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ABSTRACT
Increased concern for the environment has led us in search of eco-friendlier energy sources. Wind energy can be an
invigorating option in this regard. Vertical axis wind turbines offer a reliable and auspicious solution for the remote areas that
are away from the integrated grid systems. These turbines show a very unpredictable nature especially due to the effect of
dynamics stall. In this paper, the influence of dynamic stall and blade vortex interaction is investigated on the flow properties
around a vertical axis Darrieus wind turbine blade. The blade is constructed of NACA 0015 airfoil profile and operates under a
low tip speed ratio at the wind velocity 1 m/s. A two-dimensional CFD analysis is executed in ANSYS Fluent 16.2 using the
realizable k-epsilon turbulence model and enhanced wall treatment. Graphical representations of the pressure coefficient,
turbulent kinetic energy, skin friction coefficient are discussed for the different azimuthal positions of the turbine blade. The
tangential and normal force around the blade is also calculated and variation of the forces for different blade positions is
discussed. Moreover, the coefficient of power at different wind velocities is calculated and analyzed. It is observed that the
dynamic stall and blade vortex interaction significantly affect the flow properties and forces around the blade, which results in
the fluctuation of power generation.
Keywords: Darrieus Wind Turbine, Dynamic Stall, Blade Vortex Interaction, Coefficient of Power, CFD.
1. Introduction
Due to global environmental pollution emergence, trends
towards renewable energy, and green power sources such
as wind energy is flourishing. Wind power generation is
an efficient alternative to relieve the global warming
problem for smaller environmental impact and renewable
characteristics
that
contributes
to
sustainable
development. It is one of the economic renewable sources
and a desirable as well as an adaptable alternative to
conventional energy sources [1]. Hence extensive
research efforts have been assigned to improve the
technology of electricity generation through wind [2,3].
Among the two types of the wind turbine‒ HAWT
(Horizontal Axis Wind Turbine), and VAWT (vertical
axis wind turbine) ‒ the VAWT system is suitable to be
established within the densely populated city areas
because of low-speed wind, which is suitable for both the
drag (Savonius) and lift (Darrieus) VAWT [4].
VAWT shows very complex unsteady aerodynamics [5,
6]. The cyclic motion of the blade creates a large
variation in the angle of attack (α) even under uniform
inflow conditions: the aerodynamic loading fluctuates
which causes Dynamic stall (DS) [7]. DS is a
phenomenon entangling a series of flow separations and
reattachments occurring on any lifting surface subjected
to a rapid unsteady motion [8]. A plethora of researches
have been performed on it and is still continuing. Mandal
[9] observed the effects of DS and flow curvature on the
aerodynamic performance of straight-blade Darrieus
wind turbine (DWT) using the cascade model and found
a good correlation between the experimental data and
calculated values of the instantaneous blade force and the
wake velocities. Overall coefficient of power (COP) of
high solidity DWT are significantly varying for the low
and high tip speed ratio (TSR). Balduzzi [10] carried out
a 3D time-accurate Reynolds-averaged Navier-Stokes
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(RANS) Computational Fluid Dynamics (CFD) analysis
of DWT and observed the flow effects and their impact
on the energy efficiency of Darrieus rotor blades. Noll
[11] found a positive effect of the DS on the power
generation of the wind turbine, although the aeroelastic
vibrations, noises from the blades and the fatigue of the
blade material occur by the unsteady forces of stall
vortices [12]. Measuring the unsteady fluid forces acting
on the rotating blade, Laneville and Vittecoq [13]
observed that the dynamic variations of lift and drag
forces become dominant when the TSRs decrease.
Brochier et al. [14] and Fujisawa [15] presented the flow
fields around DWT in a water tunnel using laser-doppler
velocimetry (LDV) and particle image velocimetry (PIV),
respectively. The distributions of mean and fluctuating
velocities in the wake are found to indicate a local peak
due to the DS by measuring the time-averaged flow
properties. The unsteady flow around the DWT operating
at low TSR results in the generation of two pairs of stall
vortices in one cycle of turbine rotation. Although the
structure of the stall vortices is roughly independent of
the TSRs, the generating angle of these stall vortices and
their development are influenced by the TSRs [16].
Paraschivoiu [17] stated that DS poses an obstacle to the
greater implementation of VAWT by reducing turbine
efficiency and inducing structural vibrations and noise
[18]. This study focuses mainly on the influence of DS
and blade vortex interaction (BVI) on the flow properties
of a DWT blade at low wind speed. BVI is an unsteady
phenomenon of three-dimensional nature, that occurs
when a rotor blade passes within a close proximity of the
shed tip vortices from a previous blade [40]. These
phenomena greatly influence the turbine efficiency by
disturbing the flow surrounding the blade and creating
impulsive noise especially in low wind speed condition.
The pressure coefficient, turbulent kinetic energy, and

skin friction coefficient are graphically presented and the
effect of DS and BVI on these properties is analyzed in
this article. Moreover, the tangential and normal forces on
the turbine blade are analyzed and the COPs for different
wind velocities are calculated and discussed.
2. Computational Setup
2.1 Geometry Generation
A NACA 0015 [19] airfoil of chord length C is selected
as the turbine blade, which is placed in an annulus shape
zone, generated bi-directionally from the surface of the
blade as shown in Fig.1. The radii of the inner and outer
circles are 0.85C and 1.2C, respectively, and the blade
is placed at 1C distance from the center [20]. This zone
with the turbine blade is allowed to rotate at a
predefined angular velocity. Finally, the computational
domain is constructed as a square shape of side distance
25C from the center of the annulus as applied by
Mohamed [21]. Overall the computational domain is
constructed of the inner stationary zone, rotating zone
and outer stationary zone, successively. Before fixing
the domain size several domains were tested and
domain independence is ensured as shown in Table 1.

of the blade surface, 15 inflation layers are used in 5
mm thickness to better resolve the boundary layers
Fig.2. The number of inflation layers is selected after
the sensitivity analysis as presented in Table 3. This
type of combined grid‒ instead of the single grid only‒
is also chosen by Qin [6], Hutomo [8], and Bangga [22]
and good combination with the experiments were found.
Several node and element sizes were taken and the mesh
dependency test is performed Fig.3(a). Finally, node
860966 is selected for the analysis.

Fig.2 Grid generation and magnifying view around the
rotating zone and turbine blade.

Fig.1 (Left) Boundary conditions in the computational
domain, (right) close-up view surrounding the blade.
Table 1 Domain independency test for the analysis
Upper/
Domain
Inlet/
Outlet
Lower
%
(D)
Wall
Distance
Vertical
Error
Distance
Wall
Distance
D1
10C
15C
3C
0.83
D2
15C
20C
4C
0.018
D 3 [21]
25C
25C
8C
D4
20C
25C
5C
0.01
D5
15C
25C
6C
0.02
2.2 Mesh Generation
The computational domain is divided into three
different rectangular zones to avail optimum mesh and
different sizes of unstructured mesh are employed
[Table 2]. Element size of 0.003 mm mesh is applied to
the inner rectangle in which the rotating zone is posited
to precisely analyze the flow properties adjacent to the
turbine blade. And element size of 0.008 mm is used the
two outer rectangular zones further from the blade to
reduce the complexity of grid generation. In the vicinity

Table 2 Number of nodes and elements for the grid
independency test [Fig. 3(a)] for the analysis
Mesh
Number of
Number of
Nodes
Elements
Mesh 1
2471666
4935750
Mesh 2
1232362
2459030
Mesh 3
860966
1919927
Mesh 4
753807
1502883
Mesh 5
525219
1046262
Table 3 Sensitivity of the number of inflation layers
near the turbine blade wall
Number of
Value of Pressure
% Error
Inflation Layers
Coefficient
5
-0.25319
0.228
10
-0.2531
0.011
15
-0.25312
20
-0.25308
0.01
2.3 Boundary conditions and solution method
Velocity inlet at the upstream, pressure outlet at the
downstream, and no-slip wall at the blade surface are
employed as boundary conditions, for performing the
simulation while symmetry conditions are used at the
other two sides, to reduce the computational effort [23,
24, 25]. The operating pressure is set at 1 atmospheric
pressure for the analysis. The blade, located in the
rotating zone, can rotate with it at the same
predetermined angular velocity as shown in Fig.1. For
operating the simulation, clockwise rotation is applied
to the turbine blade initially, whereas the air is coming
from the inlet at a predefined velocity. As a result of the
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combination of air kinetic energy and blade rotation, a
net torque is generated on the blade ‒ therefore, lift and
drag force has also developed from where the normal
and the tangential force has been calculated. The Time
step size is taken 0.005 for the analysis after the
validation test Fig.3(b). The realizable k-ε turbulence
model [3, 26-30] with Enhanced Wall Treatment [31] is
used for the rotating zones which has some benefits
over the standard k-ε turbulence model stated by
Mohamed [21]. All solution variables were solved
employing simple pressure-based solver and secondorder upwind discretization scheme [22,32].

Fig.3 Variation of 𝐶𝑝 with chord length around the
turbine blade at θ = 1.5° for different (a) node and
element numbers,[Table 2] and (b) time step sizes.
3. Result & Discussion
The wind turbine rotation is unsteady at the beginning
and after some rotations, it comes to the steady-state
condition. So all the simulations were conducted for 10
blade rotations and the average of the last three rotations
were considered [22]. The numerical model is validated
by comparing the tangential velocity variation with
Bangga et al. [22] for the same operating conditions and
a good match is found as shown in Fig.4. Pressure
coefficient ( 𝐶𝑝 ), turbulent kinetic energy (k), skin
friction coefficient ( 𝐶𝑓 ) profiles are presented and
analyzed at every 15° interval of azimuthal angle (θ)
and the tangential (FT) force, normal (FN) force and the
COP are calculated.

Fig.4 Data validation (Tangential force) for NACA
0012 airfoil shape turbine blade with Bangga et al. [22].
3.1 Effect of DS and BVI on Pressure Coefficient
Pressure coefficient depicts the relative pressure
𝑃−𝑃∞
surrounding the flow field‒ defined by 𝐶𝑝 =
2
1/2𝜌∞ 𝑉∞

[33,34], where 𝑃∞ is the atmospheric pressure. The
pressure coefficient is an important factor for wind

turbine aerodynamics‒ causes a significant change in
the lift and drag as well as power generation. The effect
of DS on 𝐶𝑝 along the blade chord length at different
blade positions is presented in Fig5. Pressure at the
leading edge (LE) of the blade is maximum at θ = 0°
[35] and suddenly decreases with the chord length,
although near the trailing edge (TE) pressure increases
again. When upstream air strikes at the LE, which is the
stagnation point, pressure becomes maximum for the
high air kinetic energy. Then when air flows over the
blade the pressure becomes low, however, at the TE the
flow separates and due to boundary layer separation the
boundary layer forms a wake‒ results in an increase in
pressure. Moreover, pressure at the blade LE is low at θ
= 30°, 45°, 75°, 285°, 300°, 330° and with chord length
pressure at blade upper surface is gradually increasing
albeit no significant change occurs at blade lower
surface. TE pressure is gradually decreasing around the
blade chord at θ = 60°, 90°, 150°, 225°, 240°.
Furthermore, pressure at the blade upper surface is low
till the middle of the blade chord length and then
increases towards TE at θ = 120°, 135°, 195°, 210°,
270°, 315°, 345°, however, pressure at the blade lower
surface is not varying. Due to the pressure variation
around the turbine blade, the tangential and normal
forces vary significantly‒ which greatly influences the
turbine power generation [22].

Fig.5 Variation of pressure coefficient around the blade
chord length for different azimuthal position of turbine
blade.
3.2 Effect of DS and BVI on Turbulent Kinetic Energy
The effect of DS on normalized turbulent Kinetic
Energy (𝑘) along the blade chord length at different
blade azimuthal position is presented in Fig.6. The
normalization is done by 0.5 × 𝜌 × 𝑈 2 , where, 𝜌 is the
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density of air [kg/m3] and 𝑈 is the wind velocity [m/s].
Turbulent kinetic energy is significantly affected by the
DS and BVI. Turbulent kinetic energy at the blade LE
and TE edge are maximum for almost every position of
the blade and near the middle of the blade, it’s
comparatively lower. However, high turbulent kinetic
energy is noticed near the middle of the blade at θ =
120°, 135°, 210°, 240°, 270°. Moreover, near the blade
TE at θ = 0°, 30°, 45° and near LE at θ = 60°, 135°,
240°, 255° 𝑘 is found very low. Stall vortices that occur
due to DS significantly dominate the turbulent kinetic
energy, especially at low TSR.

Fig.6 Variation of normalized turbulent kinetic energy
around the blade chord length for different blade
position.

significantly influenced by the DS and BVI. 𝐶𝑓 at the
blade LE is maximum for almost every blade positon.
However, at θ = 90°, 105°, 150°, 240°, 255° near the
blade TE 𝐶𝑓 is observed utmost. Although skin friction
at the blade middle is generally low, notwithstanding,
it is found high near the middle of the blade at θ = 60°,
135°, 180°, 195°, 225°.
3.4 Effect of DS and BVI on Tangential and Normal
Forces around the blade
It is observed from Fig.8 and Fig.9 that both the
tangential ( 𝐹𝑇 ) and normal ( 𝐹𝑁 ) forces are greatly
influenced by the stall vortex and pressure variation
around the turbine blade. To derive the tangential and
normal forces‒ at first the 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 [36]. It is observed that at
the beginning of the turbine rotation, both the tangential
and normal forces are positive. When the blade comes
to 𝜃=45° azimuthal position, pressure at the blade upper
surface becomes low and the direction of 𝐹𝑇 changes
along with the change of 𝐶𝐿 and 𝐶𝐷 as illustrated in Fig.
8. When the stall vortex separates from the blade upper
surface, it tends to increase at 𝜃 = 60° until lower
pressure occurs at the blade upper surface again as a
consequence of DS. For the occurrence of lower
pressure at the downstream and high-pressure drag at
the blade upstream at 𝜃 = 90°, the tangential force
decreases gradually. At the blade’s position of 𝜃 = 120°,
stall vortex detached from the blade upper surface,
therefore, the force tends to increase.

Fig.8 Normalized tangential force along the azimuthal
position of turbine blade. It is noted that the negative
tangential force generates the positive power.

Fig.7 Variation of skin friction coefficient around the
blade chord length for different azimuthal position of
turbine blade.
3.3 Effect of DS and BVI on Skin Friction Coefficient
The effect of DS and BVI on skin friction coefficient
(𝐶𝑓 ) along the blade chord length at different blade
positions is presented in Fig.7. Skin friction is

Different types of vortex form around the blade at 𝜃 =
150° and due to the BVI, 𝐹𝑇 decreases to 𝜃 = 210°.
Then the stall vortex tends to come to the middle of the
blade and 𝐹𝑇 increases. When vortex separates at 𝜃 =
240° the force tends to decrease. Tangential force
increases at 𝜃 = 270°, for higher pressure occurs at the
blade upstream zone. Again, low pressure occurs at the
TE of the blade at 𝜃 = 300°, and the force increases. So,
it can be settled conclusively that‒ for the second half of
the blade rotation when the lower pressure occurs at the
TE, the tangential force tends to increase. It is
determined that the force is positive for the first half
cycle (45.84%) and negative for the rest half cycle
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(54.16%). Moreover, it is noted that the negative
tangential force generates positive power.
The normal force changes dramatically adjacent to the
blade surface for the pressure discontinuity [37]. The
force grows larger till the blade comes to 𝜃 = 45°, then
it tends to decay up to 𝜃 = 135°, and again proliferates
until 𝜃 = 190°. After that, the force derogates till 𝜃 =
225° and then again rises up until the blade comes to 𝜃
= 315°. Again the force drops till 𝜃 = 360° and then
repeats as shown in Fig.9. It is observed that 𝐹𝑁 is
positive for 51.95% of blade rotation and negative for
48.05% of the blade rotation.

Fig.9 Normalized normal force along the azimuthal
position of turbine blade.
3.5 Coefficient of Power for different wind velocities
Coefficient of power (COP) ‒ the most important
parameter in the case of power regulation [38] ‒ is
defined as the ratio of the turbine output power (P) to
the input power ( 𝑃𝑖𝑛 )[23]. As the turbine rotates
clockwise direction the negative tangential force (𝐹𝑇 )
generates the positive power which can be defined as
𝑃 = −𝜔𝑅𝐹𝑇 [22] and vice versa. The theoretical input
1
power is 𝑃𝑖𝑛 = 𝜌𝐴𝑉 3 [39], where, 𝜌 is the air density
2
[kg/m3], 𝐴 is the swept area [m2] and 𝑉 is the wind
velocity [m/s]. It is clearly observed from Fig.10 that,
COP is gradually increasing with the wind velocity and
for higher wind velocities the increment of COP is
comparatively smaller than the low wind velocities.

Fig.10 Average coefficient of power at several wind
speeds.
4. Conclusion
Numerical analysis has been conducted to study a DWT
blade under the DS condition at wind velocities 1 m/s at
low TSR. The studied turbine blade is shaped of NACA
0015 airfoil. The flow characteristics encompassing the
blade surface are scrutinized and emphasized as the pith
of the article. The pressure coefficient, turbulent kinetic

energy, skin friction coefficient profile is presented
graphically and the effect of DS and BVI on these are
discussed. The tangential and the normal force and the
average coefficient of power have been calculated. It is
observed that for certain azimuthal angles the tangential
and normal forces are positively and negatively varying
which is directly connected to the wind turbine power
generation. Moreover, parameters such as the pressure
coefficient, turbulent kinetic energy, skin friction
coefficient show a highly unpredictable nature due to
the strong influence of the DS and BVI. As these
fluctuations are directly connected with the wind turbine
performance, consequently, the turbine power
generation is also varying abruptly. However, the net
power generated by the turbine is positive and the
average coefficient of power of the turbine is gradually
increasing with the wind velocities.
Nomenclature
Cp : Pressure Coefficient
Cf : Skin Friction Coefficient
FT : Tangential Force, N
FN : Normal Force, N
𝐶𝐿 : Lift Coefficient
𝐶𝐷 : Drag Coefficient
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