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ABSTRACT

Wind energy is considered as one of the most realizable sources of renewable energy on the eve of fossil fuel energy
depletion. Vertical axis wind turbines such as the Darrieus turbines appear to be promising for the condition of low wind
speed though it has a low efficiency compared to horizontal axis turbines. The aim of this study is to investigate the flow
development of a single bladed vertical axis wind turbine using CFD at different tip speed ratios.The blade is designed
using the NACA 0015 profile and is operating under stalled conditions. Two dimensional simulations are performed using
ANSYS Fluent 16.2, employing the realizable k-epsilon turbulence model and scalable wall function. Simple pressure-
based solver is selected along with the second order implicit transient formulation. The CFD results under dynamic cases
are presented and the resulting aerodynamic forces are evaluated. The turbine is observed to generate both positive and
negative power at certain azimuthal angles. The pressure contours, velocity profiles as well as the velocity streamlines are
illustrated and the powers and the power coefficients are calculated. Results show that force as well as the power is
proportional to the tip speed ratio and at every case net average power is positive. Moreover, force as well as power varies
periodically with the azimuthal angles. Finally, the average power and power coefficient are calculated after the turbine
has come to steady state condition—that increase with the tip speed ratios.
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1. Introduction

The focus on Renewable Energy Resources has
increased significantly in the recent years in the wake of
growing environmental pollution, rising energy demand
and depleting fossil fuel resources. Different renewable
energy sources include solar, biomass, geothermal,
hydroelectric, wind etc. Among these the Eolic energy
source (wind power)has proved to be a cheaper
alternative energy resource and hence extensive
research efforts have been put to improve the
technology of electricity generation through it [1]. The
world has enormous potential of wind energy that can
be utilized for electricity generation [2]. Wind power is
now world’s one of the fastest growing energy resources
[2]. Although the vertical axis wind turbine (VAWT)
was the first ever wind turbine to be used for harnessing
wind energy [3], researchers of the modern era lost
interest in it for the initial perception that VAWT cannot
be used for large scale electricity generation. Horizontal
axis wind turbine (HAWT) remained the focus of all
wind energy related research activity for last few
decades. However, research work on VAWT continued
in parallel at a relatively smaller scale. Scientists and
Engineers  developed  various  wind  turbine
configurations and utilized different approaches for their
analysis. Optimum conditions for the working of
VAWTs were determined. Some of these techniques
and configurations of researchers on vertical axis wind
turbines are reviewed in this paper. A closer look on the
concepts leads towards the fact that VAWTS are suitable
for electricity generation in the conditions where
traditional HAWTs are unable to give reasonable
efficiencies such as high wind velocities[3], and
turbulent wind flows[3]. Moreover, vertical axis wind
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turbines are convenient for power generation in the built
environment like urban, suburban or remote areas[3].
Another major advantage is that VAWTs are Omni-
directional, accepting wind from any direction without
any yawing mechanism [3]. VAWT has a number of
promising features which if exploited properly can
make it a better alternative to fulfill the world’s energy
demand[4]. Although currently large scale VAWTS are
not economically attractive, they offer energy solutions
for 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 [4]. That is why mass
production of VAWTS has recently been started as small
scale wind power generating units [5].

Two types of VAWTS, namely, Savonius wind turbine
(SWT) and Darrieus wind turbine (DWT) are available.
Among them DWT is more suitable for power
production for high rotating speed [6]. Darrieus is a lift
type wind turbine of which the blades are of airfoil
shaped. A huge amount of research has been done on
Darrieus wind turbine and still continuing. Castelli and
Benini [7] presented the effect of blade thickness on the
operation of a straight-bladed vertical axis wind turbine
(SVAWT) in a 2D, time accurate, numerical
simulations.Castelli and Ardizzon [8] performed a
numerical analysis on a small DWT to make a
systematic comparison with wind tunnel experimental
data. Result proved that the best near-blade grid element
dimension can be determined through statistical analysis
of some indicators, such as the Y* parameter, to
maximize the accuracy of the numerical prediction of
rotor performance while maintaining a reasonable
computational effort.Ferreira [9, 10] investigated the



effect of the dynamic stall in a 2D single-bladed
SVAWT, which reports the influence of the turbulence
model in the simulation of the vertical structures spread
from the blade itself.Vassberg [11] tried to improve the
efficiency of a VAWT by applying the emerging CFD
capabilities through the simulation of the dynamic
motion of a turbine blade including the parametric study
of turbine solidity, turbine tip speeds and a variation of
NACA 0015 section. Owing to the occurrence of most
structural failures of wind turbines in the blade root
section, a 3D analytical model of HAWT, blades
constructed of NACA 0015, was proposed by Chazly
[12] using bending triangular plate finite elements to
compute the deflection, stresses, and eigenvalues in the
rotor blades. Compendium of the proposition is—
maximum stresses occurred at the root of the blades in
the span wise direction and in addition to saving
material weight— a tapered blade—diminished the
stresses obtained. Moreover, the twisting blade leads to
enhance stiffness and decrease stresses.A CFD model
was presented by Castelli and Englaro [13] for the
evaluation of energy performance and aerodynamic
forces acting on a SVAWT of Darrieus type. In which
the basic principles that are currently applied to Blade
Element-Momentum (BE-M)theory for rotor
performance prediction are transferred to the CFD code,
that allow the correlation between flow geometric
characteristics (such as blade angles of attack) and
dynamic quantities (such as rotor torque and blade
tangential and normal forces).Energy performance and
aerodynamic forces acting on a helical SVAWT was
evaluated by Castelli and Benini [14] depending on the
blades inclined to the horizontal plane to generate a
phase shift angle of 0°, 30°, 60°, 90° and 120° between
lower and upper blade sections, for a rotor with an
aspect ratio of 1.5.

Thetipspeedratioistherelationshipbetweenrotorbladevelo
cityandrelativewind velocity which is defined by, A
= “’R/U , where, ®= Rotor rotational speed in
radian/second, R= Rotor radius in meter, U= Wind
velocity. It is the foremost design parameter around
which all other optimum rotor and blades dimensions
are calculated. Higher tip speeds result in higher noise
levels and require stronger blades due to large
centrifugal forces[15]. Thetipspeedratio is a very
important  aspect; therefore, efficiency, torque,
mechanical stress, aerodynamics and noise should be
considered inselectingtheappropriatetipspeed.Besides,
ithas been found to produce efficient conversion of the
wind’s kinetic energy into electrical power [15]. This
paper aims to investigate the flow development of a
single bladed vertical axis Darrieus wind turbine using
CFD methods under different tip speed ratios. The
turbine blade was constructed of NACA 0015 airfoil
shape. Two dimensional simulations were performed
using ANSY'S Fluent software 16.2 version, employing
the Realizable K-epsilon turbulence model [16] with
scalable wall function. The CFD results from the
dynamic case were presented and the resulting

aerodynamic forces were evaluated. Also, The Power
coefficients for different tip speed ratios were calculated.

2. Numerical model development

ANSYS FLUENT provides the opportunity to solve
both

steady state and transient flow analyses with a variety of
turbulence modeling. Continuity equation and Navier
Strokes equation are solved in all 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. All the governing
equations are described in the literature [16].

3. Computational set up

The computational domain was constructed of two
different zones, namely, stationary zone and rotating
zone including the turbine blade [17]. The rotating zone,
generated bi-directionally from the blade surface
resulting in an annulus shaped zone, rotates at a
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predefined angular velocity as shown in Fig.1. The
square shaped domain dimension is 50C by 50C, based
on chord length (C) and the center of the rotating zone
is placed at the middle of the square, which is also
chosen by Mohamed [16]. Before finalize the domain,
differentdomain sizes were taken and the domain
independence test was done.

Fig.1 Domain of numerical analysis

Different sizes of unstructured mesh were employed in
this analysis, combining element size of 0.003 mm near
the blade for precisely analyzing 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. 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 was employed in the literature [17, 18, and
19] and good agreements with the measurements were
shown. The stationary and rotating zones were linked
via the sliding interface boundary condition.
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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 [20, 21]. 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.

Fig.2 Generated mesh around the domain

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 eachazimuthal position. Realizable k-¢
turbulence model, referred by Mohammed [16], was
used for rotating zones due to 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. 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 [17]. Scalable wall function was used and Y™
>11.126 was ensured for the analysis.

4.CFD results

The simulations were carried out for 10 blade
revolutions and the last three revolutions were extracted
and averaged which is also done by Bangga [17]. Flow
characteristics around the blade are observed and
different types of vortex,generated for dynamic stall and
the blade vortex interaction,are analyzed. The tangential
(F1) force, normal (Fy) force and the average power
coefficient for different tip speed ratios had been
calculated from the simulation data.

4.1Flow field analysis of DWT

Flow characteristics such as pressure coefficient contour,
velocity contour and streamline has been determined
after every 45° interval of azimuthal angle (8) in the
analysis. Pressure coefficientis a dimensionless number
that describes the relative pressure throughout a flow

field and is defined by,C, = - /‘; ;"“’V _ [22].1t is a vital

factor for wind turbine aerodynamics which causes a
significant change in the lift and drag as well as the
power generation.lt is observed from Fig.3(a) pressure
at the upper surface of the blade is less than the lower
surface at the beginning of the turbine rotation
when 6 =0°. Air strikes at the turbine tip and
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maximum pressure occursthere which is called the
stagnation point. Velocity at the upper surface is higher
than the lower surfaceas shown in Fig.4(a).
Theoretically, no lift force is generated at

Fig.3 Contour of pressure coefficient with different
azimuthal angle 8 at 2.5 m/s wind velocity and tip speed
ratio 2. The minimum and maximum values of the color
legend are mentioned below the figure.

this position of the blade. Flow separates from the
trailing edge and a negative (anticlockwise) vortex is
visible at the lower surfaceFig.5 (a). The more the
turbine rotates the more flow separation starts from the
leading edge and Stall formation occur after the flow
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separation. Maximum pressure occurs at the lower
surface at 6 = 45° where the air strikes Fig.3(b).

Pressure at upper surface is lower than the lower surface.

Velocity near the tip is very high form where the flow
separates. Velocity at the upper surface is greater than
the lower surface according to the Bernoulli equationas
illustrated inFig.4(b). A positive (clockwise) training
edge vortex (TEV) forms at the lower surface of the
blade Fig.5(b).High pressure drag occurs at the
upstream of the blade at & = 90° due to high air kinetic
energyas shown in Fig.3(g). Separation occur from both
the leading and the trailing edge of the blade and
Maximum velocity occur at the leading edge of the
bladeFig.4(g). Positive vortex occurs at the middle of
the upstream of the blade and at the downstream near
the bladeas observed in Fig.5 (g). Flow separations
occur both from the leading edge and the trailing edge

at@ = 135°. A positive TEV is visible
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Fig.4 Contour of velocity profile with different
azimuthal angle 8 at 2.5 m/s wind velocity and tip speed
ratio 2. The minimum and maximum values of the color
legend are mentioned below the figure.

at this position which tends to separateFig.5(c). Pressure
is higher at the upstream than the downstream of the
blade and maximum velocity occur at the leading-edge
Fig.3(c). Another negative vortex (LEV) formation
starts at the leading edge of the blade due to the

dynamic stall (DS). Low pressure occur below the blade
and maximum pressure is at the leading edge of the
blade atd = 180°Fig.3(d). Velocity at the trailing edge
is maximum and higher velocity occur at the upper
surface than the lower surface of the bladeFig.4(d).
Different types of vortex are visible at this position of
blade. Positive LEV and TEV and another negative
vortex are visible at a little distance from the bladeas
shown in Fig.5(d). The lower pressure zone does not
separate from the lower surface of the blade atf =
225°Fig.3 (e)due to the high speed of the turbine blade.
Velocity at the trailing edge is higher than another
zoneas illustrated in Fig.4(e). Different negative
vortexes are visible near the blade’s leading edge and
trailing edge due to the dynamic stall and blade vortex
interactionFig.5(e). Pressure at the leading edge is
maximum at 8 = 270° Fig.3 (h)and velocity at the
downstream is higher than the upstreamFig.4(h). Flow
separation occur from both the leading and the trailing

(@) 0.26 ~ 6.80

0 = 135° s
Aﬁ”"/w}‘»‘i@ i ]);‘5‘\ g -

0 =315°

Fig.5Contour of stream line with different azimuthal
angle 6 at2.5 m/s wind velocity and tip speed ratio 2.
The minimum and maximum values of the color legend
are mentioned below the figure.

(h) 0.04 ~6.15

(9) 0.11 ~ 13.01

edge and a small negative TEV is formed and tends to
separate from the bladeFig.5(h). Pressure at lower
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surface of the blade is greater than the upper surface and
maximum Pressure occur at the blade tip at & = 315°as
shown in Fig.3 (f). The previously formed TEV
becomes smaller. Flow separates from both the leading
edge and the trailing edge and reattachment occur at a
little distance from the bladeFig.5(f). 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.

4.2Tangential (Fy) and Normal (Fy) force

The tangential and normal forces vary periodically after
the 7"revolution of the rotor blade in the simulation.
Both the forces are proportional to the tip speed ratios.
Tangential force occurs due to the wind flow tangent to
the blade surface whether normal force occur
perpendicular to the blade. Lift and drag forces were
calculated from the lift (C_) and drag (Cp) coefficient
and then tangential and normal forces were calculated
from the lift and drag forces.
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Fig.6 Variation of Tangential Force with Azimuthal
Angle for different Tip Speed Ratios

It is observed form Fig.6 that, tangential force in the
total cycle is positive. Fy increase from 6 = 0° to
6 = 90° and then decreases for the generation of a
vortex (TEV) at the trailing edge. As the TEV stays till
6 = 200° the tangential force tends to decrease. When
the TEV separates,force starts increasing and continues
for the rest of the cycle. It is discerned that the
tangential force decreases due to the TEV.
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Fig.7 Variation of Normal Force with Azimuthal Angle
for different Tip Speed Ratios

The normal force around the blade is zero when the
turbine is atd = 0° as illustrated in Fig.7.However, Fy
starts increasing with the increment of the azimuthal
angle and gain a maximum value atd@ = 45°. Then Fy
tends to decrease till 8 = 135° and from 6 = 90° the
value of the force become negative. However,Fy starts
increasing at 6 = 135° up to 6 =225° and from
6 = 180° the values become positive. Again the force
decrease till 6 =315° and at 6 = 270° the value
becomes negative. Finally Fy increase for the rest of the
cycle. For the variation of azimuthal angle with the flow
direction the normal forces show these natures. It is
observed that Fy is positive at the 1% and the 3" quarter
and the rest of the cycle Fy is negative.

4.3 Angle of attack (o)

The angle of attack varies periodically with the
. _ —1y Sin@

azimuthal angle (6) by, a =tan [—(Mwse)]. The

magnitude of o change as the sine curve as illustrated in
Fig.8.
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Fig.8 Variation of angle of attack with azimuthal angle
at different tip speed ratio

4.4Torque coefficient (C,,,)

Torque/moment coefficient (C,,) is varying periodically
with the azimuthal angle(6). Torque coefficient is
decreasing up to 8 = 90° but after that C,, increasing
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and attain a maximum value between 6 = 180°
and 8 = 240° as shown in Fig.9.

Fig.9 Variation of moment coefficient with azimuthal
angle at different tip speed ratio

4.5 Power coefficient
Power coefficient is the ratio of the generated output
power (P) to the theoretical input power (P, ). As the

turbine rotates clockwise direction the negative
tangential force ( F, ) generate the positive power which

can be defined by, P = —wRF, [17]. The theoretical

input power is P, = %pAV3, where A is the swept area,

V is the air velocity and p is air density.The variation of
power coefficient is similar to the variation of F; with
azimuthal angle. The values of power coefficients are
2.95, 17.42, 53.14, 128.59, and 267.37 for the tip speed
ratios which indicate that average power coefficient is
gradually increasing with the tip speed ratios. Variation
of average power with the tip speed ratio follows 2™
order polynomial curve as shown in Fig.10.
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Fig.10 Average power coefficient at different tip speed
ratios

5. Conclusions

Numerical analysis has been carried out to study a
single-bladed Darrieus wind turbine at different tip
speed ratios (2, 4, 6, 8, 10). The studied turbine blade
was constructed of NACA 0015 airfoil profile and
operating under the dynamic stalled condition.
Investigation of the flow characteristics around the
bladed surface were highlighted as the main focus of the
paper. The tangential and normal force and the average
power coefficient had been calculated. Moreover, the
torque coefficient around the blade was determined. It is
observed that positive and negative vortices generate
around the blade surface as a consequence of dynamic
stall. As a result, pressure varies considerably that affect
the tangential forces as well as power production. The
forces and the power coefficients, varying positively
and negatively with the azimuthal angle, areperiodic and
proportional to the tip speed ratios. The average power
coefficients at the steady state are positive which
indicate that the turbine can produce net positive power.

NOMENCLATURE
A: tip speed ratio

Cp-pressure coefficient
Fr:tangential force, N
Fy:normal force, N
C,,torque coefficient
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