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ABSTRACT

The rapid vehicles on the motorways (with speed ranging from 100 to 160 Km/h) cause
excessive wind turbulence, which could be utilized to drive vertical axis wind turbines
(VAWT), which in turn, can generate sufficient electrical power. VAWT is compact and
represents an innovative solution for the narrow areas despite the horizontal axis turbines
that require massive radial space and construction costs. By using an array of wind turbines
on both sides of the highways, a significant amount of electricity will be generated which
could be utilized for street lighting, electric car charging, and many other purposes. This
article proposes a comparative study on the different parameters that could affect the VAWT
performance. The CAD models of different VAWT designs are developed by CREO
software, while the computational fluid dynamics (CFD) analysis is conducted by ANSYS
software. The mechanical power generated by VAWT is calculated from the CFD analysis
results and hence the electrical power is evaluated. The tribological study of the turbine
aerodynamics by CFD concludes the performance of different blade heights and inclination
angles with its rotor. It is noted that the generated power increases with increasing the blade
height and inclination angle regression.

KEYWORDS
Vertical axis wind turbine, computational fluid dynamics, green energy, energy harvesting,
urban regions.

INTRODUCTION

The power generation from conventional sources like fossil fuels (e.g., natural gas, charcoal,
petrol), from first glance, looks cheaper in terms of the amount of energy produced, cost of
excavation, transportation ... etc. However, in the long term, it is very costly and dangerous
due to its harmful emissions on human health and the entire planet's integrity. Therefore,
green energy represents the future of the earth. Nowadays, it maintains sustainability,
particularly, with the exponentially increasing human population and the excessive
consumption of fossil fuels. Additionally, with the continuous rise in fossil fuel prices
worldwide, power generation from conventional sources is no longer cheap [1]. On the
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opposite hand, most of the wind power cost is contributed to the establishment of wind
turbines, because the fuel—the breeze—is free, [2]. Once they were established, no running
costs except maintenance are required. The data from the Wall Street Journal, shown in Fig.
1, illustrates that the cost of power generation ($/MW) from wind farms is nearly the same
as power generation from natural gas power plants [2]. Also, the power generation from
wind farms can be increased by increasing the rotor diameter of the horizontal axis wind
turbine (HAWT). This power ranges from 50 kW to 5 MW for a rotor diameter of 15 m to
112 m, respectively, [1].

Buying the Breeze

Average cost per megawatt hour to produce electricity froma U.S.
plant that starts operations in 2016.

@ Minimum cost Average cost ® Maximum cost
0 50 100 150 200 250 $300
Coal >0
Nat. Gas ® -0
Wind =0
Solar ¢ ®

Notes: Figures are for conventional coal, conventional combined-cycle 9as, onshore wind, and
photovoltaic solar. Figures are levelized costs for building and running the plant, in 2009 dollars
per megawatt hour, excluding tax credits. Cost varies by region.

Source: U.S. Energy Information Administration

Fig. 1 Power projection from new plants in 2016, [2].

A review study, accomplished by Ahmed and Cameron, [3], on the latest wind power
technologies shows that greater public awareness has been seen in the recent years about the
significance of wind power as a sustainable source, the issues regarding noise, land use, avian
deaths, electromagnetic interference, and visual effects must be resolved to ensure continued
public and political support for the acceptance of HAWTSs. Although there are more
consistent winds at rural sites compared to urban, as discussed in a study achieved by
Sunderland et al., [4] in Ireland, Sri Lanka, and the UK, there is also higher wind turbulence
due to the uneven topologies of the urban areas which can accommodate VAWT easily
instead of the traditional huge wind farms. Hence, in such regions, energy harvesting systems
such as highway VAWT are the optimum solution. Early development of VAWT started in
the 1980s and many predictive studies reveal that the installation cost and performance of
VAWT would be more effective shortly with the increasing demands on energy generation,

[5].

VAWT is the best choice for applications involving low power requirements like street
lighting, telecommunication, charging points, ... etc. VAWT can be placed on either side of
highways and transforms the airflow generated from moving vehicles into useful electrical
power. The statistical analysis carried out by various researchers has shown that the wind
speed produced by moving vehicles is nearly 24 m/s (~86 km/h) and the speed at which it hits
the wind turbine blades is at least 5 m/s, [6]. It shows that the best height to locate the VAWT
blades is 3.3 m for the cars and 5.5 m for the buses and long vehicles.
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Okubo et al., [7] demonstrated the effect of the vehicle passing by VAWTSs and that they are
generating a wind speed of 25 m/s and a power of 1 kW. A review conducted by Prajapati et
al., [8] investigated both vertical and horizontal axis wind turbines. The horizontal type of
windmill is preferable for large-scale applications and when sufficient space is available, if
the space is limited then VAWT is preferable. It has the advantage of producing electricity
at a low cost for domestic purposes and could be used to drive home appliances with low
power, as investigated by Hossain et al., [9]. The experimental tests of this study were
conducted at different air velocities (i.e., 20 m/s and 25 m/s). The power generated at 20 m/s
air speed was 567 W, while at 25 m/s is 709 W.

Another advantage of VAWT is its self-starting characteristic despite HAWT that needs a
special starting system and is not feasible in the urban regions where the intensity of wind is
lower than in vast open areas, [10]. This study also showed that a combination of Savonius
turbine and NACAO0030 airfoil can easily represent a self-start mechanism for VAWT. In
addition, Batista et al., [11], proposed a new blade profile (i.e. EN0005) and it has been
operated efficiently at a low air-speed of 1.25m/s and has a self-starting feature, also this
wind turbine prototype exhibited good stability at higher wind speeds (i.e. 25m/s). A further
study conducted by Varun et al., [12] revealed that combined (Savonius+Darrieus) rotor
VAWT has higher efficiency than the single Savonius or Darrieus rotor, and it has been
emphasised by Asadi and Hassanzadeh, [13]. Figure 2 illustrates simplified designs of
different wind turbine types and different configurations, [14], [15].

L

/

HAWT Savonius Darrieus H-Rotor
Fig. 2 Different types of the wind turbine, [15].

The numerical analysis tools are powerful in broadcasting, investigating, and evaluating the
performance of the proposed designs before the fabrication phase. A numerical investigation
on small scale Darrieus turbine has been performed by Howell et al., [16], CFD results have
a close agreement with experimental results performed through that study with an error of
20% observed for coefficient of power (Cp) and tip speed ratio (TSR). In a comparison
between Darrieus and Savonius turbines, the Darrieus turbine has better aerodynamic
performance compared to the Savonius turbine, [17]. The Darrieus turbine working
principle is based on aerodynamic lift force and it extracts more energy from the swept area
of the turbine blade. Two and three-bladed hybrid Darrieus-Savonius turbines introduced
in [18] and [19], respectively, showed that their power coefficient is higher (ranging from
0.18 and 0.53) compared to Savonius rotor (ranging from 0.15 to 0.38). Therefore, a hybrid
Darrieus-Savonius could be a better option for domestic places having less space and where
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wind speed is also low. Few works focused on the H-Rotor VAWT type such as; Peng et. al.,
[20], Lositafio and Danao, [21], and Mohamed, M.H. [22]. Hence, the scope of this study will
concentrate on this type based on different parametric designs and its feasibility to generate
power from the vehicle motion. The effect of VAWT blade height and inclination angle of
the blade with the rotor on the power generation is investigated using CFD. The numerical
model on CFD simulation of VAWT operating at low and high external air speeds is also
presented. The numerical model can be used for further analysis of VAWT with any other
design configuration.

VAWT DESIGN AND RESEARCH METHODOLOGY

This section presents the methodology of the conducted study as depicted in the schematic
diagram in Fig. 3. Mainly the study depends on numerical investigation of VAWT using
ANSYS CFX.

VAWT CAD design in Creo

VAWT design with different blade
heights and inclination angles

v
CFD analysis using ANSYS CFX 1. Design modules

_IJ

Defining the boundary conditions Apply BC/ Meshing

(9%

. Post-processing output

\

v
< Solution/ CFD results

Comparative study on the generated
power for the different designs

Fig. 3 Schematic diagram of the proposed study.

The airfoil of NACA 0012 is designed using 3D Creo CAD software for the wind turbine, this
airfoil is used to construct the turbine blades, as shown in Fig. 4. The airfoil is designed with
different heights which are 400, 600, and 800 mm. These blades are assembled with base
structure and top plate structure to form a complete VAWT assembly with a rotor diameter
of 562 mm, as shown in Fig. 5. Three bladed VAWT is selected based on a study achieved by
Roy and Saha, [23], which showed that the drag force can be reduced by varying the number
of blades, and blade orientation angles. They mentioned that “variation in the blade numbers
influence the Cp, and the best performance was accomplished with three blades”.
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(@) (b)
Fig. 4 NACA 0012 air foil design (a) profile sketch and (a) extrusion feature

Height

Fig. 5 VAWT with 400 mm turbine height.

The VAWT CAD design is exported to ANSYS, and the computational domain needs to be
defined for further analysis. For this purpose, a zone surrounding the VAWT assembly is
generated to model the wind flow. The dimensions of this zone are 0.9m x0.9mx0.9m, as
shown in Fig. 6. The thermodynamic properties of the air at 25°C are defined as; Molar mass
is 28.96 g/mol, density is 1.185 kg/m3, specific heat capacity is 1004.4 J/(kg.K), and reference
pressure is 1 atm. The material of the turbine is selected as Aluminium with the following
properties; a Molar mass of 26.98 g/mol, a density of 2702 kg/m?, and a specific heat capacity
of 903 J/(kg.K). As the VAWT model doesn’t have topological consistency and is complex, so,
brick meshing is not feasible. Therefore, the entire domain is meshed using a tetrahedral
element type, as illustrated in Fig. 7. The sizing is set to fine and the curvature size function
is set. The number of generated nodes is 4154966 and the number of elements is 789244.

Fig. 6 Imported VAWT assembly and definition of simulation domain in ANSYS.
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Fig. 7 Wireframe meshed model of the turbine and surrounding domain.

The domain definition is made for the surrounding zone of VAWT. The domain type is set
to fluid and the material is air. The reference pressure is set to 1 atm with a k-epsilon
turbulence model. This model is relatively simple, and the computation time is less. It belongs
to the Reynolds-averaged Navier Stokes (RANS) family of turbulence models where all the
effects of turbulence are modelled. The blade is defined as a solid domain type. The air inlet
boundary conditions, shown in Fig. 8, are defined at 5 m/s and 10 m/s, respectively. The air
outlet boundary condition is defined with 0 relative pressure differences.

ANSYS
R18.1

O 0.400 0 800 (m)

I | .
0.200 0 600

Fig. 8 Boundary condition of CFD model.

The interface is defined between VAWT solid domain and the outside air-fluid domain. The
interface defined is of general grid interface (GGI) type where multiple grids with faces that
touch each other can be handled. GGI connections permit non-matching of node location,
element type, surface extent, surface shape, and even non-matching of the flow physics across
the connection. The solver settings are defined for CFD simulation to include setting up RMS
residual target values and the maximum number of iterations. The RMS residual target is
set to 0.0001 whereas the total number of iterations is set to 200, as shown in Fig. 9 and 10.
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Fig. 9. Momentum and mass RMS residual plots.
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Fig. 10 Turbulence kinetic energy RMS residual plots.

NUMERICAL SIMULATION RESULTS

CFD is mainly used for flow field visualisation of the proposed VAWT designs. Firstly, The
CFD analysis results are generated for VAWT with different blade heights. The different
design configurations are 400, 600, and 800-mm turbine height at a fixed inclination angle of
the blades with the rotor equal to 0°. The inclination angle for turbine blades to be analysed
are 20°, 30% and 40°, they are going to be studied later at a fixed blade height of 800 mm. As
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mentioned/discussed by multiple research works, the average wind speed that hits the
turbine blades is at least 5 m/s, [6]. Indeed, this vehicle wind flow will be backed by the
natural wind stream crossing over the highways too. So, a speed of 5 m/s is considered here
as the minimum wind velocity in addition to another higher speed of 10 m/s for all varying
parameters through the current study.

EFFECT OF BLADE HEIGHT

1. Wind Turbine Height 400mm

Initially, the CFD analysis is conducted for 400mm-height VAWT at 5 m/s inlet wind velocity.
The velocity contour plots on the blade surfaces are generated, as shown in Fig. 11. It is noted
that maximum velocity is observed at the blade tips with a magnitude of more than 9.073
m/s, whereas the mid-region of blades has a lower velocity of 0.012 m/s. The pressure plot is
generated for this design as well, as shown in Fig. 12. It shows that the maximum pressure
occurs at the blade profile tail with a value of 23.29 Pa, while the minimum occurs at the
frontal face of the blade profile with a value of -94.7 Pa.

e
:
;!
|
:3
|

Fig. 12 Pressure contours at 5m/s inlet wind velocity for 400mm-height VAWT.
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At 10 m/s inlet wind velocity, similarly, the CFD analysis resulted in velocity vectors and
pressure contours on the blade surfaces and they are plotted in Fig. 13 and 14, respectively.
The plots illustrate that the maximum velocity vectors exerted are at the blade tips with a
magnitude of 27.1 m/s, whereas, the mid-region of blades has a lower velocity of less than
6.77 m/s. Furthermore, the maximum pressure is observed also at the blade tail with a
maximum value of 91.25 Pa, whereas the lowest is at the front face with a value of -500.6 Pa.

Fig. 14 Pressure contour at 10m/s inlet wind velocity for 400mm-height VAWT.

2. Wind Turbine Height 600 mm

The same aforementioned analysis has been conducted for the 600mm-height VAWT
enclosed with a wind of 5 m/s and 10 m/s velocities. The CFD analysis at 5 m/s studied both
the velocity and pressure contours on the blades. It shows that maximum velocity is observed
also at the blade tips with a magnitude of 13.4 m/s, while the mid-region of blades has the
lowest velocity of 0.0128 m/s. Accordingly, the maximum pressure value is measured at the
blade profile tail (i.e., 25.1 Pa) and the minimum is at the frontal face of the blade (i.e., -146
Pa).
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Similarly, at the wind velocity of 10 m/s, it is evident that maximum velocity is observed at
the blade tips with a magnitude of 28.3 m/s. The blade tip has maximum velocity whereas
also the mid-region of blades has a lower velocity of 2.85 m/s. The pressure plot is generated
also at the same wind velocity (i.e., 10 m/s). The pressure is observed to be maximum at the
blade profile tail with a value of 99.8 Pa and minimum at the frontal face of the blade with a
value of -642.2 Pa.

3. Wind Turbine Height 800 mm

The CFD analysis is also conducted for blade height of 800 mm. The velocity contour plots
are generated, as shown in Fig. 15. Although the velocity vectors look evenly distributed on
the blades, the maximum velocity is still observed at the blade tips with a magnitude of 13.47
m/s. The blade tip has maximum velocity whereas, the mid-region of blades has the lowest
velocity of 0.0073 m/s. The pressure plot in Fig. 16 displays the maximum pressure of 26.7
Pa occurring at the blade profile tail and while the minimum value of -148.1 Pa occurs at the
frontal face of the blade.

Fig. 16 Pressure contour at 5m/s inlet wind velocity for 800mm-height VAWT.
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The same analysis has been applied at the higher wind velocity (i.e., 10 m/s), and the CFD
analysis shows the same trend for the blade surfaces velocity and pressure. The blade tip has
a maximum velocity of 28.7 m/s, whereas the mid-region of blades has the lowest velocity of
0.0071 m/s. Likewise, the pressure is observed to have a maximum of 106.5 Pa at the blade
profile tail and a minimum of -645.3 Pa at the frontal face. Figures 17 and 18 illustrate the
velocity and pressure on the blade surfaces for the three different turbine heights.

35
30 . 28.3 28.76
25
20
15

10

Maximum velocity on blade surface (m/s)

400 mm 600 mm 800 mm
Blade Height (mm)
B Wind velocity of 5m/s ~ ® Wind velocity of 10 m/s

Fig. 17 The maximum velocity on the blade surface for different blade heights and wind
velocities.
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Fig. 18 The maximum pressure on the blade surface for different blade heights and wind
velocities.
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EFFECT OF BLADE INCLINATION ANGLE

The effect of different inclination angles (¢) of the VAWT blades with the rotor is studied in
this section. The CFD analysis is conducted for 800mm-height VAWT with different blade
inclination angles of 20°, 30°, and 40°, as shown in Fig. 19. The study considers the change in
the blade inclination angle w.r.t the rotor while keeping a fixed direction of the wind. This is
because the moving vehicles normally have a fixed linear displacement on the roads in only
one direction. The analysis has been performed for the predefined wind velocities (i.e., 5 and
10 m/s). Figures 20 and 21 summarised the resultant maximum velocities and pressures on
the blade surfaces.

(a) ¢=20° (b) = 40°
Fig. 19. Three-Bladed H-Rotor VAWT configuration and blade inclination angle.
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Maximum velocity on blade surface (m/s)
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Blade Inclination Angle (deg)

® Wind velocity of 5 m/s B Wind velocity of 10 m/s

Fig. 20 Maximum velocity on the blade surface for different inclination angles and wind
velocities.
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Fig. 21 Maximum torque on the turbine rotor for different inclination angles and wind
velocities.

DISCUSSION
The electric power can be calculated and predicted based on the CFD analysis conducted in
the previous section to determine the effect of the blade height and inclination angle. The
aggregated power will be utilised to energise useful applications on the highways such as;
electric car charging stations, night-lightening of the roads, telecommunications tower
energising, and billboard lighting. As the electric power collected by the generators from the
turbine has a relation with the mechanical power from the physical motion of rotor angular
displacement. Therefore, the following relationship applies:
Pe= 3 Pm

where Pe is the electrical output power, # is the efficiency coefficient which is dependent on
multiple factors such as the friction between the turbine rotor and its bearings, friction
between the generator rotor (armature) and its bearings, both mass and inertia of the turbine
and generator rotors, ...etc. It is recommended by Sunny and Kumar to consider a
coefficient of efficiency of 70% for transformation from mechanical to electrical power, [24].
Pm is the mechanical power calculated on the turbine rotor due to the wind flow and
expressed as, [22], [25]:

P, = 0.5 C,pAV3
Where, C,, is the coefficient of power, according to Albert Betz, no wind turbine can convert
the Kkinetic energy of the wind to mechanical energy of more than 59.3%, [26], p is the air
density, A is the total blade surface area, and V is the wind velocity on the blade. The
mechanical and electrical power for different blade heights and inclination angles are
calculated at 5 m/s and 10 m/s inlet air speed and presented in Table. 1 and 2, respectively.
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Table.1 Mechanical and electrical power at different blade heights of VAWT

Turbine 5 m/s wind velocity 10 m/s wind velocity
rf
E é?;ﬁ t Srea?,iiz \(/rrt]’}"j‘sd)e Pm(Watt) | Pe(watt) \(/rr?}z(;e Pm(Watt) | Pe (watt)
(3blades) (m )
400 mm | 0.0895 9.07 23.345 16.341 27.1 622.689 | 435.882
600 mm | 0.1335 13.4 112.289 | 78.602 28.3 1057.745 | 740.421
800 mm | 0.1775 13.47 151.650 | 106.155 | 28.76 1476.065 |1033.245

Table. 2 Mechanical and electrical power at different blade inclination angles of VAWT

Turbine 5 m/s wind velocity 10 m/s wind velocity
Surface
Blade V blade V blade
angle ¢ area, As (mis) Pm (watt) | Pe (watt) (mis) Pm (watt) | Pe (watt)

(3blades) (M?)
20° 0.1775 8.901 43.758 30.630 22.07 667.031 | 466.921

30° 0.1775 7.789 29.321 20.525 17.66 341.752 | 239.226
40° 0.1775 7.10 22.208 15.546 15.45 228.836 | 160.185

The results show that increasing the blade height increases the generated power. The
maximum power generated at 10 m/s is 1.03 kW which is very efficient for charging or
operating small appliances. The effect of blade inclination angle on power generation is given
in Table 2. The research findings have shown that the power decreases with increasing
inclination angle ¢ with the rotor. The optimum inclination angle should be very close to
zero. As a comparison for different blade inclination angles the maximum power is observed
between 0° to 20°. The materials of VAWT affect its strength against storms and it requires
further investigation, especially at high rotational speeds. Hence wear-resistant materials are
required to increase the blades life. The future work will include studying the effect of
topology optimization of the blade structure on the applied velocity of the blades and rotor
torque, hence generating higher power. The proposed optimization algorithms include the
method of moving asymptotes (MMA) based on a comparative study between different
algorithms and their efficiency, [27]. The application of lightweight composite material for
VAWT will be tested too.

CONCLUSIONS

The paper studied the effect of the parametric design of the blade geometry (i.e., height) and
configuration (blade inclination angle ¢) on the generated power. The advantages of running
at lower wind speeds, the ability to operate in any wind flow direction, compact construction,
and quietness make VAWT the ideal solution for power generation on the highways.
Sustainability is maintained by such creative ideas of generating renewable and green
energy. This makes the planet breathe easily again and reduces carbon monoxide and dioxide
emissions and global warming.

The performance of the VAWT turbine has been evaluated using the CFD analysis. It
significantly reduces the time and cost required for the evaluation of VAWT performance
subjected to varying operation conditions. The CFD results have shown that the pressure
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field and velocity field change with the rotation of the turbine blade. The difference in
pressure across the VAWT blade generates lift force which rotates the turbine. The study
recommends that increasing the blade’s height and decreasing the inclination angle both
increase the generated electrical energy. The critical regions of high pressure and low
pressure across VAWT blades are determined which may need special reinforcement in the
fabrication process and inspection precautions.

The current study would encourage the usage of VAWT (coupled with generators and
batteries) as an alternate energy source and energy storage system in small applications,
while fully connected with the electricity grid for large-scale energy feed. The energy
generated from VAWT could be utilized in electric car charging points, night-lightening of
the roads, telecommunications tower energising, mobile charging points, and Billboard
lighting. Furthermore, the application of VAWT on top of vehicles and house roofs requires
thorough investigation in a future study.
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