𝟐𝟒𝟎° 

𝜽 = 𝟑𝟑𝟎° 

𝜽 = 𝟐𝟕𝟎° 

𝜽 = 𝟏𝟐𝟎° 𝜽 = 𝟔𝟎° 

𝜽 = 𝟑𝟎𝟎° 

𝜽 = 𝟐𝟏𝟎° 

𝜽 = 𝟏𝟖𝟎° 

𝜽 = 𝟑𝟎° 
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clockwise and anti-clockwise LEV is formed as shown in 

Fig. 5(k). Moreover, Higher velocity region is visible at 

the downstream of the blade as illustrated in Fig. 4(k). 

Velocity at the leeward side is very low. The leading-edge 

vortex departed from the blade when the blade pass 𝜃 =
90°  and formation of anticlockwise TEV starts.  

 

Fig. 4 Contour of velocity profile with different azimuthal angle 𝜃 at 5 m/s 

wind velocity. The minimum and maximum values of the colour legend are 

mentioned below the figure. 

   Flow characteristics at 𝜃 = 120°, 150°, 180° are almost 

similar. Lower pressure occurs near the middle of the 

blade at the downstream zone where the anticlockwise 

vortex is formed as shown in Fig. 4(d, e, f), respectively. 

Velocity at the downstream is higher than the upstream 

zone according to the Bernoulli’s equation (Fig. 4(d, e, f)). 

Flow separates from both the leading and the trailing edge 

of the blade (Fig. 4(d, e, f)). However, Maximum pressure 

occurs at the upstream of the trailing edge at 𝜃 = 210° 

where the velocity is minimum Fig. 3(g). Clockwise TEV 

is visible at the upper surface of the blade for which the 

pressure is minimum and velocity is higher Fig. 4(g). 

Furthermore, other two vortices are visible at the upstream 

of the blade due to dynamic stall as shown in Fig. 5(g).  

 

Fig. 5 Contour of stream line with different azimuthal angle 𝜃 at 5 m/s wind 

velocity. The minimum and maximum values of the colour legend are 

mentioned below the figure. 

   The lower pressure occurs near the trailing edge at 𝜃 =
240° as shown in Fig. 3(h). The previously formed TEV has 

the tendency to detach from the blade as illustrated in Fig. 

5(h). Moreover, velocity at the blade downstream is minimum 

(a)  −0.14 ~ 9.40 (b)  −0.19 ~ 14.37 

(c)  −0.22 ~ 11.80 (d)  −0.11 ~ 12.56 

(e)  −0.09 ~ 10.00 (f)  −0.06 ~ 8.89 

(g)  −0.04 ~ 8.67 (h)  −0.04 ~ 8.89 

(i)  −0.15 ~ 9.27 (j)  −0.18 ~ 7.54 

(k)  −0.11 ~ 14.09 (l)  −0.12 ~ 11.10 
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(i)  −0.15 ~ 9.27 
 

(j)  −0.18 ~ 7.54 

(k)  −0.11 ~ 14.09 (l)  −0.12 ~ 11.10 

  

𝜽 = 𝟏𝟓𝟎° 

𝜽 = 𝟐𝟕𝟎° 

𝜽 = 𝟏𝟖𝟎° 

𝜽 = 𝟑𝟎𝟎° 

𝜽 = 𝟐𝟒𝟎° 𝜽 = 𝟐𝟏𝟎° 

𝜽 = 𝟗𝟎° 

𝜽 = 𝟑𝟑𝟎° 

𝜽 = 𝟔𝟎° 

𝜽 = 𝟑𝟎° 

𝜽 = 𝟏𝟐𝟎° 

𝜽 = 𝟎° 
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(Fig. 4(h)). Reattachment of flow occur near the leading edge 

of the blade. In the presence of laminar-turbulent transition, 

flow may reattach in such a way that, initially laminar 

boundary flow may separate because of an adverse pressure 

gradient. Then the flow becomes strongly unstable and hence 

turbulent. Hence, it reattaches further downstream because of 

the stronger resistance of turbulent boundary-layer flow 

against separation. After the cycle complete the flow 

phenomena repeats as the turbine come to a steady state. 

Anticlockwise vortex forms at the leading edge and clockwise 

vortex forms at the trailing edge of the blade at 𝜃 = 270° as 

shown in Fig. 5(l). Flow separates from the trailing edge and 

higher velocity is shown near the trailing edge (Fig. 4(l)). 

Maximum pressure occurs at the upstream of the blade (Fig. 

3(l)). At 𝜃 = 300°  and 330°  low pressure occurs at the 

trailing edge of the blade as shown in Fig. 3(i, j), respectively. 

Flow separation occurs both from the leading edge and the 

trailing edge and a clockwise TEV is vortex is visible Fig. 5(i, 

j). Another anticlockwise vortex is visible at the middle of 

blade at  𝜃 = 330°  (Fig. 5(j)). Velocity is maximum at the 

leading edge and the trailing edge as shown in Fig. 4(i, j), 

respectively. Flow characteristics are the same as  𝜃 = 0° 

when 𝜃 = 360°. 

B. Tangential (FT) and Normal (FN) Force 

   The tangential and normal forces vary periodically with the 

azimuthal angle after the 7th revolution of the rotor blade in 

the simulation. To determine tangential and normal forces, lift 

and drag forces are calculated from the lift (CL) and drag (CD) 

coefficients and then the tangential and normal forces are 

calculated from the lift and drag forces. At the beginning of 

the turbine rotation, both the forces are positive. When the 

blade comes to 𝜃 = 45°  azimuthal position, lower pressure 

occurs at the upper surface of the blade and the direction of FT 

changes along with the change of lift (CL) and drag (CD) 

coefficients as illustrated in Fig. 6. After the separation of the 

lower pressure zone from the upper surface, FT tends to 

increase at 𝜃 = 60° until lower pressure occurs at the upper 

surface of the blade again as a consequence of DS. FT 

decreases gradually at 𝜃 = 90°  for the occurrence of lower 

pressure at the downstream and high-pressure drag at the 

blade upstream. At the blade’s position of 𝜃 = 120°, lower 

pressure zone detached from the upper surface, therefore, the 

force tends to increase. When 𝜃 = 150° different types of 

vortex form around the blade and as a result of blade vortex 

interaction, FT decrease to  𝜃 = 210° . After 𝜃 = 210°  when 

the lower pressure zone tends to come to the middle of the 

blade FT increase and when lower pressure zone separates at 

𝜃 = 240°  the force tends to decrease. At 𝜃 = 270°  force 

increase as higher pressure occurs at the upstream zone. Again, 

lower pressure occurs at the trailing edge of the blade at 𝜃 =
300°  and the force increase. So, it can be decided for the 

second half of the blade rotation when the lower pressure 

occurs at the trailing edge, the tangential force tends to 

increase. Also, for the first half cycle, the force is positive and 

for the last half cycle, the force is negative as shown in Fig. 6.  

 

 

Fig. 6 Variation of non-dimensional tangential force with the azimuthal 

angle for wind velocity 5 m/s 

The normal force changes dramatically around the blade 

surface due to dynamic stall and the pressure variation around 

the blade as shown in Fig. 7. FN increase gradually till the 

blade comes to 𝜃 = 45°, then it tends to decrease up to 𝜃 =
135°, and again the force increases until 𝜃 = 180° and at this 

position no force acts around the blade. After that FN decrease 

to 𝜃 = 225° and then again increase up to 𝜃 = 315°. Finally, 

the force decreases for the rest of the cycle and then repeats as 

shown in Fig. 7. It is observed that from 𝜃 = 90° to 𝜃 = 270° 

the net force is negative and for other positions the force is 

positive. 

 

Fig. 7 Variation of non-dimensional normal force with the azimuthal angle 

for wind velocity 5 m/s 

C. Power Coefficient 

Power coefficient is the ratio of the generated output power (P) 

to the theoretical input power (
inP ). As the turbine rotates 

clockwise direction the negative tangential force (
TF ) 

generate the positive power which can be defined by,  𝑃 =

−𝜔𝑅𝐹𝑡  [2]. The theoretical input power is  𝑃𝑖𝑛 =
1

2
𝜌𝐴𝑉3 , 

where A is the swept area, V is the air velocity and ρ is air 

density. For wind velocity 5 m/s the calculated average power 

coefficient is 0.056 which is calculated after the turbine comes 

to a steady state condition. It is observed that the power 

coefficient is proportional to the rotor radius. So, the more the 

radius of the rotor the more the power coefficient will be and 

the turbine will generate more power.  

V. CONCLUSIONS 

Computational fluid dynamics simulations have been 

carried out to study a single bladed Darrieus wind turbine 

under the dynamic stalled condition at wind velocity 5 m/s. 

The studied turbine blade was constructed of NACA 0015 

airfoil profile. The flow characteristics around the bladed 
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surface were investigated and highlighted as the main focus of 

the paper. The tangential and the normal force and the average 

power coefficient had been calculated. It is observed that 

different types of vortex are generated around the blade 

surface as a consequence of dynamic stall. Moreover, pressure 

varies considerably at the different position of the blade which 

affect the tangential forces around the blade. Power generation, 

as well as the tangential force, varies positively and negatively 

with the azimuthal angle. The average power coefficient at the 

steady state is positive which indicate that the turbine can 

produce net positive power.  
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