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a b s t r a c t

A fluctuating free-stream in unsteady wind environment presents a more significant challenge in wind
turbine performance. In this paper, a numerical method is presented to investigate the influence of
operating conditions on Vertical Axis Wind Turbine (VAWT) of NACA00XX symmetric airfoils with 12%
and 22% thickness in unsteady wind condition. The Computational Fluid Dynamics (CFD) numerical
method was used to analyze the aerodynamic performance and physics of flow of the VAWT. The VAWT
dynamic motion of blades was introduced by sinusoidally oscillating both VAWT blades. Using a
validated CFD model, steady wind simulations at Umean¼7.00 m/s and 11.00 m/s were conducted and the
results predicted the Power Coefficient (CP) performance for the VAWT scale. The results derived in the
numerical analysis show that, within fluctuating free-stream wind conditions, thicker airfoils are
desirable. Overall maximum unsteady CP of VAWT with thicker blades reveals positive deviations if
the tip speed ratio λ is slightly higher than λ of the steady maximum CP, while thinner blades maximum
CP marginally drops from the steady maximum CP for the same λ range. Higher frequencies of
fluctuation marginally improve the unsteady wind performance of both VAWT blade profiles. High
fluctuation amplitudes reveal overall performance degradation on both VAWT blade profiles more than
small fluctuation amplitudes. The findings lend substantially to our understanding of both the kinematic
and aerodynamic behavior on VAWT scale blades operating in unsteady wind condition, and the flow
physics that causes the behavior.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

There is a high demand for sustainable methods of electric
power production. This is attributable to finite supply and envir-
onmental impacts of fossil fuel (Aslam Bhutta et al., 2012; Wakui
and Yokoyama, 2013). The wind energy has been one of the
veritable alternative resources for power production over the last
decade because wind turbines offer the potential for carbon free
power generation (Mullen and Hoagg, 2013; Danao et al., 2013).

The application of small wind turbines for decentralized
electricity generation within cities has been on increase contribut-
ing to the energy needs of both isolated and grid connected
consumers (Monteiro et al., 2013). Compared to the horizontal

axis wind turbines, the Vertical Axis Wind Turbines (VAWTs) can
be effectively used in urban areas where wind has characteristics
of unsteadiness with turbulence (Scheurich and Brown, 2013;
Scheurich, 2011; Edwards et al., 2012). The VAWT can be broadly
divided into three basic types, namely: Savonius type, Darrieus
type, and Giromill type. In the small-scale wind turbine market,
the simple straight-bladed Darrieus VAWT is preferred due to its
simple blade design (Islam et al., 2008).

Theoretical researches on wind engineering can be categorized
into analytical and numerical calculations (Qunfeng et al., 2011).
But it is still very difficult to fully solve a flow problem by
analytical calculation method. Numerical methods can be classi-
fied into two types, namely: The Computational Fluid Dynamics
(CFD) methods that analyze directly the flow around the blade of a
wind turbine; and the Blade Element Momentum (BEM) method
that uses the lift and drag coefficients of each airfoil element with
the local geometry and design flow conditions to predict aero-
dynamic performance (Roh and Kang, 2013; Bedon et al., 2013;
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Song and Lubitz, 2014; Refan and Hangan, 2012). The CFD methods
have the ability to model fluid flow in complex geometries, and
solve the governing fluid flow equations at thousands of positions
on and around the blade in an iterative process (Burton et al.,
2011).

Consul et al. (2009), investigated solidity by use of a 2D CFD
method to model a two-bladed and four-bladed VAWTs using
National Advisory Committee for Aeronautics (NACA) 4-digit
(00XX) series symmetric airfoil of NACA0015 profile with corre-
sponding solidities σ¼0.019 and σ¼0.038. The solidity σ, can be
expressed conventionally as [see Edwards et al. (2012), Consul
et al. (2009), Goude and Ågren (2014)]

σ ¼
Nc

Rrotor
ð1Þ

where N is the number of rotor blades, c is the blade chord, and
Rrotor is the rotor radius of the VAWT. Various tip speed ratios from
λ¼3 to λ¼8 were analyzed to determine the effects of varying
solidity on VAWT aerodynamic performance at steady inflow,
where λ is the tip speed ratio expressed as [see Hameed and
Afaq (2013), McTavish et al. (2013a)]

λ¼
ωRrotor

U1

ð2Þ

where ω is rotational velocity of VAWT in a flow of free stream
wind speed U1. From the study, entire performance curve of the
higher solidity VAWT was shifted to the left attributable to the
decrease in streamwise velocity presented with lower angles of
attack. Their results were similar to investigations in Eboibi et al.
(2013), Sheldahl and Klimas (1981), Danao et al. (2012).

Healy (1978) developed a multiple stream tube model for the
VAWT, and conducted an analysis of the effects of thickness and
camber on VAWT performance. It was concluded that thicker
airfoils performed better, especially at a lower Reynolds number,
due to their resistance to stall. The work contradicted studies
performed in Consul et al. (2009), Hameed and Afaq (2013), Eboibi
et al. (2013), Danao et al. (2012), where thinner airfoils, through
stronger pressure gradients, produced higher values of lift.

However, for all works in Hameed and Afaq (2013), Eboibi et al.
(2013), Danao et al. (2012), Healy (1978), Mcintosh (2009), the
CP-λ performance simulations were conducted using a steady
inflow, hence the VAWTs unsteady aerodynamic loading induced
by the unsteady wind inflow was isolated. This was attributed to
lack of substantive work regarding VAWT performance in
unsteady wind inflow (Danao et al., 2013, 2014).

The complexity of the airflow around vertical blades as well as
the resulting dynamic effects on the rotor have motivated
researchers to develop several approaches with the aim of esti-
mating the behavior and the performance of this particular turbine
(Danao et al., 2014; Bedon et al., 2014). The recent substantive

study carried out by Danao et al. (2014) is a big break through in
the H-rotor type VAWTs under fluctuating conditions. The aero-
dynamic performance and the flow physics surrounding VAWT
blades in unsteady winds were investigated. However, the influ-
ence of operating conditions on VAWTs with different blade
profiles, operated in unsteady winds, was not considered.

Therefore, in this study, a CFD numerical method was used to
examine unsteady wind performance on VAWT operating in
unsteady wind condition of NACA00XX symmetric airfoils with
12% and 22% thickness. The influence of operating conditions on
unsteady wind performance of VAWT blade profiles, which dic-
tates the point and time of stall on a blade, has been analyzed. In
addition, the study provides detailed understanding of both the
kinematic and aerodynamic behavior on a VAWT blade, and the
flow physics that causes the behavior.

2. Blade kinematics and aerodynamics

Straight-bladed darrieus type VAWT is known for its effective-
ness in urban areas where wind has characteristics of unsteadiness
with turbulence (Tai et al., 2013). However, both the kinematics
and aerodynamics analysis are quite complex under such condi-
tions. This is attributable to the changing flow velocities and
aerodynamics in both upstream and downstream sides of the
Darrieus-type VAWTs (Staelens et al., 2003). Fig. 1 shows flow
velocities and forces on a VAWT blade.

As the VAWT rotates with a rotational velocity ω, in a flow of
free stream wind speed U1 , the velocity of the wind relative to
the blade changes and is given by [see Danao et al. (2012); Staelens
et al. (2003)]

W
�!

¼ U
!

1þ V
!

ð3Þ

where V
!

¼ �ωRrotor . From Eq. (3), the relative wind velocity
fluctuates from a maximum of ðλþ1ÞU1 to a minimum of
ðλ�1ÞU1.

From Fig. 1(a), magnitudes of the relative velocity and angle of
attack α can be expressed as [see Monteiro et al. (2013)]

W ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2
1þV22

q

¼U1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ2λ cosθþλ
22

q

ð4Þ

α¼ tan �1 sin θ

ωRrotor

U1

� �

þ cos θ

2

6
6
4

3

7
7
5
; ð5Þ

where θ is the azimuth angle (refer to Fig. 2). From Eq. (5), the
angle of attack α, also varies periodically between the positive and
negative values, and it is equivalent to zero when the blade is
parallel and faces into the wind at a particular azimuth angle θ

Fig. 1. Flow velocities and forces on a VAWT blade. (a) Flow velocities. (b) Blade Forces.
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(Sasson and Greenblatt, 2010; Yen and Ahmed, 2013). The relative
positions of the rotor blades and azimuth positions θ, with respect
to the mid-chord of blade 1 are as shown in Fig. 2.

From Eqs. (2) and (5), we can imply that, the VAWT at low
blade speed ratios between 1 and 3 can experience large time-
varying blade angles of attack up to 7501 that induce strong
dynamic stall effects. As a result, this produces periodic formation
and shedding of vortices that impinge on downstream blades
causing poor turbine performance, as well as undesirable blade
vibrations and damage (Yen and Ahmed, 2013).

The directions of the lift and drag forces and their normal and
tangential components are shown in Fig. 1(b). The tangential force
coefficient ðCtÞ is the difference between the tangential compo-
nents of lift and drag forces. Similarly, the normal force coefficient
ðCnÞ is the difference between the normal components of lift and
drag forces. The normal and tangential force coefficients are
related to the Lift and Drag coefficients (respectively, CL and CD) by

Cn ¼ CL cos αþCD sin α; ð6Þ

Ct ¼ CL sin α�CD cos α; ð7Þ

where α is the angle of attack (AOA).
The net tangential and normal forces can be defined as

F t ¼ Ct
1
2 ρAW

2; ð8Þ

Fn ¼ Cn
1
2 ρAW

2; ð9Þ

where ρ is the air density and A is the VAWT projected area. The
tangential and normal forces represented by Eqs. (8) and (9) are
for any azimuthal position; hence, they are considered as a
function of azimuth angle (Islam et al., 2008). The average
tangential force ðFtaÞ, on one blade can be expressed as

F ta ¼
1
2π

Z 2π

0
F tðθÞ dθ: ð10Þ

The average Torque Ta, is expressed as [see Abdelsalam et al.
(2014)]

Ta ¼ F taRrotorþM ð11Þ

where M is the average pitching moment produced on the blade
(Sasson and Greenblatt, 2010), and is given as

M¼

Z 2π

0
Cm

1
2
ρW2A2 dθ: ð12Þ

However, the moment of Eq. (12) is not considered in our study,
because both turbine blades under investigation are symmetric.

In this paper, force coefficients on a single blade of the VAWT
were computed from the simulations to aid in the analysis. Instead

of using standard aerodynamic definitions of the different dimen-
sionless coefficients, the following more appropriate expressions
were adopted, respectively, for lift, drag and moment coefficients
[see Bottasso et al. (2014)].

Cl ¼
L

1
2
ρV2A

; ð13Þ

Cd ¼
D

1
2
ρV2A

; ð14Þ

Cm ¼
T

1
2
ρV2ARrotor

ð15Þ

where T is the blade torque and V is the blade linear velocity as
given in Eq. (3). The definition of dynamic pressure ρV2, by use of
blade linear velocity instead of the relative velocity, is intentional.
For a VAWT blade, the relative velocity is constantly changing in
both magnitude and incidence. Therefore, to facilitate the compar-
ison of the force coefficients between different airfoil profiles, the
use of a constant reference velocity is preferred (Danao et al., 2012).

However, from the moment coefficient Eq. (15), unlike Lift and
Drag coefficients in Eqs. (13) and (14), respectively, there is an
additional factor Rrotor which is the rotor radius for VAWT. Observe
that, in both airfoil and VAWT applications, Eq. (15) remains the
same, because we are getting the blade force coefficient, not the
rotor coefficient. The only change is that in static airfoil studies, on
the one hand coefficient of moment is normally computed about
the quarter chord from the leading edge of the airfoil. On the other
hand, for VAWT problems, moment coefficient is referred to from
the VAWT rotation axis.

3. Methodology

3.1. Numerical set up

In Eboibi et al. (2013), Danao et al. (2012), Danao et al. (2014),
Untaroiu et al. (2011), Ferreira et al. (2011), Nobile et al. (2014), the
2D CFD model has been used to represent the virtual wind tunnel
to reveal and predict the aerodynamic performance and flow
physics around the VAWTs. Based on these studies, it has been
shown that a 2D model is sufficient in predicting the performance
and aerodynamics that surround the VAWT. The contributions of
blade end effects and blade-support arm junction effects are
neglected but deemed acceptable since these can be considered
as secondary (Danao et al., 2014).

In this study, a steady wind performance is initially analyzed
over tip speed ratio of range from λ¼2 to λ¼5.5 with increments
of 0.5 for constant free stream velocity Umean of 11.00 m/s. This is
the mean wind speed condition for Marsabit station, a rural–urban
town in Eastern Kenya Kamau et al. (2010).

Choosing a suitable computational domain is a key step in correctly
reproducing fluid-dynamic phenomena (Lanzafame et al., 2013). In
this paper, the CFD computational domain consists of two mesh
zones: the inner circular Rotor sub-grid zone and the rectangular outer
zone. The inner Rotor sub-grid zone is composed of three symmetric
airfoil blades rotating at a common angular velocity. The three airfoil
blades are spaced equally at 1201 apart as shown in Fig. 2.

Fig. 3(a) shows the main wind tunnel scale dimensions and the
boundary conditions of the 2D numerical wind tunnel domain.
From the wall distance study by Danao et al. (2014), the outer
rectangular domain zone boundary was set to 2.4 m rotor diameter,
to minimize the effect of wake development by the VAWT. The
rectangular outer domain is a wind tunnel grid with the wind

Fig. 2. Free stream wind direction, azimuth positions and orientation of blades.
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velocity inlet placed at 1.8 m rotor diameter upwind on the left side
that allowed the magnitude of inlet flow (Danao et al., 2013). The
right hand side is the pressure outlet boundary condition placed at
3 m rotor diameter downwind to match the experimental set up by
Danao et al. (2013). This was to ensure that the wake by the VAWT
was not terminated prematurely for the unsteady wind conditions
under this study.

Therefore, the potential problem of computational boundaries
interacting with the flow around the turbine was minimized. Since
the main focus of the study is on VAWT unsteady inflow wind
performance as a result of blade aerodynamic fluctuations, the
preliminary tests for computational boundary have not been
discussed in this paper. For full details on domain boundary
location with both mesh and time step independence preliminary
studies including the relevant assumptions made, the reader is
referred to (and references therein Edwards et al., 2012; Danao
et al., 2014; McTavish et al., 2013b; Gomez-Iradi et al., 2009).

The bottom and the top side of the domain were defined as
symmetry boundary condition to represent that the 2D model was
extrapolated from the midsection of the actual setup which is 3D.
A wall type boundary condition was also tested, and results
recorded were similar to the symmetry boundary condition.
Within the rectangular outer zone is a circular hole to fit in the
inner circular Rotor sub-grid. The blades were defined as no slip
walls, while both interface boundary of the Rotor sub-grid and the
outer rectangular wind tunnel sub-grid were set as an interface.
The interface was defined by coupling the stationary domain with
the rotating one.

In this simulation, the effects due to rotor support arms and
torque shaft were not taken into account due to the 2D simulation

dimensionality. A moving mesh was used for the rotation of the
inner circular Rotor sub-grid zone in order to capture the torque
generated by the three blade airfoils. The images of the adopted
mesh of the computational domain is as observed in Fig. 3(b) and
(c). The inner circular Rotor sub-grid zone (Fig. 3(b)) coincides
exactly with the circular opening within the outer stationary
rectangular zone (Fig. 3(c)). The interface of the two zones slide
against each other, and have approximately the same character-
istic cell size in order to obtain faster convergence (Danao et al.,
2014; Raciti Castelli et al., 2011).

In this study, unsteady Reynolds-Averaged Navier-Stokes (RANS)
equations are solved for the entire flow domain using commercial
CFD software package ANSYS Fluent 14.5. This code uses the finite
volume method to solve the governing equations for fluids. The
coupled pressure-based solver was selected with a second order
implicit transient formulation for improved accuracy (Makridis and
Chick, 2013; Esfahanian et al., 2013). All the solution variables were
solved via second order upwind discretization scheme, since most of
the flow can be assumed not to be in line with the mesh (Danao
et al., 2014; Makridis and Chick, 2013). The turbulence intensity of
inlet flow is set to 8% with a turbulence viscosity ratio of 14. These
conditions were selected to provide a matching turbulence intensity
decay that was observed in VAWT experiments conducted in the
wind tunnel facility based on three NACA0022 blades with chord
c¼0.04 m (Danao et al., 2013). The rotor radius Rrotor and the rotor
blade length (blade span) L are 0.35 m and 0.6 m, respectively,
giving the VAWT a solidity of σ¼0.34.

The CFD software package ANSYS Fluent 14.5 was used to
directly obtain the instantaneous blade Torque Tb. The obtained Tb
was an average value after 9 rotations of the turbine assuring that

Fig. 3. An illustration of the wind tunnel Computational domain. (a) 2D numerical domain. (b) Rotating inner domain mesh. (c) Stationary outer domain mesh.
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the steady solution was reached. The irregularity in the torque
peaks of upwind and downwind can be seen for the first five
cycles as shown in Fig. 4. The blade torque peak values of the
upwind and downwind for cycles 5 to 10 matched closely; with a
marginal difference of about 0.5% between the last five cycles of
the rotation. This was a reflection of mesh quality, and times step
size equivalent to 1�10�5 s for each physical time step. It was
appropriate to select time step size at the lower tip speed ratio
with converged solutions so as to ensure convergence at the
higher tip speed ratio was achieved (Eboibi et al., 2013; Rossetti
and Pavesi, 2013).

A period corresponds to a revolution of 1201 due to the three
bladed rotor geometry; hence a 3601 rotation was considered in all
the simulations. A plot of Tb monitored through 10 rotations is as
observed in Fig. 4. A shift in the torque ripple for each succeeding
blade by 1201 is observed for rotations where the simulation is
fully converged. At the last five cycles of rotation, each 3601 torque
ripple of one blade match the other blades at 1201 apart.

The time step convergence was monitored and the simulation
was considered to have converged when residuals of all conserved
variables fell below 1�10�5 (Raciti Castelli et al., 2011; Danao et al.,
2014). The present simulations required an average of about 20 sub-
iterations to make the solution converge at each physical time step.
The calculations were performed on a computer having, Intel(R) Core
(TM) i7-2600 CPU @3.40 GHz 3.70 GHz physical RAM of 8 GHz and
Windows 8 professional 64-bit operating System. A total Central
Processing Unit (CPU) time of approximately 3 days was required for
each simulation.

3.2. Validation of CFD model

Appropriate CFD numerical validation solution has been con-
ducted by Danao et al. (2012) with a pitching airfoil experiment
data at a Reynolds number of 1.35�105. According to the authors,
the dynamic interactions of a pitching airfoil with a moving fluid
give closest possible validation cases versus static airfoil data in
the absence of VAWTs experimental data. The results show that
both fully k-ω Shear Stress Transport (SST) and the Transition SST
were the most accurate models for predicting dynamic behavior
compared to popular turbulence models like the one-equation
Spalart–Allmaras (S–A) and the two-equation renormalisation
group RNG k-ε. To assess the suitability of Danao et al. (2012)
results, Danao et al. (2014) revealed that Transition SST model
predicted positive CP performance closer to Particle Image Velo-
cimetry (PIV) experimental results CP than SST k-ω model.

To check and validate the numerical model, a 2D simulation
was carried out using Transition SST turbulence model. The
reference parameter for the present analysis is the power coeffi-
cient (CP) plotted against the tip speed ratio (λ).

The CFD simulations with a steady incoming winds of 7 m/s and
11 m/s were tested against the experimentally derived CP by Danao
et al. (2013) at different tip speed ratios from λ¼1.5 to λ¼5 with
increments of 0.25. As can be seen from Fig. 5, the turbulent model
over-predict the CP experiment starting from λ¼2.0 to λ¼5.

In addition, it can be observed in Fig. 5 that the Transition SST
model generates maximum CP at λ¼4.5 for both wind speeds,
with U1 ¼ 11 m=s predicting higher CP and wider band of positive
performance than U1 ¼ 7 m=s. The higher CP over-prediction at
11 m/s was expected and is attributable to wind power depen-
dency on the cube of the wind speed (refer to Eq. (17)).

The gap in predicted CP was expected as a result of 2D model
inability to account for finite blade span as well as the blade-
support arm junction effects and support arm drag that are
present in the actual setup (Raciti Castelli et al., 2011; Vahdati
et al., 2011; Battisti et al., 2011). The Transition SST turbulence
model CP over-prediction results are consistent with published
work in Edwards et al. (2012), Danao et al. (2014), Raciti Castelli
et al. (2011), Howell et al. (2010); Li and Calisal (2010), where 2D
power coefficients were over-predicted over the entire range for λ.

As can be seen in Fig. 5, the maximum CP for the experiment is
0.21 at λ¼4.0, while the study's Transition SST model maximum
CP is 0.30 at λ¼4.5 for steady speed of 7 m/s. The study's
Transition SST results are similar to those of Danao et al. Transition
SST model (Danao et al., 2014), maximum CP of 0.33, at a 7 m/s.
The marginal overprediction by 0.03 at λ range of 3.5–5 in Danao
et al. Transition SST model (Danao et al., 2014) could be attributed
to the differences in the outlet and inlet distances by 1 m and
0.3 m, short of the 3 m and 1.8 m, respectively, to the study's wind
tunnel domain (as shown in Fig. 3(a)). That means, the effect of
developed wake was minimized to match wind tunnel set up
conditions (Danao et al., 2013).

However, at low λ of between 2 and 3.5, the reverse marginal
difference was observed in CP. This could be the result of the
presence of the centre post in Danao et al. (2014) model that
generates a wake, hence leading to blade interaction.

From Fig. 5, the Transition SST model traces experimental
results by Danao et al. (2013) for positive performance prediction.
Therefore, in this study, the Transition SST model is used for all
subsequent VAWT simulations.

Fig. 4. 10 full rotations blade Torque, Tb, ripple.

Fig. 5. Steady CP curves.
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4. Results and discussion

4.1. Steady wind performance

Fig. 6 shows a steady wind performance of VAWT NACA0012
and NACA0022 blade profiles, over tip speed ratio of range from
λ¼2 to λ¼5.5 in increments of 0.5, for constant free stream
velocity Umean of 11.00 m/s. The thinner NACA0012 airfoil profile
produces higher maximum CP than thicker NACA0022 profile. This
is attributable to the lowest zero lift drag that increases maximum
lift/drag ratios and the maximum values of CP obtainable. The
NACA0012 profile CP curve is seen to have a sharp drop from the
maximum CP on both sides, while NACA0022 profile CP curve
becomes fuller with flatter top and gentler rounded drop in CP
with reducing tip speed ratio.

In addition, as can be observed in Fig. 6, the maximum CP is 0.45
at optimal tip speed ratio λ

n

¼ 4:5 for NACA0022 profile, while
NACA0012 generates higher maximum CP of 0.48 at λn ¼ 5:0. The λn

for NACA0012 blade profile (λn ¼ 5:0) is 5% higher than NACA0022
blade profile (λn ¼ 4:5). This is as a result of higher blockage induced
by the NACA0022 profile on the incoming flow-field due to its
higher thickness than NACA0012 profile. Hence, the optimal value of
tip speed ratio λ

n is shifted to the left of the CP-λ curve.
Using a free vortex model, Mcintosh (2009) observed similar

trend in CP performance, for a family of NACA symmetric airfoils
with a variation between 12% to 25% thickness. A higher stall angle
was also observed to move the CP maximum to lower tip speed-
ratios. This is seen as beneficial for turbines operating in a gusty
environment as, for the same magnitude gust, a turbine operating
at a lower tip-speed-ratio initially will experience smaller fluctua-
tions in tip speed ratio as a result of the gust. Since the main focus
of this study is on unsteady wind inflow investigation, in unsteady
wind conditions, detailed explanation for steady aerodynamic
performance of the VAWT can be obtained in Danao et al.
(2012), McTavish et al. (2013b), Raciti Castelli et al. (2011), Sayed
et al. (2012).

4.2. Unsteady wind performance

The optimized numerical model developed for the steady wind
case is used in the unsteady wind simulations. Apart from the
unsteady wind inflow at the velocity inlet boundary condition, the
only other distinction regarding the unsteady wind model is that
all three blades are monitored as opposed to one blade force
monitor in the steady wind case (Danao et al., 2014).

4.2.1. Reference case

The mean wind speed Umean¼11.00 m/s with fluctuation ampli-
tude of Uamp¼739% (74.26 m/s ) is selected to act as the
reference to which parametric variations for both airfoil profiles
can be compared. A common fluctuation frequency fc¼1 Hz is
used as a reference for both VAWT airfoil profiles. This is as a result
of studies in Scheurich (2011), Danao et al. (2014), Bertényi et al.
(2010a), from which it was estimated that the highest frequency
with meaningful energy content in unsteady wind environment
with fluctuating wind conditions is within frequency range of
r1 Hz. The rotor angular speed is a constant ω¼149.29 rad/s
(1426 rpm), resulting into a mean tip speed ratio λmean¼4.75. This
is the tip speed ratio at which the steady CP-λ curves for both
profiles intersect as can be seen in Fig. 6. The rotor angular speed
was kept constant in order to isolate the aerodynamic effects that
are introduced by the fluctuation in wind speed from the addi-
tional unsteady aerodynamic effects that will be introduced when
the rotor accelerates or decelerates.

Following McIntosh et al. (2008) notation for VAWT experien-
cing a gust, the number of rotor rotations nrev in one full cycle of
the wind fluctuation can be expressed as

nrev ¼
λmeanUmean

2πRrotorf c
; ð16Þ

where λmean is the mean tip speed ratio corresponding to the
ωmean, Umean is the fluctuating mean wind speed, Rrotor is the rotor
radius and fc is characteristic fluctuation frequency. Therefore, in
the present wind conditions, 24 full rotations of the rotor were
allowed to run to capture periodic convergence each associated
with one wind cycle for fluctuating mean wind speeds Umean at
11.00 m/s.

Observe in Fig. 7(a) that, a simple sine wave profile for
Umean¼11.00 m/s fluctuations is assumed, and the simulation is
such that one wind cycle is exactly 24 rotor cycles. Yet, the
simulations had to be run for 30 full rotations of the VAWT in
order to have a data set that is sufficiently long to cover 24 full
rotations in an entire wind cycle.

Fig. 6. Steady CP curves at 11 m/s.

Fig. 7. One wind cycle variation of U1 , λ and α at Umean¼11.00 m/s. (a) One wind
cycle U1 fluctuation. (b) One wind cycle λ fluctuation. (c) One wind cycle α

fluctuation.
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From Eq. (2), we may conclude that an increase in U1 results
into a decrease in λ due to their inverse relationship at constant
rotational speed ω. The incoming U1, increases from its mean
value of 11.00 m/s to the upper peak value of 15.26 m/s at the 6th
rotation, with λ droppng to a minimum value of 3.42; close to the
point of maximum wind speed (refer to Fig. 7(a) and (b)). The U1

then drops back in speed to the mean wind speed as the blade
passes the 1801 azimuth position. The wind speed continues to fall
until it reaches the lowest trough value of 6.74 m/s (at the 18th
rotation). After which it rises again in mean velocity as the blade
completes one wind cycle.

At minimum U1, λ rises to its maximum value of 7.55 before
finally dropping back to initial λmean¼4.75 (see Fig. 7(b)). Observe
in Fig. 7(c) that, a low α of about 7.61 is generated by blade 1 at
minimum U1. It should be noted from Eqs. (2) and (5) that both
blade profiles yield similar blade kinematics results as can be
revealed in Fig. 7. Therefore, in unsteady wind conditions, the
blade kinematics (of U1, λ and α) is independent of the blade
profile thickness.

4.2.2. Blade aerodynamic loading

The effect of Unsteady winds on the power output is revealed
in more detail by analyzing the aerodynamic loading on the VAWT
blade profiles.

From Fig. 8(a) and (b), both blade profiles exhibit similar
pattern of geometric angle of attack in both steady and unsteady
wind conditions. The azimuth peaks close to 901 are observed in
steady wind conditions for the variation of the angle of attack and
normal aerodynamic loading in both profiles. However, the steady
variation of the azimuth positions and the tangential aerodynamic
loading exhibits peaks close to 601.

In addition, observe in Fig. 8(a) and (b) that, the aerodynamic
angle of attack in unsteady wind conditions shows comparable
features to those observed in steady wind conditions. Both blade
profiles experience maximum peak close to 901 azimuth in a single
revolution. While, from Fig. 8(c)–(f), the variation of normal and
tangential force coefficients differs from rotor revolution to rotor
revolution when the turbine is operated in unsteady conditions.
Similar results were observed by Bertényi et al. (2010a) study
using the free Vortex model method.

Fig. 9 shows flow visualization of vorticity profiles as the U1

fluctuates across one rotor revolution of the wind cycle at
Umean¼11.00 m/s. Since there is no visible difference between
the three blades at the same θ, stalling of one blade at different
rotor cycles is monitored. This could be the result of low frequency
of the wind speed cycle compared to that of the rotor cycle (Danao
et al., 2014).

In Fig. 9 it can be seen that there is no visible flow separation
on the blade surface for azimuth position θ¼601 in both blade
profiles following thin wake. This is attributable to the stagnation
point staying at the trailing edge. Partial separation can be
observed from θ¼901 in both blade profiles with a more visible
full separation stall at θ¼1301 for NACA0012 blade profile than
NACA0022 blade profile. This can be as a result of negative normal
force coefficient that the blade experiences at the region inducing
persistent large scale vortex shedding as evidenced in Fig. 8(d).
The vorticity flow field across both blade profiles in the downwind
region shows a similar pattern of re-attachment.

4.2.3. Effect of varying blade thickness

The CFD method was used to analyze the effect of 22% and 12%
thick blade profiles on VAWT CP performance under unsteady
winds, and the results compared to the steady results (see Fig. 6).
The cycle-averaged power coefficient CP of a turbine operating in
an unsteady wind can be defined as the ratio of blade average

power PB to wind average power Pw over one wind cycle expressed
as [see Nobile et al. (2014), Pourrajabian et al. (2014)]

CP ¼
PB

Pw
¼

TBω
1
2
ρAU3

1

ð17Þ

where TB is the total blade torque, which is the average of the
instantaneous torque of the three blades obtained by the solver
(Eq. (15)). The blade average power is obtained by computing the
average of the instantaneous blade power of the three blades over
the entire wind cycle.

From Table 1, and contrary to the steady results in Fig. 6, the
unsteady wind CP generated over one wind cycle by NACA0022
blade profile is 0.36, 19% higher than 0.29 of NACA0012 profile.
Therefore, within fluctuating free stream wind conditions, thicker
airfoils are desirable. This is because turbines operating at lower
tip speed ratios will experience smaller fluctuations in λ during
the gusts and the drop in CP is also reduced.

Fig. 10 shows the variation of blade power PB and fluctuating
wind power Pw across the wind cycle for both blade profiles at
Umean¼11.00 m/s. The available power in the wind increases with
rising free stream velocity U1 up to the maximum peak values
generated within the 6th rotation (see Fig. 7(a)). Afterwards, wind
power plummets to its minimum value of 131 W as U1 drops to
lowest value of 6.74 m/s in the second half of the wind cycle.
Observe in Fig. 10(a) and (b) that, the maximum peak Pw is 1524 W
for both blade profiles.

In addition, from Fig. 10, we may conclude that the perfor-
mance of the turbine in a fluctuating wind is a function of the tip-
speed-ratio set by its controller, and follows the wind velocity
variations. In Table 1, it can be seen that thinner blade profile
(NACA0012) experiences higher negative cycle averaged CP devia-
tion from the steady CP in unsteady winds than NACA0022 blade
profile. A drop of about 40% from the steady maximum CP of 0.48
for NACA0012 blade profile is registered, while NACA0022 profile
registers a drop of 20%. The drop from the maximum steady CP of
NACA0022 is half of the NACA0012 profile. This is directly
proportional to blade percentage thickness, of which NACA0022
blade turbine is approximately twice thicker than NACA0012 blade
profile.

The study results are in agreement with parametric experi-
mental studies in Mcintosh (2009) using realistic symmetric airfoil
polars to aid in the understanding of VAWT operations. From the
experimental results, as airfoil thickness was increased, the CP
curve was seen to become fuller, with a flatter top and a more
gentle, rounded drop in CP with reducing tip speed ratio. As a
result, this was seen beneficial for turbines operating in a gusty
environment as, for the same magnitude gust, a turbine operating
at a lower tip speed ratio initially will experience smaller fluctua-
tions in tip speed ratio as a result of the gust (Mcintosh, 2009).

4.2.4. Effect of varying mean tip speed ratio λmean

To investigate the effect of varying mean tip speed ratio, two
more simulations were run at rotor angular speed ω¼134 rad/s
(1276 rpm) and ω¼165 rad/s (1576 rpm) for both blade profiles,
resulting in λmean¼4.25 and λmean¼5.25, respectively. The refer-
ence rotor angular speed is a constant 149.29 rad/s (1426 rpm)
resulting into a mean tip speed ratio of λmean¼4.75.

Fig. 11(a) shows the variation of λ with time for the three mean
λmean cases of both blade profiles. The maximum and minimum λ
for the reference case of λmean¼4.75 is 8.16 and 3.35, respectively.
The corresponding peak-to-peak value for the reference case is
3.81. The maximum λ value increases to 9.02 with the highest
λmean at 5.25, while the minimum is now at 3.70 resulting into a
peak-to-peak value of 5.32.
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Fig. 8. Aerodynamic angle of attack and the normal and tangential force coefficients in steady and unsteady wind conditions (with fc¼1 Hz at 11 m/s) during one rotor
revolution. (a) NACA0022 angle of attack. (b) NACA0012 angle of attack. (c) NACA0022 Normal coefficient. (d) NACA0012 Normal coefficient. (e) NACA0022 Tangential
coefficient. (f) NACA0012 Tangential coefficient.

Fig. 9. Flow visualization of vorticity plots for 22% and 12% thick NACA airfoil profiles in unsteady wind conditions (with fc¼1 Hz at Umean¼11.00 m/s).
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On the contrary, opposite behavior is observed at the lowest
λmean at 4.25. The peak-to-peak λ value for this case is 4.30, with
maximum and minimum λ seen to be 7.30 and 3.00, respectively.
From the direct relationship of ω and λ in Eq. (2), at fluctuation
amplitude of Uamp¼739% (74.26 m/s), the peak-to-peak value
increases as λmean increases. In addition, from Fig. 11(a), it can be
deduced that, the VAWT model typically operates at high blade
speed ratios between λ¼3 and 9 in all the three λmean cases. This
minimizes blade angles of attack and suppresses the onset of
dynamic stall, despite the noise and safety benefits offered at low
blade speed ratio operation (Yen and Ahmed, 2013).

Fig. 11(b) and (c) shows the variation of quasi-steady CP with
time for both blade profiles as the wind fluctuates. The quasi-
steady CP is computed from the unsteady CP using moving average
smoothing method to provide useful comparative plots of CP
performance for different λmean cases for both blade profiles.
Smoothing filters out the fluctuating nature of the blade torque
to give a single value prediction of the VAWT CP performance
(Danao et al., 2014; Baker, 2010). From the figures, it can be
deduced that the initial CP values for the reference case of both
blade profiles are closest to the maximum steady wind CP of 0.45
and 0.48, respectively at λn (see Fig. 6). As a result, the NACA0022

blade profile reference starting CP is higher than that of NACA0012
blade profile.

Furthermore, both λmean¼4.75 and λmean¼5.25 cases record
relatively higher CP at maximum λ peaks than at λmean¼4.25 case
for NACA0022 blade profile (refer to Fig. 11(c)). However, Fig. 11(b)
shows an inverse performance at maximum λ peaks for NACA0012
blade profile.

By considering a single symmetric blade profile and initializing
unsteady wind profile at Umean ¼ 7 m=s, with a reference fluctuat-
ing amplitude of Uamp ¼ 712%, Danao et al. (2014) observed a
similar trend in the unsteady CP performance. This is attributable
to low λ exhibited by very deep stall on the blades for the
λmean¼4.25 case that lead to negative performance (refer to
Fig. 13(a) and (b)). A summary of the cycle-averaged CP for the
three mean λmean cases is presented in Table 2.

Danao et al. (2013), conducted unsteady wind experimental
study to investigate the influence of mean tip speed ratio λmean on
the overall performance of a VAWT. The study results with a
reference λmean¼4, also showed a similar trend to the results of
the present study as shown in Table 2. Lowering the λmean from
4.1 to 3.8 showed a large hysteresis in the unsteady CP profile that
drastically affected the overall performance of the VAWT.

In addition, similar to the experimental data in Danao et al.
(2013), Mcintosh (2009), it can be observed in Fig. 12 that all the
quasi-steady CP curves cross the steady CP curve as the wind
fluctuates for both blade thickness. As can be seen from Fig. 12(a),
the NACA0012 blade profile maximum CP values are 0.45, 0.47,
and 0.48 for mean λmean cases 4.25, 4.75, and 5.25, respectively.
The corresponding computed cycle averaged CP (Eq. (17)) over one
wind cycle are 0.25, 0.29, and 0.30, respectively (see Table 2). The
NACA0012 profile maximum unsteady CP for the case when
λmean¼5.25 is consistent with the maximum CP value in steady
wind conditions of 0.48 as can be observed from Fig. 6. Maximum
CP for λmean cases when λmean¼4.75 and λmean¼4.25 marginally
drops from the steady maximum peak by 2% and 6.25%,
respectively.

The maximum CP values for NACA0022 blade profile are 0.45,
0.49, and 0.52 for mean λmean cases 4.25, 4.75, and 5.25, respec-
tively (see Fig. 12(b)). The corresponding cycle-averaged CP,
defined as the ratio of the mean blade power PB to the mean
wind power Pw over one wind cycle, are 0.30, 0.36, and 0.36,
respectively (see Table 2). For the lowest λmean case when
λmean¼4.25, maximum CP is 0.45 at λ¼4.2, and is consistent with
the maximum steady CP at optimal tip-speed-ratio λ

n (refer to
Fig. 6). This behavior contrasts with NACA0012 VAWT unsteady
maximum CP, where higher mean λmean case when λmean¼5.25

Table 1

Cycle-averaged CP for NACA0022 and NACA0012 profiles.

Blade

profile

Umean

(m/s)
Uamp

(m/s)
CP fc (Hz) Mean

λmean

CPsteady CPunsteady

NACA0022 11.00 4.26 0.45 0.36 1.00 4.75
NACA0012 11.00 4.26 0.48 0.29 1.00 4.75

Fig. 10. One wind cycle (PB, Pw) of NACA0022 and NACA0012 at Umean¼11.00 m/s.
(a) NACA0022 blade profile. (b) NACA0012 blade profile.

Fig. 11. (a) Wind cycle λ fluctuation. (b, c) Quasi-steady CP for different λmean cases. (b) NACA0012 CP vs. time. (c) NACA0022 CP vs. time.

Table 2

Wind cycle-averaged CP at different λmean.

Mean tip speed ratio (λmean) 4.25 4.75 5.25

Cycle averaged CP (NACA0012 profile) 0.25 0.29 0.30
Cycle averaged CP (NACA0022 profile) 0.30 0.36 0.36
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(at λ¼4.9), matches the maximum steady wind CP of 0.48. From
Fig. 12(b), maximum CP for mean λmean cases of 4.75 and 5.25
reveals positive deviations above the steady optimal tip speed
ratio λ

n CP of 0.45 by 9% and 16%, respectively.
The NACA0022 profile maximum CP peaks for mean λmean

cases of 4.25, 4.75, and 5.25 occur at relatively lower tip speed
ratios of 4.3, 4.1, and 4.2 than NACA0012 profile's maximum CP at λ
of 5.0, 5.1, and 4.9, respectively. As a result, the thinnest airfoil
(NACA0012) displays the highest maximum CP, likely to be due to
the lowest zero lift drag.

From Fig. 12(b), as airfoil thickness is doubled, the CP curve is
seen to become fuller, with a flatter top and a more gentle,
rounded drop in CP with reducing tip-speed ratio. This is seen as
beneficial for turbines operating in a unsteady wind environment.
That means, wind turbines with thicker airfoils operating at a
lower tip-speed-ratio initially will experience smaller fluctuations
in tip-speed-ratio as a result of a fluctuating free-stream.

Fig. 13 shows flow visualization of vorticity plots for NACA0012
and NACA0022 blade profiles in the first half of the wind cycle for
selected rotor cycles, as U1 rises from 11 m/s to 15.26 m/s and
then back to 11 m/s at the end of the 12th rotation.

All images are for azimuth position at θ¼1301 as can be seen in
Fig. 13(a) and (b). This azimuth position is selected for flow
analysis as a result of characteristic full separation revealed in
Fig. 10. From Fig. 13(a) and (b), deep stall is exhibited on both blade
profiles for the λmean¼4.25 case. The reference case of λmean¼4.75
shows significantly shallower stall than the λmean¼4.25 case for
both profiles, with stall induced by trailing edge separation and a
much thinner wake (see Fig. 13(a) and (b)).

Shallowest stall is observed by the third case for λmean¼5.25
with all NACA0022 blade profile's cycles experiencing trailing edge
separation extending only up to the mid-chord. However, at this

case, the NACA0012 blade profile produces a relatively thicker
trailing wake, with a visible ripple in the tail. As a result, a lower
cycle averaged CP of 0.30 for NACA0012 blade profile is recorded
than 0.36 of NACA0022 profile (see Table 2).

4.2.5. Effect of varying the fluctuation frequency fc
To investigate the effects of varying fluctuation frequencies fc,

two more simulation were run at fc¼0.5 Hz and fc¼2 Hz and the
results compared to the reference case of fc¼1 Hz for both VAWT
blade profiles. Fig. 14(a) shows the variation of tip speed ratio λ
with time for the fc cases of 0.5 Hz, 1 Hz, and 2 Hz. From the λ
plots, it can be observed that the λ variations of the three fc cases
have same maximum of 7.75 and minimum of 3.42. Danao et al.
(2014) and Scheurich (2011) observed a similar trend in the λ
variations with time. As also observed by Danao et al. (2014),
increase in fc compresses the plots laterally resulting in shorter
periods (refer to Fig. 14(a)).

From Fig. 14(b), the quasi-steady maximum CP of the NACA0012
VAWT changes in decreasing values of 0.712, 0.562, and 0.504 for
fc¼0.5 Hz, 1 Hz, and 2 Hz, respectively. The minimum CP of the
reference case (fc¼1 Hz) is �0.163, while the case with fc¼0.5 Hz
shows a drop of the minimum to �0.162 and with fc¼2 Hz to
�0.101. When fc¼0.5, the cycle-averaged CP is 0.28 which changes
to 0.29 for both fc¼1 Hz and fc¼2 Hz cases (refer to Table 3).

Unlike NACA0012 VAWT profile, at points within the wind
cycle where U1 ¼ 11 m=s (initial, 12th and 24th rotor cycles), the
NACA0022 profile predicted CP for the three fc cases are within the
0.434–0.407 range. The NACA0022 profile quasi-steady maximum
CP for fc cases when f c ¼ 0:5 Hz, 1 Hz, and 2 Hz are 0.712, 0.692,
and 0.646, respectively (see Fig. 15(b)). The minimum CP of the
reference case is �0.669, while fc¼0.5 Hz and fc¼2 Hz cases

Fig. 12. Quasi-steady VAWT CP performance for different λmean cases. (a) NACA0012 profile CP vs. λ. (b) NACA0022 profile CP vs. λ.

Fig. 13. Selected rotor cycles flow visualizations of vorticity plots for NACA0012 and NACA0022 profiles in the first half wind cycle showing effects of varying λmean at θ¼1301.
(a) NACA0012 profile vorticity plots. (b) NACA0022 profile vorticity plots.
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shows minimum of �0.668 and �0.571, respectively. As can be
seen in Table 3, these changes are considered to be negligible as
the cycle-averaged CP marginally changes from 0.35 when
fc¼0.5 Hz to 0.36 for both fc¼1 Hz and fc¼2 Hz cases.

Fig. 15 shows CP-λ plots of both VAWT blade profiles as the
wind fluctuates for the three fc cases. The quasi-steady CP plots for
the three fc cases have very little deviation from the reference case
for both blade profiles in the high λ region. From Fig. 15(a) and (b),
the unsteady CP of three fc cases generally fall within the limits of
the steady CP performance band.

The results are in agreement with the study by Danao et al.
(2014), where different fluctuation frequencies were also tested
and compared to the reference case fc¼0.5 Hz. At points within
the wind cycle with fluctuating speed U1 of 7 m/s, the NACA0022
VAWT profile CP prediction for the three fc cases of fc¼0.5 Hz,
1 Hz, and 2 Hz, were within the 0.32–0.33 range. According to the
authors, the differences in CP are insignificant and can be con-
sidered negligible within the test parameters under investigation.

Using Vorticity transport model, Scheurich and Brown (2013)
conducted a study on the effects of fluctuation frequency for fluctua-
tion amplitudes of 710% and 730%. Two fc were tested, a low of
0.1 Hz and a high fc of 1 Hz for each fluctuation amplitude. Similar to
the present study, their results show that the unsteady CP of both fc
cases generally fall within the limits of the steady CP performance
band. Cycle-averaged CP increased by less than 2% when fc changed
from 0.1 Hz to 1 Hz. Overall performance degradation was observed
when fluctuation amplitudes were high (730%), while at a lower
Uamp of 710%, the cycle-averaged CP change was even smaller and
less than 1% for the same fc change from 0.1 Hz to 1 Hz.

Furthermore, at very low fluctuation frequency range, McIntosh
et al. (2008) presented increased performance as fc rose from 0.05 Hz
to 0.5 Hz. The results are contrary to the present study at higher
fluctuation frequencies from 1 Hz to 2 Hz, where marginal improve-
ment in VAWT performance can be observed (refer to Table 3).
Although there is no control as to what frequencies is expected in
the actual field, from both the studies, there is the choice of not
putting effort to extracting the energy at higher frequencies (41 Hz)
since it is below 10% of the total energy spectrum (Scheurich, 2011;
Danao et al., 2014; Bertényi et al., 2010a; Bertenyi et al., 2010b).

The effects of different fluctuating frequencies on a VAWT
subjected to unsteady wind with Umean¼6.64 m/s, Uamp¼750%
and λmean¼4, were studied by Danao et al. (2012). In spite of
increased available power, the VAWT performance degraded over

one wind cycle on all unsteady wind fc cases. In the present work,
a 40% and 20% drop in cycle-averaged CP is obtained for conditions
when fc¼1 Hz and Uamp¼739%, for 12% and 22% thick VAWT
profiles, respectively. Danao et al. (2012) data showed a 75% drop
in cycle-averaged CP when conditions were fc¼1.16 Hz and
Uamp¼750%, thus agreeing with the results of the present work.
The low percentage drop in CP by 22% thick airfoil of the present
work is seen as beneficial to the VAWT power performance in
unsteady gusty environment.

4.2.6. Effect of varying the fluctuation amplitude Uamp

The variations in Uamp were investigated by sinusoidally oscil-
lating both the VAWT blades at Uamp¼710% (71.1 m/s) and
Uamp¼750% (75.5 m/s) conditions, and compared to the refer-
ence case at Uamp¼739% (74.26 m/s). Fig. 16(a) shows the
variations of tip speed ratio λ with time for the Uamp cases of
750%, 739%, and 710% for both blade profiles. From the figure,
the corresponding peak-to-peak λ variations are 6.33, 4.33, and
0.96, respectively. The increase in peak-to-peak value as Uamp

increases at a common angular velocity ω¼149.29 rad/s was
expected due the expanding limits of Uamp (Danao et al., 2014).

Fig. 16(b) and (c) shows the variation of quasi-steady CP with
time as the wind fluctuates in all the three Uamp cases for both
blade profiles. At the points of extreme U1 value, at the quarter
cycle (t¼0.25 s) and the three quarter cycle (t¼0.75 s), a trough in
CP curve is obtained for both VAWT profiles. From Fig. 16(b), the
CP of the VAWT NACA0012 profile at the quarter cycle falls from
0.34 to 0.24, then to 0.18 with increasing Uamp from 10% to 39%,
then to 50%. Increasing negative Uamp from �10% to �39%, then to
�50% causes more severe drop in CP at the three quarter cycle
from 0.45 to �0.16, then to �1.03, respectively.

The variation of the CP of the NACA0022 profile versus time for
VAWT is similar to that of NACA0012 profile, where high ampli-
tudes reveals larger deterioration of performance from steady CP
than small amplitudes of fluctuation. From Fig. 16(c), the CP of the
NACA0022 profile drops from 0.47 to 0.37, then to 0.33 (at the
quarter cycle), and from 0.35 to �0.66, then to �1.86 (at the three
quarter cycle) as Uamp fluctuates from 10% to 39%, then to 50%,
respectively. As a result, in one wind cycle, increased airfoil
thickness is seen as beneficial to the turbine power curves in
unsteady wind environment. The large fluctuation amplitude has a
detrimental effect on the VAWT operation due to the non-linear
inverse relationship between U1 and λ (see Fig. 7(a) and (b)).
Observe in Fig. 16(b) and (c) that, the CP at the start, middle, and
end of the wind cycle is common in all the three Uamp cases for
both VAWT profiles. A summary of NACA0012 and NACA0022
VAWT profiles cycle-averaged CP is presented in Table 4.

The numerical results in Table 4 are consistent to the previous
experimental results in Danao et al. (2013) where the overall cycle
CP was reduced when the VAWT was increased from Uamp¼77%

Fig. 14. (a) Wind cycle fc fluctuation. (b,c) Quasi-steady CP for three fluctuating fc cases. (b) NACA0012 CP vs. time. (c) NACA0022 CP vs. time.

Table 3

Wind cycle-averaged CP at different fluctuation frequencies fc.

Fluctuation frequency (fc) 0.5 1 2

Cycle averaged CP (NACA0012 profile) 0.28 0.29 0.29
Cycle averaged CP (NACA0022 profile) 0.35 0.36 0.36
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to 712%, for both mean tip speed ratios at λmean¼4.1 and 3.8. In
addition, Kooiman and Tullis (2010) determined in their field tests
that fluctuation amplitude has a linear effect on the performance
of the VAWT where Uamp¼715% reduced performance by 3.6%
from ideal wind conditions.

Fig. 17(a) and (b) shows stalling of one blade at different rotor
cycles within the first half of the wind cycle at θ¼1301 for
NACA0012 and NACA0022 profiles, respectively. From the figures,
it can be observed that, partial stall is exhibited on both blade
profiles for the Uamp¼10% case in all rotor cycles following thin
wake. As a result, the NACA0012 profile Tb for the three cycles
reveals a marginal deviation, as shown in Fig. 18(a), where it is
1.09 Nm for cycle 1, 0.59 Nm for cycle 6, and 0.61 Nm for cycle 12.
Additionally, from Fig. 18(b), the NACA0022 profile registers a
relatively larger Tb of 1.16 Nm for cycle 1, 0.80 Nm for cycle 6, and
0.66 Nm for cycle 12. The large positive torque is attributable to
the stagnation point staying at the trailing edge.

Partial separation can be observed at a reference case (Uamp¼

739%) in both blade profiles across the three rotor cycles
with visible full separation stall exhibited within cycle 6 (see
Fig. 17(a) and (b)). The large positive Tb values evident on the
upwind side in Fig. 18(c) and (d) may be attributed to the unper-
turbed wind and α near static stall that the blade experiences.

The last case, with largest fluctuation amplitude at Uamp¼50%,
shows deep stalling at cycle 6 (refer to Fig. 17(a) and (b))
associated with significant negative torque that the blade exhibits
in cycle 6 (see Fig. 18(e) and (f)). Observe in Fig. 18(b), (d),
and (f) that, NACA0022 profile Tb is largely positive throughout
the upwind side with notably high values produced from θ¼601 to
θ¼1301 for Uamp¼39% and Uamp¼50%. The stall within this
azimuth range is relatively shallow, and only becomes significant
after θ¼1301, where low torque is generated until the end of the

upwind side. Generally, during upwind, the flow is more attached
to the surface for the 22% blade thick airfoil than the 12% blade
thick airfoil within a fluctuating free-stream.

The large regions of negative torque and huge visible fluctua-
tions in Fig. 18 agree with deep stall and large flow separation of
vortex shedding as shown in Fig. 17(a) and (b). The negative torque
performance is a consequence of very steep α (refer to Fig. 7(c))
that the blade experiences at the regions inducing persistent large
scale vortex shedding.

The results are consistent with the previous work by Danao
et al. (2014) and Scheurich and Brown (2013), conducted to
investigate the influence of fluctuation amplitude on the overall
performance of VAWT scale. Danao et al. (2014) in their investiga-
tion run two simulations at Uamp¼77% (70.49 m/s) and
Uamp¼730% (70.21 m/s), and compared the CP results to the
reference case of Uamp¼712% (70.84 m/s). Similarly, large drop
in performance was observed at high fluctuation amplitude of
Uamp¼730% than smallest fluctuation amplitude at Uamp ¼ 77%.
Scheurich and Brown (2013) observed that the width of the λ
range was wider for the Uamp¼730% case than the Uamp¼710 %
case. The VAWT cycle averaged CP dropped to 92% of the ideal
steady CP for Uamp¼730%, while a drop to 99% of the ideal steady
CP was registered for Uamp¼710%.

5. Conclusion

A numerical method has been presented to investigate the
influence of operating conditions on VAWT of NACA00XX sym-
metric airfoils with 12% and 22% thickness in unsteady wind
condition. The Computational Fluid Dynamics numerical method
was used to analyze the aerodynamic performance and physics of
flow of VAWT.

All the unsteady wind CP variation cross the steady CP curve as
the wind fluctuates for both blade thickness. The unsteady wind CP
generated over one wind cycle by NACA0022 blade profile was 0.36,
19% higher than 0.29 of NACA0012 profile. A drop of about 40% from
the steady maximum CP of 0.48 for NACA0012 blade profile was
registered, while NACA0022 profile registered a drop of 20%.

Fig. 16. (a) Wind cycle Uamp fluctuation. (b, c) Quasi-steady CP for three fluctuating Uamp cases. (b) NACA0012 CP vs. time. (c) NACA0022 CP vs. time.

Table 4

Wind cycle-averaged CP at different fluctuation amplitudes Uamp.

Fluctuation amplitude (Uamp) 10% 39% 50%

Cycle averaged CP (NACA0012 profile) 0.42 0.29 0.23
Cycle averaged CP (NACA0022 profile) 0.43 0.36 0.32

Fig. 15. Quasi-steady VAWT CP performance for different λmean cases. (a) NACA0012 profile CP vs. λ. (b) NACA0022 profile CP vs. λ.
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The three unsteady wind simulations performed to investigate
the effect of varying λmean have shown that the quasi-steady CP
curves cross the steady CP curve for both blade thickness. The 12%
blade thick cycle averaged CP computed over one wind cycle were
0.25, 0.29, and 0.30 for mean λmean cases 4.25, 4.75, and 5.25,
respectively; while that for 22% blade thick were 0.35, 0.36, and
0.36, respectively. The VAWT NACA0022 profile maximum CP for
mean λmean cases of 4.75 and 5.25 revealed positive deviations
above the steady maximum CP of 0.45 by 9% and 16%, respectively.
However, λmean cases of 4.75 and 4.25 for VAWT NACA0012 profile
marginally dropped from the steady maximum CP by 2% and
6.25%, respectively.

The effects of varying frequency of fluctuation were studied by
conducting three unsteady wind simulations. Thicker VAWT blade
cycle-averaged CP marginally changed from 0.35 when fc¼0.5 Hz
to 0.36 for both 1 Hz and 2 Hz cases, while thinner blade changed
from cycle-averaged CP of 0.28 when fc¼0.5 to 0.29 for both
fc¼1 Hz and fc¼2 Hz cases, respectively.

Different amplitudes of fluctuation were also tested at Uamp¼710%
and Uamp¼750%, and compared to the reference of 739%. The 22%
blade thick cycle averaged CP computed over one wind cycle were 0.43,
0.36, and 0.32, while 12% blade thick CP were 0.42, 0.29, and 0.23, for
Uamp cases 710%, 739%, and 750%, respectively.

The results derived in the numerical analysis are therefore
summarized as follows:

� In unsteady wind environment, the unsteady wind CP generated
over one wind cycle by NACA0022 blade profile was higher than
that of NACA0012 blade profile. Hence, within fluctuating free-
stream wind conditions, thicker airfoils are desirable.

� Overall maximum unsteady wind CP of VAWT with thicker
blades reveals positive deviations if λ is slightly higher than
optimal tip speed ratio λ

n of steady peak CP, while thinner
blades maximum CP marginally drops from the steady max-
imum CP for the same λ range.

� Higher frequencies (41 Hz) of fluctuation marginally improve
the unsteady wind performance of both thinner and thicker
VAWT blade profiles operating in periodically fluctuating wind
conditions.

� High fluctuation amplitudes (4710%) reveals overall perfor-
mance degradation on both VAWT blade profiles, while a slight
improvement is registered if the amplitude of fluctuation is
small (o710%).

The findings lend substantially to our understanding of both the
kinematic and aerodynamic behavior on VAWT scale blades

Fig. 17. Selected rotor cycles flow visualizations of vorticity plots for NACA0012 and NACA0022 profiles in the first half wind cycle showing effects of varying Uamp at θ¼1301.
(a) NACA0012 profile vorticity plots. (b) NACA0022 profile vorticity plots.

Fig. 18. Blade torque Tb for cycles 1; 6; and 12 of different Uamp cases. (a) NACA0012(Uamp¼10%). (b) NACA0022(Uamp¼10%). (c) NACA0012(Uamp¼39%). (d) NACA0022
(Uamp¼39%). (e) NACA0012(Uamp¼50%). (f) NACA0022(Uamp¼50%).
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operating in unsteady wind condition, and the flow physics that
causes the behavior. The results from the study will hopefully be of
importance to the wind industries and industrial aerodynamics
applications that require designs for wind turbine blades, reflect-
ing realistic unsteady wind operating conditions.
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