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Effect of Two-Dimensional Profile Optimization on Vertical Axis Wind Turbine Power
Performance

Cemil YiGIT*, Erdem AKMAN

Abstract: In this study, performance of the blade profiles which was developed numerically and parametrically was examined experimentally for vertical axis wind turbine.
In the parametric optimization study, angle of attack, mean (camber) line and thickness were taken as parameter, and the profile was optimized by using Ansys/Response
Surface Optimization tool. After that, in the numerical optimization study, the lift and drag coefficients were taken as parameters and the profile was optimized and the blade
profiles of NACA0012-a and NACA0012-3, which would make the lift-to-drag ratio maximum, were obtained. The developed profiles were produced by 3D printer and the
power data was measured experimentally for 3, 4 and 5 bladed turbines. The highest power was obtained in the 4-bladed turbine for all profiles. The power coefficient of
0.19 was obtained from a reference profile, while power coefficient of 0.24 was obtained from NACA0012-a profile and 0.30 from NACA0012-g profile. The blade profile
derived by numerical optimization reached 25% higher power coefficient than the blade profile derived by parametric optimization. It is found that lift coefficient on the power

coefficient of the vertical axis wind turbine is more dominant than the drag coefficient.
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1 INTRODUCTION

The need for energy has been increasing with the
increasing population and advanced technologies. Most of
the energy requirements in the world are derived from
fossil fuel sources such as petroleum, natural gas and coal.
The damage to the environment caused by harmful
substances due to the use of fossil fuels has been increasing
and it is believed that it would be inevitable to see the
natural balance at a phase in the future which will no longer
be irreversible. On the other hand, they include both
political and economic constraints since fossil resources in
certain regions and reserves are limited. It is highly
possible that alternative sources and methods will replace
the fossil fuel-based power generation methods in the
world in the near future due to increasing demand and
limited resources.

Developed countries prepare projects to meet their
energy needs from renewable energy sources and they
derive a large part of their energy needs gradually from
processes using clean and renewable energy sources. As a
government policy in developing countries incentives are
given and opportunities are provided for various
investments in order to increase the interest in renewable
energy resources and reduce dependence on foreign
countries.

One of the clean and renewable energy sources, wind
energy comes into prominence because of the decrease in
investment costs of wind turbines and unit energy cost.
Although three bladed and horizontal axis wind turbines
taking the wind from the front are commercialized today,
the use of vertical axis wind turbines (VAWT) has become
widespread in recent years because of low cut-in speed,
aesthetic structures, and noise. In addition, studies on
improving the performance of VAWTs have had a positive
effect on the increase of the usage of turbines.

Some researchers [1-4] focused on shape optimization
of the blade to improve the turbine performance, while
others took parameters such as number and angle of blades
as well as geometry. Erisen & Bakirci [5] created three new
geometries over standard blade geometries of NACA0012
and NACA4412 by taking upper and lower surface as

parameters, obtained the lift coefficient (CL) values at 4, 8
and 12 attack angles by using the k-epsilon turbulence
model and determined that the derived blade profiles give
better results than the referenced blade profiles. In their
study on H-rotor VAWT, Li et al. [6] reported that the
optimized blade pitches can increase the power coefficient.
Karimian & Abdolahifar [7] proposed a new configuration,
which they called the three-part-blade wind turbine, in their
studies where they examined the aerodynamic
performance of the Darrieus type vertical axis wind
turbine. They reported that this new turbine operated with
high output torque without too much torque fluctuation.
Many researchers [8-10] carried out numerical
optimization of the blade profile by using Computational
Fluid Dynamics (CFD) method in their studies. Gomec
[11]  performed time-dependent two-dimensional
numerical analysis for NACA0021 blade profile at
constant wind speed using CFD software for Darrieus type
turbines with 2 and 3 blades and he found that 2-bladed
turbines achieved optimum operating conditions at
relatively low tip-speed ratio (TSR), while 3-bladed
turbines cut-in speed was lower and it ran more stable. In
their study, Castelli et al. [12] investigated the effect of the
number of blades used in the turbine on the rotor
performance of the flat-blade Darrieus type wind turbine
with two-dimensional CFD analysis. They studied the
torque and the power coefficients for different TSR for 3,
4 and 5 blades using the NACA0025 blade profile and they
found that high power can be obtained at low angular
velocities due to the increase in the number of blades. In
the studies where they examined aerodynamic behaviour
on the blade by taking into account the interactions on
parameter values affecting performance such as rotor
diameter, angle of attack, helical angle of blade and chord
length in Darrieus type wind turbines; Lee & Hee [13] have
noted that the power coefficient increases at low TSR as
the solidity increases, but it decreases at high TSR by being
affected by increasing drag forces. In the study where they
analyzed NACAO0012 blade profile experimentally and
numerically at low attack angles and determined which
turbulence model was more compatible with experimental
results, Bekka et al. [14] used Spalt-Allmaras, Baldwin-
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Lomax, k~w, k- SST turbulence models and found that
models other than k- have close results with experimental
data. Sabaeifard et al. [15] performed CFD analysis using
k-¢ turbulence model for different blade numbers, profile
types and turbine solidity rates and for the H-Type Darrieus
wind turbine with a design suitable for urban areas and they
found that 3-bladed turbine had better performance
compared with other turbines.

Some studies have also focused on reducing the cut-in
speed of the turbine. In their experimental studies carried
out on 3 different blade profiles commonly used in
literature, Yilmaz et al. [16] studied the aerodynamic
performance of profiles at 6, 7 and 8 m/s speeds and at —4°
to 26° attack angles. The results show that the lift-to-drag
(CL/CD) ratio on the NACA63-415 blade profile at 4° to
12° attack angles was approximately 2 times higher than
the other profiles. Yao et al. [17], for NACAO0018 profile;
Sahin & Acir [18] for NACAO0O015 profile examined lift and
drag (CD) coefficients numerically and experimentally in
low Reynolds numbers and different attack angles, and
they found that the Spalart-Allmaras turbulence model
gave closer results to the experimental data.

In the optimization stage of this study, based on the
NACAO0012 profile which is commonly used in the
literature, new profiles were developed with parametric
and numerical optimization methods. Optimized profiles
were used on the vertical axis H-Type Darrieus wind
turbine and turbine performance was analyzed by taking
the number of blades as parameters. In the scope of the
parametric study, angle of attack, the mean line and
thickness of the blade profile were systematically changed
between maximum and minimum value to obtain an
orthogonal test matrix, and then the parameter levels were
determined which obtained maximum lift-to-drag ratio
using respond surface optimization (RSO) method. Then,
numerical optimization studies were performed using
Ansys/Fluent Adjoint Solver software. The profiles
obtained were produced by the additive manufacturing
method and power data was experimentally obtained from
the VAWT. In the present study, power performance
characteristics of the VAWT were investigated, and then
two dimensionally optimized profiles under static
conditions were also examined on the results of
experimental study under dynamic conditions. Thus, the
validity of the optimization study which was carried out
under static condition, unlike in the reviewed literature,
was examined under dynamic conditions.

2 NUMERICAL STUDY

A two-dimensional computational area was set using
ANSYS/Design Modeler module and simulations were
carried out by using ANSYS/Fluent module in order to
perform numerical studies. The implicit Navier-Stoke
algorithm was performed as solver method in the study.
Realizable k-w turbulence model was used for modelling
the turbulence of the air flow. The continuity and
momentum equations were solved. "Coupled" scheme was
used as the pressure velocity coupling. At the initial stages
of the analysis, a first order-upwind scheme was used for
discretizing the convective terms, for enhancing
convergence. However, the final results were obtained by
using a second-order upwind scheme for improved
accuracy.

Since VAWT operated at low free stream velocity in
experimental and numerical studies, the air was considered
incompressible. ~ The  continuity = equation  for
incompressible flow and momentum equation in
conservative form were given for all coordinate systems in
Eq. (1) and (2), respectively.
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For the selected turbulence model, the equations
expressed by turbulence kinetic energy (k) and turbulence
dissipation rate (¢) are given in Eq. (3) and (5),
respectively. Moreover, the constant coefficients of the
equation are defined as C,=1.44, C,=1.92, = 1.0, o;=
1.2 and C,=0.09 [19].
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In these equations, G, shows the generation of
turbulence kinetic energy owing to the mean velocity
gradients. oy and o: in the equation show the turbulent
Prandtl number for k and & respectively. Turbulent
viscosity (y) is calculated as a function of k and ¢ and can
be calculated by the following relation:

k2
H = pC,u - (7)
&

Within the scope of CFD analysis, blade profile and
surrounding calculation area were prepared in two-
dimensions. The model was kept sufficiently wide to
ensure that the blade profile was not affected by the
boundary conditions of the calculation zone.

Symmetry

Blade Profile

Inlet
Outlet

20c
20c¢ 60c

Symmetry
Figure 1 Computational area and boundary conditions of the model
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The boundary conditions of the calculation area were
defined as in Fig. 1. Boundary conditions were assigned to
the inlet section of the calculation area as "Inlet", for outlet
section as "pressure outlet", for top and the bottom section
as "symmetry" and for profile boundary as "wall".

The grid structure of mesh containing triangular
elements was preferred for CFD analysis. The quality of
the mesh is extremely important for the accuracy of the
results. Therefore, relatively smaller mesh elements were
used on the surface using a weight function. On the other
hand, the boundary layer was defined on the surface to
better capture the surface interaction with the flow.
Moreover, special attention was given to keep the
maximum skewness (< 0.98; 0.83-0.95) and orthogonal
quality (> 0.10; 0.12-0.50) values of the mesh elements
within acceptable limits in the literature. The grid structure
of the two-dimensional computational field is shown in
Figs. 2a and 2b, respectively, as wide angle and close
angle. The turbulence model for y* values between 1 and 5
on the profile surface provides wall shear stresses
compatible with experimental data [20]. Although the
model does not reach y* value of around 1, it remains below
5. Reducing y* to 1 for the prepared model brings a serious
processor and RAM load to the analysis.

(b)
Figure 2 Grid structure of the computational domain

Within the scope of the independent study of CFD
analysis from the mesh, grid structures with a different
number of elements were analyzed. The lift-to-drag ratio
values were obtained for mesh with a number of elements
from 100k to 500%. Increasing the number of elements in
the mesh after about 300k elements has a very small (<
0.001) impact on the result. Therefore, the mesh with 300k
element number was used in CFD analyzes.

2.1 Parametric Optimization

In the parametric study, angle of attack, mean line and
thickness of the blade profile were taken as parameters and
the optimized blade profile which has maximum lift-to-
drag ratio using RSO method was determined. These
parameters were systematically changed between
maximum and minimum value to obtain an orthogonal test
matrix including 3 parameters and 8 degrees of freedom.
The angle of attack was changed +10°, while the profile

thickness and the position of the mean line on the y-axis
were changed by a maximum of +40%. Lift-to-drag ratio
values for each profile geometry were generated using two-
dimensional CFD analyses. Parameter levels giving the
highest lift-to-drag ratio were determined. ANSYS
software produced 22 variations in the specified
optimization parameters and range of values. Optimization
work was performed with the RSO method for maximizing
lift-to-drag ratio of the profile.

Blade profile was created by using RSO method in
order to examine the effect of shape parameters such as
angle of attack, mean line and thickness on lift-to-drag ratio
of the profile, increase the VAWT’s power output. The
RSO method is a targeted and multi-objective optimization
method that provides the best possible design in
accordance with the constraints and objectives set for the
optimization parameters.

For the blade profile with a chord length of 0.08 m, the
maximum lift-to-drag ratio was obtained at an
approximately attack angle of 5° in two-dimensional CFD
analyses performed in the range of Reynold numbers
between 16000 and 32000. Mean line which is positioned
between upper and lower surface of the blade profile in
Cartesian coordinate system and thickness of the blade
profiles are shown in Fig. 3.
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Figure 3 Mean line and thickness of the NACA0012, NACA0012-a and
NACA0012-8 blade profiles

2.2 Numerical Optimization

The profile geometry obtained as a result of parametric
studies continued to be improved with the Adjoint Solver
module in Ansys/Fluent software at a fixed Reynolds
number in 16000-32000 range and turbulent intensity in
4.4-4.8% range. Operating the design parameters
independently, the adjoint approach is an optimization
method based on the optimal calculation of gradients
remaining within a specifically defined calculation region.
Gradients which were mesh nodes on the calculation area
are calculated in the normal direction according to point
motion [21]. Adjoint solver module is an optimization
method which allows the deformation of the mesh within a
specified calculation area in order to maximize or minimize
the defined parameters. To that end, it was aimed to
maximize the lift-to-drag ratio within the calculation area
containing blade profile geometry by maximizing lift
coefficient and minimizing drag coefficient. As shown in
Fig. 4, a region where the change of profile mean line and
thickness would remain +40% was defined within the
computational area. This identified region was deformed to
maximize the lift-to-drag ratio during CFD analyses. The
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advantage of the method is that it is able to optimize the
profile by solving equations within the defined area
without having to resolve the entire calculation area in the
CFD analysis as in the parametric study.

Figure 4 Calculation area that can be deformed in the adjoint solver method

The formula in Eq. (8) describes the change in the lift-
to-drag ratio from node displacements and shape
sensitivity coefficients. Solver has ability to estimate the
change in lift-to-drag ratio produced by the airfoil owing to
the geometric change made by the solver. This is done by
summing up the sensitivities at each node multiplied by the
displacement at each node as per the Eq. (8). Thus, it is
possible to find out how much deformation is required to
obtain the desired lift-to-drag rate.

3(CL/Cp)=2, W' -6x" (8)

Lift and drag coefficients can be expressed as in Eq.
(9) and (10).

F,
CL=7— ©)
2 pAV?
5 PAV
F;
Co=q7—— (10)
— pA
5 P4V

Anemometer

where 4 is the frontal area of the VAWT, p is the density
of the air, v is the wind velocity, F1. and Fp are the lift and
drag force, respectively.

As a result of parametric studies on the NACA0012
blade profile, which was initially referenced, the optimized
profile obtained was named NACAO0012-a and the new
profile geometry developed by the numerical method using
this profile was called NACAO0012-5. The profile
geometries are shown in Fig. 5. The maximum lift-to-drag
ratio value obtained by parametric and numerical
optimization is 6.24 and 6.43, respectively. In both
NACAO0012-p and NACAOO12-a profiles increase in lift-
to-drag ratio was approximately equal. The increment in
lift-to-drag ratio was achieved mainly by decreasing the
drag coefficient for the NACA0012-5 profile, while the
increase in the lift coefficient for the NACAO0012-« profile
was dominant.

Y position

20,02 Y

X position
-0,03
= == «NACA00I2

NACAQ0012-a == o e= NACA0012-8

Figure 5 Blades profiles

3 EXPERIMENTAL STUDY

The performance of the VAWT with blade profiles
obtained from the optimization studies was experimentally
analyzed. For this purpose, the entire plastic part of the
VAWT (Polymer acid, PLA) was produced by using a 3D
printer (Zaxe X1) by joint production method. In order to
perform experimental studies Reynolds number in the
range 16000-32000, a vertical axis H-type wind turbine
with a blade length of 0.56m attack angle of 5° chord length
of 0.08 m and a rotor diameter of 0.42 m was designed
modularly.

Wind
Turbine

Tachometer

E...:_____

Flow Straightener

Multimeter

.....................................................

tance

Figure 6 The experimental test setup scheme

The experimental setup is shown in Fig. 6. When were used side by side to generate the air flow to the

turbine dimensions were taken into consideration, two fans
with a flow rate of 17400 m’/h (Bahcivan, BVN-BSV-750)

turbine. The data of the air flow generated in the
experimental setup was obtained with a handheld digital
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anemometer (Lutron AM-4206). An optical non-contact
tachometer (Uni-T UT372) was used to measure the
turbine speed. Current (/) and voltage (V) produced by the
turbine were measured by two separate Digital Multimeters
(Brymen BMS525s). During the experiment, instantly
measured data were transferred to the computer. 24 V 50
W DC motor (2900 d/min, Kormas) connected to the wind
turbine as a generator to produce electrical energyThe
position where the anemometer probe is located is
extremely important. The anemometer probe can be
located at a distance from the wind turbine of between 2
and 4 times the specific length (L). In the case of VAWT,
this specific length is defined as equal to 24/m. In the
experimental study, this distance was taken as 2.5L [22].

In the experimental setup, separate experiments were
conducted for 3, 4 and 5 blades with NACA0012,
NACAO0012-a, and NACAO0012-f profiles. Experiments
were repeated 8 times for each set. The power coefficient
(Gy) of the VAWT depends on the electrical and wind
power and can be defined as [22];

C =—2¢ (11)

In the equation (77.) is the generator efficiency, (P.)
and (P«) are the electrical and wind power, respectively.
Mechanical losses are neglected since torque is transferred
directly to the generator via a short shaft without any
coupling, clutch or gear system. Therefore, in equation 12
only the generator efficiency is used. Since direct current
(DC) engine was used, electrical power (P¢) as a function
of current and voltage was calculated by using Eq. (12).
Wind power was obtained by Eq. (13)

P=IV (12)

P, = pAv. (13)

In the study, the average power outputs from the
VAWT have been shown in dimensionless form as follows:

2n P
J' R
0o 1 3
E pAvaong
Cp,avg_ = - (14)

where @ is the angular position of the VAWT, P, is the
kind of power depending on the angular position and n is
the number of time steps when it is rotated to complete one
revolution.

3.1 Uncertainty Analysis

Deviation of the measuring instruments used in
experimental studies is £(2% + 0.2 m/s) for anemometer
(Lutron AM-4206), +(0.04% + 2) for tachometer (UNI-T
UT 372) and (V; 0.08% + 2d, I; 0.2% + 4d) for Multimeter
(Brymen BM525s). The error rate for the power coefficient
(Wcp) was obtained using Eq. (15) depending on the
current, voltage and wind speed, and the error rate for the

TSR (W;) was obtained using Eq. (16) based on wind speed
and angular speed. The error rates for the power coefficient
and TSR were calculated as +3.8% and +6.9%,
respectively

4 RESULTS

New profiles have been developed by parametric
(NACAO0012-a) and  numerical (NACAO0012-p)
optimization methods from the reference (NACA0012)
profile and tested under 3, 4 and 5 bladed conditions in the
VAWT. Power values were measured from VAWT with
NACAO0012, NACAO0012-a and NACAO0012-B profiles,
depending on the TSR.

The power data measured for the NACAO0012 profile
by taking the number of the blades as a parameter is shown
in Fig. 7. The maximum power coefficient for 3-bladed
turbine was obtained at 2.12 TSR, while the maximum
power coefficient for 4 and 5-bladed turbines was obtained
at 1.94 and 1.09 TSR values, respectively. The highest
power coefficient values were measured from 4 bladed
turbines. It has been obtained that the maximum power
coefficient value is 0.19 for 4-bladed turbine, while those
for 3 and 5-bladed turbines were observed as 0.16 and 0.17,
respectively. Compatible with the literature, the maximum
power coefficient decreased as the number of blades
increased after a critical solidity value. Additionally, the
maximum power coefficient is obtained at lower TSR
values, as the number of blades increases [23].

0,20 ) R?=0,8074
W R210,8677 h@
J0.15 d A,
o A 2 y A“H
‘g Alog R? =0,7935
e it
& 0,10 > oAl
2 & o
@]
-
“B’ 0,05 & — 3 Bladed Turbine
CE O «=«t= 4 Bladed Turbine
O = = 5 Bladed Turbine
0,00

0,00 0,40 0,80 1,20 1,60 2,00 2,40 2,80 3,20
TSR, A [-]
Figure 7 Variation of power coefficient obtained from a NACAQ0012 profile
according to blade TSR

Power values obtained from turbines with
NACAO0012-a profile are shown in Fig. 8. The turbine
using the NACAO0012-a profile has reached a maximum
power value at a relatively low TSR compared to those
using the NACAO0012 profile. The highest power
coefficient for the 3-bladed turbine was obtained at 1.33
TSR value, while it was obtained at 1.52 TSR for the 5-
bladed turbine. The highest power coefficient of 0.24 was
obtained at 1.65 TSR for 4-bladed turbine.
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Figure 8 Variation of power coefficient obtained from a NACA0012-a profile
according to blade TSR

The power coefficient values of the NACA0012-5
profile are given in Fig. 9. In the experimental study
performed by taking the number of the blades as a
parameter, the maximum power coefficient was
determined as 0.22 at 1.64 TSR for 3-bladed turbine. The
highest power coefficient for the 4 and 5-bladed turbines
was 0.30 at 1.79 TSR and 0.24 at 1.50 TSR, respectively.
Similar to the other profiles, the highest power coefficient
was obtained from 4-bladed turbines for numerically
optimized profile. TSR at which maximum power
coefficient was obtained, and the number of the blades
were found to be inversely proportional till the critical
solidity value, i.e. 0.76 for NACAO0012-5. After a solidity
value of 0.76, increase in solidity leads to a decrease in the
power coefficient obtained from the VAWT.
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Figure 9 Variation of power coefficient obtained from a NACA0012-8 profile
according to TSR
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Figure 10 Variation of power coefficient in 3-bladed turbine depending on the
TSR

The variation of the power coefficient values versus
the TSR for all profiles is shown in Figs. 10 to 12. In 4-
bladed turbine, the highest power coefficient was obtained
from all profiles. Owing to optimization, higher power
coefficient values were obtained at lower TSR. The power
coefficients obtained from NACA0012-o and NACA0012-

p are 0.24 and 0.30, respectively, under conditions where a
power coefficient of 0.19 is obtained from the reference
profile. A remarkable performance increase is achieved in
turbines using the profile derived from numerical
optimization.
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Figure 11 Variation of power coefficient depending on TSR in 4-bladed turbine
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Figure 12 Variation of the power factor in a five-bladed turbine depending on the
TSR

4 CONCLUSIONS

In this study, parametric and numerical optimization of
the reference profile (NACA 0012) was performed by
using CFD analysis. New profiles were derived by using
lift coefficient, drag coefficient, and lift-to-drag ratio as the
parameters. Experimental studies were carried out for 3, 4,
and 5 blade situations in the H type Darrieus wind turbine,
and the performance of the turbine was tested. This study
can be concluded as follows:

When the solidity value increased, the maximum
power coefficient values were reached at lower TSR. But,
once the solidity value exceeds 0.76 which is the critical
value for current study, the increase in the solidity reduces
the power coefficient.

The lift-to-drag ratio of the reference profile was
increased from 3.92 to 6.24 by parametric optimization
(NACAO0012-a) and to 6.43 by numerical optimization
(NACAO0012-p). Although the lift-to-drag ratio was close
to each other in both profiles, the blade profile (NACA
0012-p) derived by numerical optimization reached a 26%
higher power coefficient than the blade profile (NACA
0012-a) derived by parametric optimization. This can be
explained by considering the lift and drag coefficient,
which are the components of the lift-to-drag ratio,
separately. In the NACA 0012-§ profile, the lift-to-drag
ratio has been increased with an increase in the lift
coefficient, due to the tail taking the shape of a flap. On the
other hand, because of the decrease in profile thickness in
the NACA 0012-a profile, the lift-to-drag ratio has been
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increased with a decrease in the drag coefficient.
Therefore, it can be concluded that the lift coefficient is
more effective on the power coefficient than the drag
coefficient.

In the optimization process, the lift-to-drag ratio of the
reference profile has been significantly increased for both
the NACA 0012-a and NACAO0012-8 profiles. However,
this increase in the lift-to-drag ratio was only reflected in
the increase in power coefficient value of the wind turbine
as 0.08 and 0.14 points for NACA 0012-a and NACAO0012-
p profiles, respectively. This can be explained by the
difference between the conditions of the optimization
process and the performance tests. In the CFD analysis of
the optimization study in which the profiles are derived, the
lift-to-drag ratio is obtained from the two-dimensional
static conditions. In other words, the maximum lift-to-drag
ratio is obtained over the static blade. But, power
performance characteristics of the optimized profile used
in the VAWT were obtained under dynamic conditions. In
these conditions, the attack angle of the blade changes for
each position of the turbine rotor, due to the angular
movement of the turbine about its axis. Therefore; the lift-
to-drag ratio for a cycle of the blade in a VAWT does not
always have the same effect on the obtained power value.
It is generally preferred practice to perform this process
under static conditions in order to avoid the difficulties of
performing optimization under dynamic conditions.
However, this study shows that an optimization study
carried out under static conditions cannot be fully met
under dynamic conditions. Therefore, it can be suggested
for future studies to keep in mind that developing a
correlation between the lift-to-drag ratio and the power
coefficient of the VAWT is important.
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Nomenclature

A Frontal area of turbine / m?

Ci, Cp Lift and drag coefficients / -

Cp Power coefficient / -

CFD  Computational fluid dynamics

DC Direct current

F1, Fp Lift and drag forces / N

1 Current / A

k Turbulent kinetic energy / m?s 2

NACA National advisory committee for aeronautics

P Power of the system / Nms ™!

P Power of the wind / Nms™!

R Radius of the rotor / m

RSO  Respond surface optimization

u, v Components of the displacement in the x and y
directions / ms™!

Voo Velocity of the wind / ms™

Vv Voltage / V
VAWT Vertical axis wind turbine

TTm,e Turbine system efficiency / -

A Tip-speed ratio (TSR) / -

y7, Dynamic viscosity of air / Pas
7 Turbulent viscosity / m?s™!

Yol Density of the air / kgm™

or, o  Turbulent Prandtl number for k and &/ -
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