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Abstract 
 
The aim of this study is to investigate the flow development of a single bladed vertical axis wind turbine using Computational fluid 

dynamics (CFD) methods. The blade is constructed using the NACA 0012 profile and is operating under stalled conditions at tip speed 
ratio of 2. Two dimensional simulations are performed using a commercial CFD package, ANSYS Fluent 15.0, employing the Menter-
SST turbulence model. For the preliminary study, simulations of the NACA 0012 airfoil under static conditions are carried out and com-
pared with available measurement data and calculations using the boundary layer code XFOIL. The CFD results under the dynamic case 
are presented and the resulting aerodynamic forces are evaluated. The turbine is observed to generate negative power at certain azimuth 
angles which can be divided into three main zones. The blade vortex interaction is observed to strongly influence the flow behavior near 
the blade and contributes to the power production loss. However, the impact is considered small since it covers only 6.4 % of the azimuth 
angle range where the power is negative compared to the dynamic stall impact which covers almost 22 % of the azimuth angle range.  
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1. Introduction 

Wind energy has been identified as one of the most promis-
ing sources for renewable energy industry. Two categories of 
modern wind turbines, namely Horizontal-axis (HAWTs) and 
Vertical-axis wind turbines (VAWTs), are continuously de-
veloped. Nowadays, there is a strong interest from the wind 
energy community to harvest the energy within built environ-
ments at urban, sub-urban and remote areas in addition to 
large wind farms. HAWTs are not economically and socially 
suitable for such environments as they need large space to 
build. Technically, sophisticated yaw mechanism is required 
because the wind direction often changes significantly. On the 
other hand, VAWTs have the advantages of a simpler design, 
lower cost and operability even under the winds with high 
instability in terms of intensity and direction [1]. 

It is well known that vertical axis wind turbines exhibit very 
complex unsteady aerodynamics [1, 2]. The cyclic motion of 
the blade induces a large variation in the angle of attack (α) 
even under uniform inflow conditions. In consequence, the 
aerodynamic loading fluctuates and this can manifest as Dy-
namic stall (DS) [3]. DS is a phenomenon involving a series 

of flow separations and reattachments occurring on any lifting 
surfaces subjected to a rapid unsteady motion [4]. The phe-
nomenon is still not well understood despite its importance to 
the performance and the stable operation range of wind tur-
bines. DS is initiated by the leading edge separation which 
leads to the instance of Leading edge vortex (LEV). LEV is 
convected towards the trailing edge inducing the lift to in-
crease significantly. Close to the trailing edge, Trailing edge 
vortex (TEV) is formed while the LEV detaches from the 
blade surface indicating the onset of the stall. This results in a 
dramatic decrease of the lift coefficient (Cl) and a sudden 
increase of the pitching moment coefficient (Cm). The stall 
inception could then lead to a violent flutter causing a harmful 
impact to the blade structure.  

The Computational fluid dynamics (CFD) approaches have 
been utilized to study the onset of DS. Wang et al. [5, 6] ex-
amined the DS on two-dimensional (2D) oscillating airfoils. 
They demonstrated that the SST k-ω turbulence model [7] 
gives better predictions compared to the Wilcox k-ω [8]. 
Bangga and Sasongko [9] showed that the DS characteristics 
were dependent on α range and reduced frequency (fr). By 
subsequently adjusting the turbulence viscosity of the k-ε tur-
bulence model, Bangga [10] demonstrated that the accuracy of 
DS simulations at low Reynolds number could be improved. 
Buchner et al. [11] obtained a good agreement between 
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URANS simulations and PIV measurements, encouraging the 
use of CFD to predict the complex behavior of VAWT.  

Due to its complexity, Blade-vortex interaction (BVI) is 
considered as one of the most crucial problems in the numeri-
cal modeling of VAWT. Ferreira [12] demonstrated that the 
BVI contributes to the complex behavior of the resulting 
forces. Similar studies performed recently by Orlandi et al. 
[13] using the 3D URANS analysis on a vertical axis wind 
turbine under skewed flow. They demonstrated that the shed 
vortices could influence the aerodynamic forces within the 
wake region. For the time being, discussions related to the 
BVI are not well explored. Furthermore, the quantifications of 
losses by the BVI and DS were not well examined. Thus, fur-
ther studies are necessary. 

This paper aims to gain more insights into the DS and the 
BVI effects on VAWT using CFD. Emphasize is, however, 
given to the BVI effect which distinguishes the difference 
with previous publication by Hutomo et al. [4]. In this paper, 
the quantified effects of DS and BVI are presented. A single 
bladed Darrieus-type wind turbine was chosen as the model. 
The rotor radius (R) was 1.2 m. The study was limited to one 
blade to isolate the development of the complex wake behav-
ior shedding from the multiple blades. The blade was con-
structed using the NACA 0012 airfoil with the chord length 
(c) of 0.15 m and the pitch angle of 0°.  

 
2. Computational setup 

The hybrid mesh technique was employed in this study, 
combining the structured mesh in the vicinity of the blade 
surface to better resolve the boundary layer and the unstruc-
tured mesh for the rest of the domain. The hybrid grid was 
chosen, instead of the structured grid only, to reduce the com-
plexity of the mesh generation. Similar technique was em-
ployed in Refs. [2, 4, 13] and good agreements with the meas-

urements were shown. The grid was divided into two zones, 
namely rotating and stationary zones (Fig. 1). These zones 
were linked via the sliding interface boundary condition. The 
rotating zone was generated at about one chord width bi-
directionally from the blade surface resulting in an annulus-
shaped zone. 500 nodes were distributed along the blade sur-
face. The height of the first cell of the structured mesh adja-
cent to the blade was set to meet the value of the non-
dimensional wall distance of y+ ≈ 1 in order to accurately cap-
ture the characteristics of the boundary layer. The y+ is defined 
as u*y/υ, where u* is friction velocity, y is wall distance and υ 
is kinematic viscosity. This parameter is often used to describe 
how coarse or fine a mesh for a particular flow pattern. It is 
important in turbulence modeling to determine the proper size 
of the cells near domain walls. Because no wall function was 
employed in the present simulations; thus, according to Wang 
et al. [5, 6] and Buchner et al. [11] the y+ for the RANS should 
be less than one to resolve the laminar sub-layer region (y+ ≈ 
5). The maximum reported was around y+ ≈ 5 located near the 
trailing edge. The unstructured mesh was smoothed to reduce 
the skewness angle of the cells such that the maximum ob-
served was less than 0.6. The relative distance of the turbine to 
both of the side walls was 8R. The inlet and outlet boundaries 
were located respectively 8R upstream and 24R downstream 
the turbine. The computational domains along with the 
boundary conditions used are presented in Fig. 1.  

The Unsteady Reynolds averaged Navier Stokes (URANS) 
simulations have been conducted with a commercial CFD 
code, ANSYS Fluent 15.0. The two-equation eddy-viscosity 
SST k-ω turbulence model according to Menter [7] was em-
ployed. The model combines Wilcox k-ω [8] near the wall and 
standard k-ε model in the freestream. By doing so, accurate 
prediction of the flow field under a strong adverse pressure 
gradient can be given with small dependency towards the 
freestream conditions. This model was known to give good 
results for predicting separated flows [14]. Many computa-
tions for VAWTs have shown the accuracy of this model, for 
instance see Buchner et al. [11] and Orlandi et al. [13]. The 
intermittency transition model and the low Reynolds number 
correction were employed. The Kato-Launder correction [15] 
was applied to reduce the tendency of the RANS simulations 
to overpredict the turbulence production. This is particularly 
true for any simulation that employs a standard two-equation 
turbulence model. Having said that, the production limiter was 
activated to reduce the excessive turbulence kinetic energy in 
the stagnation regions. Coupled pressure-based solver was 
selected along with the second order implicit transient formu-
lation. All solution variables were solved via the second order 
upwind discretization scheme.  

 
3. CFD results 

3.1 Static condition 

This section presents the preliminary CFD results of the 
NACA 0012 airfoil simulations under static conditions using 

 
 
Fig. 1. The computational grid used in the simulations. 
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the same grid mesh as for the dynamic case displayed in Fig. 1.  
The α was adjusted by rotating the rotating zone (red col-

ored mesh in the enlarged area of Fig. 1) about the origin so 
that the desired α was obtained without giving too much 
changes on the grid domain. The Reynolds number was 
1.35x105 calculated as Re = Uc/υ with Re, U, c and υ are Rey-
nolds number, wind speed, chord length and kinematic viscos-
ity, respectively. Steady calculations were performed for the 
linear lift region while unsteady calculations were carried out 
for α > 10°. The static polar data, Cl and Cd, at several α are 
plotted against measurements from Lee and Gerontakos [16] 
as displayed in Fig. 2. Calculations using the boundary layer 
code XFOIL [17] are presented for comparison. It is observed 
that for α < 0°, the polar data are reproduced by mirroring the 
results for the positive α. 

A good agreement between the present study and the ex-
periment is depicted in both lift and drag coefficients for the 
studied α range. The XFOIL calculations overpredict the lift 

coefficient at high α beyond stall. Generally, XFOIL shows a 
good agreement with the measurement for the linear region as 
also shown by Drela [17]. However, as α increases the bound-
ary layer becomes thicker and the integral boundary layer 
methods, such as in XFOIL, are not recommended for such 
case. In addition, the transition model used can capture the 
drag bucket at α ≈ 13.5°/-13.5°. The predicted transition point 
is, however, a bit different from eN model by XFOIL, see Fig. 
3. The CFD simulation predicts earlier and less steep transi-
tion point than the one shown by XFOIL at α = 2.5°, 7.5° and 
13.5°. The difference is thought to originate from the inlet 
boundary condition specified in the CFD setup. The model is 
known to strongly dependent upon the inlet turbulence inten-
sity and its dissipation rate. It shall be noted that the turbu-
lence decays from the inlet to the location of the airfoil. The 
local value near the leading edge of the body is usually about 
half of the inlet [18]. It has been shown by Minkowycz et al. 
[19] that smaller turbulence intensity at the inlet results in a 
delayed transition location. The fact that CFD shows earlier 
transition location may indicate that the local turbulence level 
at the leading edge is higher. Hence, conscientious setup is 
necessary when dealing with these parameters. However, it 
should be noted that the described methods (in CFD and 
XFOIL) use different formulations and basis. This very fun-
damental difference may also have a significant contribution 
in the presented discrepancies. Nevertheless, the impact on the 
aerodynamic loadings is considerably minor as reflected from 
the XFOIL and the present study Cl and Cd which are less 
renounce in term of discrepancy for the examined α before 
stall. 

 
3.2 Dynamic condition 

The dynamic simulations were performed at similar inflow 
Re as in the static condition (Re = Uc/υ). The wind and the 
rotational (ω) speeds of the turbine were respectively 14 m/s 
and 46.67 rad/s which corresponds to the tip-speed ratio of λ = 
2. The time step size used was 3.74x10-4 s, an equivalent to 
one degree blade revolution. The time step is calculated as 
(2π/ω)(Δθ/360°), where Δθ (azimuth) is equal to 1°. Conver-
gence is achieved every physical time step by setting the re-
sidual tolerance of all parameters to 1x10-5, otherwise the cal-
culation for the specific physical time is stopped after 200 
iterations. The simulations were performed for 7 blade revolu-
tions and the last three revolutions were extracted and aver-
aged. 

Fig. 4 shows the resulting non-dimensionalized forces in 
tangential (FT) and normal (FN) directions relative to the blade 
chord line. It can be seen that FT is positive at certain azimuth 
ranges (zones 1, 2 and 3) implying negative power production 
which is defined as P = -ωRFt. Within zone 1, the negative 
power is caused dominantly by the drag force acting on the 
blade. The α seen by the blade within this range is considered 
small (Fig. 5) leaving FT to strongly influenced by the drag 
force which is almost parallel to the direction of U. 

 
               (a)                          (b) 
 
Fig. 2. Static polar data. Cl (a); Cd (b). 

 

 
                (a)                          (b) 
 

 
(c) 

 
Fig. 3. Static Cp distributions. α = 2.5° (a); α = 7.5° (b); α = 13.5° (c). 
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For zone 2, the negative power production is strongly af-
fected by flow separation on the blade suction side at high α 
which indicates the stall. The phenomenon starts at azimuth = 
74° (α ≈ 22.9°). The flow insertion from the outside of the 
LEV pocket pushes the LEV to detach while the TEV grows 
stronger (Fig. 6). As the results, a sudden drop of FN and a 
substantial increase of FT are observed in Fig. 4. This effect 
occupies a wide azimuth range, from azimuth angle of 90° to 
180°, in the turbine operation. In Fig. 6, distinct vorticity field 
upstream of the leading edge is observed which seems un-
physical. This small error might be the results of non-
smoothed transition between the structured and unstructured 
grids around that area. Another possibility comes from the 
block splitting issue where the interpolation within grid inter-
faces from one block to the neighboring blocks is not correctly 
made. This usually happens if the flow data need to be ex-

changed from the block consisting high velocity gradient in-
formation (with fine mesh) to the other blocks with lower 
velocity gradient (coarser mesh). 

The negative power production in zone 3 is caused pre-
dominantly by the complex flow behavior occurring in the 
downwind phase. The BVI is identified as the main source of 
the power loss. It shows a strong influence from azimuth angle 
of 180° to 270°. To better understand the physical mechanism 
of such phenomenon, the flow development around the blade 
is illustrated in a series of snapshots in Fig. 7. The Clockwise 
(CW) vortex is indicated by the blue color while the Counter-
clockwise (CCW) vortex is shown by the red color. The corre-
sponding Cp distribution is plotted to get a better view on the 
impact of shedding vortices on the aerodynamic loading act-
ing on the blade. The blade surface denoted by the letter “A” 
in each snapshot corresponds to the similar letter in the Cp 
distribution.  

At azimuth 180°, five distinct vortices are observed, each 
labeled as p0, p1, p2, p3 and p4. The main vortex, p0, is the 
detached LEV from the blade surface, depicted earlier in Fig. 
6, which travels alongside the blade and grows in size. This 
vortex deflects the main stream and determines the flow be-
havior close to the blade. All of the other vortices, namely p1 
to p4, are at the same time encapsulated in a bigger vortex. 
The respecting vortex could also be seen as another p0 that 
deflects the mainstream hence inciting further power produc-
tion loss. The vortex bundle is highly unstable and a strong 
interaction during the blade revolution is observed. The first 
vortex, p1, creates a strong blockage near the blade surface in 
the region pointed by the blue arrow. It accelerates the flow 
followed by the pressure decrease in the corresponding Cp 
plot. The stagnation point is not located on the leading edge, 
but is shifted downstream. The second vortex, p2, which ro-
tates in opposite direction decelerates the flow downstream the 
minimum pressure region. The p3 vortex then increases the  

 
               (a)                          (b) 
 

 
(c) 

 
Fig. 4. Normal (a); tangential (b) forces acting on the blade. The 
shaded area (Zone 1,2 and 3) indicates the region where the resulting 
power production is negative (c). It should be noted that positive power 
production is obtained from negative tangential force.  

 

 
 
Fig. 5. Relation between azimuth angle and geometrical α. 

 

 
 
Fig. 6. Stall process by the flow insertion illustrated by z-vorticity, blue 
(CW) and red (CCW). 
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flow velocity in vicinity of the trailing edge. Meanwhile on 
the other blade side, p4 vortex has a very strong impact on the 
Cp distribution. No minimum pressure peak is observed as the 
incoming flow sees thicker structure than the actual blade 
structure itself due to the vortical structure existence. Down-
stream the vortex, the Cp distribution is flat similar with the 
flow over a flat plate. 

At a larger azimuth angle, 190°, p0 vortex still determines 
the flow behavior near the surface “A” creating a strong 
blockage on the mainstream. The p1 and p2 vortices travel 
towards the leading edge, shifting the location of the mini-
mum Cp value further upstream. A substantial pressure in-
crease close to the trailing edge is also observed. This happens 
because the flow between the p2 and p3 vortices is nearly 
orthogonal to the blade, see the blue arrow in Fig. 7 at azimuth 
190°. Similarly on the other blade side, the strength of the p4 
vortex is also increasing making the affected region wider. 

As observed, FN and FT are decreasing from azimuth angle 
of 180° to 190°. It is caused mainly by the pressure change on 
the surface “A” of the blade which is generally increasing. A 
further increase of azimuth angle, at 197°, an abrupt de-
crease/increase of the normal/tangential force is observed. The 
Cp distribution which generates these forces is shown in Fig. 7. 
It can be seen that the surface “A” of the blade has a substan-
tially higher pressure than on the opposite surface. Hence, it is 
obvious that FN is decreasing. There is a region in the front 
and the rear sides of the blade where the pressure is very high 
due to the p2 vortex and the orthogonal flow (blue arrow) as 
discussed for azimuth = 180°. It is identified as the source of 
the substantial FT increase depicted in Fig. 4. However, the 
resulting FT increase is lower than zero so that the power pro-
duction is still positive. In addition, the shape of the p0 vortex 
changes and it moves closer to the p1 and p2 vortices. This 
phenomenon, nevertheless, occurs only within a narrow azi-
muth range.  

The p0 and p2 vortices which have the same direction 
merge and create a larger vortex at azimuth = 213°. The newly 
generated vortex increases the backflow velocity on the front 
side of the blade (see the blue arrow) which leads to Cp de-
crease. On the other hand, the p1 vortex which strongly influ-
ence the surface “A” of the blade at lower azimuth angles is 
transported towards the opposite blade surface. Shortly before 
it is convected downstream, the vortex detaches from the 
blade surface and it interacts with the p4 vortex at azimuth = 
240°. Additionally, the p0 vortex becomes very close to the 
blade surface. These all vortices (p0, p1 and p4) change of the 
flow direction close to the blade surface, see the blue arrows. 
This results in a higher pressure level on the blade rear side 
leading to FT increase. The surface “A” of the blade also 
shows lower Cp than the other blade surface resulting in an 
increase of FN. These interacting vortices shed away with fur-
ther increase of the azimuth angle. It can be seen that the flow 
is fully re-attaching on the blade at azimuth = 277°. 

Though the BVI is complex and demonstrated to strongly 
influence the blade loads, the phenomenon gives a small im-

 
 
Fig. 7. BVI in the downwind phase illustrated by z-vorticity, blue 
(CW) and red (CCW), and the corresponding Cp distribution. 
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pact on the power production loss. It covers only 6.4 % of the 
azimuth range where the turbine produces a negative power. 
This is considered small compared to the dynamic stall impact 
within zone 3 which covers almost 22 %. 

It has been shown that the VAWT performance is strongly 
influenced by the DS phenomenon. It is shall be noted also 
that the assumption of rigid surface may lead to a different 
conclusion when the surface deformation occurs [21]. Thus, 
an accurate but efficient prediction of the DS is important 
which can be done by adjusting the turbulence model for the 
DS purpose [23]. At last, separation needs to be controlled 
[24] to fully optimize the VAWT under realistic conditions. 

 
3.3 Grid and time resolutions 

In this section, the impacts of spatial and temporal discreti-
zations on the resulting aerodynamic loading for the dynamic 
case are investigated. For the spatial discretization study, the 
grid along the blade surface was refined from 500 nodes 
(baseline) to 800 nodes. A coarser grid of 240 nodes along the 
blade was also tested. No specific criteria are used, but the 
grid refinement should be at least by a factor of 1.4 according 
to the grid convergence index study introduced by Celik et al. 
[20]. This approach was also tested in Ref. [21] for applica-
tions in HAWT blade. Simulations for the grid study were 
performed using the same time step size as the baseline case 
(1°). The temporal discretization study was conducted by 
coarsening and refining the baseline time step size (3.74x10-4 
s) by a factor of 4 using the same mesh as the baseline case 
(500 nodes). The fine time step size is 0.94x10-4 s (0.25°) and 
the coarse time step size is 10.49x10-4 s (4°). 

The results in term of the non-dimensionalized force in y-
direction (Fy) are plotted in Fig. 8. In both studies, the refine-
ments have small impact within the azimuth range of 0° to 
109°. The discrepancy is, however, quite pronounced for the 
rest of azimuth angles. A distinct peak of Fy (s1) for the base-
line case is observed at azimuth 197°. It is predicted at a 
slightly higher azimuth angle for the fine grid resolution and 
significantly higher angle for coarse mesh. The peak value 
reduces with increasing resolutions of both grid and time step. 
This implies that the physical impact of the flow at azimuth 

=197° is a little bit over-predicted. It is predicted at a smaller 
azimuth angle with increasing time step size resolution.  

Generally, finer grid and time resolutions produce more ac-
curate results than the coarser one, but it is followed by com-
putational time increase as a consequence. For RANS simula-
tions, as the turbulence is not resolved (but modeled), grid and 
time-step refinements will reach a converged solution at a 
certain value. It can be seen from Fig. 8 that the general be-
havior and characteristics of the resulting force are sufficiently 
captured using the baseline grid and time step size. Further-
more, the same grid was used to calculate the static airfoil case 
presented in Sec. 3.1 and excellent agreements are achieved 
against measurement data. Thus, considering the solution 
accuracy and computational resources, the use of baseline grid 
and time is reasonable. 

 
4. Conclusion 

Computational fluid dynamics (CFD) simulations have been 
carried out to study a single bladed Vertical axis wind turbine 
(VAWT) under stalled conditions at low tip speed ratio (λ=2). 
The studied turbine blade was constructed using the NACA 
0012 airfoil. The Blade vortex interaction (BVI) was investi-
gated and highlighted as the main focus of this paper. 

For the preliminary study, calculations were carried out for 
the NACA 0012 airfoil under static condition. The results 
were compared with the measurement data obtained from 
literature and simulations using a boundary layer code XFOIL. 
A good agreement was obtained in lift and drag coefficients. 
The present simulations were able to capture the deep stall in 
lift and the drag bucket accurately. Although the transition 
point was predicted a bit earlier for the CFD prediction than 
the XFOIL code, the resulting forces are similar before stall 
implying that the impact is minor. 

Under dynamic conditions, the resulting tangential force 
was positive at certain azimuth ranges implying negative 
power generation. Three different ranges and the causes of this 
phenomenon were depicted as follows: 
·Zone 1 covered a very small azimuth range. The positive 

tangential force was caused mainly by the drag and the 
angle of attack (α) was considered small. 
·Zone 2 covered a large portion of azimuth range. Flow 

separation at large α caused dynamic stall and became 
the main reason of the power loss. 
·Zone 3 covered a mediocre portion of azimuth range. 

The BVI occurring within this range strongly influenced 
the flow characteristics associated with the power loss. 
Five distinct vortices, p0, p1, p2, p3 and p4 were in-
volved in this phenomenon. A very strong influence of 
these interacting vortices on the pressure coefficient (Cp) 
distribution was demonstrated. The flow behavior was 
determined by the blockage created by the p0 vortex. 
The other vortices, namely p1 to p4, at the same time en-
capsulated in a bigger vortex which could be seen as an-
other p0 that deflects the mainstream hence inciting fur-

 
               (a)                          (b) 
 
Fig. 8. Force acting on the blade in y-direction: (a) Effects of grid 
density; (b) time step size used. 
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ther power production loss. 
The spatial and temporal discretization studies showed that 

the finer grid/time resolution had small impact on the blade 
load for the attached flow at small azimuth angles. At azimuth 
> 109°, larger discrepancies were observed. Nevertheless, the 
general behavior of the resulting force was sufficiently cap-
tured using the baseline grid and time step size. 
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