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Abstract- The purpose of this research work is to investigate computationally the improvement of the performance of the 
vertical-axis Darrieus-H wind turbine.The simulations of the aerodynamic field around a four-bladed straight –axis wind 
turbine (VAWT) are presented for different values of the Tip Speed Ratio λ (TSR), λ = 1.5 to λ = 3. Six different pitch 
angles are considered with symmetrical airfoil NACA0015. The Reynolds-Averaged Navier–Stokes equations are completed 
by the K- ώ SST turbulence model. Multiple Reference Frames (MRF) model capability of a computational fluid dynamics 
(CFD) solver is used to express the dimensionless form of power output of the wind turbine as a function of the wind 
freestream velocity and the rotor’s rotational speed. The results show that the optimized turbine experienced maximum 
power coefficient of 0.41 in tip speed ratio of 2.5 and in pitch angle 6° for CFD simulations. The experimental data from the 
literature and computational results were then compared for verification. 
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I. INTRODUCTION 
 
The vertical axis wind turbines (VAWTs) are the 
simple type of wind turbines to convert wind energy 
and are favorable due to the fact that they do not 
suffer from frequent wind direction changes, have a 
design simply and they have better response in 
turbulence wind flow. The VAWTs sweep the area 
twice, opening a theoretical possibility of reaching Cp 
exceeding the Betz limit (B.G. Newman, 1983) [1]. 
These turbines are extremely quiet in operation. This 
is due to their special design where the blades do not 
create the usual coning noise that occurs with 
conventional horizontal axis wind turbines. The lower 
noise emission makes vertical axis wind turbine more 
suitable for an urban environment. The VAWT 
concept can reduce tower head mass which is a key 
element to access markets with constraints in crane 
availability. 
The Darrieus turbine is the most common VAWT 
invented in 1931 (G. Darrieus 1931) [2]. In the 80s, 
several wind farms with commercial Darrieus 
turbines were operated in California (T. Price 2006) 
[3]; the biggest turbine that was built had a rated 
power of 4 MW (S. Peace 2004)  [4]. However, the 
Darrieus turbine suffered from structural problems 
and a poor energy market (J. German 1997) [5]. For 
this reason, the small power installation, vertical axis 
wind turbines (VAWT) can be preferred.  
Unfortunately, the aerodynamic field around a 
VAWT is very complicated. Rotational motion and 
the peculiar geometry cause the occurrence of 
dynamic stall, the generation of tip vortices and the 
interaction between blades and shaft. The main 
disadvantages of VAWT are the high local angles of 
attack involved and the wake coming from the blades 
in the upwind part and from the axis. As a result, the 
investigation of the flow-field around the rotor 

represents a challenging aerodynamic problem. 
Considerable improvements in the understanding of 
VAWT can be achieved through the use of CFD and 
experimental measurements.  
Recently Darrieus turbine is attracting many 
researchers for its inherent advantages and 
applications for urban areas (S. Mertens 2006 and S. 
Stankovic 2009) [6-7]. Several researchers developed 
the straight-bladed Darrieus turbine, also called H-
Darrieus. The H-rotor is constituted by several 
straight blades with airfoil cross section which are the 
main power generating structure. Generally, the 
vertical axis wind turbine is designed to star up at 
1.5m/s and produce their rated output at 10m/s.  
Some of the most notable researches about H-
Darrieus concept were conducted at the USA 
Department of Energy Sandia National Laboratories 
(D. Berg 1990) [8] and in the UK by Reading 
University, and Sir Robert Mc Alpine and Sons Ltd. 
They erected several prototypes including a 500 kW 
version at Carmarthen Bay (T. Price 2006)  [9]. 
(Mertens 2003) [10] studied the performance of H-
rotors in skewed flow. The CFD technique was 
applied to calculate the turbulent separation. The 
modeling results showed an increase of the power 
coefficient when H-rotor was in skewed flow. (Danao 
and Howell 2012) [11] conducted CFD simulations 
on a wind tunnel scale VAWT in unsteady wind 
inflow and have shown that the VAWT performance 
generally decreased in any of the tested wind 
fluctuations. In 2007, (Guerri 2007) [12] investigated 
the aerodynamic performance of a small rotating 
vertical axis wind turbine by using a RANS solver 
and moving meshing technique.  (Ferreira 2007)[13] 
simulated the dynamic stall of the H-rotor by CFD 
models and validated the stalls with Particle Image 
Velocimetry data. (Scheurich and Brown 2012) [14] 
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published their findings on a numerical model of 
VAWT aerodynamics in unsteady wind conditions. 
 (Paraschivoiu and Trifu  2009) [15] were  computing  
the  optimal variation of the  blades'  pitch  angle  of 
three blades H-rotor  in  order  to  maximize  the  
power coefficient  at  given  conditions. They 
concluded that the pitch angle variation optimized in 
the low wind speed area could contribute an increase 
of 30% in the annual energy production of the 
turbine. 
The goal of the present research is to investigate the 
aerodynamic characteristics of three-blade wind 
turbines. This paper concentrates to study The 
parameters which affect the performance of these 
turbines are  which are the blade pitch angle and 
Turbine aspect ratio (H/D for  to find the best 
configuration of  Darrieus turbines.  
Two dimensional simulations are carried out to 
estimate the aerodynamic performance of H- rotors 
with NACA0015 airfoil. The 2D extrapolation was 
necessary in order to understand the aerodynamics 
involved during the operation of the wind turbine. In 
this 2D numerical study the effects from supporting 
arms and conical surfaces were neglected. The 
simulations are conducted for different values of the 
Tip Speed Ratio (TSR) from 1.5 to 3. The torque and 
power variations versus tip speed ratio and the pitch 
angles are calculated and compared with 
experimental data conducted by Simao Ferreira CJ,. 
et al. [16]. 
 
II. AERODYNAMIC FEATURES OF H-
ROTORS  
 
In aerodynamics, the lift and drag forces are 
commonly carried to analyze the aerodynamic 
characteristics. The vertical axis wind turbine has a 
rotational axis perpendicular to the oncoming airflow. 
The aerodynamics forces are shown in figure 2. On a 
rotating H-rotor, the forces can be also expressed in 
tangential and normal directions.  
 

 
Figure 2 forces diagram of a blade airfoil 

 
The tangential force can be obtained by the difference 
between the tangential component of lift and drag 
forces and the normal force perpendicular to the 
rotating direction is the difference between their 

normal components. The relative wind speed can be 
obtained by the vector sum of inlet wind velocity and 
rotating velocity. The θ is the azimuthally angle. The  
attack angle α  is  the  angle  between  relative  wind  
velocity  and  the  blade  rotating direction (M.H. 
Mohamed 2012)  [19]. 

 





 

cos
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                         (1) 
 

Figure 3 shows the versus azimuth angle at different 
tip speed ratios. Due  to  the  angle  of attack  and  
relative  wind  speed  changes  with  the  azimuth  
positions, the  forces  vary  and  can  be  considered  
as  a  function  of azimuth  angle.  
 

 
Figure 3:  Effective angle of attack versus the azimuth angle at 

different TSRs. 
 

The attack angle range is determined by the TSR. The 
range of attack angle at low TSR is larger than that of 
high TSR. When  the TSR  increases,  the  rotating  
velocity  will  become  dominant  in  the  relative 
wind  speed.   
At different TSR, due to the change of the attack 
angle and the relative wind speed the blade exhibits 
various aerodynamic performances in one cycle.  
 
III. GOVERNING EQUATION 
 
The unsteady incompressible Reynolds Averaged 
Navier-Stokes equations is solved for describe the 
flow fields.  The details of RANS and URANS 
methodologies are not given here. In RANS, only the 
time-averaged equations are solved, and the 

fluctuations associated as Reynolds stresses ( ''
jiuu

) are represented by turbulence models. The shear-
stress transport (SST) K- ω turbulence model was 
developed by (Menter 2003) [20]. The low-Reynolds 
k- models suffer from the lack of appropriate wall 
boundary condition for  which is specified mostly by 
ad-hoc empirical functions for the near wall flow.  
 
IV. NUMERICAL METHODS 
 
The computations have been obtained using a finite-
volume fluent commercial Computational Fluid 
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Dynamic Package. The unsteady terms are implicit 
second-order discredited. A centered Simple 
algorithm is used for the pressure-velocity coupling 
and a third-order MUSCL scheme discretization is 
used for the convection and diffusion terms.  The 
conservation equations are solved using a segregated 
solver. SST k-ω turbulence model was used for 
turbulence model. The inlet condition was set on the 
upwind face of the stator domain, imposing a 
constant wind profile equal to 10 [m/s] with 
stochastic turbulence of 5% of the free stream 
velocity. The static atmospheric pressure was 
imposed on the remaining surfaces of the model. 
 
V. COMPUTATIONAL DOMAIN AND 
MESHING 
 
To take into account the rotor blade rotation, the 
model is divided into two sub-domains for the 
Multiple Reference Frame formulation, one for the 
rotor and another for the stator. The sub-domains 
used are shown in Figure 5. The rotor sub-domain is 
rotating with consideration to the inertial frame in the 
model. Continuity of the absolute velocity is enforced 
at the boundary between the rotor and stator sub-
domains to provide appropriate values of velocity for 
each sub-domain.  

 

 
Figure 5: computational domain 

 
The dimensions of the computational domain are as 
follows: a height of 12.5 times diameter length, a 17.5 
times chord length long where 5 times diameter 
length upstream from the center of rotation of the 
rotor and 12.5 times diameter length downstream.  
The choices of values of geometric parameters are 
identical to the experimental data of Simao Ferreira 
CJ et al. [16], where the chord of profile is 0.05m and 
the radius of the rotor is 0.4 m. This corresponds to a 
solidity of wind turbine equal to 0.75.   
Unstructured mesh was employed for both the 
stationary and rotating domains. Grid refinements 
were provided near the domains interface as well as 
in the wake region downstream the turbine and near 
the rotor blades. The mesh used is shown in Figure 6. 
To handle the blade rotation we used the sliding mesh 
technique to update the mesh around the rotating 
wind turbine blades. In this method, cell zones are 

surrounded by at least one interface zone where it 
meets its neighboring cell zone. 

 
Figure 6: The mesh domain rotor. 

 
VI. RESULTS 
 
The velocity field is relevant in understanding the 
performances of the turbine. Figure 8 shows the 
velocity field around the turbine rotating at an angle 
of attack of 6 ° and a TSR of 2.5. The flow 
visualization in 2D allows identifying relevant fluid 
dynamics phenomena, including the tip vortex 
release. 
The effect of continuously changing angles of attack 
induces a continuously changing circulation on the 
blades which generates a vortex formation as is 
observed in fig.8. These vortices are strongly 
disturbing the flow especially in the downwind part. 
Fig.8, which show velocity field at four different 
angles of inclination, corresponding to TSR   equal 
2.5 allow to analyze the flow field. The wake presents 
regions in which the velocity is very low. In this 
configuration the wake is irregular and interference 
between the blades is observed. For the lower value 
of TSR these phenomena are less important and the 
wake is quickly convected downstream, due to the 
larger free-stream velocity.  
Dynamic stall angle depends on TSR, in particular for 
lower TSR, dynamic stall occurs at smaller angle of 
attack. In this case, a smaller value of the wind 
velocity, together with the occurrence of stronger 
interference, make dynamic stall for this 
configuration more significant.  
 

 
Fig.8: Velocity fields for TSR λ= 2.5 
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On the other hand, there are sections of the rotor 
where the blades cannot produce a positive torque. 
Furthermore the blades are forced to move through 
the turbulent wake on the downwind part of a 
revolution. This could induce rapid fluctuations in the 
blade loads and increase drag. 
 
5.1- Averaged torque coefficient variation 

The averaged torque coefficient of the Darrieus wind 
turbine model was calculated for different TSR. 
Figure 9 compares the variation of the averaged 
torque coefficient versus the pitch angle at different 
TSR. The maximal of the averaged torque coefficient 
is of the order of 0.16 for the value of TSR equal to 
2.5 for a pitch angle 6° and decreases from this value. 
At all TSR, the rotors have a nearly identical Periodic 
variation of averaged torque coefficient. It is clear 
that for all the tested TSRs increasing the pitch angle 
reduces the torque coefficient but the reduction level 
highly depends on the TSR. 

 
Fig.9: averaged torque coefficient variation Cm 

 
5.2- Power coefficient variation  

Figure 10 shows the comparison of the cycle power 
coefficient of turbines versus the TSR with the 
experimental data of (Simao Ferreira CJ et al ) [16].   
The Cp was obtained for the TSR from 1 to 3. A good 
approximation of the turbine performance up to a 
TSR value of 2.5 can be observed, and slight under-
estimation is observed beyond that value. We observe 
that at the values TSR equal 2.5, Darrieus turbine 
produces the greatest power that corresponds with 
azimuth angle 90 ° or 270 °. 

 
Fig.10: Power coefficient variation CP 

CONCLUSION 
 
In this paper the aerodynamic performance of a rotor 
of a Darrieus straight-bladed VAWT has been 
presented. The numerical analysis was conducted 
only for a 2D case in order to reduce time and 
understand the principles behind the wind turbine. A 
MRF method is used to handle the rotation motion of 
the blades. The transient SST turbulence model is 
used as the turbulence closure. Due to the massive 
flow separation, we need a very fine grid to capture 
the flow phenomenon. In the simulation, six different 
pitch angles of the rotor were examined in presenting 
power and torque coefficients. 
This modeling leads to the access the unsteady flow 
morphology. The analysis of the numerical results 
confirms the complexity of the unsteady flow around 
the blade in rotation.  The paper has shown that the 
forces generated on the blades of rotor are highly 
dependent on the TSR and the pitch angle selected. 
Comparisons are made with available numerical and 
experimental data. Discrepancies exist between 
experimental data and simulation data. 
Also, the analysis of the results of the simulation of 
the dynamic stall around an  airfoil in wind turbine 
Motion shows that  The shape of the obtained 
hysteresis cycle depends on the effects of the adverse 
pressure gradient due to the attack angle and the 
movement induced by the motion airfoil. This 
circulation is due to the angular velocity airfoil. 
Our study shows that vortex and blade interactions 
have an obvious impact on the blade performance. As 
the AWT study was reduce to a 2D case, future work 
is required for the 3D case. This is necessary for 
understanding the aerodynamics of the entire wind 
turbine.  
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