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Abstract.

In this paper, the aerodynamic analysis of a vertical axis wind turbine was carried out by CFD approach to optimize the turbine

performance. To perform numerical simulation, SST-Transition turbulence model was used, which demonstrated more precise results
compared to non-transition models. A parametric study was conducted to optimize the VAWT performance based on the selected model.
The investigation of pitch angle changes showed that the highest power produced by the turbine occurs at 2°angle. Considering the effect of
the rotor’s arm junction to the airfoil showed that by increasing the distance of the junction from the edge of the airfoil from 25 cm to 40 cm,
the power of the turbine increases by 60%. However, further increase in this distance results in power decrease. Based on the proposed
numerical model, a case study was conducted to consider the installation of four VAWTS in the southwest corner of the medical science
building at TMU campus with a height of 42m. The results of the simulation showed that 8.27 MWh energy is obtainable annually.
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1. Introduction

As global energy demand continues to grow, the ability
of traditional sources of energy such as fossil fuels to satisfy
this demand is decreasing (Soto and Jentsch 2016). Wind
energy is among the renewable energy sources which has
great potential to produce electrical power; however, further
research is needed to improve the performance of wind
turbines (Cooney et al. 2017). Wind turbines are generally
classified as two types: horizontal axis and vertical axis
turbines. This classification refers to the position of rotor
axis relative to wind (Dobrev and Massouh 2011). Small-
scale vertical-axis wind-turbines are a popular source of
power in urban areas, providing residential electricity and
the ability to generate power regardless of the direction of
the wind (Lin et al. 2016). To enhance vertical axis wind
turbine technology, several studies have been conducted in
recent years.

Several methods have been purposed to model the flow

in VAWTSs and predict the turbine performance. Marini et al.

(1992) compared the aerodynamic performance of VAWTS
using two models: single stream tube momentum model and
free wake vortex model. The results showed that the
momentum model predicts the VAWT performance in a
simple and fairly accurate way. The vortex model was also
used in another study by Islam et al. (2008) in conjunction
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with double-multiple streamtube and cascade models. These
models were used for performance prediction and design of
straight-bladed VAWTs. Among these three models, vortex
model is considered to be the most accurate model,
although computationally expensive. It was also found that
the double-multiple streamtube model is not suitable for
high tip speed ratios. They concluded that the cascade
model gives smooth convergence even in high tip speed
ratios with reasonable accuracy.

Howell et al. (2010) presented a combined experimental
and computational procedure to study the aerodynamics and
performance of a small scale vertical axis wind turbine.
Wind tunnel tests as well as two and three-dimensional
unsteady CFD simulations were carried out to investigate
the overall performance of the turbine. It is shown
experimentally that the surface roughness of the turbine
blades has a strong influence on performance. Both two
bladed and three bladed rotors were tested and a significant
increase in performance coefficient is observed for three
bladed rotors. Another numerical and experimental study of
Darrieus-type VAWT was done by Lee and Lim (2015). The
study proposed an optimum turbine shape which produced
maximum output power. The results showed that, as solidity
increases, power coefficient grows in low tip speed ratio
(TSR) range. However, in high tip speed ratios, as the
rotational speed increases, the drag force also grows.
Consequently, a model with high solidity produces a low
power coefficient because it is affected by stronger drag
force.

The performance of a novel vertical axis wind turbine
was investigated using RANS CFD simulations by
McTavish et al. (2012). Computational investigation of the
torque characteristics of the novel rotor was conducted
using commercial computational fluid dynamics software.
Steady two-dimensional CFD simulations were conducted
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and it was determined that the novel rotor configuration
produces an amount of static torque comparable with those
of existing rotors. Similarly, Zamani et al. (2016) studied a
new approach to improve VAWTSs performance and torque
by suggesting a novel turbine shape. J-shaped profiles were
used in the structure of blades by eliminating the pressure
side of airfoil which results in a better performance at low
TSRs. A two-dimensional computational analysis was
conducted and two-equation Shear Stress Transport (SST)
turbulence model was employed to close the RANS
equations. The obtained results indicated that the
performance of the VAWT can be improved by using J-
shaped profiles for the blade sections.

Another study which focused on increasing the
performance of VAWTSs was done by Nobile et al. (2014).
In their research, a 2D computational simulation of an
augmented wind turbine was carried out. The influence of
mesh resolution, turbulence model, and time step on results
accuracy was investigated. It was concluded that the mesh
resolution and the turbulence model affect the results
accuracy, while the time step size has small impact on
numerical results. The numerical simulation results showed
that the introduction of an omnidirectional stator around the
wind turbine rotor increases the power and torque
coefficients by around 30-35%. Mohamed (2012)
performed a comparison between ANSYS Workbench and
Gambit meshing tools. Following that comparison, unsteady
simulations were performed for different speed ratios based
on URANS turbulence models using sliding mesh approach.
The results showed that the accuracy of simulations which
used ANSYS Workbench meshing is improved by using
SST K-o model. In addition, the turbine performance was
compared using different airfoil profiles and the results
showed that new airfoils can increase efficiency by 10%
compared with regular airfoils.

One of the most important aspects in VAWT simulations
is the proper modeling of turbulence. A systematic
numerical analysis was done by Dar6czy et al. (2015) to
identify the necessary mesh resolution for different
turbulence models. The URANS-based 2D computations of
H-Darrieus wind turbines were conducted and compared.
The results showed that the k-g¢ Realizable model is able to
predict Cp with an almost constant offset compared to the
experimental data. The k- SST model with a cubic
correction delivered an excellent prediction for three out of
forth rotor configurations. Chowdhury et al. (2016)
performed a numerical simulation of a vertical axis wind
turbine in upright and tilted conditions. Three turbulence
models of RNG k-g, Spalart-Allmaras, and SST k-o were
used in the research. It was demonstrated that Spalarte-
Allmaras model is not compatible with the simulation
objectives. SST k- o is seen to capture the wake vortices
better than RNG k-¢. Also, the result obtained from SST k-
o was the closest to the experimental values.

Marsh et al. (2017) investigated the power output of two
fixed pitch vertical axis turbines using 2D and 3D CFD
models with different turbulence and boundary layer flow
modeling techniques. It was demonstrated that although the
k-@ SST Transition model is in the highest correlation with
experimental power output data, the fully turbulent 3D k-o

SST model is better suited for vertical axis turbine
simulation. Balduzzi et al. (2016) performed an extended
analysis with the aim of identifying the most effective
simulation settings to ensure a reliable unsteady, two-
dimensional simulation of an H-type Darrieus turbine. The
results showed that the k- SST turbulence model is the
most suitable choice for the simulation of Darrieus turbines.
It was resulted that a properly adjusted two-dimensional
approach is definitely able to describe the actual functioning
of Darrieus rotors.

Rolland et al. (2013) developed a CFD based
computational model which provided a useful tool for the
assessment of designs for VAWTs. The CFD model
reflected the experimental data well. The numerical values
were in good agreement with overall power output and
pressure distribution. Considerable deviations from the
experimental results were observed when extreme values of
geometrical angle were used. These deviations were
attributed to the simplified turbulence modelling approach.
Furthermore, Aresti et al. (2013) presented a numerical
approach to predict the performance of vertical axis wind
turbines based on moving mesh technique. The turbulence
was modeled using Renormalization Group (RNG) k-—¢,
standard k—-& and k- turbulence models. Two
dimensional and three-dimensional simulations were carried
out and the simulation predictions were used to determine
the performance of the turbine. The results of the study
showed that self-starting capabilities of the turbine can be
increased when the mounted angle of attack of the blades is
increased.

Ferrari et al. (2017) conducted a CFD study to
characterize the dynamic behavior of a Savonius vertical
axis wind turbine using the open source code, OpenFOAM.
Unsteady simulations were carried out at different tip speed
ratios, various angular speeds of rotor at constant wind
speed, and different URANS turbulence models. The results
of 3D model were in good agreement with experiments,
while 2D model is characterized by higher lift than the full
three-dimensional simulation.

A brief review of the literature implies that CFD is a
promising tool to study the effects of various parameters on
vertical axis wind turbine performance. Investigating the
effect of turbulence models, especially the transition models
on results accuracy is an open field to study. In this paper,
numerical optimization of a VAWT based on a transition
turbulence model has been carried out to propose an
alternative source of energy for tall buildings. Based on the
proposed numerical model, a case study was conducted to
consider the installation of four VAWTSs in the southwest
corner of medical science building at TMU campus.

2. Governing equations

By passing through the rotor of a turbine, wind’s kinetic
energy is absorbed by the rotor and wind speed is reduced.
This means a reduction in flow momentum from upstream
to downstream. This change in momentum can be attributed
to a force resulted from pressure change in two sides of the
rotor. By setting the change in momentum equal to the force
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resulted from change in pressure, the maximum power
coefficient which is called the Betz limit can be calculated
(Mathew 2006). The Betz limit is the maximum theoretical
value of power coefficient and lower peak values are
achievable in practice. The power coefficient of a rotor
varies with tip speed ratio (Eg. (1)) and it is only maximum
for a unique tip speed ratio (Righter 1996).
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2.1 Reynolds-Averaged Navier-Stokes (RANS)

Governing equations of fluid flow are time-averaged
continuity in accordance with the time-averaged momentum
equations (Durbin and Reif 2011). Since the effect of heat
loss is considered negligible, there’s no need to solve the
energy equation. In addition, because of the little effect of
gravity on fluid field, the gravity term is disregarded.
Considering a negligible variation in flow field parameters
in direction of (z), continuity and momentum equations
were solved in 2D. The governing equations are shown as
follows.
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The last term in Eqg. (4) is Reynolds stress term. This
term is modeled by a turbulence model. A common method
employs the Boussinesq hypothesis to relate the Reynolds
stresses to the mean velocity (Fluent 2013).
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The Boussinesq hypothesis is used in Spalart-Allmaras
model, k—& models, and k—® models. Regarding the
Reynolds humber on blades and the physics of the turbulent
flow, the two equation shear-stress transport (SST) k —w
and the SST-Transition model were used in this research.

2.2 SST k- turbulence Model

The shear-stress transport SST k- model was
developed by Menter (1994) to combine the accurate
formulation of the k—@ model in vicinity of the wall
region with the freestream independence of the k-&
model in the far field. The SST k- model is similar to
the standard k —@ model including some modifications.
These modifications make the SST k- model more

accurate and reliable than the standard k —@ model for a
wide variety of engineering applications including adverse
pressure gradient flows and airfoil flows.

The turbulence model is based on two transport
equations for the turbulence kinetic energy K and the
specific dissipation rate @ which is equal to the ratio of

& to k.
The turbulence kinetic energy and the specific
dissipation rate are defined by the Eqgs. (6) and (7) (Fluent

2013). In the these equations, the term G, represents the
production of turbulence kinetic energy due to mean
velocity gradients and G, represents the generation of @.

[, and T, represent the effective diffusivity of k and
w respectively. Moreover, Y, and Y, represent the
dissipation of K and @ due to turbulence. Finally, D

stands for the cross diffusion term while S, and S_ are
user-defined source terms (Fluent 2013).
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2.3 Transition SST turbulence model

The most problematic issue in CFD simulation of an
airfoil at low Reynolds number is to capture the stall
phenomena. This is due to the inefficiency of RANS
turbulence models to accurately capture the boundary layer
separation caused by adverse pressure gradient. Moreover,
at low Re, a fairly large portion of the boundary layer is
laminar, thus a fully turbulent model cannot predict the
boundary layer behavior precisely. As the accurate
modeling of the boundary layer is of great importance for
simulating VAWTS, utilizing a transition model can result in
a more realistic prediction of turbine performance
(Lanzafame et al. 2014).

Transition occurs through different mechanisms.
Primary modes of transition are often referred to as natural,
bypass and separated flow transition. Natural transition is
typically the result of flow instability (Tollmien-Schlichting
waves or cross-flow instability), where the resulting
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exponential growth of two-dimensional waves eventually
results in a non-linear break-down to turbulence. Bypass
transition is imposed on the boundary layer by high levels
of turbulence in the freestream. For transition at high
freestream turbulence levels (>1%), the first stages of the
natural transition process may be bypassed such that
turbulent spots are directly produced within the boundary
layer by the influence of freestream disturbances. Finally in
separation-induced transition, laminar boundary layer
separates under the influence of a pressure gradient and
transition develops within the separated shear layer
(Langtry 2006).

Although significant progress has been made in the
development and implementation of turbulence models, the
important effect of laminar-turbulent transition is rarely
included in the majority of CFD simulations. In the present
research a laminar to turbulent transition model is used to
simulate the flow in order to increase the accuracy of the
simulation. The transition model formulation is based on
two transport equations. These transport equations do not
attempt to model the physics of the transition process, but
form a framework for the implementation of correlation-
based models into CFD method. The physics of the
transition process are contained entirely in empirical
correlations (Menter et al. 2006).

The transition SST model is based on the combination
of SST k—w transport equations with two other transport
equations, one for the intermittency and another for the
transition onset criteria, in terms of Reynolds humber based
on momentum-thickness (Menter et al. 2003). The transport
equation for the intermittency y is defined as Eg. (8)

(Fluent 2013).
In Eq. (8), P, and P, are transition source terms

whereas E; and E , are destruction/relaminarization
sources (Menter et al. 2006).

The transport equation for the transition Reynolds
number R&, isshown in Eq. (9). The detailed description
on calculation methods for the source terms in Egs. (8) and
(9) as well as the three empirical correlations of the model
used for calculating the transition onset, the length of the
transition zone and the point where the model is activated is

discussed thoroughly by Menter et al. (2006).
The transition model interacts with the SST turbulence

model by modification of the k equation as shown in Eq.
(10).
In Eq. (10), G, and Y, are the original production

and destruction terms for the SST model. In order to capture
the laminar and transitional boundary layers correctly, the

mesh must have a y* of approximately one.

In above equations, G, and Y,  are the original

production and destruction terms for the SST model. In
order to capture the laminar and transitional boundary

+

layers correctly, the mesh must of

approximately one.

have a vy

3. Turbine specification, simulation domain and grid
generation

In this study, to evaluate the employed transition
turbulence model, and to validate the proposed numerical
model, Howell experimental data was used (Lanzafame et
al. 2014). The specifications of Howell turbine are
presented in Table 1 and the 2D simulation field is specified
asa35m x 7.5mrectangle as show in Fig. 1.

As it is shown in Fig. 1, the effect of wind turbine struts
and rotor shaft is ignored as it is not possible to consider
these components in 2D simulation.

The elimination of struts has little effect on the wake
flow of wvertical axis wind turbines and the main
contribution for the flow around this type of turbine is made
by turbine blades (Mendoza et al. 2018). For this particular
turbine considered in this study (3-bladed wind turbine with
solidity of about 0.16) the 2D simulations would lead to
acceptable results (Delafin et al. 2016). Boundary
conditions of the flow field are demonstrated in Table 2.

Because of the importance of flow in vicinity of the
blades, an inflation layer (boundary layer) mesh was used
on airfoils as shown in Fig. 2.

Table 1 Specifications of the studied turbine (Lanzafame et
al. 2014)

Characteristic Value
Number of blades 3 Pcs
Blade chord length 0.4m

Blade section airfoil NACA 0015
Wind speed 6-12 m/s
Initial Step 0 degrees
Rotor radius 1.25m
Blade height 1m

Arm diameter 20 mm

Number of arms 6 Pcs

Table 2 Boundary conditions of the simulation domain

Boundary Value
Inlet velocity 10 m/s
Rotor rotational speed 120 rpm
Aiir density 1.22 kg/m®
Fluid pressure 1 atm
Inlet boundary condition Velocity inlet

Outlet boundary condition Pressure outlet

Side walls boundary condition Symmetry
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Fig. 1 Geometrical features and main dimensions of the computational domain

Fig. 2 Scheme of mesh distribution in rotating zone area (left), inflation layer on the airfoils (right)

Total rotor generated torque is oscillating in nature.
Therefore, average torque value should be used to calculate
turbine power coefficient which is shown in Eq. (11). The
torque coefficient is calculated by Eq. (12) (Burton et al.
2012, Lanzafame et al. 2014).
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4. Investigating the grid and time step independency

Fig. 3 demonstrates the power coefficient for 6 grids
with different number of nodes. The number of nodes on
airfoil surface as well as the number of inflation layers was
gradually increased to obtain grid independency. The figure
shows that increasing the number of cells from 800,000 to
1,200,000 has little effect on results. Therefore, based on
the results showed in Fig. 3, the grid with 800,000 nods was
chosen as the suitable grid for simulations.

0.4

0.3 +

Cp

0.1 t f
0 500000 1000000

Number of nodes

1500000

Fig. 3 Power coefficient vs. number of nodes to ensure
grid independency

To investigate the effect of time step value on results,
two simulations were performed using time steps
corresponding to 0.5 and 1 degrees of rotor rotation. The
maximum of 4.5% difference in power coefficient value
was observed. Consequently, the time step corresponding to
1-degree rotation of rotor was chosen to solve the problem.
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Number of rotor rotations required to achieve a developed
generated torque coefficient in tip speed ratio of 1.5 is
demonstrated in Fig. 4. According to Fig. 4, the results were
studied from 6" rotation onward (Mohamed 2012).

The most important parameters in wind turbine
performance are the turbine generated power and torque.
These parameters are used to study the effects of different
factors on wind turbine performance. The generated power
in a real turbine is the amount of power received from
turbine generator. In numerical simulation, power is
calculated from shaft torque multiplied by turbine angular
speed; though the amount of power calculated through this
method neglects the loss from friction specially in the
turbine gearbox and the effect of generator efficiency.
Normally, the wind turbine generator and gearbox have a
combined efficiency of 90%. Therefore, to investigate real
turbine efficiency, the calculated power resulted from
multiplying shaft torque by angular speed, should be
corrected by applying a 0.9 correction factor (Burton et al.
2012).
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Fig. 4 Torque coefficient vs. time to determine the
number of rotor rotations required to achieve a
developed generated torque
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Fig. 6 Power coefficient curve vs. TSR for utilized
turbulence models as well as experimental data

One of the important and effective factors in numerical
simulation accuracy, is the amount of y* (Fluent 2014). Fig.
5 shows the y* value on blade wall based on 120 rpm rotary
speed. According to Fig. 5, the magnitude of y* is below 1
on blade wall, consequently, the grid size is considered to
be suitable to accurately capture the boundary layer on
blade surface.

5. Validating the simulation results

After conducting the grid and time step independency
and investigating sufficient number of rotations, turbine
power coefficient vs. A using the two SST-Transition and
SST k-0 turbulence models is demonstrated. The resulted
turbine power coefficient is compared to the experimental
results presented by Howell et al. (2010). The results are
shown in Fig. 6.

Table 3 shows the mean error between simulation results
and experimental data.

Table 3 Turbulence model power coefficient mean error
absolute value

Error (%) Error (%)

Blade tip speed

SST k-0 SST- Transition
0.5 8.2 1.7
0.8 9.03 5.05
1 142 4.9
1.25 15.5 6.9
15 15.6 7.6
1.75 18.93 11.05
2 19.21 12.3
Mean Error 15.51 7.84
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It can be seen that both turbulence models over-
predicted the power coefficient. It is because of employing
2D method and ignoring 3D effects like the effects of
turbine struts. Moreover, the effect of tip loses which is
present in experiments cannot be captured in 2D
simulations.  The deviation between experimental and
simulation results increases as the tip speed ratio grows.
This deviation can be attributed to inherent 3D flow
complexities which are not taken into account in 2D
simulation (Rezaeiha et al. 2017). Capturing stall
phenomenon is challenging when RANS equations are
being used for turbulence modeling. Vertical axis wind
turbine blades experience laminar, transient, and turbulent
regimes during each cycle of rotation and an important
portion of boundary layer is laminar specially in low Re
numbers. Therefore, the use of classical fully turbulent
model is not accurate enough. This is the reason for more

realistic predictions of transition model demonstrated in Fig.

6. Based on the above discussion and the results presented
in Table 3, SST-Transition model is used to perform
simulations.

By passing the stream over the rotor blades, vertical and
tangential forces are exerted to the blade’s center of
pressure, consequently, generated torque is a result of these
two components. Reference blade generated torque curve in

one rotor rotation at 10 m/s wind speed can be seen in Fig. 7.

Fig. 8 demonstrates the torque coefficient of 3 blades in
360-degrees rotation separately as well as the total torque
value resulted from the summation of all 3 blades. As
showed in Fig. 7, the wind energy is absorbed by the blade
in rotor upstream section. Only a small part of stream
energy is transferred to the rotor blade downstream.

It’s important to note that, in downstream region,
sometimes the generated torque is in the opposite direction
of the rotation, which reduces the overall performance of
the rotor (Biadgo et al. 2013).

In each angle, total rotor generated torque is the
summation of the torque value generated by each blade in
Fig. 8. In is clear that the total rotor generated torque is
oscillating so the average torque value is used to calculate
the turbine power coefficient.
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Fig. 7 One blade torque coefficient in 360-degrees
rotation
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Fig. 8 Torque coefficient of 3 blades in 360-degrees
rotation and total torque of the rotor

6. Parametric study and numerical optimization

In this section, the effect of two Influential factors on
turbine performance will be investigated.

6.1 Investigation of the effects of shaft arm
connection position to the blade

To study the effects of changing the blade connection
position on turbine performance, 4 rotors with different
connection positions are considered as shown in Fig. 9. In
the figure, the first spot is in aerodynamic center, the second
one is in maximum thickness, the third spot is in surface
center and the fourth is located in the middle of airfoil
chord.

Fig. 10 shows the power coefficient curve for the four
connection spots defined in Table 4 in various blade tip
speed ratios.

From the results demonstrated in Fig. 10 it can be
deducted that increasing the arm connection distance from
blade leading edge, up to 0.4 m will result in power increase.
However, increasing the distance further causes the power
to be reduced. Power coefficient increase could be
attributed to the increased torque resulted from vertical
forces. In 0.25 and 0.3 distances, pressure center is situated
between the connection spot and the blade trailing edge, and
in the angles where force is applied in the positive direction,
pressure center is moved to the distance between leading
edge and connection spot. This in whole results in the
generated torque to be opposite to rotor rotational direction.

Table 4 Rotor arm connection spot to the blade

Rotor Connection spot (meters)
Rotor 1 C=0.25m
Rotor 2 C=0.30m
Rotor 3 C=0.4m
Rotor 4 C=0.5m
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Fig. 9 Arm connection positions

For the connection spots in 0.4 and 0.5, the pressure
center is always between the blade leading edge and the
connection spot. This causes the emergent generated torque
in the angles where the vertical force is in negative direction
to be applied in the rotor rotational direction and create a
positive torque (Hameed and Afaq 2013).
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O Il Il
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Fig. 10 Power coefficient curve vs. tip speed ratio for
different blade arm connection spots
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Fig. 11 Variation in power coefficient curve vs. tip speed
ratio for different pitch angles

6.2 Investigating the change in blade pitch angle

Another important influential factor on turbine
aerodynamics, is the blade pitch angle. To assess the effects
of this factor, blade pitch angles between -2° and 4° at wind
speed of 10 m/s and angular speed of 120 rpm were
considered. The results are shown in Fig. 11.

The results of Fig. 11 show that for a specific tip speed,
power coefficient increases the most from pitch angle of -2°
to pitch angle of 2°, and by further increasing the angle to
4°, the power coefficient is reduced. This is due to the
increase of the lift force on blades for the former case and
decrease of the force on later.

7. Case study: simulation of VAWTs on TMU medical
science building

According to the results of a recent research (Jadidi and
Heidarinejad 2015) which simulated the turbulent wind
flow on TMU buildings using DES and LES turbulence
models, the fastest western wind blows to the southwest
corner of medical science building. As a case study, a
vertical axis wind turbine was simulated in the southwest
corner of the medical science building (Fig. 12) at 50°48’
longitude and 35°72’ latitude, at the height of 42 meters
from the ground and 1314 meters from sea-level (Shamsi
2010).

In order to determine the location and position of the
wind turbine in vicinity of the building, the wind flow
around the south side of the medical science building was
simulated two-dimensionally. The result shows the
maximum speed is achievable in A, B, C and D points in
Fig. 12.

The speed profile for solving the boundary layer
problem is shown in Eqg. (13) (Jadidi and Heidarinejad
2015). In this equation, v is wind velocity and z is the height.

A7)

Vi

e (13)

Zl

According to the reports and statistics, the wind speed
used in simulations is chosen 5.6 m/s at the height of 10
meters from the ground (Keyhani et al. 2010). Eq. (17) was

then used to calculate wind speed at heights between 10 to
42 meters.
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Vertical Axis Wind Turbine

Fig. 12 Top view of Tarbiat Modares Medical Science Building and the turbine position (Jadidi and Heidarinejad 2015)

According to the dimensions of the medical science
building, the specifications of the turbine, and the area of
the highest speed at turbine upstream, the installation
position of the turbine was chosen on the line of Y=1.25 m.
To determine the best position, the achievable power was
calculated for the four selected spots of A, B, C, D as
showed in Fig. 12. The coordinates of the selected points
are shown it Table 5.

The power coefficient in the four A, B, C, D spots is
shown in Fig. 13. Regarding the wind speed profile and the
curves of Fig. 13, we realize that point C generates the
maximum power coefficient among the 4 points mentioned
above. Therefore, the installation location is chosen to be at
point C, at heights 30 to 42 meters in which four vertical
axis turbines can be installed.

Turbine generated power versus wind speed in point C
can been seen in Fig. 14. Based on Eq. (14), turbine power
increases by increasing free stream speed. This may
increase the forces beyond limit and as a result, damage the
turbine. Usually the turbines are equipped with a control
system designed to prevent increasing rotor rotation speed.

Table 5 Rotor position according to Fig. 12

position X (m) Y (m) Z (m)
Position A 1 2.25 30
Position B 15 2.25 30
Position C 2 2.25 30
Position D 25 2.25 30

0.3

025 { ~®-A

0.05

0 T T T T T
0 0.5 1 A 15 2 2.5

Fig. 13 Power coefficient curve in four points of A, B, C,
and D in the vicinity of the building

2500
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1000 A

500 +

0 T
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Fig. 14 Turbine generated power vs. wind speed in point
C location
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Thus, the power diagram is considered to be constant in
accordance with the maximum wind speed of 12 m/s
(Lanzafame et al. 2014).

P=0.5><Cp><pair><v3><A>< Hg (14)

Due to the variation of wind speed and subsequently
turbine generated power, field studies were conducted using
Meteorology Organization statistics and the processed data
using commercial wind analysis software, WindPro.
Turbine generated power as a function of region wind speed
was calculated by Eq. (15). By having power as a function
of speed and using region statistics, the generated power per
year can be calculated by Eq. (16) (IRIMO 2008).

k(v k-1 v k
f(v)zg[gj exp(—gj (15)

Poa = (T f (v) power (v)dv)N At (16)
0

In Eq. (16), N equals 52560 which is the number of data
in a year. At is equal to 10 minutes. By solving the equation
and using the wind distribution function, the amount of
yearly generated power by four 1.5 KW turbines stationed
at 30 to 42-meters height on TMU medical science building
can be calculated. The magnitude of yearly generated power
according to Eq. (17) is equal to 8.28 MWh.

4 _
Zl Potal =8-287MWh 17)
p:

8. Conclusions

In this study, an aerodynamic numerical simulation of a
vertical axis wind turbine was conducted. The data from
several experiments conducted on a real 0.5 kW capacity
turbine found in literature were used to evaluate the
simulation results. The power coefficient values resulted
from aerodynamic simulations using two SST k- and SST-
Transition turbulence models were studied and compared.
Because of the conformity of the results to those of
experiments, SST-Transition turbulence model was chosen
as the proper model for simulations. It was also found that
the accuracy of numerical simulation is highly dependent on
the quality of the grid around the blades. Two aerodynamic
factors affecting turbine performance were investigated. It
was concluded that in a specific tip speed ratio, turbine
power coefficient is maximum at 2° pitch angle. The other
investigated parameter was the effect of turbine shaft
connection arm position. It was shown that at C=0.4 m the
amount of power coefficient is at its maximum. As a case
study, four vertical axis turbines at the height of 30 to 42
meters on the south side of TMU medical science building
were simulated. Considering the local wind speed profile, at
42-meter height, the turbine power peaks at 2.32 MWh and
at 30 meters, the power reached its lowest point at 1.86

MWh. The annual total generated power of 8.28 MWh was
obtained based on calculations.
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