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Abstract— The current study demonstrates the very high 

performance of Vertical-Axis Wind Turbine (VAWT) on the 

roof-top corner of a building using Computational Fluid 

Dynamics (CFD). A small-scale VAWT with high rotational 

velocity is validated using the SST k-ω turbulence model. It is 

shown that this turbulence model can predict the flow field 

around and the performance of the turbine accurately in 

comparison with experimental results. By locating the turbine 

on the corner of the building and having the wind at an angle 

of 45° with respect to the face of the building, it is found that 

the power coefficient of the turbine increases significantly at 

higher values of Tip Speed Ratios (TSRs). Nevertheless, it is 

found that by doubling the Aspect ratio (AR) of the turbine, its 

performance decreased. 
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I.  INTRODUCTION 

Due to its pollution-free power generation capabilities and 
worldwide availability of wind resources, wind energy is a 
promising technology in the electricity generation field. The 
rising energy demand can be mitigated by installing wind 
turbines to the maximum extent possible. Wind turbines are 
divided—based on the axis of rotation—into two main 
categories; Horizontal Axis Wind Turbine (HAWT) and 
Vertical Axis Wind Turbine (VAWT). Since VAWTs are 
slightly less efficient than HAWTs, the HAWT is the primary 
type of wind turbine in use today and has received a great deal 
of attention in both the research and industrial sectors [1] [2] 
[3]. While HAWTs requires a uniform airflow into their rotor 
surface, which retains the produced torque constantly, VAWTs 
can perform well in more complex winds due to capture the 
wind from all the directions. 

Consequently, they have induced fluctuation torque [4]. 
Nevertheless, VAWTs have such principal advantages as being 
Omni-directional, having low installation and maintenance 
cost, low center of gravity, and low scalability, making them 
suitable to use in specific regions such as urban areas and off-
shore. Mollerstraom et al. did a historical review of VAWTs 

[5]. Among different VAWTs, the Darrieus type is considered 
one of the most attractive VAWTs due to the low visual impact 
and acoustic emissions and their appropriate response to a 
turbulent oncoming flow. To increase the power production of 
VAWTs, many researchers have worked on blade 
aerodynamics optimization such as chord and camber length, 
pitch angle, and thickness of the trailing edge  [6] [7] [8] [9]. 

Wind energy potential is high on roof-tops of high-rise 
buildings. Urban wind energy is attractive because it can 
provide energy close to demand and reduce the cost of power 
distribution. Tasneem et al. summarized the present status of 
wind farm technologies in urban areas in a review paper [10]. 
They concluded that further wind mapping research and turbine 
design improvements are required for the urban wind farm to 
be a reliable and feasible option for decentralized power 
generation. The potential mounting sites of wind turbines by 
considering the details of the local urban topography is studied 
numerically by Yang et al. [11]. They showed that increasing 
the hub height and installing micro-turbines on the windward 
side of the building have positive effects on higher power 
production. Balduzzi et al. characterized the flow field above 
the roof-top of buildings with different geometries numerically 
[12]. They used other oncoming wind profiles and calculated 
their specific velocity modulus and direction on the roof-top of 
each building. They reported that the attained capacity of 
VAWT installed on the roof-top of a building higher than 
surrounding buildings could be increased up to 70%. 

To improve the performance of the VAWTs, efficient 
design and optimized location of the turbines, especially on 
roof-mounted buildings, are fundamental. The effects of 
vertical wind, wind direction, and turbulence intensity on the 
power output of a small VAWT in an environment were 
investigated by Lee et al. [13]. Their results indicate that more 
than 90% of the power could be generated if the vertical angle 
was less than or equal to 45°. Bashirzadeh Tabrizi et al. 
modeled wind flows over the roof of a building by a CFD code 
[14]. Abohela et al. used numerical simulations to find the 
effects of different roof shapes, building height, and wind 
directions [15]. They illustrated that high-rise buildings are 
better choices while the turbine is installed near the edge of the 
building. To find an evaluation tool for wind energy resources 
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by using small wind turbines on the roof-top of a building, they 
evaluated the possibility of combining with a wind atlas 
software. Their results showed that the building height, wind 
direction, and turbine installation height affect the wind turbine 
performance. Based on relevant installation guidelines, small 
wind turbines are usually used in complex environments like 
roof-tops of high buildings rather than open terrain sites [16]. 
To investigate wind turbine performance and the synergy 
between them and the urban environments, Dilimulati et al. 
reviewed urban wind energy by examining different types of 
wind turbines [17]. They showed that although airflow's 
velocity and density increase in urban areas, there is a very 
turbulent flow due to the increased ground roughness and 
unpredictable airflow direction. This turbulent flow reduces the 
efficiency of the HAWTs. Therefore, using VAWTs is 
recommended in urban areas [18]. 

Moreover, an field experimental analysis was performed by 
Pagnini et al. to compare HAWT and VAWT in the same urban 
environment [19]. They showed that solid winds caused much 
less damage to VAWTs than HAWTs. Therefore, VAWTs 
could be operated at higher wind velocities. Moreover, they 
showed high production losses for higher wind velocity than 6-
7 m/s, while the ambient turbulence could not be considered the 
main reason for such reduction. Also, Aslam Bhutta et al. 
showed that in places with complex flow patterns such as roof-
tops of building in urban built environments, VAWTs have 
better performance than HAWTs [20]. Since Darrieus types of 
the VAWTs produce low acoustic emissions and have an 
appropriate efficiency, they are widely used in roof-top 
installation [12]. Zabarjad Shiraz et al. analyzed the energy 
production of roof-mounted Darrieus wind turbine in a city by 
using both CFD and meteorological data related to that city 
[21]. They provided the energy yield of the turbine located at 
each of the four corners of a building for different urban 
density environments. Their simulation showed a reduction in 
energy production in high-density urban environments because 
of local wind behavior.  

It is still challenging to obtain reliable and consistent data 
about the efficiency of wind turbines in urban environments. 
Some researchers investigated wind turbines in the urban built 
environment from the economic viewpoint by considering 
parameters such as available locations, prevailing wind speeds, 
and storage systems [22]. Although the energy potential of the 
urban environment is high, using wind turbines in the urban 
built environment is still at the early stages of their 
development; therefore, more research is necessary. This study 
focuses on two objects; first, a small-scale Darrius wind 
turbine, an H-type with high rotational velocity, is studied 
using the SST k-ω turbulence model. Second, the performance 
of the turbine on a building with a height of 30.48 m (100 ft) is 
studied by considering its location based on the suggestion of 
[13] [15] [21]. This work starts by explaining the numerical 
setup. Then, the turbine's performance is analyzed and 

compared with other published results. In this section, the 
performance of the SST k-ω turbulence model is investigated. 
Then, the performance of the turbine on the building is 
evaluated. 

II. NUMERICAL SETUP 

A. Configuration and numerical modeling 

In this study, a small-scale two-bladed H-type of VAWT is 
studied. Table 1 shows the geometrical data of the turbine, 
which are used in the current study. To model the turbulent 
flow around the VAWT, URANS equations are complemented 
with the SST k-ω turbulence model as suggested by [23] [24] 
[25] [26]. Therefore, in the current research, the SST k-ω 
model is used. STAR CCM+, a commercial CFD solver, is 
used to solve the equations of motion and capture all flow field 
features. An implicit unsteady segregated flow method is 
employed. The SIMPLE algorithm (Semi-Implicit Method for 
Pressure Linked Equations) is employed to couple the pressure-
velocity equations. Also, a second-order upwind scheme is 
used for the convection terms. This study is focused on the 
turbine rotating with high rotational velocity. This velocity is 
expressed in a non-dimensional number named Tip Speed 
Ratio (TSR), calculated as:  

TSR=Rω/U∞ (1) 

where R is the turbine radius and ω is the angular velocity of 
the turbine. The available power from the wind turbine is given 
by: 

Pwind=0.5ρASU∞
3 (2) 

where ρ is the air density, U∞ is the free stream velocity, and 

AS is the swept area equal to the turbine diameter multiplied by 
the blade span. The power coefficient is a non-dimensional 
parameter defined as the ratio of the power extracted from the 
turbine to the available capacity (2). 

CP=Pturbine/Pwind (3) 

To have a moving boundary 3-D simulation, the 
computational domain needs to be partitioned into the rotor and 
wind tunnel domains. The rotor domain, which is rotating, 
includes the blades. This rotating domain is encapsulated inside 
the wind tunnel domain, as illustrated in Fig. 1.  

TABLE I.  GEOMETRICAL DATA OF THE VAWT 

Turbine diameter, D 1 m 

Blade span, L 1 m 

Blade chord length, c 0.06 m 

Airfoil section NACA 0018 

Number of blades 2 

Solidity, σ 0.12 

Aspect ratio, L/D 1 



   

 

 

P
o
w

er
C

o
ef

fi
ci

en
t

(C
P
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Lam & Peng DMST  

Figure 1.  Computational domain 

To avoid interferences caused by the boundaries, the 
dimensions of both rotor and wind tunnel domains were 
carefully considered [23] [27], as depicted in Fig.1. The long-
distance behind the rotor and the end of the computational 
domain is necessary to provide enough space for the wake 
generation. Velocity inlet and pressure outlet are considered at 
the inlet and outlet boundaries, respectively. The wind velocity 
is constant, equal to 9.3 m/s, while rotational speed is changed 
to have different values of TSRs. The pressure at the outlet is 
considered a value of 0 Pa, which shows the air pressure at the 
exit of the wind tunnel domain. Symmetry boundary condition 
is employed for the other four boundaries of the wind tunnel 
domain. Boolean and Subtract operations are used to remove a 
cylindrical shape representing the rotor section from the wind 
tunnel domain. The rotor section and the wind tunnel section 
were meshed separately. The mesh size at the rotor's surface is 
kept equal with the wind tunnel domain's surface, where a 
cylindrical shape similar to the rotor is subtracted. This 
matching of the two sections will help complete mapping 
between the rotor and the wind tunnel domain. The interface 
boundary condition is employed between the two sections to 
ensure the fluid flow between them. 

B. Mesh study 

Mesh quality plays an essential role in the CFD results. 
Four different meshes are used in this study to ensure the 
results are independent of the grid. A grid-independent solution 
is achieved when there is a negligible difference between the 
average power coefficients of two different meshes. Moreover, 
the results are compared with a numerical simulation [27] and 
the classical double-multiple stream-tube (DMST) method 
[28]. In the DMST model, the calculations for the upstream and 
downstream half- revolutions are performed separately. More 
information on this model can be found in [29]. Comparison 
among the four forgoing meshes is made at a rotational velocity 
of 83.7 rad/s and a TSR of 4.5. Table 2 shows the information 
associated with the four different meshes. During the grid 
generation, the first layer close to the solid surface needs more 
attention. For that layer, the value of the Y+ should be around 
1. Y+ is a non-dimensional parameter defined based on wall 
shear stress. The value of Y+ for both Mesh 1 and Mesh 2 are 
less than 1. So, by reducing the blade surface size, it is found 
that the value of CP increased. Since the value of Y+ is far less  

Figure 2.  The mesh in a section of the rotor (left), prism layer mesh around 

the airfoil 

than 1, to reduce the computational cost, the first layer 
thickness increases while the blade surface size decreases in 
Mesh 3. Moreover, the blade surface size varied from 0.0004 to 
0.00075 meters; in a way that the size of both leading and 
trailing edges are smaller than the middle section of the airfoil. 
Although the values of Y+ are close to 1 for Mesh 3, it is found 
that Y+ is increased to values of more than 1 for high angles of 
attack. For Mesh 4, both the values of first layer thickness and 
the blade surface size are reduced slightly; it is found that the 
value of CP is not such changed. For this mesh, the values of Y+ 
are close to 1 for all angles of attack. Fig. 3 shows the values of 
CP for different meshes and compares it with another similar 
simulation [27] and the DMST method [28]. Lam and Peng 
[27] used both Detached Eddy Simulation (DES) and 
Transition Shear Stress Transport (SST) method for their 
simulation. Figure 2 shows a good agreement with the current 
simulation, using SST k-ω method, and the results from the 
SST method. 

TABLE II.   DATA OF FOUR DIFFERENT MESHES AND THEIR CP 

Mesh Name First layer 

Thickness (m) 

Blade surface 

size (m) 

CP 

Mesh1 5.82 e-6 0.00075 0.2202 

Mesh 2 5.82 e-6 0.00062 0.2412 

Mesh 3 1.428 e-5 0.0004 to 
0.00075 

0.2652 

Mesh 4 8.8 e-6 0.00036 to 

0.00069 

0.2720 

Figure 3.  Results at TSR=4.5 for different meshes and compare with another 

numerical simulation [27] and DMST method [28] 
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C. Temporal convergence 

A detailed study is performed for the time step [30] [31]. 
The time steps that researchers frequently use to simulate 
VAWTs varied from 0.2° to 1.2° rotation of blades per time 
step. The time step that Lam and Peng [27] used was 1.04×10-4 
second, equivalent to 0.5° rotation of blades per time step. In 
this study, two different time steps are used for the TSR value 
of 4.5, which are 0.0001 s and 0.00005 s, equal to 0.48° and 
0.24° rotation of the blades per time step, respectively. Fig. 4 
shows that both time steps predict the same values as they 
become stable. Therefore, to keep the computational cost low, 
the time step 0.0001 s is selected for this study. Fig. 4 shows 
that the simulations are converged after 15 revolutions. 

D. Validation with experimental data 

 Fig. 5 shows a comparison between Particle Image 
Velocimetry (PIV) test results [32] and current simulations for 
more validation. Also, the results from another numerical 
simulation that used Detached Eddy Simulation (DES) are 
compared. The stream-wise wake velocity at a distance equal to 
one diameter of the rotor in the wake region is shown in Fig. 5. 
This figure shows that there is an encouraging overall 
matching. At the region of Y/D<0, the magnitudes of the 
velocity deficit are excellently captured by the current 
simulation. At the Y/D>0, the CFD simulation could not 
capture the strong wake expansions very well, which appeared 
in the PIV test. An important reason for that is related to the 
neglected four struts and connections between blades and struts 
in the numerical simulation; while they were used in 
experimental tests. Those struts and linkages have blockage 
effects on the air flows [27]. Consequently, by accelerating the 
airflows near the struts, the swirling momentum increases and 
strengthens the windward transport of the wake.  

Fig. 6 shows the values of CP for different values of TSR. It 
shows that current simulation and DMST results have the same 
trend. Both of them calculate the maximum CP at the TSR of 4. 
Moreover, they predicted the close values of CP at the TSR of 
5. The differences between the values of CP in CFD simulation 
and the DMST model are attributed to the fact that the DMST 
model cannot calculate the flow motions along the span and the 
vertical motions at the tips. 

Consequently, it predicted higher values of CP. The 
discrepancies between the current simulation and the other 
CFD results from the literature [27] at small TSR values may 
be relate to the mesh structures. As discussed in the previous 
section, mesh structures are sensitive to the stall condition since 
there is a strong stall behavior at small values of TSR.  

III. PLACING THE TURBINE ON THE ROOF-TOP OF A BUILDING 

The computational domain for the building study is shown 
in Fig. 7. Lee et al. suggested that the maximum CP could be 
achieved by locating the VAWT on the corner of the building 
with an angle of 45° [13]. To have this angle, instead of having 
the angle for the velocity inlet, the building has the angle of 45° 
regarding the inlet, as shown in Fig. 7. Zabarjad Shiraz et al. 
suggested locating the turbine at the corners of the building 
[21]. In this study, the turbine is located on a building with an 
angle of 45° with the inlet velocity and on a corner close to the 

inlet section. The turbine is located at a 2D height from the 
building roof. The computational domain size is based on the 
suggestion of Weerasuriya's study [33].  

Figure 4.  CP vs. number of rotations for two different time steps 

Figure 5.  Comparisons of velocities between current simulation, PIV tests 

[32], and another numerical simulation [27] at wake region equal to 1.0 D 

Figure 6.  Comparisons of CP for different TSRs between current simulation, 

DMST method [28], and another numerical solution [27] 

Figure 7.  Computational domain for the building 

Lateral Distance (Y/D)

U
x
/U


-1 -0.5 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4
Current Simulation

PIV Results

DES Results

 

Tip Speed Ratio (TSR)

P
o
w

er
C

o
ef

fi
ci

en
t

(C
P
)

3 3.5 4 4.5 5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Current simulation

Lam & Peng

DMST

 

 



   

To measure the performance of VAWT on the roof-top of a 
building, a building with a height of 30.48 m (100 ft) is 
considered. Six simulations are done for different TSRs 
ranging from 3 to 5.5, with the same CFD model, mesh, and 
time step information used in the previous section. As wind 
turbines operate in the atmospheric boundary layer, in each of 
the test cases, the inlet boundary is defined with a wind 
velocity profile to account for the effects of the atmospheric 
boundary layer, where the wind velocity is a function of height, 
defined as follows: 

VZ=Vmid(Z/Ht)0.31 (4) 

where Vmid is the wind velocity at the middle of the turbine, Z is 
the height from the ground, and Ht is the height from the 
ground to the center of the turbine. This velocity profile is 
shown in Fig. 8. To eliminate the reverse flow effects, the inlet 
distance from the upstream edge of the building and the outlet 
boundary behind the downstream edge of the building are 
considered 3H and 10H, respectively. The power coefficient 
achieved by the turbine is shown in Fig. 9, compared with the 
unperturbed case, reviewed in the previous section. It shows 
that for the values of TSR which are smaller than 4, the CP are 
decreased on the building. In small values of TSR, since there 
is a strong stall, the Atmospheric Boundary Layer (ABL) 
affects the turbine performance. So, the turbine produces small 
power. Moreover, it can be seen that the differences between 
the building case and the unperturbed case are almost the same 
at both TSRs of 3 and 3.5. This shows that the building 
decreases the CP of the turbine uniformly at smaller TSRs than 
the TSR of 4. Nevertheless, for TSR of 4 and higher, the CP is 
increased. It is shown that for TSR 4.5 and 5, the values of CP 
are increased significantly. Fig. 9 shows that between TSR of 4 
and 5, the power increased by the same rate. Therefore, putting 
the turbine on the building has remarkable effects. These 
results are close to [13], which predicted 90% of the increase in 
power by putting the turbine on the roof-top of a building. 
Also, it is shown at TSR 5.5 that CP's value decreased than its 
values at TSR 5. At higher values of TSR, blades have 
experienced smaller flow separations, mainly when the rotor 
rotates faster. As a result, they can produce higher power. 
Table 3 shows the result of CP for a bigger turbine with a 
double Aspect Ratio (AR=2) at TSR 5. For this case, the ABL 
is changed, so the turbine works with the same TSR 5—Vmid 
senses the turbine at a higher height. It shows that by doubling 
the AR, the CP decreased. Since the atmospheric is changed for 
AR of 2, the higher length of the turbine, equal to the case of 
AR of 1, sense smaller wind velocity than the value of 9.3 m/s. 
In other words, half of the turbine sense smaller values of TSR. 
Because of that, the value of CP decreased. Fig. 10 shows the 
streamlines at the edge of the roof of the building and behind 
the turbine. It shows that the 2D distance between the turbine 
and the roof is enough to locate the turbine since the effects of 
the roof on the flow field are at their minimum. Moreover, 
streamlines behind the turbine show that more studies are 
necessary to find the wake characteristics of the flow field 
behind the turbine on the roof of the building.  

IV. CONCLUSION 

A small-scale VAWT with high rotation velocity is 
modeled by using SST k-ω turbulence model at different TSR 

values. Compared with experimental results, it is found that 
this turbulence model could predict the flow field features 
around the turbine with high accuracy. Power coefficient of for 
different values of TSR calculated; the maximum power 
coefficient found at TSR of 4, in agreement with DMST model. 
By placing the turbine on a roof-top of building with the height 
of 30.48 m (100 ft), it is found that the power coefficient 
decreased at TSR values less than 4; while its value increased 
for TSR of 4 and more. The best power on the building is 
achieved by TSR of 5, while its power without building is not 
significant. The turbine performance over the roof-top of a 
building at its maximum TSR, which is TSR of 5, is analyzed 
for a turbine with double AR. It is found that the performance 
of the turbine decreased at higher AR.  

Figure 8.  The schematic of the atmospheric boundary layer over a building 

Figure 9.  Power coefficient for the unperturbed case and the building case 

Figure 10.  Streamlines over the building and behind the turbine 
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TABLE III.  POWER COEFFICIENT FOR DIFFERENT TURBINE’S AR OVER 

THE BUILDING 

Turbine’s AR CP 

1 0.426 

2 0.385 
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